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1. Introduction

This report is intended to give a complete unified
discussion of the electromagnetic response of a plane stratified
structure. The geophysical literature is full of various bits
and pieces of analysis. Most often these papers deal with very
specific problems, i.e. vertical magnetic dipole over a
conductive 2 layer earth. The objective of this report is
two-fold. First a detailed and comprehensive analysis of the
theoreticil parts of the electromagnetic response is given with
the emphasis on the physical meaning of the somewhat messy
mathematical expressions. An attempt is also made to use a
meaningful notation, which, hopefully, is not too cluttered.
With a clean compact development of the theory in hand, the
more interesting and much more difficult problem of actually
using it will be tackled. It is at this point where the
particular problem at hand must be considered. The actual
theoretical expressions for the fields in a stratified
medium can be obtained in closed form and take the form of
Hankel transforms or 2-dimensional Fourier transforms. The
numerical problem of actually computing numbers for the
electromagnetic field strengths is that of performing some
type numerical or approximate quadrature technique to
evaluate the integrals describing the fields. The particular
context of most interest here is the response of low-locs

dielectric media. Much of the numerical analysis 1is, therefore,
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devoted to problemsin this area. The analysis of conductive
media, while quite different in behaviour and geophysical
interest, is not very far removed from the theoretical analysis
and the numerical difficulties are not as accute as for the
low~loss problem. While these problems will not be analysed

in detail, a few side excursions into some interesting points

will be made.

Basic Physics & Mathematical Descriptions

The basic physics of electromagnetic theory is totally
wrapped up mathematically when Maxwell's eguations and the
constitive equations are written down., While the details from
this point on are usually specific, a wide variety of interesting,
and at first glance, unrelated phenomena pop out when these
equations are manipulated zbout. It is the physical interpretation
and understanding of the results obtained from the mathematically
simple basic equations which ave exciting. 1In fact, in the
last eighty years, these basic equations have provided food for
thought and controversy of some of the most brilliant minds.
Even many of these people have missed the beauty of the analysis
and have gotten too wrapped up in the details to appreciate the
subtl. unity of the various facets of Maxwell's mathematical
description of basic electromagnetic phenomena.
The analysis from here on will be conducted using the
rationalized ™S system of units. The time dependent form of

Maxwell's equations is



vxE = -3B (2-1) 9xH = J + 3D (2-2)
ot

P

v.D

q (2-3) v.B = 0 (2-4)
In order to completely define an electromagnetic problem
(no-mechanical coupling here) the constitive equation
introducing the electromagnetic properties of media when

treated on the continuum scale are required. These equations are

T = uH + y Mg (2-5)
T = oF + T, (2-6)
b = ¢F + B (2-7)

E, D, B, H, T have their conventional meanings; g is the
electric charge density; ut e, o' are the permeability,
permittivity and electrical conductivity subscripts o (i.e. y,)
are used to indicate free space values ; Mg, Pg are imoressed
magnetic and electric dipole moment densities and Jg is an
impressed electric current density.

For time-varying problemsit is convenient to define

generalized electric and magnetic source current densities

namely
ig = Jg + 3B (2-8)
3t
P = v M, (2-9)
ot

Now, combining Maxwell's equations with the linear isotropic
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constitive equations (2-5,-6 and ~7) one has

VxE = -uaH + M, (2-10) oxi = JE +eBE + 55 (2-11)
at at

plus the continuity equations

M. .77, -FIE = -0.§; - J5.F - £.7¢ (2-12)
it
- -
Vom + 9_ euH = 0
o (2-13)

For most applications, the response of sinusoidally time
varying fields is of most interest. The individual sinusoidal
responses can be built into transient responses with the aid of
the Fourier integral. The following time-frequency Fourier

transform pair is adopted for the rest of the analysis

£(e) = 1 _(” £lw) e Pt g (2-14)
“’ - 00

£ = T £(t) e at (2-15)

Upon Fourier transformation, the frequency domain equations

become
TxE = joull + A, (2-16)  Uxfl = (6= WNE + J, (2-17)
a=+97 + S.JE (2-18)
Je 3
T.%, - JWG.UH = o (2-19)

For time-varying field analysis, it is convenient to lump
electrical conduction and displacement currents into one term
by defining the complex permittivity

e =l +3 90 (2-20)
we!
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or the complex conductivity
§ = (¢! - j@e) (2-21)

In the following, the complex permittivity is adapted
since the primary applications will be to low-loss dielectrics.

The electric loss-tangent is defined as

tans, = T (2-22)
[}
we
Therefore
€= el + j tanse) (2-23)

In addition, time-varyinag magnetic losses are introduced
by defining a complex permeability with an analogous form

to £, namely,
' . S
b= u(l + 3j tano g) (2-24)

With this formalism of getting notations clear, one can now

get down to the business at hand.

The frequency domain wave equations for the E and H field
are obtained by taking the curl of equations (2-16) and (2-17)
with the result.
TxoxE - k2E + jWH x wu
and
UxoxH - k%0 - JWE x % = -jwed} + Ox 75 (2-26)

jwuls + v x By,  (2-25)

where k = wJEU is the propagation constant., The symmetrical
form of equations 2-25 and 2~26 is a result of the careful choice

of definitions developed above.

The terms Hx9vu and ExVe enter since u ande may be functions

of spatial position. In the following analysis pand € will always
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be taken as constant in various spatial regions with step
discontinuities between the regions. The terms ilxey and
Exve are dropped from the equations. These terms are

essentially replaced by the usually boundary conditions at
the interfaces between the two regions, namely, continuity

of normal B, D, J and tangential E and H fields.

3. Hertz Potentials, Point Sources and Particular Solutions

a) Hertz Vector Potentials

At this point in the analysis it is of interest to
consider the case of a source in a whole-space of constant
material properties. This leads immediately to the concept of
Hertz-potentials. The natural manner to progress is to
consider the electric field from electric currents and the
magnetic fields for magnetic currents.

ox0 xE - k°E = +jwTg (3-1)

IxU xH - k2H = -jwed, (3-2)
These equations are nathematically eguivalent and are
transverse vector wave equations.

Since a vector field can be split into transverse and

longitudinal components, i

E=E + E (3-3) .

-

exE =o0 v-E. = o (3-4)

one has
2

UxUxE - kB = jTg, (3-5)

- k%E | = judg, (3-6)
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A similar decomposition of the H field and Mg can be written
down.
In this context, the transverse component of E satisfies
the transverse vector wave equation while EL and ”gL
are linearly related. A much more expedient way of developing

E is to define with its loagitudinal and transve.se components

in terms of a single vector field, namely,

n
E=(1+385).Te (3-7)
Kﬁ
where E, =90. T, 4 ;ﬂit (3-8)
2 [ 3
k

(Note: I is the unity dyadic or tensor)
Te is known as the electric Hertz potential and satisfies

the total vector wave equation

a.x;xne - Gt.'-.n'e - k2 He = j(du:‘;s (3-10)
or q? ﬁ; + k2 ﬁ; = - jou¥g (3-11)
where vz = - PXU X + OV i¢ the Laplacian operator

Thus M satisfies the vector Helmholtz equation (wave equation
with time dependence transformed out).
Similarly, H can be expressed in terms of a magnetic Hertz

potential
"

H =(I +99. m (3-12)
Pr

and 2 2
vl + k€ Ty = jue M 12-13)
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The electric and magnetic fields associated with the magnetic

and electric currents are obtained from the Hertz potentials

as follows “
ﬁss = U x E = oxlle (3-14)
Jwu Jjwu

and similarly

EMg = oxH = uxn (3-15}
=JwE -jwe
The tctal electric and magnetic fields are then given by
- AN e -
E={I+099) .M, + oxm (3-16)
4 “Jore
k Jwe
- vl -
H= (I +90) .y + OxTle (3-17)
k2 Jeu

{b) Point Sources

The development of the response of a system to an
arbitrary excitation is most easily done using the Green's
theory approach. In other words, the response of the system
to excitation at a point is used to develop the solution for
arbitrary excitation. 1In the electromagnetic context, the

point excitation function are point eiectric and magnetic

dipoles.

Thus - - -
5; =8(r - r') § (3-18)
Mg =5(F -T') 8 13-19)

where T'is thre location of the point source,f is the direction
of the dipole moment and § is th. three dimensional Dirac delta
function.
Examples:

The point source are basic building blocks for analysing

any other source configurations.



Electrical Current:

A wire of infinitesimal cross section carrying I amps

~f current can be composed of point dipoles each representing

an infinitesimal section of the wire

\ //_—AL/I

=3 = IIdI; 5(T - 1)) / (3-20)

[3RY

Time Varying Electric Dipole Momen*

The electric éipole roment is O at.
-q +q
Pg = qal 6(r - ') (3-21)

Tg = Pg = -jegdl 6(r - r")

at
= X1dU 6(r - ') ({(3-22) T = «jeg (3-23)

Time Varying Magnetic Dipole VMoment

A point magnetic dipole can be visualized as an

infinitesimally small loop of wire car.ying 1 amps.

8
I
The magnetic dipole moment density is @

defined as

M= 1aa8(r - r'} 8 (3-24) £ - unit normal to dA
where 1dA remains finite as dA+- o in the usually point source
senge.

The associated magnetic current is
M, = -jwuo Mg (3-25)
= -jwuoldA 8(r - r') 8

Particular Solutions

The first stage of analysis before conti=inc to more

L e s

—-
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complex problems is to find the solution for the electric and
magnetic Hertz potentials for a point source excitation. These
are denoted as the particular or inhomogeneous solution to

the vector Helmholtz equation. The basic partial differential

equation is

Vziﬂeg + k2)1e = \-(Gen § (r -r') 8§ (3-26)
Im m jae
It is obvious that the particular solution can be expressed as
T=1mnp 8§ (3-27)
and that lp satisfies the scalar Helmholtz equation
v2N, + k2Mp = ¢ 8(r - r") (3-28)

The particular solution is the well known spherical wave form

. -_— ]
T =c¢ e kIT-r| (3-29)
-

41|Y -~ T |
4. Plane Wave Spectrum Representation

In the analysis of plane stratified media, the plane wave
spectrum approach is applied to obtain the solution of the boundary
value. This is the physical interpretation of the mathematical
manipulations. The mathematical basis for the development are the
Fourier transform and Hankel transform integrals.

The basic coordinate systems to be used in the later unalysis
are shown in figure 4-1. The Cartesian coordinates are denoted by
(x] x3 x3) and the associated unit vectors are (81 &, €3). The
cylindrical coordinates are denoted by (f,Q, Z ) and the associate

. A A
unit vector (P, %, 2). The ccordinates are related by

c )
X1 P cos ¢
‘ Xy |= ’fsin @ (4-1)

| %3 Le
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The plane wave spectrum is developed form the Fourier integral

starting with the scalar Helmholtz equation of the last section

vznp + kznp = -(6C(F - T)

and taking ¥' to be the origin, the 2-dimensional Fourier

transform pair are o
1 O j (A 1X1+A2X2)
Tp(X1X2X3) = 472 ). M(AprzX3)e diaidr,  (4-3)

{ =3 (A1X1+A5X3)
(X1X2X3)e dxldxz (4-4)

]
—

Mp(A1A2X3)

Combining 4-2 with 4-3, the p.d.e. reduces to the ordinary

differential equation 2
a’llp 4 (k2 -A2) mp = -C §(X3) (4-5)
dx32

2

2
where A% = A1° + A3

The homogeneous solutions to 4-5 have the form
ce2 _ 32y -
e:g(k A%) T X5 (4-6)

while the particular solution to 4-5 is

O 1 A5Y |x3)

- 2 - A
Defining ¥ _ (kz_xz)ﬁj(k ' 3—3 can be written as
[
‘ 3 (4-8)
Tp (X1X,%q) = 1 $ o JALXL + X2Xy +¥[X3]) |
an? te -2 e I arn an,

The rational for the plane wave spectrum terminology is

from the form of 4-8. The integrained is a plane wave ( the final
factor in curly brackets is to emphasize the wave nature of the
integrand) and the integral is over all possible wave numbers

in the &, - &2 plane. 1In facter_l  is the spectral amplitude of
25"



Ip in X3-X5 (X3=0) plane and the amplitude can be continued
upward or downward in space by multiplication by the factor e
It is readily seen that € is the vertical component of the
propagation vector k = (A1, Ay, ¥).

The double Fourier transform 4-8 is the Fourier form of

the well-known SOmmerfeld integral (1909, 1949), Watsoa (1966).

Since the Sommerfeld integral is most often given as a Hankel
transform, 4-8 will be rewritten in this notation.

Defining k in cylindrical coordinates (A,0,7),4-8 becomes

© 2]"[
fp (X3XpX3) = _1_ S . _eJ0fcos(x-0) + wizh)
A2 o ‘o 237 Adrdo0
(4-9)
Noting that the integral definition of Jn (2) is
n2
Jn(z) = i " cos nye*? 5% g
™
<o 27 _ y
= ()™ { cosvel? 0S¥ gy (4-10)
2m 'o
4-9 can be rewritten as_
Tp(X1Xpx3)= L | red 12l mon a (4-11)
ar lo Tk

which is the Hankel transform representation of the Sommerfeld
integral. The evaluation of 4-11 is given by Watson (1966)

13.47.4, namely,

- -

, Caie2 _ o2 TiviaZ « p2
( gme) 73T = YT pqp o HIVIRT T BT 4oy
‘o (£2 - y2)n ia2 + b2

In the remaining discussions the Hankel transform

notation is adopted since is the point dipole sources of interest

have particularly simple angular symmetries.

jU|X3!

N B Bl "t o k€45 SR S ot e T e e M
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5. Plane-Stratified Medium

Much of the remaining discussions revolve around the
response of point dipole sources in a plane stratified
environment. At this point, the stratification, notation,
and geometrics will be briefly outlined in order that these
details are available for use later. .

In the geophysical context, it is common to denote a
structure as consisting of N plane layers. The N layer
notation here is used to implyv that there are N + 1 regions
of different material properties with N-1 of these regions
sandwiched between 2 half-spaces. Thus a whole-space is a
0 layer structure, 2 adjoining halfspaces are a 1 layer
structure and a thin strip between 2 halfspaces is a 2 layer
structure.

The general geometry is shown in Fig. 5-1. The planar
symmetry is parallel to the Xj; - X2 coordinates. The upper
most region is denoted region 0 while the lowest layer
(half-space bouding the structure on the bottom) is region N.
The N-plane interfaces between the regions are located at
depths 2 = d;. Each layer is assigned a pair of constant
complex ~aterial properties (permittivity and permeability)
E,,u; . An additional parameter which is useful is the
tiickness of the individual layers t.. The structure just

described has cylindrical symmetry about the X,er 2 axis
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Xy or 2z
//L~“ » Xo Region
X1
0
7 = dl ' € Mo
4'.
t €1H1 1
Z = dy
1.
t, €242 2
¥
3
i .
\ 2
Z2 = dN-]_ +
tN-1 EN-1 MN-1 N-1
2 = dy y
EN HN N
Layer thickness t; = |d; | -d:]| =di - di, since z upward.

— \

[}
Layer propagation constant k; =lwe;u;

Figo 5"1

SRR
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6. Solution of Wave Equation in Plane-Stratified Medium;

TE and TM Fields

6-1 Hertz Potentials and TE-TM Fields

The basic wave equations for the electric and magnetic fields
in a whole-space were discussed in section 3. As was discussed
in that section, it is most convenient to express the fields in
terms of electric and magnetic Hertz potentials which satisfy the

vector Helmholtz equations

source term
02 5Ve% + k2 iﬁé% =§o (6-1)
Tm Tm

with the electric and magnetic fields given by 3-16 and -17.
At this point it is best to get a subscript notation
clarified in order that the region in question is contained
in the equations. Thus, the Hertz potentials will be denoted
g m (6-2)
where the superscript denotes electric or magnetic and the
subscript denotes the region i. Thus the homogeneous electric

Hertz potential satisfies

92 M o+ ki Te =0 (6-3)
in regions.

For the electromagnetic problem, the Hertz potentials have
only 2 components. As a result one has to work with only 2

scalar potentials rather than 2 vector potentials

™ = 12 (6-4)

HT = 1Mz (6-5)



-17-

and 6-3 reduces to the scalar Helmholtz equation.

Examination of the electric and magnetic fields associated
with the 2 components of the Hertz potentials shows physically
why the potentials with only z components are appropriate. From

3-16 and -17 the fields of H? are

n® Fields
l ~
Eg =215 + v, oni§ (6-6)
ki 3z
Hi =2 x o lle (6-7)
“Jwlj
MM Fields
- ~ m - -8) = A -—
A——m =2 + o] €-8g =2 x 51T (6-9)
Y’ i

Examination of 6~7 and 6-9 shows that Hf gegz;;tes an electro-
magnetic field which always has its magnetic field in a plane
perpendicular to the 2 axis. In other words 2.¥ is zero at all
the planar interfaces in the structure. Similarly, H? generates
the analogous electromagnetic field which has E.E = 0. Referring
back to section 4 and the description cof fields as superpositions
of plane waves, the fact that Hf and HT have only 2 components
has a physical significance. From basic electromagnetic theory,
a plane wave incident on a plane interface can be split into two
components, one with E.3 = 0 and one with H.G = 0 where { is the
normal to the plinar interface. The selection of the above
description for the Hertz potentials yields the generalized form

of this result.

An alternate notation for the two types of fields is now
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adopted. 1In accordance with waveguide analysis, the H? fields

are denoted transverse magnetic (TM) fields while the IT fields

are denoted transverse electric (TE) fields. In instance where

the both types of field appear, the two components are denoted
as
(TE E, TM B}
(TE f, ™ &)

(6-10)

6-2 General Form of the Hertz Potentials

The general,homogeneous solution of the Helmholtz equation
for the problem at hand can be written down immediately. Using
the cylindrical symmetry of the boundaries, the potentials are

e . c e . c -l ,
mo= S3%ne) sam (1) ei% 4 Sefe 3% " an (af)

+ CnMYa(A?)  (6-11)
The subscripts and superscripts should be self-explanatory. For

the problems at hand only waves propagating radially outward from
a source at the center are excited and C,(A) = 0. 1In the above,
A is the radial wavenumber as discussed briefly in section 4,
while ¥ = (k;2 - 32)% is the vertical wavenumber in the ith
medium.

The general solution will take the form, for example,

- cos <.© jx 2 , €@ ALY . _
ne -z $o (n¢)§ (:Ai el 1%+ S85 e 1B, o) ax (6-12)

which is remaniscent of the particular solution in the form of

4‘11.
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7 Transmission Matrices and N-Layered Structure Reflection

Coefficients

7-1 General Boundary Conditions

In the last section, the basic mathematical formalism

for the fields in the layered structure. From 6-12, the problem

1ﬁrix‘uic m
at hand is that of finding the coefficients*$ B € (2). oOnce
n b8

these coefficients are determined thc formal mathematical part
of the analysis is complete,

The exact form of the coefficients depends on the nature
of the source. In this section, the relationships between the

m m
Ae and Bg in different regions are developed. The results of this
i

section then lead to the determination of particular form of the
coefficients for different excitations which are discussed in
section 9.

“he boundary conditions on electromagnetic fields at the
interface between any two regions are that the tangential

components of the E and H fields must be continuous. Thus

2 x E; =2 x Ej*l (7-1)
Z x Hi = 2 x Hi+*l

In terms of TE and TM fields, the tangential components of

the fields are

TM Fields T -
Transverse MEi = lzqc ang (7-2)
3z
Transverse TMH; = 2 x vhe (7-3)
—
~jou




M Sy

s L RS Y

TE Fielés

- Transverse ‘TEj = 2 x gl (7-3)
Jwey
TE= _ - m
Transverse ~Hj =1 9, _23I§
kz 02 (7-4)
h FAN \ A
W ere =~ = o _’,-- + ‘\ﬁ_‘ ':
Ve | N " -

7-2 TM Boundary Conditions

The boundary conditions on the TM fields yield constraints

on the I® which in turn velate the A? and Bf from one region to
i

another. Combining 7-1,2, and -3 one obtains the result that

e e

Ei = i+l (7-5)

el ci*l
and 1 e e

ity = 1 alliel (7-6)
Eiui 92 E;:‘ﬂ;t' 22
when
zZ = dEf?

7-3 TE Boundary Conditions

In the same manner as for the TM fields, the boundary

conditicns for the magnetic Hertz potential can be derived in

the form m m
o= Iyl (7-7)
ui ui+l
L i o= m (7-8)
€, u, 92 e n.. —Alis
\gl“l!l az

for 7 = d(i*l)

The symmetry of the two sets of boundary conditions is apparent.

The material property factors €; and M, switch places.

7-4 Transmission Matrices

o
The general solutions for T, and HT are of the form 6-12.

SRR g

i, A N8 o
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-]

cos
Since the sin

factor which varies from region to region is

e N . e .{ -_"
am () e¥iZ 4 pm (el
1 1

(n%) and‘anOﬂdlfactors arr common, the only
0

(7-9)

Combining 7-9 with 7-5 throuch 7-8 it is possible to write

e
the relationship for AT 4
in the neighbouring region.

are used to illustrate the analvsis

In the following the TE

B in terms of the coefficients

fields

—

\'1 1°, ‘ "1 1 V1 e
- L -y Jhad o viAi+l
1 \a o sy Jﬂ.ﬂ: \ o e’ ‘i . \
= 33, i Rl o_,‘(.:1 Do FUi4L =i+l ¥ an LA
€y Mo e T, Tl TiFL o o MG )Rl
) (7-1C)
This result can be regroupedand written
. “j I w
m - |
AT M (7-11)
BiM | i+l 3 Bi+l |
. S L T 3
where
- TE ' : .
[ ] i -ngdl“'l o Z .i i+] ' aJ ‘w d'i«o °© 1
GHiaidi+1) [TE ’ ' o !
+ T: T | . F(7-12
ei+l o iis1 fi+) : o 9’36:.\63.‘ / (7-12)
éﬁﬁl 1 ‘"' '
. + +
‘}hgfl ] is the TE transﬁf551o§#matr1x for the boundary at
= d;\ and relates the fields in region i to thuse in i + ;.
*

Similarly, a matrix describing regicn i + ; in terms of i can be

written down and is

™ | g
U.”, TE
L L) = "i+1’iA\
— —
TE TE
The coefficients R1 i+l and T 141

reflection and ~ransmission coefficent.

(7-13)

are the Fresnal TE plane wave



-22-

TE , . ‘es
R ™ 4 = ui+l¥i - uiti4l
- pi+l 1¥+ uidi+l
7TE -1+ gk _ 2 wisldi
i i+l i+ - . .
13 1+l Lidrd 4 pivoe

(7-14)

(7-1%)

In a similar fashicn the ™ ( e.:i1clents can be transmitted

across an interface using the M transmiscsion matrix which

takes the form

e ° e
K Al ‘= (;, U'IM ‘\ AJ.'i'l '
“\_ 1l - - - -i"'l
where
A
, - " gm3idiel N
\ \ . 3
\tEM. © = ui '
Cd i+l . ‘ ™
- yi+l o e]uldl+l R
™

TL.14l

R

ii+l i i+l

[ VU |

transmission coefficients which have the form

™ . .
= \ 03 - P
Ri}i+1 ei+ldi €11+l
eitli + eividl
™ ™ e v
1&,i+1 = 1+ Ri,i+l = 2 eci+l'i

ei+l'i + ei‘i+l

T oA, -

e’ ey

(7-16)

d. .
iy (o]

e-J \';0'| d

(7-17)

™ and T?M are the Fresnel TM plane reflection and

(7-18)

(7-19)

XY}

¢ e ————
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The matrix rotation can be extended :o relate region i with

region o or region N,

r' Al o/ - N N

! /L Ui i+l Ui+l i+l ..... UN-1 N \ (7-20)
| Bi ' By \

e o ‘ B

oA .

| =  Ui,i-1 Ui-1,i-2 ........ U1,0 l (7-21)
— Bi“; / Bo J

Any nther pair of layers can be related in a similar fashion.

N-Layer Reflection Coefficient

In the same manner as one expresscs the respon 2 of a
single interface by a Fresnal reflection coefficient, a more
generalized reflection coefficient can be defined for a stack
of an arbitrary number of layers. From examination 7-9 and
6-12, it becomes readily apparent that the A? coefficients are
the amplitudes of waves propagating in the positive 7 direction
while the B§ are the amplitudes of waves propagating irn the

negative Z direction

Regicn \Bi i

Now consider the simplest case of a wave incident on the stack
N-layers from region o. Bo is the amplicude of the incident wave
and Ao is the amplitude of the wave reflected from the stack

Region O \Bo ’/' 20

!

Region N ‘

\Bu
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A generalized reflection ccocefficient is defined as

R = (7-22)

It should be noted that in the wave number domair, a fixed
A ccrresponds to a plane wave incident on the stack in the FT
domain and a single cylindrical wave in the Henkel Transform
domain.

i.e. Bo(}) = (i~ X0) (7-23)
A very useful representation for R is obtained from the
transmission matrix formalism. For the example at hand one

can wliite

- 3 ¢ o1 1 y

\\ L twpn o vl A (7-24)
: VoV o1 14 ) ‘

ILBod wy  Wpa ! 1B

(Note that the development is the same for botlh TE and TM

type fields so no distinction is made here). Taus the reflection

coefficient becomes

o]
n
8
1]
£

A1+WBI

12

1 11 (7-25)

"
%

-/ 1 .
<1+‘_”_21_1_ Ay
w22 31/)

Thus R = Ao/Bo is expressible in terms of (A1/B3;) plus some

parameters depending on the electrical properties. Now the

i



-25-

same thing can be done to represent (A1/B1) in terms of (A2/B))
etc. down to region (Ax.,./Byz4): Since there is no source in
region N, only downward propagating waves can exist and

(A, /By§) = 0. Thus

1 1
R = wp "”12 “’_1;\
T
;§I \1722 21 (7-26)
1 2 2
/l+w /w11 +‘/w12_ Wiy \\
I 5 TTFET
w22 \\Wzl \ 22 21 )
L+ vy [ ’1*@}
: TIT + ceasscse § 'T,’:ﬂl-
\ wzszbl R

which is known in mathematical terminology as a continued
fraction expansion for R of length N with the member elements
being independent of the excitation field and dependent only
on the electrical properties and their distribution with depth
in the stack.

If,for example, a particular source distribution exists in
region o, the fields to this source if the layered structure
were not present would simply be of the form

eI %02 (7-27)
plus the appropriate integral over X; the angular symmetry etc.
The effect of the stack of layers can then be represented by

j(oz

RBe (7-28)

and the total field by

- s Y
Ble-iYOZ Re? ' ©%) (7-29)
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While the particular case of the source in region has been
considered here, the source could actually exist in any layer
and reflection from below and above would have to be considered.
In the above, the problem of solving the response in a stack
boils down to finding the particular excitation for the given
source in a homogeneous wholespace. The layered structure
appears as an additive homogeneous solution to the origin
P.p.E. and is just a factor times the whole-space of particular
solution. The application of these results to some particular
cases is discussed in the next section where a number of

examples are worked out.

8. Point Dipole Sources over an N-Layered Earth ;

The preceding sections give all the basic mathematical
developments required for this particular problem. The
analysis is in three stages; first the particular excitation
field is developed, secondly, the reduction of the particular
solution into electric and magnetic Hertz potentials which
have only vertical components is made, finally each spectral
component is reflected by its N-layer reflection coefficient.
In the foliowing, the first case of a vertical electric
dipole is considered in some detail. The remaining examples

are very similar and as much detail is omitted as is possible.

8-1. Vertical Electric Dipole (VED)

The electric dipole has moment IdL and is located at a y
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height h above the surface of S
an N-layer earth. From
Regiow
section three 25 o °
&= d ¢
2 d, 2
— A ‘l
T.: T $6) S 2 (8- :
2 !
Ty 2= dy .
N
and the particular Hertz potential is an electric Hertz
potential with a component only in the 2 direction.
.kolF"P"
- J A
Trp = jwme Ll & 2 (®&-2)
A \F-7)
In Hankel transform notation, using 4-11 kl
Yo l2-
oo | J
T~ jumelldl I e Je(Af)A (8-3)
A Je ¥o

From section 6, it is apparent that the only excitation in
this problem is circularly symmetric and n @ 0. 1In the region
0 <Z < h, the excitation 8-3 gives

J¥oh

e . J-Z\-. e -
oBo Xe (Q 1’)

It is apparent from tune source and structure symmetry that
or.ly TM waves are excited and the reflected wave is defined

in region o by

. ) Yol
RS = A R™Me’ (g-5)

o
of
(-4



Table 8-1.

TE and TM F.eld Components

TE ™M
2
-l L2 ™ L2 <
E § jwz f 2@ kl 2722
- - <
{ D m —_ "
' 'b (-3
EZ o me - r:,atTr
e .?.’_2._ - A L2 e
Hf kR? ?Y}% Jwa f 2
I I . 4 2 Te
Me K2 f 20d2 Jwm °F
2
mo .?._. ™™ o
(“'z_ T+ hz '32.&
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where R™ js the TM reflection coefficient for the N-layer
v,
stack. The total field in region o is described/ the electric

Hertz potential

oo A J¥ala-v) T g Tol2 k)
s = jwasIdL S J = {e tR e Ta(AD)dA
[}

4T °
(@-<)
The fields in other regions can be obtained using the

transmission matrices of section 7 and continuing 4A§ and

oBg downward.

8-2. Horizontal Electric Dipole (HED)

The other orientation for the electric dipolez is in the
horizontal plane. Combination of the VED and HED solutions
yields the solution for an arbitrarily oriented dipole. For
convenience in the following, the HED is assumed aligned

in the &€y or ¢ = 0 direction. The electric source current is

then
z;\‘ ----- }—,x;-—-.—

Jo= I8 30D semye, G “ Region

2“’ 2—:0 °
2=d !
2:dy '

N

The particular solution for this current
distribution is an electric Hertz potential

aligned in the &, direction.

AR

- A
Tp* Jwie L dl ei‘ LS (8 -g)
4T \7F-F)
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Now the problem of solving for the effect of the layered
stack requires reducing ﬁé into electric and/or magnetic Hertz
potentials with only a vertical component. This is achieved
by examining the TE and TM electric and magnetic fields in

order to find Hg and Hg .

From Table 8-1 it is readily apparent that the vertical
electric field is associated with Hi (sincelqngenerates a
totally TE field). Similarly the vertical magnetic field is
totally associated with HT. This then gives the key as to

o

how to break Hp into its Hg { o components.

From section 3, E_ and Hz associated with ﬁb are given by

-/

)"‘.
= = L —_— T, -
€, nd 289k, ¢ (8-9)
+ - L A =10

Using the Sommerfeld integral discussed in section 4,

Ea™ ~ W?g sign(2-h) A e T (ASMA
®

W o €T
J @-v)

In order to obtain ng, Ez has to be regrouped to the form

analogous to that in Table 8-1 namely
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5 C+h A€ @ 12)
>

Noting that ¥2 k2 - Az, 8-11 can be written as

oo 2 &‘Fg\%-”
£, 3 duueBdl g | sguGe) (1- ;)a T(AA
AT )
(8-13)
) - 3t oo ¥\
- Awual..\\. [l + -Lz— }msqs S(?ﬁ(,a~k)e/ J‘.CA?)JX
AT ko 2 >
and ng is readily identified as
o N Tg\%‘”
. - . A
“_; dwuoLJ.L oy & S;cru(%--\n.)z 3‘(w)J,\
4T >
(8-14)

In a similar manner, Hz is given by

~ J wo(i"\\\

. Tal .. N e TaDd A
H - A —m—— S\ J A \(At)
¢ AT “(-P Sb

{1

ntadl
LdC ying S‘:", (\u: <) & Ji(A9) dA - )
b

ATl
- - ) 2 J‘{a‘i"’k‘
. T4t L 2 s S Ji e
= 2t Vv ,D%‘X R T (A5)eA
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The magnetic Hertz potential associated with ﬁp is

readily identified as

Eand . I3 3 fala‘kl
T zdt s:..cpj LS J(A9)dA (8-1e)
AT s >

Analysis of Hg and Hg shows that ﬁb has been split

into a TE field which has a sinusoidal variation with
azimuth and a TM field which has a cosinusvidal angular
variation. In order to find the total field in region
o, the integrands of 8-16 and 8-14 must be multiplied
by the TE and TM N-layer Fresnel coefficients and then

added to the solution. The total solution is the

. [ ) SKa\a‘k\ . Uo‘a""k) .
Woet J whte _EL"_L s S {si”(e-k) e - RT"e"U }J\“YHX (8- l7)
Al S

 Yal2- Wl
- . J
T, = :E.J_L Siue S o!g ie

+RT! e\s fe(éw)} J"CA?)(J k Ch*ll)
AT > %

The fields in the other regions are obtained by the

transmission matrix analysis of section 7.
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8-3., Vertical Magnetic Dipole (VMD)

The vertical magnetic dipole problem is analogous
to the vertical electric dipole problem and can be
obtained directly by replacing jwu by - jwuc, Idl, by
-jwuo IdA and RT and RTE, From section 3, the fields

can be expressed in terms of a magnetic Hertz potent.al

A d\ul?-?‘\
Ty = ~0 &ueldA 2 (8-14)
AT (V-7
Now, Hg is identical to ﬁb and
T¥al2 -h|

Tr:‘— _ ' fuse TdA SOOOA {ed ‘\»-RTEQ"“(B“)‘% JD(A")JA
]

4T %

(8-av)

The response is purely one composed of TE waves as to be

expected.

8~4. Horizontal Magnetic Dipole (HMD)

The last point source to be considered is the HMD. As
with the VMD, the solution can be obtained by analogy with
the HED result. The roles of ng and ng interchange with the

result that

. 00 g o jhNERl L jWE)
Te « o4 Idﬁ_ ) S 9-5_ {e , +-'RT < °
° AT ® Y

T (AP ol A

82y
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2 oo | o (2-h RO
. =@ _fouo LA absCPS {siw(&-k)co -Re % )
AT >
(8-2a
J,(AP) A )
8~5. Summary

The last four subsections, completely cover most of the
use geophysical source models. While it has not been discussed
heie, the addition of a stack of layers above the source can
be accomplished in a similar manner to the above derivations.
For earth bound applications this can be used to describe

ionospheric effects.

9. 1 and 2 Layer Earth Reflection Coefficients

For the preliminary analysis of the SEP problem, the
response of a half-space and of a 2-layer earth are discussed
in detail since these special cases contain all the particular
features of a general N layer system. The reflection
coefficient for a 2-layer earth are obtained from the continued
fraction expansion of section 7. The physical interpretation
of the mathematical form of thg reflection coefficients are
discussed.

The 2-layer earth is sketched below. The stack TE

reflection coefficient is

As B
}:*‘3 (- T—
R Te_ IS (9_‘) AT B, Tn
6: 2:d,* ‘t\ —
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The transmission matrix for the Z = d interface is

TE - e
[ u0| ] - 5\
and

Q7E - i

= ?E
R

« I R:?

T (3-2)
TEe !

(Res = /eI%)
[+ QIE (%)— (5-3)

\

The Z = 43 = -t, transmission matrix becomes

Bt e,
e Ree

CI
[ UT:] R M | G-4)

Now since Ay/By = 0,

A ~€
— = Ma
8.

and

o)
m

n
]_.

Rar

‘ 15 ~y(hen) L, 2 (BT ¢,
R e [ S J
J 2%, t,
e (3 -¥)
by
Re:w ~ '/pTt
+ ( ® /R ' ) (3-‘)

( {4+ Rae, P\; e;l:ﬂf)
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The TM reflection coefficient for the 2-layer earth
is obtained in a similar manner and is identical to (9-6)
with the 1E superscripts replaced by TM.
Tre mest important vart of 9-6 is the denominator of
the second term. Taking
Te ~e 20T, 9-?
“ - - Ro| R't e ( )
The multiple reflection back and forth between d = 0 and

d = -t, in region 1 appear by expanding

L "
{ ‘d = )\2'-6 o (9-%)

in a geometric series. Each term of the series represents

an additional reflection a? the two boundaries with
appropriate reflection amptitude change plus a "phase"™ change
2¥, t, corresponding to the two way path through the layer 1

as sketched below.
Note: Rm’ - R..

The half space feflection coefficient can be obtained
in three manners, in the limits as Ry, + 0 (i.e. By Y Mg,

51"52) tl*ﬂandtl-'O.

Case 1l: When Rj2 = 0

RYE _  Rov (9-9)
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as expected.
Case 2: When t; + =, any infinitesimal loss in region 1 will
cause

e —> o t, —_— O (5-10)

and

RTE - R:?

(5= 1)

Case 3: In the limit as t, -~ 0, one cbtains a halfl space . ith

material properties €2, u2.

TS <€
RTE: Rer ':- R (3_‘25

T e
\4 Rey R

Using the fact that € IR T

PRIR DR A N
one can show that

Ta ¢
RTE = Rea "-3-")
Note:

T
Ror 4R R O R O R CAS LN CASIAN)
sartere (aaa Vo +ais 0 (427, 4 aae W) F (240 ¥e-ete )W T 0 72)

Ma Yo = Me ¥,
A, Co + 24Ty

Rel (9-14)

In the above the emphasis has been placed on the TE reflection

coefficient only as far as it illustrates the nature of the stack
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reflection coefficient. All the analysis also holds for the
TM reflection coefficients.

One other important feature of the 2-layer reflection
coefficient is the resonant wave numbers for the waveguide
formed by the slab placed between two media of differing
properties. In most instances, the guide is leaky. These
resonances occur when

er‘tl
\ - Ko R e = O

which is the general form of the normal mcde equation.
Solution of 9-15 plays an important role in the analysis of
the 2-layer earth response. This will be discussed in detail

later.

10 - Normalization and Tabulation of HED Fields for SEP Application

In this section, the formal mathematical solution for the
HED derived in section 8 is rewritten in a normalized format
which facilitates computation aspects of the evaluation of
the fields numerically. Since the primary source of interest
for the SEP application is the HED, it is used as the
example in the following sections. %ne other dipole sources
can be treated in exactly the same manner so there is no
real s Of generality.

In the MKS system of units, the electric and magnetic
fields have units of volt/m. and amp/m.; the spatial

dimensions are in m. and wavenumbers in m'l. For computation
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Table 10-1

Normalized Field and Parameter Definitions
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Table 10-2

Normalized HED TE Field Components
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Table 10-3

Normalized HED TM Field Components
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Table 10-4

Normalized HED Radiation Fields
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purposes it is convenient if all these guantities are

normalized in such a manner as to make them dimensionless.

Examination of the HED electric and magnetic Hertz potentials

of section 8 yields a convenient set of factors for

normalizing the E and H fields. The wavenumbers are

normalized w.r.t. the freespace wavenumber and spatial

dimensions are normalized w.r.t. to the freespace wavelength.
A summary of the normalization procedure is given

in Table 10-1. Combining the definitions of Table 10-1

with expressions for the fields in Table 8-1 and the forms

of the electric and magnetic Hertz potentials 8-17 and

8-18, one obtains the normalized expressions for the TE and

TM fields given in Table 10-2 and 10-3. For analysis of

fields at large distances from the source, the fields take

a simpler form since only the radiation fields have to be

considered. The radiation fields are summarized in Table 10-4.

11 - Radiation Patterns of a HED on the Surface of a

Half-Space

11-1, Basic Formalism for Radiation Fields

One of the more important aspects of SEP method is the
manner in which the presence ¢f a nearby halfspace modifies
the energy radiated by the dipole. 1In this section, a

general discussion of radiated power is followed and it is

T VP TSSURe HPS

i B oA Bt LI B i 9



- -

-39-

applied to the particular case of a HED on a loss-free

halfspace.
In the discussion of
energy radiation and radiation
patterns,it is most convenient
to adopt a spherical polar
coordinate system as sketched
to the right. For any finite
size source, the fields at
large distances from the source
are the radiation fields and x

the fields are of the form
ke

f(eo,®) =

(u-v)

All higher order terms in 1l/r become negligible as far as

radiated power is concerned where r + «,

For the layered e-cth problem at hand, it was discussed

in section 6, that the fields can be split into two independent

types namely the TE and TM fields. This convention is

continued here in order to facilitate later analysis.

very large distances one has the fields

A

dler

ETE @ Eo(0@) &

oo
H

: Hel(elk) o 2
3

yrr

R A o
(s He (8.0) + € Ha(eﬂo)) %T’

v

At

(h-2)

(- 3)
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— .hv'
E"= (? E,(S.Q) *-‘&3 Ea,(e‘q)) e;"-
-
(t1-4)
A dlev
T g e, e £
o (8) =
-
~TH A J
H =2 @ Helow) S (-¢)

Eg and Ti@ as well as E and Hg are simply related by Maxwell's

equations
- =, =€
HTE - Ok & <|‘_ (,)
3(¢JM
: @ (8@ Gx e (1=7)

p=
It should be noted that to remain consistent with the concept

of radiation fields, higher order terms in 1l/r must be

neglected. Hence in all operations of the form 11-6, the

¥V operator acts only on eikr term in the field as written
in 11_70
Further
A ) ~
- A Jyr X v ro rinbw ]
& Vv 20 fb@
© o Vlin9g° v
(1-9)
A .
- wr yer
= ¢+ X 2 el -ahrek
riing 00 v or
. e A
$ -—J‘QSJ (S )
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Once again only l/r terms may be retained for the radiation
field analysis and it is permissible to write

~ A gkwr A aker A v e
Ixae P -4 (D€ o -Sywe (1-9)

although this is not mathematically correct. In a similar

manner
jur _ e
Sxoe - -& xve’
. (h-10)
- A . Jhr
- ‘Lp dk -’

With these basic formalities settled one has
- sk
HTG— - EQ(Q.‘O) (~g\sk>€0

Sw.ur‘

Jhv
~§,5£ Fe(ge) &
X

{:qis identified as the intrinsic admittance of the medium

!

Q=)

7]

in which the waves are propagating and is denoted by Y. The

intrinsic impedance is given by

z = \';‘ S J:E (1!-!2)

In free space Z = 1200l chmgs. Thus 1l1l-11 gives

Ho = ~YEg (n-13)

In a similar manner, znalysis of TM fields yields

=™ Ix H™
£ = -

-

(11-14)

v
= ¥YHeo e
2
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and

m
"

Z»l+@ (!h-S)

e

11-2. Poynting Theorem

For a general distribution of electric and magnetic
currents, Poynting theoren summarizes the energy balance
of the electromagnetic system. For continuity, the general
form of Poynting's theorem will be reviewed. The power

supplied by the source is given by
F - /[/ (5".E - ”_Z;*- ﬁ)dv : f[}(ﬁ:é -;J“, F)dv (11-10)
Voo v

where V is the volume containing the electric and magnetic
current systems §s and gys.

Now from Ampere's law
S*E - T.ownd? -JufE"E (n=17)
and Faraday's law
#E = T Y A TS i (n-1e)
Using the vector identity
J-(Ax8) = B-OXR -A-Oxi (1v-19)

one obtains

.t-j:,g = w:E -9 .(E KR') -:\“‘-*E'é‘ (\~20)

— - - -— T~y = . 4 .-'
ﬁ(,"-t: < ¥ pxi t O.(E%i) +yod @0 (n-a1)
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Now
Y = . ~ - —y - . — =
3E  jwa B8 4 B - Ou(ernt) o’ €
(11 -22)
ﬁ‘ g - N >~ =% - — 2 = . $o.o¥
g H 2 ocjee &8 + %G 45-(€xH]) g HH
and
N B~ = & = _ < - —_— = .
30 E -M-H = ‘(5{6"-%-(4*) +y@ (tee* -C*E-E")

(r-21)
: = =¥ =" = =
rjo (uiw? o 3-8Y)T.(egu? +E*xR)

Thus one obtains
Real P = ~wt! 4aud EE&¥ - wa ton S - R —Re - (Exl?)dV
) e

V.,

: W 533 (€'dnfy EE? + ' 4ol B-8¥ )dv
o>

(-2}
~ Real (Rxw¥)-w dS
S
and
ey P = \5,{,,, (-wc€EY 4w dn®) gy
(n~2¢)
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It is not difficult to show that if tan §e and tan 6, are
not identically zero, the surface integrals over the infinite
sphere will vanish identically since the fields will be of
the form

-7 p3vr
e_ (i1-2¢)
v

for large r and go to zero exponentially with r + «, Thus

for a finite loss in the media

Real P = = wSSS (['-kmse g-&* Fan' Hand a'r">JV (122

Veo

dmanf 2w fSf (- REY tant H-B¥)dv

(11-a0)
Vso
For loss-free media
fod A
Real P =~ ([ (ExA*).n ds (1-23)
Voo
- - _-" -
Lwmagp:  w ff§ (-c'EET +u H.u") dv (11-10)
Veo
One minor point to note is the rational for retention
of one field of the order l/r in the radiation analysis.
This is readily obtained by examination of the real power
dissipated in a loss free medium. It has the form
Real P = - =~ = A
és (Exit) b ds Ce-31)

oo
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I1f |E| ~ 1/.n and |8l ~ 1/.ms on the infinite sphere so

- v v .

Real P = - S S 1. swe dede

Nh?-@" - ) vh‘ﬂ't (“-’z)
- O wales) Wew -2 2 o

Thus n and m equal 1 and higher order values yield no
radiated power. Higher powers of n and m describe the
energy stored in the reactive inductive and capacitive

fields.

11-3. TE and TM Radiated Power

The energy radiated in TE and TM fields is now
formulated in terms of the field components which are
transverse into the planar surfaces of the system. The

radiated TE power takes the form

pTe - -l (ExR*).3ds
- (1-33)

a¥

==y |Eq (0,6)| o do deo

The TM radiated power is expressed in the same manner and

takes the form

™. g 5:): | He (0@ | *vmedode  (h-314)

11-4. TE and TV Power Radiated in A Whole-Space by a HED

The power radiated by a HED is readily expressed by
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combining the results of 11-3 and section 10. The Ey
TE electric field has the form

o 51’o(e-m

g, = el L e Te(aedn
(h-35)
. eiR®
R ak e R=((aem) +02)'"
R
Thus
Ep(00) = - T O (i-136)
and
T * T .
F™" s - Y j; IO @ e fode
(- 137)

= -aw\V

The true power in watts must be obtained by multiplying
the above PTE for the normalized fields by the scaling
factors for the E and H fields of Table 10-1. For the
following discussions, only the relative power is of interest.

The TM power is determined from the He TM ficld

:’T'o' 3=

U= cos® [TA sigela-da Teladdn

IvR h-130
T -y emee tos 0 & ( )

and therefore

Ho(o,0) = ~) L3¢ cas @

(n- 39)
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The TM power is then expressed by
™. ™ 2
P4 - Z S cos 'O sineds j cox‘(oo!(p
3 >
(1-40)

- o artr
5 B

As for the TE power, the true power 11-40 is obtained
by nultiplication by the normalizing factor for the fields.

The true total power radiated by the HED is then

—

ks (4am*

P z _CE (‘"1/40 -I:!dctkol {__f_:r” C‘J(z /!54 (I(-— 4-/)
k.t (4(1_ ) L "
The addition !w? factors appear since the normalized
fields are given as 1/R while the integrals 11-33 and 11-34
are cased on the use of 1/r hence a difference of ‘/k."

in the magnitude. Regrouping 11-41 yields

__ 2 LUy
f_ — ' ( %‘ +_‘zl> Wwats G"""-)

where Ke = £¢/co0 and Km = u/uo.

11-5 Radiation Pattersn for a HED on the Surface of a

Half-Space

The radiation patterns for a HED on the surface of a
halfspace are obtained from HTM and ETE py finding the
angular dependence of the 1/r term fields. The
general picture is sketched at Ko iam

Eo Lo
the right. The radiation pattern - pu °

€ A, 1
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in region o will be derived. The pattern in region 1 is
obtained by the fact the solution is the same as for
region o with material properties interchanged to - ¢,

€, =+ €0 etc.

From Table 10-4
o 'T'oi'

£ = -3 S‘ .S.,% ((+]5) e’ Jo(apan (-a7)
i o ;7
e * cosa Ib A (eI % Sae) dn (Li-44)

The exact analytical evaluation of these Hankel transforms
is not possible. For the analysis of the radiation patterns,
however, an exact form for the integral can be obtained by
obtaining an asymptotic expansion for the fields. This
requires that P and Z be large. This is a compatible
condition since analysis of radiation patterns and power
radiated is carried out at "infinite" distances from the
source. ’

The first step in reducing 11-43 and -44 is to note

that e .
T T
t+Rey = Too (i~ «s)

™ TR
- Qi = Tis (- 40)

Next the integral from 0 to = is transformed into an
integral from - © to ». This can be done for all order Hankel

transforms with the aid of the identities in Table 1l-1. Thus

oD -~
s < 3w - A TE \ST‘*
% = 5 3% Ter @ Ny (af)dA (-~ 4 7)

Vo
- o
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o hia d
WQ < (-Oiq S FAY T(b <
o2

(2
( Ho(ae)da  (i1-48)

To this point, no approximations have been made.

At this point the contour of integration will be changed

and the asymptotic form of the Hankel function introduced.

Thus

\ oo
Ea* -*_:‘4’5 T e
o e T’o

L -]

_qe J(Tez +tA®) ™4
(=%

2 AN (u-<9q)
rAe

\ T‘e+¢\ﬂ .7/
s sy o 3T -3¢ F
2Z? —3?‘-2; LTy © c TAe d (!l-rb)

Examination of 11-50 and -51 are in the

form which admits

evaluation in terms of an asymptotic series by the saddle

point method. The contour C is the saddle point contour in

the complex A . In changing the integration path from along

the real axis to C, the effect of any singularities lying

between the real axis and C must be considered. Fortunately,

the integrands in 11-49 and -50 have only branch point

singularities but no poles. The effect

of the branch point

singularities is the generation of second order effects.

These effects will be discussed later.
the branch points may be safely ignored.

this will be seen in a moment.

For radiation patterns,

The rational for

o kA teat s e
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The exponential in the integrand
M2 + A
e’ ) (1~ )

and the definition of the saddle point and saddle point

contour are dealt with in detail in Appendix 1. Transforming

from the A plane to the u plane 11-49 and -50 take the form

eq : -sime (2 ej (R.ﬂlq.) r —ar
= <;11'P flu e Adu (f1~52)
- P00

“(R-"4 -
Ko~ cae (27 ¢ )r&wm“ odu  (1-53)
AN

where
- . Y2
Fow): 3 AT ) aa (1-s)
and Tw‘(‘L) A
Fa () = ,1}:_'1_(.9_). T (W) :_4\- (1-5¢€)
A

Now in the vicinity of [LP, the saddle point of the exponent,

N Lie +cpn Ui-s6)
where C ¢ 1/R. In the limit as R+ », A+ /. Since
the integrands of 11-52 and -53 are exponential integrals,
an asymptotic series can be developed by expanding F1 and
F2 in Taylor series. For present purposes, only the o order

term of the series will be retained and

. U, TE
F () = ) A‘(.Q To (A(o))_"_-[;‘:’
—PO(Q) d% ]
(n-s7)
Uy
- N LY s
= ) = 'S N
ngy o ) ©
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and o - oo -u?
\l. Filwle “dur g (q) | e au (1-50)

-— gl

ST E(o)

If higher order terms in the asymptotic expansion of

i)

F; were required then terms of d%"F in the Taylor series

duZn
would be required. It is not difficult to show that terms
of dan will contain factors of C2n since
du2n

AR

— - T A€

dut - C AZ" (l\-S"\)

Achp
since :‘.EA‘ ~ o . In the limit as R + «, all these
u

relations become exact and the asymptotic series is in

powers (1/R)®, At the branch points of F, the function

derivation become singular. Since this only affects terms

in £ and % of higher order than 1/R, the branch point

effects may be safely ignored in radiation pattern analysis.
Putting all the pieces together one obtains

~ . e Q&YZ
&, - - S\w(p Ton (-&) K-} (_\|..<.b)

k% 4
. ™ e’
x((et y oI s e Ttg (%) E (\l-(.l)

Thus the radiation pattern is just that of the whole-space
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modified by a Fresnal transmission coefficient. The
radiation patterns for a dielectric half-space with

dielectric constant Ke take the form

Z >0 2
——— 2%
et s e () e
. 2((\-& «2‘.')"‘ \2
e (oe)]'s cor’e e
¢ ” (((‘__a_‘)_*%:)'h*hﬂ (V-e3)
Z <0
[ Goloe) ]t &9 2 = )
e(0e)| 2 = (a . % C(.m‘)w.“)u,) (11-0e)

l HQ(Q.Q)'!‘- ot 2_([\-"‘)*“!“;)”1. 3

]
TR PP

(t-e¥)
® T 058 ne Jw, - vefractivendex ¢ He eurih,

The resulting radiation patterns are plotted in Fig. 11-1,
through 12 for various values of dielectric constant for the
halfspace.

The particular feature to note is the strong directionality
of the TE pattern into the earth. This peak in the patter.
occurs in the direction of the critical angle of the air-earth

interface.
9‘.. s;‘“nl e;

The TM pattern exhibits a null in the &, direction but shows
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Table 11 ~ 1

Useful Bessel & Hankel Function Identities & Properties

Tal@) 2 4 (Hp(@ + W2 ®)
b (2 = - hice)

( -
cwl(2) = Cu. (2) - .3. Cnl?)

Asymptotic Forms

Jn(?) & )i COS(&-".‘-.“ -
we 2

\ ; 2."\2““‘..
“w(a)ﬁ~gé ISR E>

N
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a lobe of increasing strength at angles of 0> e

for increasing K,.

2. Surface Fields about a HED on the Surface of a Half-space

In the previous section the radiation patterns for the
HED on the surface of a half-space were developed. Examination
of the pattern in the plane of the interface shows that
both the TE and TM patterns have a null in this direction.
The fields in this direction musgiof second order at large
distances from the source.

In the SEP experiments, the fields about a HED are
measured on the earth or lunar surface. It is therefore
instructive and useful thQQEressions for the fields
near the interface. For these applications distances of
1l to 20 wavelengths from the source are most interesting
and use asymptotic expansions to estimate the second order
fields is feasible. The general nature of the fields is
discussed by Annan (1973) and is sketched in Figure 12-1.
Near the interface the fields are composed of two parts, one
which propagates outward with the phase velocity of the air
and one which has the phase velocity of the eavth.

In this section the asymptotic expressions for these

second order fields are developed for the case of a half-

space with free space magnetic properties, but arbitrary
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dielectric constant and loss tangent. The expansions
are obtained by analysis of the limiting case of the
saddlepoint expansion of the last section in the limit
as 2/P + o. This limiting case of the saddlepoint curve
is sketched in Fig. 12-2 and is essentially two integrals
about the branchlines from the branch points at the right
of the imaginary‘\.axis. The branch point at A= 1 and
the saddlepoint merge as 2/P + o.

As an example of how the solutions are developed,
the TE H, component will be analysed in detail. The other
solutions are developed in like manner and the results will
be tabulated. For the development Z will be taken to be
finite, but such that (2)/P <<< 1. The Hz field is then

expressed as

- . (V4 >° ? 'T’o(éAm) . 2%
Yo = TGN e . P
2 - it = dl\.(la-\)
Tiie

Regrouping the integrand and deforming the contour of
integration to that of the limiting steepest descent form,

12-1 becomes

o*:b"’ s oo
R i ;ar Tan .
= = \
FA a - Fola) e + S F.(A)e)’ dan (12-2)
L
where
s =

FR.(I\) - C{S,A.)

(\ 1-3)

11

130 FR, a) - Eu, ()
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where Fa. is the value of the integrand at the right of
‘
the branch line and F‘i is the value it takes at the left

of the branch line. Defining
JPAL T )P~ (Kazm) (la-a)

the first integral of 12-2 becomes

3P e -u
P > ° ‘+JIF) 44 ({a-5)

Similarly letting

g e 0k e~ B ((2-6)
the second term of 12-2 has the form

. 30K P (eo gy -8

e j Fo (J%, +J§>e d@ (u~7)
The basic wave nature of the two branch-cut integrals is
now apparent. It only remains to evaluate the wave amplitudes.
The steepest descent technique is now applied to obtain the
asymptotic series expansion of the integrals in ﬁ' and the
first non-zero term in the expansions yields:;;plitudes
required here. Higher order terms may be retained; however,
their contributions are not significant for SEP applications.

To obtain the asymptotic expansion, P is assumed >> 1

. &
and non-exponent part of the integrand is expanded inaTaylor
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series about u and B = 0. In the vicinity of the

branch points, Fl aad F2 take the form

uccb(udh_v w* (3(0)-&- Q "D + 9 CO)M cen Qa-8)

where the function g is expanded into a Taylor series

about 4 = o. Thus the integrals in 12-2 take the form

e =
r- Sb < 3(&,&)6 dA
© E a9 Tlwew (12-9)

whereT (x) is the camma function. For the present purposes
only the first non-vanishing term is retained in order to
obtain the second order fields. In order to obtain the

amplitudes of gn(o) , it is necessary to examine the

behaviour F, and Fy near A= 1 and\ = ‘}F-K—' respectively.
ye“~ “+ '""/4-
. 2 - TE z
F°= JA § —P—: — TB\ g = (‘J.-'Q)
o
. left .
The + superscripts denote the(right\ side value of the
radical near branch line
nS = - T
° ° (12-n)
Since
ﬁ
Te . 2\le
Tou —_— (
- (a~iq
l’a*'?' >

i, N
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12-10 becomes

R STV
Fo = 4y 4\ ___._.__...7° 2 e ((L-I‘:)
nr-mt e

and the first term of 12-8 is obtained by noting that

+ '
‘T'o -~ (‘_k"(’J‘ %>.‘_> <

¢ ~2y %) "2 (12-14)

2

4

2 24 o
with result P

9oy - 8y 1 -
‘?. ta- 18
and C = 1/2 eow (K‘-') ¢ )
| |
Similarly about A= \/'K” Fl becomes

330/ g (4 Ktyl&
~ /4 ™ g Lte
. W {
F o2 4y N 12 e -_——

- 16
mr (-7 1 - 1)

which yields '
Y = (K\‘ ‘) b a
gCo) ~ 85 Wi <

Fo (w1 (>7)

P

and C = 1/2. Since | (3/2) = %- » the resulting expression

for the H field becomes

. . ”1

. JP K) J& P-(x.-) *a

g/;-‘ .?.i’..‘l‘.?..{e - K e (12« 19)
&,~1)P*

The approximate forms tor the HED on a half-space second

order fields are listed in Table 12-1. Before leaving this
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section it is important to note some mathematical

and intrinsic physical points in the development of the
TM response. The applicability of the TM expressions
in Table 12-1 is highly dependent on K, not being
extremely large.

While the difficulties cannot be dealt with in
detail here, the basic mathematical problem stems from
the Taylor saries expansion 12-8. For the TM reflection
coefficient, a pole located on the lower Rieman surface
of the reflection coefficient approaches A=1 as K, > «.
This limits the radius of convergence of the 12-8 Taylor
series. This pole may be handled by application of the
modified saddle point or steepest descent method (van der
Waerden (1950)) in which the effect of the pole is
subtracted from the integrand and evaluated separately
while the remaining porticn of the integrand is evaluated
as above. For K, in the range of SEP applications
(1 < X = 15). There is no need to go through this extra
step. The role of this pole and its effect on evaluation
the integrals has been a source of controversy s'nce
Sommerfeld's original discussion of the problem in (1909).

A good discussion of this problem is given by Banos (12366).



Table 12-1

Asymptotic Form of Second Order Fields about a HED on the

Surface of a Half-space

i
) . . V‘ - - 114
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13 HED on the Surface of a 2-lLayer Earth

13-1 Introduction

One of the first objectives of the SEP experiment was
the detection and delineation of a planar reflector
buried at depth in a low-~luss Zdielectric earth. The fields
at the surface of the earth should be those generated
by energy transmitted varallel to
the earth's surface plus energy Resion © 7o Re

reflected from the underlying

interface. As it turns out,

the reflected signal, in many
instances, is stronger than
the direct one. For some
field componente, the
reflected signals are weak and the direct signal dominates.
There :r.- *wo techniques for obtaining mathematically
useful exyrue~-icns for the fields ir the vicinity of the
rec’'on oe-region 1 interface. The one technigque is known as
the geometrical optics solution while the other is the
normal mode solution. The two solutions for the fields in
region of (2)< o will be developed here. The two techniques

arc based on the properties of the 2-layer earth reflectien
coefficient discussed in section 9. 1In particular, the two

types of solutions are contingent on the applicability of

PSS R
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equation 9-8, the geometrical series expansion of the
denominator of the reflection coefficient. The effect of
magnetic properties will not be considered here and the
permeability of each region is taken to be the freespace

value.

13-2 Geometrical Optics Solution

Examination of the HED radiation fields in Table 10-4
shows all the TE fields contain the factor (H - o)
1+ RTE (3~1)
while the TM fields contain the factor
L RTM (13-2)
Upon subs:itution of the 2-layer earth TE refl-_ction
coefficient given by equation 9-6 and the equivalent TM

coefficient, equations 13-1 and 2 become

Tor (VHRI Q)
(1 - rRIEREE)

(13-3)

Ta (- o)
(\- R v @)

is the phase shift (and attenuation) for

(13-«)

where g = ejz-‘.'1t1

a 2 way pass through region 1. If the interfaces are poor
reflectors and region 1 has a finite loss then the terms
TE TE ™ _TM , .

- Pl .
R.g R 12 g and Rlo R12 B have ~uplitudes less than unity

When this condition is satisfied 13-3 and -4 can be written
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with the aid of 9-8 as

e Te _ve O y nay 4
Tor +Tey Ty = ( T.&)(R:f) (ﬁ)" (3-3)
NI o
—n TN ™™ °° " net
- larnd ks { * 4
AL To Tou “2:_ (R:.“) (R\:) (.S" (13-6)

The nth term in the series represents a wave which has
made (n+l) 2 way passes through region 1 before being
detected at the receiver. For example, a TE wave for

n=¢Cand n =1 is sketched below

~
TaiTy Rup a

Wz o

The final step in the geometrical optics analysis is

the evaluation of the Hankel transform integral. The solution
is obtained by saddle-point contour integration on each term
of the above series and retention of the first order term.

The half-space solution which is the term independent of the
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series in 17-5 and -6 is obtained by retention of the
second order terms. The field expressions are those
developed in section 12 and given in Table 12-1. As an

example, the Hz TE field will be derived here.

U, = Ko (Bs) + EQZ‘:: (13-7)

where Hz (H.S.) indicates the half-space solution and
7T S: &_I?Y {T.’: Tor Cers ) (k1 g)”'e°mf T.afda
.
(3~2)
is the nth multiple reflection in the layer.
The individual terms HE are evaluated as follows.
The Bessel function is replaced by the appropriate Hankel
function (see section 11) and the asymptotic form of the
Hankel function is inserted into 13-10. The integrand
then contains an exponential form
. ) 2L b A AP (Nete: 2 << P& ht\> G3-9)
which is identical in form tc that of the integrals discussed

in section 11 and the saddlepoint contour developed in

aprendix 1.

2 1l/2

Defining R, = (P? + 4(n+1)’t,?) , the saddle point

of the exponent in 13-14 occurs at

[L; = éz~ K\ (\1-!5)
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where K is the complex dielectric constant of region 1.
Thus
. :)‘W:R"‘ . Tt t 5 3%/
z/ Xy AL (TR e n wey\ 3 N v
2 =T c -gd__ TE) 2 TC 2
2 z T (le Tou (ﬁ(o)@\; e e ‘.\.Z—P e da
iduoe ~u?
T U TN S Fuluw)e olu (13- n)
A

~ et JOK w
= s 0K R e g
o

The Fn(O) is given by setting/\a\: in remaining portion

of the integrand of 13-16

- W TE n " met s TofA%)2
’
L
* s e’ da (13-12
e au ‘ . )
and with Ash,
~yNrq r_“‘“"‘—"
J -
an e J2J% 2 4 (t3-13)
Rn R+
du .
;A'
Hg is given by
ofeen e
) . .on, <
2/ < SAM(P 9_ (’J — 0(\,\ T;r:(du) To. (dﬂ)&\g (du)) X
2 " LS vy (3218

(RIS ()™ v oo *)
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K= Py G305
Rwn

HZ appears as if generated by a spherical wave radiated

from a source at a depth
2> =-(axn) &, (17”‘-)

which has the radiation pattern of the half-space interface
modified by the angular dependence of the nth and n+1th
power of Rédu) and P‘f‘;"‘)' the interface Fresnel coefficients
at the geometrical angle between the receiver and the n
image source. This is sketched in Fig. 13-1.

The evaluation of each image contribution by the
saddle point method invokes the usual assumptions that R
is large and the RlO Rol 8 product is considerably less than
unity. The series 13-4 is rapidly convergent in this case.
As in the radiation pattern development, second order effects
which are additiomihead and unhomogeneougrzggd to the inter-
faces are ignored. When the geometric optics expansions are
reasonably valid, neglect of these and higher order terms can
be made with reasonable justification. The most important
second order terms are retained in H, (H.S.).

When R10R128 approaches unity, as it does for loss
free media whenexceeds the critical horizontal wave

numbers for the two interfaces, the above expansion falls

apart. In a geometrical semse this occurs when



-
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| 4
R“ = ('3 - '7\
orx
ZODEL e s (13- ®)
P

for a large number of n.

The geometrical optics series terms for each of the
TE and TM fields generated by the HED are summarizec in
Table 13-1. The expressions given are for the amplitude
of the nth multiple. Thus, the total field a«t a height h
(small w.r.t. g,tl, etc.) is given by

. 3(\-41)“"3 S e,
Fretd = Fied (u.5.) + £ Aul)e &

wto R
w

with An('n) being the quantity listed in Table 13-1.

(13~a)



Fig. 13-1
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The Fresnel coefficients have the argument An as defined by

13-\
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13-3 Normal Mode Solution

The geometrical optics solution discussed in the
last section required three major assumptions. First,
the expansions 13- and 13-6 must be valid; second,
the evaluation of the integral for each term in the
series was obtained by retaining only the first term
of an asymptotic expansion; third, second order waves
were totally neglected in all but the half-space
portion of the solu:zion. While many situations
warrant these approximations, some of the most
interesting geological environments may not meet
criteria for this type of solution.

An alternate form of solution is the normal
mode solution; this solution complements the
geometrical optics solution since it is most useful
in problems where the geometrical optics solution
fails. The normal mode solution is applied primarily
in situations where the layer thickness is small,
usually on the order of the medium wavelength or
less, the interfaces are highly reflective and the
layer is almost loss-free. The normal mode solution
can be applied in situations where the geometrical
optics solution is adequate but computational efficiency
is usually quite a bit less when the snlution is

applied.

L Adrte e s e % o P2
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The basis for the normal mode solution lies in
manipulation of the contour of integration in the
complexJ\ﬂatﬁnalysis of each term in the geometrical
optics solutions and the associated saddle point
contour shows that the limiting contour for P/Z >> 1
is as sketched in Fig. 13~2, This limiting case
P/Z + » is defined as the normal mode integration
contour. The original contour along the real A axis
is deformed to this contour. 1In the process of
performing this deformation, 11 singularities of
the integrand must be accounted for. The singularities
of the integrand are just the poles associated with
the zeros

| - Rie R2B =0 (11-a0)
(TE or TM superscripts implied). As an example of
how the procedure goes, the Hz TE field will be used

as an example

First
- « ? 3“\3
Aa = 5“.“&:" T 6;3- (1ve™®) e Bilaedda G1-a)
-0 L]
= S Qerndue ¥ S + ‘0. +S

6- “\
The second line is the formfthe integrand after

taking the integration path along the real A path
from -« to +» and moving it to the limiting P/Z » =

case shown in Fig. 13-2. The residue sum takes into



Figure 13-2
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account the poles of the integrands crossed in
deforming the contour and integrals are contours
around the branch cuts associated with radicals

(K3 _1\2)1/2. Thus 8; implies

Jui Jivje
S fan = 5 FLdn 4 S Fao ¢4
g Sia o \re
Lﬁ;4~3n

S (F¢~ FQ d N
dKf
where FR and FL denote the values F takes on the

right and left side of the branch cut. The other RBj

contours have the same form 1s 13-22.

Mode
13-3 (i) Normal*wWavenumber/\n

At this point it is informative to examine the
singularities of the integrand. Inspection shows thuat
the only singularities besides the branch-points are
the poles associated with the solution of 13-20. The
nature of the solution of 13-20 is most easily viador-
stood by considering special cases first and tlen
working toward more complicated situations. The
simplest of all models is the one used in electrice:
engineering waveguide analysis. Here Rig = R12 =+ 1

(i.e. the walls; regions 0 and 2)are perfect reflectors

(i.e. perfect conductors) and region 1 is loss free.
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Then 13-20 becomes

311'.",
| t e =e° (13-23)
Taking the log of 13-23 yields
jl‘r'iﬁ‘ = { (2'“.')'7:5 wi o, 13- 1)
Z2Tn §
and
K - A < § @reymae
Cwn /o)t (13-2v)
\
and
1\ e
Auz pd (KI - (cz:':)v) > 67"5)
\
or
a\ '
N, c ot (¢, = ('—'.;v:')> (13- 29)

The solutions A n of 13-23 lie in the complex A plare

as sketched ialow Ion

' 3
L 4
n 2 3 J 2 ' Ju
§
s Fig. 13-3
For (2n+l1) 1 or In < Ji’c"l, the root A n lies on the

real /\ axis while for values greater than J‘R‘l the roots

lie on the imaginary axis. If one returns to the plane

wave spectrum notation, it is readily seen that thc real
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[kn corresponds to waves propagating in the radial
direction whereas the poles in the imaginary axis are
evanescent waves decaying exponentially with the
radial distance. There are a doubly infinite set of
solutions /\' n and in addition, there is a second set
of roots on the other Riemann surface of the radial Fl.
The next step in the discussion is to consider
the situation when region 1 has a finite loss. The

solution for /A n is identical to 13-26 and -27 with

K, comrlex. The solutions /. n are shown below
InA

' c‘.') 1) - &

The poles now lie on the dotted line which is the path
in the complex plane where Im rl z 0. It is raadily
seen that the no-loss case is the limiting case of the

one above with two non-intersecting branches. It @

/4

also apparent that there is no clear distinction
between propagating and evanescent wavec. The wav~s
which formerly were unattenuated with radial distance
have a small attenuation while those exponentially
decayed with radial distance. When the loss is small,

the dotted line lies close to the real axis anA bends
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abruptly upwards near the imaginary axis so that the
evanescent and propagating terminolgy can still be
applied.

The preceding example is of little interest to
SEP applications, but it does show the basic effects
of finite-loss and layer thickness tj. As t] increases
the A n become more closely spaced and more and more
move into the propagating regime.

Two last examples of the behaviour of the /\n
solutions provide insight into the general case to be
considered in a moment. First, the case of R10 =C a
constant. 1If |C| < 1, the upper boundary is leaky and
some energy leaks out of the layer with every reflection
at the boundary. If |C| > 1, the upper boundary is
active or the region 0 is resonant in some way or
another. In the following sketches, the /\ n for the
finite loss case are shown in the positions they would

assumeif |¢| > 1, |¢| < 1 for £/C = 0 and finally |C| =1
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The interpretation of the behaviour is simple. For

|c] > 1, the radial Fl must have an imaginary component
Tz ote)@ (13-28)

such that

~at (3
Hence B > 0 if |c| > 0 and An is moved left and
downwards from the dotted line along which B = 0. If

|c] = 1 but C has an arbitrary phase, the /A n slide up

or down the line B = 0 to yield the appropriate phase
shift.

The preceding examples provide the insight as to
how a real model might behave. The simplest geophysical
model is the case retaining R12 = -1 but taking Rlo as
the boundary between two loss-free media. Thus

SZT‘Lt\

| + R © (\3"30)

1
0

B X
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As a demonstration, the TE case will be discussed in
detail. The TE reflection coefficient has the form

Ro = (12- %)

and examination of the behaviour of R along the real

10
I\ axis shows that \Rlo\ varies as shown below

]
)
i
)
)
i
A

ﬁ a&(_l\.

IR0l

0
\\\\:

H

The wavenumber /\ = XRB corresponds to a ray incident at
at the 1-0 boundary at the critical angle; beyond the
critical angle out ton = SEI', the maximum allowable
horizontal wavenumber the region 1 will permit to be

non-evanesc2nt, the reflection coefficient has an amplitude

of unity mne phase of R

YT(‘O tom .

10

swings form 0 to 'n as A runs from
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or f&<‘j§;, the reflection coefficient is less than 1 and
has a phase of 0. The solution of 13-3® will yield the

positions of A n to be sketched below.

Fi%, 13-9

The positions of the /An can be synthesized by combining

Fig. 13-3, -6 and -7. For A« JE;, IRlol <1 and MAn
must be located up and to the right of the line Im Pl = 0.

e e

For the regionjﬁ; <A< Ky, the /in lie on
the real axis but shifted along due to the finite
phase of RlO' In the above example,jin,n = 1 and
2 correspond to true guided waves while An n =
'3 to = are leaky modes of the layer. These leaky
modes decay exponential with radial (horizontal)
distance due to finite leakage of energy upwards
into region 0. If region 1 is made lossy, the
chaviour is similar to that sketched in Fig.
13-4,

The solution of 13-30 has the corresponding
set of/ln solutions not shown in Fig. 13-9., 1In
addition each Riemann sheet of which there are
now four has its own set of solutions. Thus

there are four doubly infinite sets of solutions fn
The last case to be considered is the one where

regions 0 and 2 are both dielectric media. Then one

must consider the effect of R12 which has the form

=T
Rp = T l% (3-32)
™ =7
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Along the real axis one has ]Rlzi and \Rlol being ene

e
ofptwo forms as shown below

lRlol&lWﬂ.‘

1o 4

R I S Re O
C“‘Q 4%

Yo <& < U
(Ruo\ - \R\a,\

Fig. 3 -0
\N
]
/

J_K.o &-!. I3
Fig. 13=\ Conetl: WedlUalK,

For case 1, the product ]Rlo R12| < 1 except at

B
\r
\
USRI

j\==€?1 while for case 2 the product ‘Rlo R12| = 1 for

r . .
.riz <\ <y Kl. The two cases yield the schematic role

positions shown below
Iw

o 4

°©
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For case 1, no truly quided mode can exist. All

A n are complex since there is no /\ for which !Rlo Ry,

= 1l. Energy is continually leaking into the upper and/or
lower halfspace.

For case 2, however, it is possible to generate
unattenuated guided waves since [Rlo Rlzl = 2 for an
interval of A.. 1In this case jio and\fié <A< fil and
N corresponds to rays incident at angles greater than
the critical angle for the two interfaces. The slab
then becomes a dielectric wave guide if the thickness
is sufficiently great to move some of the A. n into
this interval of the real axis. For finite loss in
the media, the A n are pushed up from the real 4\ axis.
In this problem, the branch cuts generate an 8 sheeted

Riemann surface each with its own set of /A n.

13-3 (ii) Normal Mode Amplitude

In the preceding analysis, the normal mode wave-
numbers were discussed in relation to the physical
parameters of the problem. Returning to equation
13-21, the residue series becomes a sum over the

normal mode wavenumbers An. Each /\ n corresponds to a

b s o d .
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simple pole in the integrand. The amplitude of
the residue at each pole then yields the excitation
amplitude of the mode for the given source and layer
geometry.

The amplitude of a mode is obtained as follows
where Hz is used to demonstrate the procedure,.

The integrand of Hz has the form

' AL T1¢€ Te yTo2
L DRSO

l‘no Y€ ve ('3‘13)
( L= 8 | ETY P)
In the vicinity of A n,
AL e TC te
R‘° R\l. (z & 1 ¢ ;—A(‘\o‘\\. a)‘ (A D (\",“)

.5 Y

The residue at the pole /A n is obtained by multiplving

13-35 by (/A-/An) and taking the limit as{l=+/An. Thus

. re
Rasicdlua w = (3"?3) ‘.’..j_\_“ Te (‘**“9) HY (A“ﬂ ("!-ls")
2V (Ay)

"

An M. (aue)

where A, is the normal mode amplitude of excitation
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factor. The asymptotic form of Hl shows that the

1

mode behaves as
3 Hn¥
< G3-30)

—

Je

Thus all modes have a characteristic distance
P in which they exponentially decay beyond detection
unless they have Im A\ " 2 0. In the case In\[Ln 0,
K L

The H3 field may then be expressed as

e pet (
Hy: st Z A~ (2.0) *'j. +h ¥ f,t (13-17)

Examination of.ﬁg“ shows that A, =+ jo as n » =,
Therefore, in any practical situation where P is
finite, the series sum can be truncated without loss

of accuracy. Thus

- ‘
Y, & st 2 A, N +f

ot Sn. F . G-)

*

where M is primarily determined by the geometry.

In addition to the attenuation truncation of the
series, there is another factor which must be considered
as t; *+ 0. The number of‘/x“ on the upper Riemann surface
used earlier actually becomes finite and M + 0 as t, * 0.

Pictorially the A  lie on lines determined by t, as
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sketched in Fig. 13-12. As to tl + 0, polen =1
moves up the contour and the contour wraps itself

onto one of the lower Riemann surfgces.

™ [ J
L A ! /L. . ta
. y A
\ \ 6," ':.' t i
» 6.."“ 3 :: . .
\ \ ' :' . . [ J -:
N s - ES
{,"' N \ E-' !
\ ‘. A3 :'
RN ¥
. \\‘ -
s N \\‘\‘.
* ¥ Re
J%e iy
— — — lappe” Riewmonn surfece
Revugl=1
e © o - lower YWiewaw d3wurfaqe
Fn,. \3=-12

The position of pole 1 is schematically indicated on

the diagram. T ‘a.:,n Huhwary ave +ypical valuer for K =3,

13-3(i) Branch Line Contributions

The final stage of the analysis by the normal mode
technique is the evaluation of the branch-line contributions.
The analysis will not be carried out in detail since it is
identical in form to that considered for the half-space
solutions in section 12. The integrals cannot be evaluated
exactly but asymptotic forms obtained by steepest descent
integration are quite often adequate.

The first thing to be noted is that the '1 integral

is identically 0. The asymmetry of the integrand about the
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branch-cut faces the integral to vanish. The other
two integrals take the form
o P

e Do (n-aa)
8o Pt

S
»

SO

s, e D:’-

(17~ 40)
which are second order lateral and/or inhomogeneous
waves tied to the interfaces.

The above solutions for the normal mode and branch
line integrals are valid except for the case of [Rlzl =1
and Im Ko = Im K; 2 0. In this case, certain critical
values of tl cause a pole to align itself with the
branch~-point. At the same time a pole in the lower
Riemann surface also coalesces with)i;. The result
is a second order pole at the branch point. The
integral in this very special case can be analysed by
subtracting of the residue contribution which yields
a "guided” later’lor leaky wave which has the form

JP

<

w—

as D gets large. Slnce this situation rarely occurs
in real media, its role will not be dealt with in detail.

Orie other point which should be briefly mentioned

[———
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is the pole associated with *he Sommerfeld "surface"
wave. For a dielectric layer which is very thin over
a perfect reflector. This pole can appear on the
upper Riemann surface. As a result, the TM energy
will be channeled into a guided wave for smaller
values of tl than will TE energy. Since t..e real
environments of interest are quite lossy, the

details of this case are primarily of academic interest.

13-3 (iv) Summary

The preceding discussions demonstrate the
development of the normal mode solution. In table
13-2, the A, Do and Dy amplitudes for the various

field components listed in Table 10-4 are summarized.



s
L g

e

%7!

BT"\

o

Tavle 13-2 (3)

It
—>. 3 ‘—J}‘ e 3?. ¢
"o ey G (A @
- Sin £ ¢ 3t
) ¢ CA) <’
Siwmep j.{i\
= (J_TE( ) CJ po%
T m
[€-317 £\ T 3“""
= G "(N) ©
(o) =) N 6T (o) Gj "
o) ":.‘-!‘ (’?“(A') ejm’z
2
Te: (v +Ky2 @) /%7‘
—Th
T (- 6)/%7“‘
2N .
AR 0": - A A
T" ( ' T'. 1‘1-
:u\. ( o K
0 ¥, K
_' [ )
To(Wek, - (ask)A Ly ot
;(V‘K‘-(K.ﬂ,)ﬂ')

+3t)

R



-82-

14 N-Layered Earth Response : The "Fast'Hankel Transform (FHT)

In the preceding sections, the analysis particular
earth models was carried out by the use of approximate
integration methods. While these results provide a
useful basis to start frcm, the need for a more
generalized model to simulate the presence of several
subsurface interfaces or to model at gradational change
in material properties becomes important when one must
attempt to interpret real data. The next simplest model
for SEP purposes is to consider N-plane layers. The
most interesting models which are virtually intractable
to analysis in a general way are models which exhibit
both vertical and lateral variations in material
properties.

The N-layered model is just an extension of the half-
space and 2-layer model. The spectral forms of the fields
are readily obtained and the main obstacle to determining
the field strengths as a function of spatial position is
the evaluation of the Hankel transform. While the
approximate methods cf earlier sections may be applied,
it becomes very difficult to handle the approximations
required at each step. As a result, a fast numerical
method of determining the Hankel transform directly on

a computer was sought. The result is an algorithm which
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combines the Fast Fourier Transform (FFT) method and
a Gaussian quadrature based on Chebychev polynominals
to directly evaluate the Hankel transform. This
section is devoted to the mathematical niceties
required to reduce the infinite intecral to an
approximate fcrm which facilitates evaluation with
the afore-mentioned numerical quadrature schemes.

The general Hankel transform pair are expressed by

ferr N FR) S N O%=1)

oo
Y =y v ) s av (14-2)

The expressions 14-1 and -2 are identical in form, so
that the evaluation of one by some numerical method
assumes the evaluation of the inverse transform.
The first step in the analysis is to replace the
Bessel function by its integral representation.
" J&cor @

RE Y
Jwe@) = W [T canee’ T 4y (uew)

Now the transformation of integration variables

AA = COSQ (m_ q)
is applied to 14-3 with the result

Gy (! e
Jn(i)?- ..1—‘.. g os weoi . © du ;
< (\_M\)”t (l"n-s)




et n

Ww PPN R SRR WA P SR OO IR T e

Noting now that the Chebychev polynomial of the first

kind and of nth degree is given by

Twlx)s  cos(n cos™'x) (14-2)
and defining
- (o) IxY >4
B(x) = (1¢4~3)
! Ix\ &4

equation 14-~5 becomes

dul) s a“w S 205 " Tula) Cer) é}Aa,lM (14~q)

- (\-M"b'h’

which is readily identified as a Fourier integral transform.
The inverse transform integral associate with 14-6 is

therefore

20377 Twlw) ) -5 3
= Tw(?) ~. Ader (14-10)

(- amar)'ie — o0

With this development complete, 14-1 can now be
rewritten in a more useful form. First, 14-5 is used to

replace Jpy (Ar) in 14-1.

L)

on . ( oAV'M
£ = AR W ATV dudr fo-1)
"™ o Ge un)'s

-W

The integration roles are now interchanged with the result

that

fens @7 S' Tw (&) { rA Flay e’ Mud'\} du (14-12)

w - Q—;-;-;S"‘ 'y

e
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Using the symmetry properties of the Bessel function

Jm(‘3)= (-')“ SV‘(Q)

(t 4-13)
14-9 finally becomes
.Gy o oo 3 A
feer: — f:_(g_) [ oxaye (347\§ da (i4-14)
Q- u) (e
where
G(A) = A€ (A) A?o
= (=0 IAE(N) A<o G 416D
and = F(e) +(_-l)hr=(o) A= o
G : AT (14~ te)
The interior integral in 14-11 is readily identified
as a Fourier integral transform
oo T NG
J
= G(A) e
£ (8) -‘Sp ) AN Clamit)

and 14-11 becomes

arm

v.' {
F() = (J__) 5 Tu(u) & b)) g

G4-18)
g ( l— M')”"

At this stage, the transform has been reduced to the form

amenable for numerical analysis. The two integration steps
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14-14 and 14-15 essentially take the spectral function,
map it into its two dimensional equivalent and finally
do an azimuthal gquadrature to obtain the three dimensional
response.
In the FHT algorithm, 14-14 is evaluated by the
FFT method. Under the assumption that J( A) can be

written or reformatted in a manner that

GC(A) =P o A= e (ra-1a)
e -)\(g
Y S GN @ T (14-20)
Wy

where UN is a limit chosen such that G(A) may be
assumed 0 for all A > “"N. As an example of how
G can be taylored if it does not go to 0 as A9?®®is the

case where

GIA) — < as A~ oo Gq-m)
Defining G, = G ~-C Cre-an?
LT ‘)\“
Y@l <@ + S G.C)\)e"’ AN (Ge-a3)
-Q»
A —> o

In other words the limiting behaviour as

can be analysed and usually an exact evaluation of the

n o et e e s —

. -
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behaviour at high wavenumber can be derived.With the
integration limit to a finite interval, the next step
is to digitize G(A) at equispaced intervals. Thus

the discrete form of G(A) is

~N
Gp = & & GCua) SCA-nn) (is-24)

ne-nd\
Thus 14-17 becomes

N Jna @
D)z 6 T Gluse Cre-as)

Wt

If it is then decided to evaluate ﬁ(@) at a discrete

set of 2N points equalispaced at interval J

'nngb
N J
'&((MS)" o Glwe) & (14-a¢)

Vo Ny A

Noting now that chosing S = '{‘"’-Z' one has

N 3 an(!%‘)
PERICT
which is the conventional form of an FFT with 2N points.,
If one now redistributes Gn znd the subscript notation

by defining

. (l4-28)
Gw * Gay-w nw: N+, an-)

One finally obtains

aN-| e (A%
Gm = & Z Gn e° (lN)

e wm=o,ann  (4-29)
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The second integral is reduced to a numerical quadrature
by use of the general Gaussian quadrature method with
weighting function (1 - uz) -1/2. Without delving into

the details, the result (Abramowitz and Stegqun (1965)) is

| I3 I\ )
(x) dx 2 2 wpu i) (4 -30)
v (1-x?)" net
where
. o™
w“ - /M (" _3,)
- (2“-4)“‘
Xn = (o3 — Cle - 32)

The only remaining problem is to bolt these two quadratures
together. The main difficulty is thatﬁis available

only at discrete points $='ﬂ 8 while it is required at
points XL, In order to complete the guadrature some

form of interpolation scheme is required to map from

m 8 -7 rX;.

If one uses linear interpe |ation, one can write the

piece-wise continuous function

A () < Y (- (d~€5)) + &y, (@~ 53) (14-33)

where

S < ol Waaveyt quv\cdoJ ‘mteger

Combining all the pieces one has
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‘p(r):. (J) (%’)

(1]

The basic assumptions built into this development are

summarized as follows:

1. Band limiting of G(A ) to limits -ty to w)
The Wy are determined by considering the
function Q.

2. The next step is the digitization of G at
interval 4 , The interval £ must be chosen
in order that it will adequately resolve the
spectrum (1 .

3. With the spatial interval determined by
and N, an interpolation routine must be set up

to generate "9 at any arbitrary value of the

argument.

4. The second quadrature requires picking of the
sampling density of the quadrature. This step is
determined by the M for the Chebychev quadrature.
The sampling occurs at the roots of the Chebychev

polynomial of degree M.

With the above algorithm it is a strictly
computational problem for determining the approximate

field strengths over an N-layered earth for any spatial
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position. There are practical limitations, however,
sirce letting, M, N become large which is occasionally
required by some awkward models makes the computational

expensive far too high for routine operation.

Section 15 Summary

The development of all relevant mathematical
forms required for the SEP plane-layered model is
complete at this point. The application of the
theoretical development appears in various papers and
SEP documentation. It is hoped that a record report
similar to this which would present the numerical
tricks and program listings as well as sample computations
which parallel the theory presented here will be completed
in the future.

The preceding book contains most of the relevant
mathematical tricks for analysis of geophysical
electromagnetic problems. The asymptotic expansion
methods and the FHT gquadrature method are more amenable
to conductive earth problems since all spectral
singularities are smoothed out and the numerical

computations are easier.




-0j-

Appendix 1

Numerical Evaluation of Saddle Point Contour

The saddle point method of evaluating some of the Hankel
and Fourier transform integrals is exploited to varying
degrees in the body of this work. 1In this appendix, a
brief summary of the numerical determination of the saddle
point contour is considered.

The saddle point is defined by examining the kernel

function c
N
e ) A-1
In the case at hand, f(A) has the form
ten: Je 2PN A-2

v ( k- ht) M
The objective of the saddle point method is to find

where f has a saddle point and thence to deform the
integration contour into a contour of steepest descent
through the saddle point.

The saddle point of f in the above discussion occurs

at the point where

af _ R RS
:;\ = o = ) ( k4 e *'?) A-3
with the result that
Ne * { L} A-y¢
e £ % at
R: (Plag®)'™ A-e

The physical interpretation of this result should be obvious;
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the maximum result a given spatial position will be
received from those elements of the wavenumber spectrum
which propagate in that spatial direction. Hence the
saddle point can be determined directly from the geometry.
With the saddle point defined, the next step is the
definition of the steepest descent contour. Along this
contour
Yz fing) - w2 a-7
£eapd) s :\kﬂ
where U is a real variable which is identically 0 at
A = Ap. The problem now is to define a contour in the
complex A plane such that f has the functional form (7)
Since the path in the A plane corresponds to the real axis
of the complex u plane, one is attempting to find the

mapping of the real y axis in the complex A plane.

In the vicinity of the saddle point, it is not difficult

to ascertain the contour behaviour. Defining
Ax2p + o A-g

Then

o
F'(I\) L 'F(Ap) + t 2(’\' at n-9

Comparing (.9) with (7) yields
" -'l’.
bz % ("?——lia') wu R-io

Since

0
o

A-n

x

" . - h‘* - -
£ (o) J( -—.i.;—‘) Jgs
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Then

. ktt VI
A= % (‘J ?—-—, > y7 A-12

Pictorially one has
the contours of £(A)-f(Ap)
sketched at the right.
The steepest descent path

passes through the saddle

point as shown. 2 1 -2y

If k is real, the —— Coutours of ) e comis,

saddle point lies on the real e Cowdaury oF JmbONtcoums,
x axis and the steepest descent

T 2
contour passes through the

saddle point at a 135° and -45° angle.

Cuse o w vesl.

steepest descent
contouvr WMeSs

Ae

For some numerical computations,

the exact position of the steepest descent contour is important.
The remainder of this section is related to determining the
exact position of the steepest descent contour numerically.

The most useful starting point in analysing the behaviour

of the steepest descent path is to look at its asymptotic
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limits since the behaviour near the saddle point is well
defined. This is done oy taking
Az AQJF A-3

where A 2k, kR etc. (similarly for u). In this instance

FIA) =) (¥2 «29) - -t A-re
Now
. 31@)":_ 1Bt
¥~ (-Ale * Re Aeis
thus
1 (82T ;
fFeyw j A (2 e’ )+ ’.gJ(‘) A-te
Since u is real and negative the limiting angle # must
be such that
) (B m, )
Re (2 ) +re”> : ® A- N0
Y BeEnm .
dns(z‘.e"( *) +yeaf3> » o Ao

Breaking the bracketed part of (16)into real and imaginary
components and taking the +m/2 factor yields
S 2Uaf 45 2wnB +Pal 45 P b Ae1y

Now, by '

~esiwg +f¢u(3 ~ o v A oo A-are

and

R-ar

S TR B, = r/a
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If the -rv/2 factor is chosen (28&) wculd become
-é-sh\p -SEu»@ +Pt¢:§§' *jfl.o',\s A-22
and (24) would become

‘kw\‘!. =

i
ando

ded (1’7—{3*) R-213

The sign chcice depends or the particular choice of the
branch cuts for the radical (k%- A2)1/2‘ Exampleg of the form
of the saddle point contcur are shown in Fig. 1.

The asymptotic limits are defined by

A U n- A%
. -t -l -
G- 4¢~v(£“) a T~ daw 2% A-ay¥
Re Piig? A-are

A FORTRAN program was written to map the saddle point
contour in the complex ) plane as a function of the

parameters £, Z, and tan & (k2 = (1 + j tan §).

The numerical procedure is a 2 step process., For a
given value of u, an estimate of the corresponding value
of A is obtained by using a weighted combination of the
small u and asymptotic form for large u. The estimate
of X is )e

AC& A‘\.“ (l" ‘) 4+ A 3..,,.5 X L A-27
where

b (“el /H-\“/nl A-28
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From the initial guess lAe, a Newton iterative scheme
is used to zero in on the correct value of A. On the

saddle point contour

e('At) = {:(Ai) __L*Z A- 29

For )Ae one has

£lAe) = A~ urre A-30

where e is the error from the fact that le is not the
correct value of A. On the assumption that Ac is
reasonably close to the correct value Ay, one expands f
about Ae in a Taylor series. (f assumed analytic; in this
example f is not analytic at the branch cut so a few minor

computational tricks have to be used)

) % fae) T A) 2 +Ee) 4t A-3
-~

The next estimate of Aty is obtained by setting

£" ot +§'n c e
a A-32

and solving for & yields

’
Ae = e ¥

X
where A= -‘F't (?'z-:\‘?"zzt A-33
‘FM
In the limit as £f"/f' -+ 0, 33 becomes
OD= - & R-2¢4
.FI
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Near the saddle point, the expression for.) given in
equation 40 is used since f' = 0 at Ap. The choice of
sign for the radical in 40 is the one which makes the
|a] smallest. Far from the saddle point 41 can be used

since f"/f' becomes small as |A] + «.
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Appendix 2

Table of Useful Hankel Transforms
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ABSTRACT

The Surface Electrical Properties (SEP) Experiment was
performed as part of the Apollo 17 Mission. This report
describes measurements made with a scale-model simulation
of the experiment. Included is an extensive set of traverse
patterns taken with a dielectric fluid overlying metal and
dielectric plates both with and without the addition of
various structures designed to simulate various features such
as crevasses, craters, and buried objects. Horizontal-
interface traverses are shown to generally agree with theo-
retical calculations. Various experimental techniques used
are discussed and an index to traverses recorded on magnetic
tape is given,




1.0 INTRODUCTION

This is the final report dealing with modeling activities
carried out in support of the Apollo 17 Surface Electrical
Properties Experimentl. The modeling activities consisted
of operation of a scale model of the SEP experiment, which
utilized a technique known as radin-interferometry depth
soundingz'3 to study the electrical properties of the upper
layers of the moon's surface. Figures 1-1 and 1-2 illucstrate
the SEP experiment and the model respectively.

Previous reports4'5 have discussed in detail the general
design and operation of the model and have included detailed
work concerning antenna patterns and traverse patterns
(recordings of signal strength vs. transmitter-receiver
separation) taken without a dielectric medium present. In
addition, the last report contained a preliminary set of
curves taken using dielectric fluid and the metal plate.

The purpose of this final report is to exhibit the
extensive set of traverse patterns which the model was
designed to produce. Section 2.1 describes traverses made
with a low-loss dielectric fluid over a metal plate at
various depths and inclinations. Section 2.2 describes
similar data collected using a lossy dielectric slab in
place of the metal plate, with the addition of traverses
taken using objects simulating craters, crevasses, spheres,
and irregular blocks positioned in the dielectric fluid.
Both the above sections contain comparisons of the experi-
mental horizontal-interface traverses with theory; general
agreement is apparent,

1-1
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Section 2.3 discusses traverses made using the dielectric

fluid with its loss tangent adjusted to various values.

This group includes traverses taken both with and without
the metal plate using objects simulating craters, crevasses,
mountain-sides, and submerged steps and ridges. Section 2.4
describes data collected using spheres positioned in the
low-loss fluid both with and without the metal plate.
Section 2.5 details traverses collected using flat circular
metal plates simulating a buried waste dump at the DYE-3
site in Greenland. Figures 1-3, 4, 5 illustrate the various
complex structures used.

Section 3 describes antenna results obtained since the
last report and Section 4 discusses various experimental
details. Section 5 contains an index to data which has been
recorded on digital tape.

1-2
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Side view of
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— Plate/slab - forward slopes.

Figure 1-3.
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2.0 TRAVERSE RECORDINGS

All data discussed in this report were obtained with
half-wave dipoles as transmitter and receiver. Transmission
power was in the range 1 milliwatt to 1 watt at a fixed
frequency of 5.9 GHz (corresponding to a freespace wavelength
(wl) of 5.08 cm). Signal detection was performed with a
IN23 microwave diode.

The receiving antenna was driven at .127 wl/sec down
the center of a 30 wl long x 15 wl wide x 15 wl deep fiber-
glass tank (see Figure 1-2) lined with microwave absorber
(Eccosorb CV-3). The tank was filled with Shell Diala
transformer oil having dielectric constant 2.16 and loss
tangent .002.

Except for a few curves in Section 2.3 all traverses
measure the E-Phi broadside component, i.e. both the trans-
mitter and receiver were horizontal and perpendicular to
the traverse direction. Toward the final stages of the model
work it was discovered that agreement between model and thsory
could be greatly improved in the .6 wl depth-range for a
horizontal metal plate by switching from simple half-wave
dipole antennas to more sopthisticated and better balanced
slot-fed half-wave dipoless. These new dipoles were used to
collect all data in Sections 2.1 and 2.2 except 2.1.3. All
other data were collected with simple dipoles.

In order to minimize unwanted background signal, in some
cases in Section 2.1 and 2.2 a sheet of microwave absorber
was positioned vertically in front of the transmitter at
1.5 wl range. This "baffle" (see Figure 1-5) extended down-
ward to .5 wl above the oil's surface. Traverses for which

2-1
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the baffle was in place can be identified by the fact that

the recording begins at approximately 3.25 wl range. Documen-
tation of the small effect of the baffle can be obtained by
comparison of the following pairs of redundant traverses:

1, 32; 2, 18; 87, 91; 88, 98; 89, 107; 90, 115.

The traverses included in Section 2.1 through 2.3 are
plots of digitally processed data which were originally
recorded on magnetic tape. The purpose of the tape is to
permit future convenient access to model data for manipula-
tion and interpretation. The digitization process introduced
high-frequency noise into the data which was removed by
filtering. In some cases additional filtering was used to
attenuate undesirable background signal. The digitization
process also introduced small range errors which seem to be
reflected generally in a shift of the traverses to the right
of about .1 wl. In cases where extremely high range resolu-
tion is needed the original X-Y recorder plots of the raw
data should be referred to. See Sections 4.1, 4.2, and §
for details on recording and processing and an index to
digitized traverses.

Each traverse in Sections 2.1 through 2.3 i: labeled to
the right with a run number and other special information.
In addition each traverse has a rcference mark on the
vertical axis which corresponds to a fixed received power-
level of nominally -25 dBm. Since the transmittcor power-
level is given for each group of traverses a comparison of
absolute signal levels between any two given curves is
possible. A convenient way to do this is to adjust each
reference mark upwards at the rate of 1" for each 15 dBm of
transmitter power; each adjusted rcference mark then repre-
sents a signal puwer-level 25 dB below the transmitter power.
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The threshold power-level of roughly -62 dBm corresponds to
approximately 2.5" below the -25 dBm reference mark.

2.1 TRAVERSES OVER A MLTAL PLATE

In order to simulate a buried perfectly reflecting layer,
an aluminum plate of dimensions 30 wl x 15 wl was designed
for positioning in the metal tank at various depths and
inclinations. The traverses taken accordingly are grouped
in Appendix A. Each curve is labeled with platec depth (D)
and inclination (6). All experimental curves in Appendix A
were digitally filtered to remove unwanted signal of period
approximately .5 wl apparently associated with undesired
reflections off the tank wall at the opposite end from the
transmitter. These reflections interfere with the direct
transmitter energy to set up a standing wave pattern through
which the receiver moves. The filtering has attenuated by
roughly 50 percent the close-range oscillations present for
the greater plate depths (see Section 4.2).

2.1.1 Horizontal Metal Plate

Figures A-1 — A-3 contain plots of digitized data taken
over the full range of metal plate depths uscd. Figures A-4
— A-10 are similar plots for smali depth increments at shallow
depths taken using the baffle. The dashed-line curves arec
theoretical plots of the power associated with the H ficld
component calculated using normal-mode thcory developed by
Dr. A. P. Annan. Where the depth used for thcoretical cal-
culations is different from the valuc given in column "D",
the correct depth is indicated near the cnd of the theory
plot.



Generally good agreement between experimental and
theoretical data is apparent. Some disagrcement at short-
range is apparent, especially near .7 wl and 1.18 wl depths
and at 3 wl and 4 wl depths. There lisagreements are probably
associated with inaccuracies in the mode-theory calculations
near certain critical depths. These depths arc characterized
by a normal mode propagating at or near the critical angle for
the oil-air interface and are given by

d = (2m - 1)[M/4(K' - 1)1/?) mo o= 1,2,3 oo

Where for K' = 2,16 the bracketed quantity ecquals .2321 wl.
Thus .696 wl, 1.16 wl, 3.02 wl, and 3.95 wl are critical depths
possibly connected with the above cited disagreements; indeed
recent numerically calculated normal-modc thecory (sce dotted
curves in Figures A2, A6, A7, and Al10) disagrees in each of
these cases with regular normal-mode thcory. While the dis-
agreement between model and theory is in no casc compictely
eliminated by the introduction of this latest improvement in
the theory, these discrepancics between the results of dif-
ferent methods oi computing the theory at least scrve to
indicate the difficulty of theoretical calculations near the
critical depths. In complete contrast to model results the
normal-mode theory shows an absence of coscillations in a range
extremely near the critical depths (the dashed lines at .69
and 3 wl depths give partial cvidence of this): the numeric-
ally calculated theory at least gives no hint of these nulls.,
It should be pointed out that these regions of disagreement
associated with the critical depths are quite small and are
consequently probably more of academic than practical concern.
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The apparent poor fits at the shallowest depths are
probably duc to the low signal-levels being dominated by
background signal. A smooth, horizontal line indicates that
the total signal is below system response.

Depth accuracy for these horizontal-plate traverses is on
the order of .01 wl except for both 1 wl curves where a sharp
object with a length of 1 wl was used to locatec the o0il's
surface very precisely. At many of thc depths shallower
than 1.5 wl the fits could doubtlessly be improved by trying
different theory depths near the approximate expcrimental
depth.

2.1.2 Metal Plate-Latcral Slopes

Figures A-11 - A-13 contain traverses in which the metal
plate was tilted latcrally (sce Figurc 1-4) at various depths,
Each curve is labeled by the approximate plate depth (D) under
the traverse path and by the approximate lateral inclination
(6). Analysis of these curves and comparison with correcspon-
ding horizontal cases indicatc a gencral rule-of-thumb that
lateral inclinations not grcater than about 2° pcr wavelength
depth do not substantially affect the traverse pattern., Run
47 for 1 wl depth and Run 44 for 2 wl depth exceed this rough
limit and are distorted rclative to more nearly horizontal runs,

2.1.3 Metal Plate Forward Slopes

Figures A-14 - A-22 contain traverses in which the metal
plate was tilted along the forward direction (sze Figurc 1-3).
Each traverse is labeled with the depth of the platc under the
transmitter (D) and the angle of inclination (6) of the plate.
These numbers are both approximate; the depth figures are too
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small by about .02 x 0 and © is 1-2 percent too large.
Positive angles of inclination are tho.e for which the plate
is deepest at the transmitter end of the tank. It migh: be
noted that the depth of the far end of the plate is roi ghly
D - 0/2.

A general tendency is appar.nt for the broad pcak
associated with the angle of the transmitter pattern lobe to
shift to longer range as inclination decrcases. The expected
range of the peak is given by 2d cosO sin(B-0)/cos(g-20).
These ranges have been plotted in Figures A-14 — A-22 as
circles and crosses respectively for 8 chosen first as
the critical angle 42.9° and second as the experimental:y
measured lobe-angle of 57°. The peak seems to usually lie
between these two values.

Associated with the shift of the broad peak to greater
range there is a typical increase in the period of c¢he
far-field oscillations.

Other than these general observations the traverse
recordings are quite sensitive to forward slopes, in contrast
to the case for lateral slopes discussed in Scction 2.2.

Even at a 6 wl depth a changec of *1* trom the horizontal
produces a sizeable effect at far-field. Conscquently, it
appears that if one wishes to analyze in detail peaks and
nulls in field data wherc even slight slopes arc possible,
theoretical plots for the non-horizontal case will be an
absolute ne-escity.
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2.2 TRAVERSES OVER A DIELECTRIC SLAB

In order to model a dielectric interface, a epoxy slab
measured (see Section 4.4) to have dielectric constant 6.75
and loss tangenu .11 was poured from a 10 percent carbon blend
obtained by mixing the following epoxy materials sold by
Hysol (Olean, New York): DP-8-5193 ( 15 percent carbon con-
centrate), R9-2039 (resin), and H2-3404 (hardener). The
relatively high loss tangent was chosen in order to minimize
unwanted reflections off the oil-air interface on the botton
side of the slab. The slab was positioned in the same manner
as the metal plate. Its dimensions were 30 wl long x 6 wl
wide x approximately 2 wl thick.

It will be noted that the noise level of the dielectric
slab traverses (Appendix B) is worse than for the mctal plate
traverses (Appendix A). This is probably due to the fact that
unwanted reflections off the walls and superstructurc of the
tank remain constant while the amount of desired recflection
off the slab is less than for the metal plate. In contrast
4o the case for the oil-metal interface (100 percent reflec-
tion with 180° phase shift), energy incident normally on the
oil-slab interface is only 28 percent reflected and is shifted
roughly 175° in phase upon reflection. For this casc the
complex normal reflection coefficient is given in polar coor-
dinates by the anproximation:
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The traverses discussed in Sections 2.2.1 and 2.2.2
were filtered to remove the half-wavelength background while
those in Sections 2.2.3 — 2.2.7 (except Figures B40 and B41)
were filtered only enough to remove the noise introduced by
digitization (see Section 4.2).

2.2.1 Horizontal Dielectric Slab

Figures B-1 — B-3 and B-4 — B-10 contain large depth
increment and small depth increment curves (taken using the
baffle), respectively, for the dielectric slab horizontally
positioned. Theoretical plots are superimposed as dashed
lines; a value of 6.25 rather than 6.75 was used for the
lower medium's dielectric constant, but the difference is
insignificant. The fits are comparable to those for the metal
plate, except for a better consistency probably beccause of
lessening critical-depth theory problems due to the slab being
a poorer reflector. Low signal-levels are again apparent at
the shallower depths. Some disagreement is possiblc due to
reflections off the bottom side of the slab. In Figure B-1
a fairly good agreement is obtained with a theorctical
curve for the case of a 1A thick slab over c¢il (dotted line).

2.2.2 Dielectric Slab -- Foward Slopes

Figures B-11 — B-18 contain traverses for which the
slab was tilted along the forward direction (see figurc 1-3).
The curves are analogous to Figures A-14 — A-22 discussed in
Section 2.1; the same comments made there apply here and cach
recording is marked with the identical expected pcak positions.
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2.2.3 Crater Over Dielectric Slab

Since the crater Camelot was situated adjacent to the
Apollo 17 EVA 2 it was decided to use a model simulation
of Camelot to briefly investigate its possible effect.
Figures B-19 — B-22 contain the results; thcy strongly indi-
cate that Camelot has no significant effect.

Camelot has approximate dimensions of 600 m diameter x
100 m depth. It was centered approximately 1200 m fron the
SEP transmitter and its nearest edge was approximatelv 100 m
from the EVA 2 traverse-line. Estimates are that at the
Apollo 17 site a K' = 3,54 dielectric medium of depth 20 m
overlies a K' = 6 medium. Our use of the K' = 2.16 oil
as the upper layer is a significant weakness of our modeling
in this case.

Figure 2-1 illustrates with open circles how Camclot
would look relative to the model tank at the different SEP
frequencies. The corresponding scaled interface depth (20 m)
is also given. The cross-hatched circles indicate the
positions of the simulated craters (made from polycthylenc
foam) used in conjunction with the dielectric slab for
Figures B-19 — B-22. Actual slab depths usced are indicated.

Each run is labeled with the slab depth (D) aund range
(R) to the center of the simulation craters. The notation
"REF." denotes reference traverses without craters.

Runs 143 and 146 for craters centered on the traverse-
line for slab depth 1 wl both show modest deviations from
the reference Run 145; however, moving the craters off-center



until their edges are 1/4 wl away from the traverse-line

(i.e. just out from under the 1/2 wl receiver) partially
removes the deviation in both cases. The same crater centered
for slab-depth .5 wl (Figure B-21) also shows no deviation.

Run 150 was taken with one-quarter (see Figurc 2-1) of
a 3.5 wl crater positioned with its edge 1 wl distant from
the traverse-line for a 3 wl deep slab. The same null
results are present as for the other off-center traverses
above. Since Camelot itself was decidedly off center we
must therefore conclude that Camelot did not affect the
Apollo 17 SEP traverses.

2.2.4 Crevasses Over Dielectric Slab

Figures B-23 — B-26 contain traverses taken using

polethylene-foam simulated crevasses over the slab (Figure 1-5).

Section 2.3.4 will contain a discussion of a more extensive
study done using the metal plate. This brief study with

the slab was undertaken to extend the validity of this other
study to the case of dielectric interfaces, and indeed the
results in both cases are quite similar.

In the present case single crevasses of widths approxi-
mately .3 wl, .15 wl, and .1 wl were positioned acro=ss the
traverse path. These crevasses had square cross-sections
of approximately 3 wl, 1.5 wl, and .75 wl dimensions,
respectively. Each traverse is labeled with slab depth and
range of the crevasses.

Runs 152 - 158 (Run 154 is their common reference)
illustrate results for each of the three sizes positioned
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at 5 wl and 15 wl range over a 4 wl deep slab. At the
longer range all three sizes produced the characteristic
.4 wl ripples ending abruptly at the crevasse. At the
closer range the crevasses (particularly the largest one)
seemed to act to jumble up the near-in oscillations.

The smallest crevasse was used again (Figure B-26) for
a 1 wl slab depth and this time the preceding ripples are
visible at both near and far range.

Clearly, crevasses may be expected to be as easily
visible for dielectric interfaces as for a perfectly
reflecting interface.

2.2.5 Spheres Over Dielectric Slab

This is an abbreviated version of a more complete study
(see Section 2.4) of the ¢ffect of spherical scattering
objects. Here again we can conclude that results for the
metal plate and dielectric slab are similar.

Figures B-27 — B-29 illustrate the effect of varying
sizes and composition (metal and dieclectric constant K' = 6)
of spheres centered 4 wl dcep at 5 wl range, with the slab
positioned 6 wl deep. The .5 wl diameter spheres seem to
produce minimal effects, especially at longer range. At
1 wl diameter the effect of thc spheres becomes dominant
and at 2 wl diameter the traverse is totally changed from
the reference.

Figures B-30 and B-31 illustrate the effect of varying
range for the 1 wl diameter, K' = 6 sphere positioned 4 wl
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deep over the 6 wl deep slab (the reference traverse would
still be run 162 in Figure B-27). There is littlec effect

for 0 wl but considerable effect at 5 wl. At 10 wl and
greater range there is a characteristic sequence of about
three following peaks of period approximately 1 wl which
begin directly above the sphere. At 15 wl and greater range
small rapid crevasse-type echoes preceding the sphere appear,.

Figures B-32 -~ B-33 feature the same 1 wl diameter,
K' = 6 sphere now sitting directly atop the dielectric slab
positioned at 2 wl depth. Here again, at 0 wl range the
sphere has little effect. At 5 wl and especially at 10 wl
range the sphere's presence causes large distortions in the
traverse recording. Interestingly, for positions greater
than 10 wl range the total distortion becomes less, even
for the parts of traverses lying beyond the spherec range.
For all non-zero sphere ranges the crevasse-echo type ripples
are present, especially for the 10 wl range spherc.

Figure B-34 illustrates the lessening of the amplitude
of these ripples as the sphere is moved to one side of the
traverse path. Moving the 5 wl range sphere 1 wl to the
side practically eliminates its effect. However, the 10 wl
range sphere had to be moved to 1.5 wl off-center to achieve
the same effect, perhaps only because the ripples were much
larger to begin with.

2.2.6 Simulated Crevasse in Diclectric Slab

To obtain some sort of idea about the effect of a
crevasse located in the buried dielectric layer without
actually cutting into the dielectric slab, a rectangular
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strip of polyethylene foam was attached to the top of the
slab (Figure 1-5). This was done partly under the assumption
that the effects of such a crevasse would be associated with
reflections off its top rather than off its vertical inter-
faces. In position the two strips used had a vertical dimen-
sion of .5 wl and were 4 wl long; their dimensions along the
range-axis ("width") were .25 wl and .5 wl.

Figures B-35 illustrates the effect of the .5 wl wide
simulated crevasse at ranges of 5 wl and 15 wl over the Z wl
deep slab. At the 5 wl position, this crevasse produces
gross distortions out to 15-20 wl while contributing near-in
oscillations of approximately .75 wl. At the 15 wl position,
this crevasse contributes gross distortions at ranges beyond
its position while also producing preceding echo-type ripples
which drop dramatically in frequency as the receiver passes
over the crevasse. The .25 wl wide crevasse in Figure B-36
contributes the same type disturbances substantially reduced.

In Figure B-37 the .25 wl simulated crevasse is
positioned at 5 wl and 15 wl ranges over the 1 wl deep slab.

Its effect at both positions is seen to be small.

2.2.7 Random Blocks on Dielectric Slab

To get some idea of the distorting effect of small
irregular "blocks'", thirteen scraps of the same (K' = 0.75,
loss tangent = .11) material as the slab were arranged on
the slab in an area 3 wl wide extending out to 13 wl range.
The arrangement is indicated in Figure B-38 to scale. Fach
block is labeled L ("large" -- approximate cubes of about
.6 wl dimensions), M ("medium"), and S ('"small" -- dimen-
sions about .15 wl).
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Traverses were reccorded at integer horizontal depths
from 1 wl - 6 wl. The results (Figures B-38 -- B41l) (sce
Section 4.2 for filtering detzails) are disappointing. Only
at one depth (4 wl) is there even a rcmote rescmblance to
corresponding traverses taken without the blocks (Figures B-1 -
B-3). Although this is admittedly a small sample, certainly
indications are that buried blocks must be a small fraction
of a wavelength before their effects can be treated as
perturbations and hopefully filtered out. A very crude
quantitative estimate can be obtained as follows. A .6 wl
block is about .9 '"wavelengths-in-the-medium" for the oil.

If we arbitrarily choose .5 wavelengths-in-the-medium as our
maximum-size standard, then for a K' = 4 upper laycr,
buried blocks would necessarily be .25 free-space wavelengths
or under before one could hope to obtain useful SEP data.

2.3 VARIABLE-LOSS DATA

A variety of data was collected both with the pure oil
and with the o0il doped to various loss-tangent valucs with
benzonitrile obtained f.om Velsicol Chemical Corporation
(Chicago). Unfortunately, the higl loss-tangents contributed
to low-signal levels and consequent.y much of this data
suffers from high noise levels. The curves discussed below
were plotted from digitized data. The traverses included in
Sections 2.3.1, 2.3.2, and 2.3.6 were filtered to remove half-
wavelength background; all other curves werc filtcred only to
remove digitization noise (see Sections 4.1 and 4.2). The
original curves were incorporated in a memo entitled "SEP
Simulation Model V"’. The approximate measured values of loss
tangent/dielectric constant are as follows: .002/2.10,
.012/2.17, .025/2.21, .042/2.21, .073/2.30, .142/2.48
(benzonitrile 3 percent by volume).
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2.3.1 Half-Space at Various Loss-Tangents

Figures C-1 and C-2 include traverses recorded at each
loss-tangent used, with the tank empty of objects. These
traverses were intended to simulate half-spaces but obviously
they do not, apparently because unwanted reflections off
the tank wall and superstructure were too large. Therefore,
these traverses can more reasonably be taken as measurements
of the background signal level for the oil-tank. Two
traverses are recorded at .002 loss-tangent -- Run 199 with
the transmitter-receiver pair identically oriented and
Run 200 with the receiver rotated 180°. The odometer signal
for Run 201 was artifically introdiced during digitization,
since it was inadvertently left out during recording of the
FM data.

2.3.2 Horizontal Metal Plate at Various Loss-Tangents

Figures C-3 — C-17 contain suites of large-increment
depth curves for each of the six loss-tangents used. As
loss-tangent increases the effect of the plate diminishes
to the point that at longer range the traverse recording
is independent of plate depth, i.e. the signal associated
with the plate becomes buried in the high background signal
level. Insofar as comparisons can be made, the traverse
pattern changes little with loss-tangent. The odometer
signals for Runs 216-222 were introduced artifically as in
Section 2.3.1. Comparison of plots of the digitized and
original data showed that no significant error was introduced
by this.

2-16

et Mt e N et



2.3.3 Crevasses in Half-Space

Figures C-18 — C-22 contain half-space traverses taken
with single crevasses (Figure 1-5) simulated by a wedge of
lossless, non-porous polyethylene foam of estimated diclectric
constant 1.,1. It was desired to simulate a crevassc of
length 30 m, depth 30 m, and width 3 m at the top tapering
downward to zero width. At 32 MHz this corresponds to a
crevasse of dimensions appioximately .3 wl top width x 3 wl
length x 3 wl depth, at 16 MHz .15 wl x 1.5 wl x 1.5 wl,
and at 8 MHz .1 wl x .75 wl x .75 wl. The crevasscs were
oriented at 0°, 45°, and 90° angles (0 in the figures)
relative to the traverse path, with 0° corresponding to the
width dimension lying along the traverse line. All the
single crevasses were centered at 5 wl rangc (R).

Two field components were measured: broadside E-Phi
(both dipoles horizontal and oriented perpendicularly to the
traverse-line) and E-Rho (same as E-Phi broadside except
the receiver is oriented parallel to the traversc-line).

All crevasse recordings have been filtered to rcmove only
high frequency digitizution noise. However, this is not
true of the reference traverses in Figure C-18 from which
most of the half-wavelength signal has becen removed. The
lowest loss tangent of ,002 was used for all curves in this
section.

Analyzing Figures C-18 — C-22 it is apparent that only
Runs 257 and 263, both E-Phi components with crevasse

cutting perpendicularly across the traverse-line, contain
even barely visible perturbations due to thc single crevasses.
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Figures C-23 and C-24 contain traverscs taken with a
set of six .15 wl x 1.5 wl x 1,5 wl (16 MHz) crevasses all
parallel and spaced 1.5 wl apart. The crecvasse set was
rotated about its center, which was positioned at 9 wl range

(R). At the 0° position the array extends from S wl to 13 wl.

As in the singel crevasse case, the only significant distor-
tions are for the E-Phi perpendicular-crecvasse case.

2.3.4 Crevasses Over Metal Plate

Figures C-25 — C-37 contain traverses taken with
simulated crevasses positioned over the metal plate which
was held at a constant 4 wl depth. The crevasses were
positioned in an identical fashion to that of the previous
section and the same terminology is used for labeling the
curves. In a2dition to traverses analogous to thec low-loss
traverses in the previous section, data was collected at
three higher losses for the E-Phi component only. Note
here also that the E-Phi reference curve has been filtered
to remove .5 wl signal; all other curves have been filtered
as in the preceding section.

Figures C-26 — C-29 illustrate the sensitivity of the
size of the distortion produced to the size of a singlc
crevasse placed at 5 wl range. The .3 wl wide (32 MHz)
crevasse produces sizeable distortion+ for all components
and orientations while the smaller .15 wl wide (16 MHz)
crevasse causes significant distortion only for the E-Phi
perpendicular crevasse case. Note in Runs 276 and 282 that
the period of the disturbances associated with the ncar-in
(5 wl range) position is about .6 wl in contrast to thce
characteristic .4 wl echo-ripple produced by morec distant
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crevasses (see below and Scction 2.2.4). Figures C-30 and
C-31 show again the smallness of the perturbation produccd
by small crevasses (see Runs 226 and 236 for rcference
traverses).

Figures C-32 and C-33 illustrate the effect of the set
of six 16 MHz crevasses. In contrast to the half-space
case, distortions are produced for all components and
orientations. ‘lote the shift downward of the period of the
oscillations in Run 294 as range increasecs. Figures (-34 -
C-37 contain recordings at higher loss-tangents of the
E-Phi component at 0° and 90° orientations of multiple-
crevasses. Comparing Figures C-35 and C-36 it seems apparent
that there is a sharp drop-off in crevasse visibility
between 16 and 8 MHz.

2.3.5 Crater

During the SEP Juneau Ice-TField Expedition a small
crater was formed by use of explosives. Rather unsuccessful
efforts werc made to model this feature. The crater has
approximate dimernsions of 11-14 m diameter x 3.5 m depth,
and was located at a range of 263 m at an offsct from the
traverse line of 10 m. These dimensions were modeled at
32 and 15 MHz with polyethylcne foam objects.

Figures C-38 — C-40 illustrate the cffects of the
simulated crater at various loss-tangents for the half-spacce
case and for onc arrangemecnt cver the 4 wl deep plate.
Without exception, comparison of these curves with the
corresponding reference curves in Figures -1, -2, and C-14
reveals only very minor perturbations associated with the
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crater simulants. Undoubtedly this is partially duc to the
high loss-tangents and consequent large background signal.

It seems quite likely that for optimum conditions crevasse-
like ripples should precede a crater which is placed quite

near the traverse-line; however, this study indicates that

these ripples would be small in absolute amplitude.

2.3.6 Mountain, Step, and Ridge Simulations

This last group of digitized curves (all L[-Phi broad-
side) was concerned with studying the possible effect of the
Juneau Ice-Field Data of the valley side and of suomerged
bottom irregularities (Figurec 1-5). Since these features
would have been most visible at the lower frcquencies where
the loss-tangent of ice is greatest, modeling wa. done at
high loss-tangents where previously noted high background
signal levels ex.sted. The longer range portions of the
recordings should be ignored due to high background signal
levels, since traverses at the low-frcquencies simulated are
typically short in terms of wavelengths, and since in some
cases the simulated objects did not extend the whole length
of the tank.

Figures C-41 — C-45 contain traverses taken using flat
metal plates to simulate the presence of a reflective
mountain-side which is submerged and inclined at 30° from
the horizontal. The actual distance in thc model of the
transmitter from the base-line of the mountain-side was
varied to maintain the scaled distance corresponding to
173 ft. (approximately 1.4 w1, .7 wl, and .35 wl at 8, 4,
and 2 MHz, respectively). Traverses were run in three



directions relative to the base-line; © is the angle be-
tween the traverse-line and base-line (c.g., 90° corresponds
to a traverse made perpendicularly away from the mountain-
side). The modeled frequency in MHz is given for cach

curve. It can be seen from the effect of orientation changes
that the simulated mountain-side has a large effect;
comparison of Figures C-42 and C-43 at short range indicates
that changes in orientation are dominant over changes in
transmitter to base-line distance.

Figures C-46 — C-51 jillustrate the effect of an
irregularity in a submerged horizontal reflective layer in
the shape of a 200 ft. rise or step in the depth of the
bottom layer. The connection between the 490 and 290 ft.
deep portions was a 45° ramp. This feature was modeled with
metal shapes at 8, 4, and 2 MHz at loss-tangents of .042,
.073, and .142, respectively. The 490 ft. deep lowcst
portion of the bottom was 4 wl, 2 wl, and 1 wl decep at these
respective frequrncies (see traverses labeled as references).

The transmitter position and traverse direction are
indicated for each traverse by a two digit number in the
column labeled "TR" ("transmitter-receciver'"). The first
number (1 equals '"top", 2 equals "bottom") indicates whether
the transmitter was positioned over the top of the ramp or
the bottom. The second number (1 equals '"toward'", 2 equals
"away'", 3 equals '"along") indicates whether the traverse-
path was toward the raised portion of the bottom, away from
it, or along the 45° connecting ranp. Figures 50 and 51
contain small sketches indicating the step's position and
size relative to the oil-depth at 2 MHz. At thc 4 and 8 Miz
frequencies the step is twice and four times larger,
respectively.



For a given loss tangent, runs having the same sccond
digit differ only in that the step was moved slightly recla-
tive to the transmitter. The differences in these recordings
are therefore a useful measure of the effect of the ramp
itself. Comparisons of the traverses in which the ramp docs
not lie under the recorded portion of the traverse (those
labeled 22, 12, and 23) with the corresponding refecrence
traverses also indicate the visible effect of the ramp.

Both these comparisons indicate that the dominant naturec of
the presence of the steps tends to diminish as the modeled
frequency decreases and the loss tangent correspondingly
increases. For medium ranges the curves labeled 21 and 11

are almost certainly controlled by the 290 ft. depth, i.e.,
they would resemble simple horizontal plate traverses modeling
a 290 ft. reflector depth.

Figures C-52 — C-54 contain traverses simulating a
reflective 200 ft-high ridge having 45° sides and positioned
on a horizontal reflecting bottom located at a depth of
490 ft. These traverses are analogous to thz step “raverses
discussed immediately above and are notated similarly.
Figure C-54 indicates the ridge size and position at 2 MHz.
Reference curves for Figures C-52, C-53, and C-54 are Runs
335, 341, and 347 respectively.

As might be expected, the six ridge traverscs labeled
22" and "23" are identical to the corresponding six step
traverses similarly labelcd. Comparison of the remaining
three traverses (laheled "21") to the corresponding refercnce
curves listed above graphically exhibits the effect of the
ridge in the case when it is placed just in front of thc
transmitter.
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2.4 SPHERICAL SCATTLERING OBJECTS

In order to get a preliminary idea of the effect on
traverse data of the presence of buried scattering objects,
spherical objects of varying size and composition were posi-
tioned in the oil tank both with and without the metal
reflecting plate.

Three different sphere compositions were used: solid
teflon (K' = 2.1), thin-walled hollow fiberglass spheres
loaded with low-loss K' = 6 material, and aluminum foil
covered spheres (at 6 GHz the foil used is 20 penetration
depths thick, therefore tae spheres are effectively solid
metal). Sphere diameters ranged from 3 wl to .5 wl (wl = 2'").

S

For the most part, three basic positions were used, all
located in the vertical plane containing the traversc path:
(1) 16 wl out and 2 wl deep (far out and shallow), (2) 5 wl
out and 4 wl deep (in the transmitter beam), (3) 4 wl deep
under the transmitter.

Figures D-1 — D-17 contain reduced reproductions of the
original recordings. As indicated in small sketches in each
Figure, d 1is the plate depth (d = = implics the half-space
case without the plate), D 1is the sphere diameter, and
d' and y the depth and range, r2spectively, at which the
sphere is centered. Short horizontal marks to the left of
each curve indicate a received power level of approximately
-37 dB relative to the transmitter power. The reccived power
scale of 15 dB/inch is indicated in Figure D-1. The deep,
almost vertical minimas in Figures D-6, D-10, and D-14-17
are due to an instrumentational problem and should be
treated as ordinary minimas.
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The data genere*ed can be thought of as providing
insight to the following question: '"Given a specific loca-
tion, what is the effect of the presence of a buried object
at that location as a function of the object's size and
composition?"

In general the effects noted werc quite complex but some
features did stand out. Understandably, the effect of the
scatters was more apparent in the half-space (Figures D-6 -
D-17) than in the two-layer case (Figures D-1 — D-5),
since power levels are generally larger in the two-layer
eawvironment. JIn all cases the teflon spheres were partically
"invisible", which was to be expected due to the low dielectric
constant contrast between teflon and our oil (2.1 vs. 2.16).
The metal spheres were, somewhat surprisingly, only slightly
more "visible'" than the K' = 6 spheres; however, K' = 6
material was in fact used because its K' being approxi-
mately 3 times XK' for the 0il supposedly makes it a good
reflector.

0f the three basic scatterer positions listed above,
the one at which the most prominent effects were noticed
was predictably the position in the transmitter beam
(Figures D-3 and D-10 — D-13). Only in thi asition were
the 1 wl and .5 wl diameter metal and K' = . spheres signi-
ficant; at the other position even the 2 wl spheres were not
expecially prominent. Other effects noted for this "beam"
position were broad peaks caused by the 3 wl diameter
spheres at approximately 15 wl, and sizeablec incrcases in
the half-space power levels.

2-24



At the "under transmitter' position (Figures D-1 — D-2
and D-6 — D-9) the 2 wl and larger spheres caused changes in
the near-in region and increased half-space power levels.

For the '"far-out'" positions (Figures D-4 — D-5 and D-14 — D-17)
two features are apparent: disruption of the usual pattern
at ranges beyond the scatterer position (little distruption
of near-in signals by retro-reflection from far-out objects
was noted), and the addition of small but quite visible
short-period oscillations having periods in the .4 wl — .8 wl
range (the standing wave pattern in the region between a
point-source and a plane-reflector is .5 wl) which disappear
beyond the scatterer. 1In the half-space case these
short-period oscillations decrease in period from roughly

.8 wl to .5 wl as the receiver nears and passes over the
scatterer, but in the two-layer case (both for plate depths
of 6 wl and 2 wl) the oscillations increase somewhat from

.5 wl as the receiver nears and passes over the scatterer.
Both features listed above are readily apparent in a suite

of two-layer curves with a scattering sphere placed at
various ranges (see Figure D-4).

2.5 DYE-3 SIMULATION

Figures E-1 — E-2 contain a single set of traverscs
simulating the effect of a buried waste water pit at the
DYE-3 site in Greenland. The pit for our puriposcs consists
of a discus-shaped region of contaminated snow which
supposedly would be reflective. The top of tle pit is
approximately 100 ft., deep and the pit's diameter is approxi-
mately 120 ft. These dimensions were modeled at the six
SEP frequencies using a set of thin, flat metal discs
(Figure 1-5) having tiie appropriate diameters and positioned
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at the appropriate depth. All six discs weie positioned at
the same range of 5 wl. One hundred feet corresponds to
approximately .1, .2, .41, .81, 1.63, and 3.25 wi for
frequencies 1 through 32 MHz, respectively.

The range and diameter of each disc and the corresponding
frequency of each traverse are indicated on cach curve.
Also indicated is the 'disc's image' which is the portion of
the traverse-line where the receiver receives direct energy
reflected specularly from the disc.

The disc's presence begins to affect the pattern at
2 and 4 MHz in very narrow regions just above each disc's
position. AT 8 MHz the distortion is evident out to 15 wl
range. At 16 and 32 MH. the disc's effect is totally
predominant over the full traverse and at 32 MHz there is
a very strong peak in the image area. Observationally, it
appears that the waste dump would be come nouticeable at
8 Mhz as a large maxima located just beyond its location.
Interestingly, there arec half-wavelength ripples preceding
the disc at 8 and 16 MHz.
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3.0 ANTENNA PATTERNS

3.1 HORIZONTAL ELECTRIC DIPOLE

The antenna patterns in Figure 3-1 were included in
previous reports. Figure 3-2 illustrates the coordinate
system used (all horizontal dipoles were oricnted parallel
to the x-axis). The substantial difference betwecen the
measured and theoretical E; (y-z) dipole patterns8 for the
oil-air interface was an immediate cause of concern. The
patterns in Figure 3-1 were measured at a receiver radius
of 3 wl; Figure 3-3 shows that the mecasured pattern of
concern tends to '"droop' downward toward the theoretical
pattern (with its power maximum at the oil-air critical angle)
as the radius is increased to 6 wl. Figure 3-4 illustrates
that the 3 wl radius pattern droops as the loss tangent is
increased to apprcximately .142; however, this droop is
approximately equal to that expected due to the mecasured
increase in the oil's dielectric constant associated with
the addition of the high-loss fluid. A skirt dipole6 was
also fabricated, but its pattern (top of Figure 3-5) was
very similar to that of the conventional dipoles.

Apparently then, the E: (y-z) pattern measured can bc
made to agree more nearly with theory only by increcasing the
receiver radius. Since the theoretical pattern is calculated
at infinity and since antennas with directional patterns
typically have extended near-field distortions, it seems
reasonable to conclude that the measured E? (y-z) pattern is

¢
valid.
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3.2 VERTICAL ELECTRIC DIPOLL

The skirt dipole mentioned previously was also oriented
vertically, thus constituting a vertical electric dipole.
The patterns measured are given in the bottom part of
Figdre 3-5 along with theoretical patterns taken from
Coopere. Interestingly, the disagreement with theory is
about the same for the vertical as for the horizontal
electric dipole.

3.3 VERTICAL MAGNETIC DIPOLL

In an attempt to construct a truc magnetic dipole for
the model a loop of diameter .04" ( .02 wl) was fabricated
from .02" diameter coax. This loop was of slightly smaller
size measured in wavelengths than the Apollo 17 SEP receiver
loops were at 32 MHz. Although the loop appeared physically
suitable, its antenna patterns (Figure 3-6) were disappoint-
ing; quite possibly simply because the loop was not much
larger than the feed coax. However, when oriented as
receiving antenna in the direction indicated in Figure 3-6
the traverses recorded were essentially iden%ical to standard
traverses.
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Figure 3-2. — Antenna measurement coordinate system.
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! Half-wave Electric Dipole

; At 0il-Air Interface--

, Theoretical and Faperimental
2 , Patterns

Angle of
Power Maximum
+++ Cooper--K'=2,16....... 43"
~— 6) radius............. 52°
Experimental --~4.5)\ radius........... ~54°
e 3) radius............. 57°

Figure 3-3, — Antenna pattern at various radii,
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Figure 3-4. — Antenna patterns for high loss-tangent.
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Measured Theory

Air
Horizontal
Electric Dipole
2 -
By (v-2) 0il-Air
Air
Vertical
Electric Dipole
2
Bo (x-2) Cil-Air

Figure 3-5. — Skirt dipole antenna patterns.
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Figure 3-6, — Magnetic dipole antenna patterns.
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4.0 EXPERIMENTAL DETAILS

4.1 TAFE RECORDING SYSTEM

The system designed for recording model data is illus-
trated in Figure 4-1. It essentially consists ol a mechunism
for conversion of the analog signal strength voltage to a
frequency modulated signal suitable for magnetic tape
recording. The dependence of frequency on signal (in this
case 72.6 Hz/dB) is dectermined (see Figure 4-1) by the tripie
product of the log-amplifier output factor (.02 volt/dRB), the
amplification factor (6.05), and the VCO conversion factor
(600 Hz/volt).

The system was initialized so that a 30 mV recciver-
diode signal (corresponding to the received power-level of
about -25 dBm above which the 1IN23 diode began to be
noticeably non-linear) was recorded as 3000 Hz signal. In
the VCO (left) channel each traverse was begun with a short
voice a~notation followed by a 3500 liz start-tone and ended
wit., a 4000 Hz stop-tone.

In the right channel the 5200 Hz reference signal (used
to compensate for tape speed irregularitics) was superimposed
on a pulsed 420 Hz odometer signal. The odometer pulsc-rate
was nominally .0642 wl/pulse.

4.2 DIGITAL CONVERSION AND PROCESSING

To permit computer processing of the frequency-
modulated model data (discussed in the previous section),
use was made of the Data Acquisition System (DAS) built to
process SEP field and lunar data. The digitized data was
recorded on 7-track incremental tape in BCD format.



The frequency modulated-to-digital conversion process
basically workhed as tollows. The trequency modulated tapes
were plaved-back at original speed into the DAS and cvery
07.5 msec the number of cveles of the VOO signal (containing
the signal power information) was counted for a peorod of
approximately 53 msec. During this same peried the numbery
ot ¢yveles of the 5200 Hz retference signal (electronically

separated from the 420 Hz odometer pulses) was also counted.

Fach pair of 5200 Hz/VCO readings was then recorded on
the incremental tape as one sia-digit word with the tirst
three digits tfor the 5200 Hz reading and the remaining three
digits for the VCO reading. One-hundred tortv-three words
constituted one "record" and the roughly 23 records needed

for ecach traverse constituted a single "tile'.

To obtain range infeormation, the 420 Ho odometer signal
pulses were accumulated by the DAS during the plavback.  The
accumulated number of pulses was read onto the digital tape
(substituting for a S200 Hz/VCO word) cvery 3.24 sec as the
middle four digits of the d4oth, 9dth, and 14Ind words ot cach
record. In addition, words 47, 48, 95, Y0, and 143 were
occupied by a combination of the run numbcer assipgned to cach
traverse (first three digits) and svnchroni. ation pulse

intended for a Wang calculator (remaining three digitsy),

As the digital tape was processed cach 5200 He/VEY sample
was converted back into a power reading by the tollowing

formula:

5200 Hz ~ number VOO cveles
Yy = A Lydles
power (dB) TI.6 Mz7d8 < number 5000 Hi cveles




Maximum and minimum power limits were established at approx:
mately -19.5 and -02 dBm received power-levels, corresponding

to VCO signals of 3000 and 300 Hz, respectively.

The codometer readings were converte! into range readings

according to the formula:

L0042 wl v cdometer count number.

#

range (wl)

Next, each power reading was assigned a range valtue by inter
polating between the ranges of the two nearest odometer
readings.

H

For purposes of plotting, the data stream of power
readings and assigned ranges was sampled at 0.1 wl increments,
tor the usual case of no data point having the desirved range
the two neighboring voints were used for interpolation.
Since all model recordings started at some non-revo range,
the proper starting range was added betfore plotting.

Figure 4-2 illustrates a particular traverse plotted
atter the above interpolation without {iltering. \lso
shown is the original X-Y plot of the traverse. 1t is
apparent that somewhere in the vecordirng and digitication
process approximately 1 dB of high-{requency noise has
been added. At the bottom of Figure 4 2 1s the traverse an
final form after being filtered with an ll-point tilter
designed to remove both the high-{requency noise and the
unwanted ripples of approximately .5 wl wavelengthe  This
filter operated by replacing the power readings at a given
voint with a weighted average of the original point plus

the five nearcst points (spaced at .1 wl increments) on



each side. The weights were .244]1 for the central point and
.2078, .1239, .0445, .0041 and -.0023 respectively for the
receding points. The ideal length of the filter was 1.25
cycles/wavelength.

The filters used were designed using a program written
by Mr. James Rossiter following the technique of Gold and
Rader®. The program generates filter-weights from a given
ideal band-pass filter and a given desired number of weights,
The program operates by Fourier transforming the ideal band-
pass filter, making an approximation to that transform subject
to the imposed limitztion on number of weights, and Fourier
integrating the approximation to generate the final filter
and the corresponding desired weights. Figure 4-3 illustrates
the ideal and generated filters for a 15-point filter designed
and used to reject only high-frequency digitization noisc.
The weights for this filter are as follows: .5782, .2972,
-.0642, -.0546, .0333, .0967, -.0078, and .0003.

The 15-point filter used in Figures B40 and B41 had ideal
length .3125 cycles/wavelength and used weights as follows:
.1286, .1231, .1081, .0862, .0609, .03065, .01067, .0042,

4.3 POWER MEASUREMENT

To be able to express received signal power reclative

to transmitter power, it is ot course necessary to measurce
the actual power being transmitted. The most straight
forward method would be to place a dual-directional! coupler
in the transmitter fced line and to simply measure the
forward and reflected power levels, the difference between
the two being the power dissipated (and assumed transmitted)
at the transmitter. Another mcthod would be to use a single
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directional coupler to measure the forward power and a
slotted-line to measure the ratio betwecen the forward and
reflected power, thus yielding by calculation the reflected
power and the transmitted power. The actual method used
was to calibrate the slotted-line in terms of power and use
it to measure the transmitted power. This technique uses
the relation that the net power transmitted forward through
a slotted-line is equal to the product of the square roots
of the minimum and maximum power level of the standing wave
pattern in the slotted-line, symbolically

p - (P )1/2 (P )1/2

TR Min Max

This can be shown as follows. The transmitted power is

equal to the difference between the forward power P and
the reflected power Pr

Since power is proportional to the square of the associated
electric field,

p = K(E® - E°
[e] r

R ) = K (B o+ L)L - k)

But Eo + Er and Eo - Er are the maximum and minimum

fields so

172

)12 )

pTR = KEmaxEmin - (pMax Min

Which was to be shown,
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Actually the power levels are measured as a voltage propor-

tioned to power by a detector element so we rewrite PTR as

)1/2 (v ’1/2

Min-

Py = C (V

Max
where C 1is a factor dependent on the detector sensitivity
and insertion depth of the detector probe. Calibration may
be accomplished quite easily by substituting a power meter
for the transmitter to mcasurec directly the dissipated

(in this case absorbed) power. 1In practice one chooses a
desirable power level and detector voltage, say 1 mW and

S mV, respectively; adjusts the powecr source for a 1 mW
power meter reading; and inserts the detcctor by trial-and-
)1/2 v )1/2

error until its (V equals S mV to within

Max Min
the desired accuracy. For high accuraciecs, any nonlinecarity
of the detector can be compensated for by noting the

1l/2 1/2
Vyar) 2 Vi)

levels,

Min detector reading for other desired power

After calibration the transmitter is reconnected and

s . 1/2 1/2 e
the power source adjusted until (VMax) (VMin) rcaches

the desired value.
4.4 DIELECTRIC PROPERTIES TEST-CELL

It was necessary to have the capability to measurec the
dielectric constant and loss-tangents of various solid and
liquid materials used in conjunction with the model,
Consequently, a test-cell was assembled {rom the following
General Radio Type 900 precision coaxial components: a
reference air-line, a short-circuit termination, and a
coaxial adaptor compatible with the slotted-line. The short
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and air-line formed a liquid-tight seal, permitting the ccll
to be operated with its axis vertical for liquids.

Readers are referred elsewhere f{or the complete theory
of standing-wave dielectric measurcments'®. In this special
case for which samples of a special length are placed flush
against the shorted end of & coaxial cell the theory is
greatly simplified. The essential point (see Figure 4-4)
is as follows: if a sample is adjusted (usually by
trial-and-error) in length until the nearest minima in the
standing wave pattern is located exactly 1/4 wl (1/2 wl)
from the sample then the sample itself must 'contain"

1/4 (1/2) wavelengths. But of course a wavelength inside
the sample is not the same length as in air; it is shorter
by a factor (K!;‘)l/2 equal to the square root of the rclative
dielectric constant of *he sample material. Restating all
this mathematically we have:

1/4 Am-case 1/2 Am-casc
A A
d = Iﬂ d = ZE

where d equals the sample length and A denotes a wave-

length in the sample. Above it was stated that
1/2

Am = A/ (K;) . Substituting this we get
A A
d = PO S d = S A
1/2 172
4 (K&) 2 (K&)



Finally, solving for K; we see that we have solved for
Ké in terms of the sample length:

— 2 L 2
K!' = (A/4d) ’ Kr = (Aa/2d)

For these special cases the loss-tangent of the sample
material is given by

tan § =  Ax/dN! ! tan § = Ax/d
m m m

where we have introduced a new experimental “wantity /x,

the distance between two points in the slotted-linc standing-
wave pattern where the power-level is twice that at the
minimum-point between them. So we can find both the dielec-
tric constant and loss tangent for a materiail simply by
knowing d and measuring Ax when the above speccial condi-
tion is achieved. We can tell when this special condition
occurs by keeping track of the sample length (as the length
is adjusted) and noti.g when the slotted-line standing-wave
pattern shifts from its empty-cell position a distance

A/4 - d (A/2 - d for a half-wavelength sample) toward the

sample.

There are various limitations in the technique. The
simple formulae above begin to become significantly
inaccurate when the loss tangent of the material exceeds

.1. On the other hand therc is a minimum lcss-tangent
(approximately .002) that can be measured since there is
a finite Ax (partially nonrepeatable) due to losses in the
slotted-1ine and the various connections. Another difficulty
is est*mating accurately the length of liquids samples
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and allowing for the amount of liquid sample flowing into
small voids associated with the center coaxial contact;
these difficulties probably contributed about 1.5 percent
and 3 percent errnrs respectively to measurements of loss
tangent and dielectric constant of liquid samples.

4.5 ANTENNA-PATTERN MEASUREMENTS

To study the patterns of various antennas both in air
and at an oil-air interface, a system (Figure 4-5) was
designed to automatically record antenna patterns. To
record a pattern the transmitter was first positioned necar
the center of the tank and a motor-driven fixturec which
rotated the receiving antenna about the transmitter was
mounted on the side of the tank. A potentiometer coupled
to the motor-shaft was used to produce a dc voltage
proportional to the angular position of thc¢ receiver. TLis
analog voltage together with the receiver signal were
processed through a polar-to-rectangular coordinate converter
which allowed the antenna patterns to be plotted 1n polar
form on an X-Y recorder.

Figure 4-6 diagrams the circuit used. Since the
converter had only a 180° coverage it was necessary to do
each pattern in two halves, reversing both DPDT switches
shown between halves. The potentiometer was initially
centered (thus setting the 6 -input voltage tn zcro) for
the receiver positioned directly undcrneath the transmitter.
The converter was sufficiently accurate that an essentially
perfect circle could be drawn using a constant r-input.
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POTENTIOMETER
MOTOR
DIODE VOLTAGE
DETECTOR
420 Hz
4/ OSCILLATOR
MICROSWITCH /"\
Rx
)|
X-Y
RECORDER
y i
PRE-AMPLIFIER
(x170) LOG-AMPLIFIER AMPLIFIER
5200 Hz
OSCILLATOR
AUDIO
6 V STOP |
% L 10 k@ 10 Hz%
RUN VOLTAGE .
s CONTROLLED f——e"
53y s OSCILLATOR
. START LEFT ¢ } RIGHT
TWO-CHANNEL
TAPE RECORDER
Figure 4-1, — Tape recording system.

4-10




"RJep PILII|LIUN pue PIUI|L) JO uostaedwo) — °*2-p 3anbi4

Eacd ot a1 ' 3ONVY

z1 8

8. -

elep TeIT3TP parallty

Butpaodax g-x Teurdtio

Y

HLdH YT LIV 3LVId TVINOZ idOh

H3IMOd T3IQ0W 3OS

T

4-11

b v e mce————

e



\
RESPONSE

kluu FILTSR

_— 15-POINT FILTER

v v p—

> -

2 3 ¢
FREQUENCY (CYCLES/WIVELENGTH) =

Figure 4-3. — ¥ilter generation



N>

|
2 2722227 77 272227

EMPTY

(]
¥ M. SAMPLE

1
7 Ap SAMPLE

Figure 4-4, — Dielectric properties measurement.
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Figure 4-5. — Antenna rotating fixture (simplified).
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S.0 INDEX TO DIGITIZED TRAVERSES

Following is an index to all traverses recorded and
digitized as discussed in Sections 4.1 and 4.2. The first
column gives the run number assigned to each travcrse and
included on the digitized recording at the locations
specified in the fourth paragraph of Section 4.2.

The second column gives the file number of each run
on both the original digitized tapes (denoted SEPM 1 through
SEPM 8). The series of numbers is read ''original digital tape
number/file number." The third column gives each run's loca-
tion on the original FM magnetic tapes. Further to the
right is given general information about each run. R° is

the starting range.

Thus for example the entry:

"116 3/27 9-012"

means that Run 116 was recorded beginning at position 012
on FM tape number 9; when digitized it was recorded as the

27th file on tape SEPM 3.

Runs marked with an asterisk (*) were digitized twice
due to a defect in the original digitization or to some
difficulty in plotting a particular run thought possibly
to be related to a defect in digitization. If any difficulty
is experienced in utilizing the digital recording of a run
marked with an asterisk, the supplemental index at the end of
the main index should be consulted for the location of a
duplicate digitization. Should the difficulty remain the
defect is probably in the original FM recording.
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Both the original FM tapes and a master digital tape are
on file with the Johnson Space Center Records Management Office
under the classification: Apollo 17 Surface Electrical
Properties Experiment (S-204) Simulation Model.

The master digital tape contains a condensed record of
the original digital tapes. On this tape the 356 digitized
traverses are ordered consecutively by run number (for dupli-
cate digitizations the last digitization only is used) with
one traverse/record and 10 records/file, e.g. run number 13
becomes the third record of the second file und run 348 the
eighth record of the thirty-fifth file. Each record (run)
contains 300 8-character words (format: xxx.xxxx) giving the
power-level in db from 0 — 30 wl range in .1 wl increments.
The range corresponding to each word is to be inferred from
that word's position. For example, a run for which the power-
level was recorded from .5 to 27 wl occupies words 5 through
270. The power-level is set to zero for ranges not actually
recorded. In each record the 300 data-words are preceded by
the following: four 4-character words giving in order the
run number, file number, number of real data-words, and
position of first real data-word (starting range multiplied
by ten) followed by 16 characters carrying the legend
"Scale Model 1973."
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Run
No

001
002
003
004
005
006
007
008
009
010

011
012
013
014
015
016
017
018
019
020
021
022
023

024

INDEX TO DIGITIZED TRAVERSES

Digital
Tape

Location

1/1
1/2
1/3
1/4
1/5
1/6
1/7
1/8
1/9
1/10

1/11
1/12
1/13
1/14
1/158
1/16
1/17
1/18
1/19
1/20
1/21
1/22
1/23
1/25

HORIZONTAL METAL PLATE

FM Tape
Location

4-010
4-095
4-174
4-234
4-292
4-345
4-395
4-441
3-156
3-222

1-015
1-097
1-168
1-233
1-293
1-351
1-404
1-454
1-502
1-547
1-591
1-633
1-673
2-006

5-3

Plate

Depth (wl)
.5

w

L T = S 7, B - VS I T oS B
- L
[7,]

1.25
1.22
1.18
1.15
1.11
1.08
1.04
1.00
.97
.93
.90
.86
.83

.79

3'

25
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INDEX TO DIGITIZED TRAVERSES (Continucd)

HORIZONTAL METAL PLATE (Concluded)

Digital

Run Tape FM Tape Plate

No. Location Location Depth (wl) go_gm

025 1/26 2-089 .76 3.25

026 1/27 2-161 .72 "

027 1/28 2-226 .69 "

028 1/29 2-286 .65 "

029 1/30 2-343 .02 "

030 1/31 2-396 .58 "

031 1/32 2-447 .55 "

032 1/33 2-496 .48 "

033 1/34 2-541 .41 "

034 1/35 2-584 .34 "
- 035 1/36 2-625 .27 "
' 036 1/37 2-665 .20 "

037* 1/38 3-005 .13 " )

038% 1/39 3-087 .06 "

|
|
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Run
No
039
040
041
042
043
044
045
046
047
048%

INDEX TO DIGITIZED TRAVERSES (Continued)

METAL PLATE - LATERAL SLOPES (Ro = ,5 wl)

Digitul
Tape

Location

1/40
1/41
1/42
1/43
1/44
1/45
1/46
1/47
1/48
1/49

FM Tape
Location

Plate
Depth (wl)

5-015
5-105
5-183
5-254
5-319
5-380
5-437
5-490
5-541
5-592

5-5

6

e NN S

Slope Angle

3.8°
7.6°
3.8°
7.6°
3.5°
7.5°
1.4°
1.4°
3.9°
1.4°
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Run

049
050
051
052
053
054
055
056

057%
058
059
060
061*
062
063
064

065
066
067
068
069
070
071
072

INDEX TO DIGITIZED TRAVERSES (Continued)

METAL PLATE — FORWARD SLOPES (Ro

Digital
Tape

Location

1/50
/1
2/2
2/3
2/4
2/5
2/6
2/7

2/8

2/9

2/10
2/11
2/12
2/13
2/14
2/15

2/16
2/17
2/18
2/19
2/20
2/21
2/22
2/23

FM Tape

Location

5-641
[-025
I-111
1-184
1-247
I-309
[-362
I-411

I1-014
IT-103
11-183
11-253
Ir1-318
I1-379
11-436
[1-489

111-007
ITI-098
I11-176
I111-247
I11-311
I11-371
I111-428
111-481

5-6

Plate

Depth (wl)
.04

1

.5 wl)

Inclination

20
10
00
.1°
-3°
-5°
.7°
_9°

30
lO
Oo
-1°
-3°
-5°
-7°
-g°

70



INDEX TO DIGITIZED TRAVERSES (Continued)

METAL PLATE - FORWARD SLOPES (R° = .5 wl) (Concluded)

Digital

Run Tape FM Tape Plate

No. Location Location Depth (wl) Inclination
LT3R 2/24 IV-008 6 9°
074 2/25 IV-095 " 7°
075 2/26 IV-168 " 5°
076 2/27 IV-234 " 3°
077 2/28 Iv-293 " 1°
078 2/29 IV-348 " 0°
079 2/30 IV-399 " -1°
080 2/31 IV-534 " -2°
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LT 3
L R e

Run
No
081
082
083
084
085
086*
087
088
089
090

091
092
093
094
095
096
097
098
099
100
101
102
103
104+
105

INDEX TO DIGITIZED TRAVERSES (Continucd)

HORIZONTAL DIELECTRIC SLAB

Digital
Tape FM Tape
Location Location
2/32 6-009
2/33 6-098
2/34 6-177
2/35 6-248
2/36 6-314
2/37 6-376
2/38 6-432
2/39 6-485
2/40 6-536
2/41 6-628
3/1 7-012
3/2 7-092
3/3 7-164
3/4 7-230
3/5 7-290
3/6 7-346
3/7 7-399
3/8 7-450
3/10 7-498
3/11 7-544
3/12 7-588
3/13 7-631
3/14 8-008
3/15 8-C88
3/16 8-161
5-8

Plate
Depth (wl)
6

5
4
3
2.5
2

1.5
1.43
1.36
1.29
1.22
1.16
1.09
1.00
.93
.86
.79
.76
.72
.696
.66

1"

3.
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Run
No

106*
107
108
109
110*
111*
112#
113
114
115

INDEX TO DIGITIZED TRAVERSES (Continued)

HORIZONTAL DIELECTRIC SLAB (Concluded)

Digital
Tape

Location

3/17
3/18
3/19
3/20
3/21
3722
3/23
3/24
3/25
3/26

FM Tape

8-227
8-287
8-344
8-398
8-448
8-496
8-542
8-586
8-628
6-586

on

Locati

5-9

Plate
Depth (w/1)

.59
.50
.43
. 36
.29
.22
.14
.07
.035

(w1)

3.

25

Wbt
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Run
No

116
117
118
119
120
121
122

123
124
125
126
127
128
129

130
131
132
133
134
135
136

137
138

INDEX TO DIGITIZED TRAVERSES (Continucd)

DIELECTRIC SLAB — FORWARD SLOPES (Ro

Digital
Tape FM Tape
Location Location
3/27 9-012
3/28 9-101
3/29 9-179
3/30 9-250
3/31 9-314
3/32 9-375
3/33 9-432
3/34 10-006
3/35 10-096
3/36 10-175
3/37 10-247
3/38 10-312
3/39 10-373
3/40 10-431
3/41 11-009
3/42 11-099
3/43 11-177
3/44 11-248
3/45 11-314
3/46 11-374
3/47 11-430
3/48 12-099
3/49 12-008
5-10

Plate

Depth

(wl)

.5 wl)

Inclination

1"

"

tt

]
0
-1

-}

(-]

(]

-3°

-5
-7
-9

[+]

-]

-]

-7°
_S°
-30°

-1

°

0°

1

o

30

70
50
30

1
0

(]

o

-3°
-3°

00

1 3
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INDEX TO DIGITIZED TRAVERSES (Continued)

DIELECTRIC SLAB — FORWARD SLOPES (Ro = .5 wl) (Concluded)

Digital
Run Tape FM Tape Plate
Nc. Location Location Depth (wl) inclination
139 3/50 12-179 6 3°
140 3/51 12-250 " 5°
141 3/52 12-315 " 7°
142 3/53 12-376 " 9°

5-11
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INDEX T) DICITIZED TRAVERSES (Cortinucd)

CRATER OVER DIELECTRIC SLAB (Ro

Digital
Run Tape
No. Location
143 >/54
144 3/55
145 3/56
146 3/57
147 3/58
148 3/59
149 3/60
150 3/61
151 3/62

= 3,25 wl)
Crater Crater
Diametcer Range
(wl) (wl)
2.5 18

.25 wl from traverse-

{reference for
runs 143-147)
2.5 11

" 14}

.25 wl from traverse-

2.5 11
(reference for
run 148)

(3.5) 22

(one-quarter crater, off-set

51ab
FM Tape Depth
Location (wl)
13-018 1
13-096 1
(off-sct
line)
13-164 1
13-228 1
13-282 1
(off-sct
line)
13-334 .5
13-382 "
14-017 3
1 wl)
14-099 3
5-12

(reference for
run 150)
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INDEX TO DIGITIZED TRAVERSES (Continucd)

CREVASSES OVER DIELECTRIC SLAB

Digital Slab Crevasse Crevassce
Run Tape FM Tape Depth Dimensions Range o
No. VLocation Location (wl) (wl) (wl) (wl)
152 3/63 15-017 4 .3x3x3 5 .5
153 3/64 15-104 " " 15 "
154 3/65 15-178 " (reference for runs 152-158)
155 3/66 15-245 " .15%x1.5x1.5 5 "
156 3/67 15-305 " " 15 "
157 3/68 15-361 " LAx,75%,75 5 "
158 3/69 15-412 " " 15 "
159* 3/70 16-013 1 " 15 3.25
160 3/71 16-093 " " 5 "
161 3/72 16-161 " (reference for runs 159-16C)
5-13

EE
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INDEX TO DIGITIZED TRAVERSES (Continued)

SPHERES OVER DIELECTRIC SLAB (Rc = .5 wl)

(Slab Depth 6 wl. Spheres Centered At 4 wi Depth.)
Digital Sphere Spherc
Run Tape FM Tape Diameter Sphere Range
No. Location Location (wl) Material (wl)
162 3/73 17-189 (reference for runs 163-174)
163 3/76 17-018 1 metal S
164 3/77 17-109 1 K' = 6 "
165 3/78 17-258 2 metal "
166 3/79 17-324 " K' =6 "
167 3/80 17-386 .5 metal "
168 3/81 17-444 " K' = 6 "
169 3/82 17-502 1 K'= 6 )
170%* 3/83 17-553 " " 5
171 3/84 17-601 " " 10
172 3/85 17-648 " " 15
173 3/86 18-006 " " 20
174 3/87 18-095 " " 25
5-14

o ek -
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INDEX TO DIGITIZED TRAVERSES (Continued)

SPHERES ON DIELECTRIC SLAB (Ro = .5 wl)
(Slab Depth 2 wl.)

Digital Sphere Sphere

Run Tape FM Tape Diameter Sphere Range

No. Locatiog Location (wl) Material (wl)

175 3/88 18-539 (reference for runs 176-184)

176 3/89 18-178 1 K' = 06 0

177 3/90 18-249 " " 5

178 3/91 18-315 " " 10

179 3/92 18-375 " " 15

180 3/93 18-432 " " 20

181 3/94 18-487 " " 25

182 3/95 18-590 " " 5
(off-set 1 wl from traverse-lince)

183 3/96 18-639 " " 10
(off-set 1 wl from traverse-line)

184% 3/97 18-682 " " 10

(off-set 1.5 wl from traverse-line)

5-15
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INDEX TO DIGITIZED TRAVERSES (Continued)

SIMULATED CREVASSE IN DIELECTRIC SLAB (R = .5 wl)
Crevasse
Digital Slab Dimensions Crevasse
Run Tape FM Tape Depth (wl) Range
No. Location Location - (wl) wxhx1 (wl)
185 4/1 19-017 2 .5¥,.5x4 5
186 4/2 19-105 " .25x.5x4 5
187 4/3 19-178 " " 15
188 4/4 19-242 " .5%x.5x4 15
189 4/5 19-307 " (reference for
runs 185-189)
190 4/6 19-361 1 .25%,.5%4 S
191 4/7 19-411 " " 15
192 4/8 19-457 " (reference for

5-16

runs 190-191)

e v
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Run
No.
193
194
195
196
197
198

INDEX TO DIGITIZED TRAVERSES (Continued)

BLOCKS ON DIELECTRIC SLAB (Ro

.5 wl)

(Thirteen Blocks Scatteved Inside 15 wl Range)

Digital
Tape

Location

4/9

4/10
4/11
4/12
4/13
4/14

FM Tape

Location

20-024
20-107
20-177
20-240
20-297
20-353

5-17

Slab Depth (wl)
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INDEX TO DIGITIZED TRAVERSES (Continued)

HALF-SPACE AT VARIOUS LOSS-TANGENTS

Digital

Run Tape FM Tape Loss-

No. Location Location Tangent 5cgw1)
199 4/15 A-006 .002 .5
200 4/16 D-442 .002 "
201 4/18 A-097 .012 "
202 4/19 A-172 .025 1.25
203 4/20 A-238 .042 "
204 4/21 A-298 .073 "
205 4/22 A-353 .142 "

5-18

(receiver reversed)

(odometer
artificial)



INDEX TO DIGITIZED TRAVERSES (Continucd)

HORIZONTAL METAL PLATE AT VARIOUS LOSS-TANGENTS

Digital Plate
Run Tape FM Tape  Depth Loss-
No. Location Location ~(wl) Tangent
206 4/23 M-011 .5 .002
207 4/24 M-103 1 "
208 4/25 M-181 1.5 "
209 4/26 M-251 2 "
210 4/27 M-316 2.5 "
211 4/28 M-376 3 "
212 4/29 M-433 4 "
213 4/30 M-486 5 "
214 4/31 M-536 6 "
215 4/32 M-586 7 "
216 4/33 N-011 1 012
217 4/34 N-103 2 "
218 4/35 N-185 3 "
219 4/36 N-257 4 "
220 4/37 N-322 5 "
221 4/38 N-382 6 "
222 4/39 N-440 7 "
223 5/1 S-011 1 .025§
224 5/2 $-100 2 "
225 5/3 S$-177 3 "
226 5/4 S-247 ’ "
227 5/5 $-311 5 "
228 5/6 5-371 6 "
229 5/8 §5-427 7 "
230 5/9 Y-010 .5 042
231 5/10 Y-097 ] "
5-19

R
2o

(odometer
artificial)
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INDEX TO DIGITIZED TRAVERSES (Continued)

HORIZONTAL METAL PLATE AT VARIOUS LOSS-TANGENTS (Concluded)

Digital Plate
Run Tape FM Tape Depth Loss-
No. Location Location (wl) Tangent R _(wl)
232 5/11 Y-173 1.5 .042 1.25
233 5/12 Y-243 2 " "
224 5/13 Y-307 2.5 " "
235 5/14 Y-366 3 " "
236 5/15 Y-423 4 " "
237 5/16 Y-475 5 " "
238 5/17 Y-525 6 " "
239* 5/18 Y-574 7 " "
240 5719 2-008 .5 N73 1.25
241 5/20 Z-095 1 " "
242 5/21 Z-174 1.5 " "
243 5/22 Z-244 2 " "
244 5/23 Z-310 2.5 " "
245 5/24 Z-370 3 " "
246% 5/25 Z-426 4 " "
247* 5/26 Z-480 5 " "
248* 5/27 Z-532 6 " "
249 5/28 -584 7 " "
250 5/29 CC-009 .5 .142 1.25
251 5/30 CC-097 1 " "
252 5/31 CC-175 1.5 " "
253 5/32 CC-246 2 " "
254 5/33 €C-311 2.5 " "
255 5/34 CC-371 3 " "
256 5/35 CC-428 4 " "

5-20




INDEX TO DIGITIZED TRAVERSES (Continued)

SINGLE CREVASSES IN HALF-SPACE (Ro = .5 wl)

(Crevasse Range 5 wl. Loss-Tangent .002.)

Crevasse
Digital Dimensions
Run Tape FM Tape (wl) Crevasse Field
No. Location Location wx1xh Orientation Component
257 5/36 C-006 .Iv3Ix3 9° E-Phi
258 5/37 C-102 " 0° E-Rho
259 5/38 C-179 " 45° E-Rho
260 5/39 C-243 " 45° E-Phi
261 5/40 C-304 " 90° E-Phi
262 5/41 C-358 " 90° E-Rho
263 5/42 D-008 .15x1,5x%1.,5 0° l-Phi
264* 5/43 D-097 " 0° ..-Rho
265 5/44 D-271 " 45° E-Phi
266 5/45 D-237 " 45° E-Rho
267 5/46 D-296 " 90° E-Phi
268 5/47 D-348 " 90" E-Rho
269 5/48 D-397 (reference for runs 257-275, '
E-Rho component)
199 4/15 A-006 (refercnce for run 257)
200 4/16 D-442 (reference for runs 258-275,

E-Phi component)

5-21
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INDEX TO DIGITIZED TRAVERSES (Continued)

MULTIPLE CREVASSES IN HALF-SPACE (R° = .5 wl)

(Set of Six Crevasses Centersd at 9 wl Range,

Loss-Tangent = ,002)

WA P

Crevasse

Digital Dimensions
Run Tape FM Tape (wl) Crevasse
No. Location Location wx1xh Orientativn
270 5/49 E-010 .15x1,5x1.5 0°
271 5/50 E-098 " 0°
272 5/51 E-171 " 90°
273 5/52 E-238 " 90°
274 5/53 E-296 " 45°
275 5/54 E-350 " 45°

5-22

Field
Component
E-Phi
E-Rho
E-Rho
E-Phi
E-Phi
E-Rho



R S S g e 4 s n

INDEX TO DIGITIZED TRAVERSES (Continued)

SINGLE CREVASSE OVER METAL PLATE

(Plate Depth 4 wl. Crevasse Range 5 )

Crevasse

Nimensions
Run (wl) Crevasse Field
No. Location Location wx1xh Orientation Componcnt go(wl)
276 5/55 1-011 .3x3x3 0° E-Phi .5
277 5/56 1-087 " 0° - Rho "
278 5/587 1-172 " 45° E-Rho "
279 /58 1-236 " 45° I.-Phi "
280 5/59 1-294 " 90° Ii-Phi "
281 5/60 1-349 " 90° -Rho "
282% 8/18 H-011 .15%x1,5x1.,5 0° E-DPhi "
283 5/62 H-098 " 0° E-Rho "
284 5/63 h-172 " 45° E-Rho "
285 5/64 H-239 " 45° E-Phi "
286 5/65 H-302 " 90° E-Phi "
287 5/66 H-356 " 90° E-Rho "
288 5/67 vV-014 " 0° E-Phi 1.25
289 5/68 V-105 " 45° E-Phi "
290 5/69 V-184 " 90° E-Phi "
291 5/70 V-256 1x,75%x,78 0° E-Phi "
292¢ 5/71 v-321 " 45° E-Phi "
293 S/72 V-383 " 920° I -Phi "

5-23



INDEX TO DIGITIZED TRAVERSES (Continued)

MULTIPLE CREVASSES OVER METAL PLATE

(Plate Depth 4 wl.

Crevasses (Centered at 9 wl Range.]

Crevasse
Digital Dimensions
Run Tape FM Tape (wl) Crevasse Field
No. Location Location wx1lxh Orientation Component
294* 5/73 G-010 .15%x1.5x1.5 0° E-Phi
295 5/74 G-099 " o° E-Rho
296 5/i% G-174 " 45° E-Rho
297 5/76 G-239 " 45° E-Phi
298 5/77 G-298 " 90° E-Phi
299 5/78 G-353 " 90° E-Rho
300 $/79 G-403 (reference for runs 276-299, E-Rho)
212 4/29 M-433 (reference for runs 276-299, E-Phi)
301 5/80 U-013  ,15x1.5x1.S 0° E-Phi
3u2 5/81 U-107 " 90° E-Phi
303 5/82 U-189 " 0° E-Phi
304 5/83 U-258 " 90° E-Phi
305 5/84 U-326 JAIx,75%,75 0° E-Phi
306 5/85 U-387 " 90° E-Phi
307 §/86 U-448 " 0° E-Phi
308 5/87 U-501 " 90° E-Phi

5-24

Set of Six (five for runs 305-308)

R
(wl) Tunhent

0 Loss-

.5 .002
25 .025
”

.042

.073

"
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INDEX TO DIGITIZED TRAVE:“LS (Continued)

JUNEAU CRATH®

(11-14 m Diameter x 3.% » Deep. Range 263 m.

Digital
Run Tape FM Tape
No. Location Location
309 5/88 U-554
310 5/89 0-010
311 5/90 0-101
- 312 5/91 0-180
313 5/92 0-254
314 5/93 0-320

Off-.et Ldm,)

Frequency R
Modeled Loss 0
(MHz) Tangent (wl)
(32 MHz crater .073 1.25
at 16 MHz range
over metal plate
4 wl deep)
Half-space 32 .012 .S
" 32 .025 1.25
" 16 .025 1.25
" 16 .042 1.25
" 32 .042 .25
5-28
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INDEX TO DIGITIZED TRAVERSES (Continued)

30° MOUNTAIN-SIDE (Ro = 1,25 wl)
(Transmitter 173 ft from Baseline)

Digital Frequency
Run .Tape FM Tape Modeled Traverse Loss-
No. Location Location (MHz) Direction Tangent
315 5/95 W-011 8 away .042
316 5/96 W-112 8 45° .042
317 5/97 W-182 8 along .042
318 S/98 W-252 8 away .073
319 5/99 w-310 4 away .073
320 5/100 W-364 8 45° .073
321 5/101 W-416 4 45° .073
322 5/102 W-467 8 along 073
323 5/103 wW-514 4 along .073
324 5/104 DD-011 4 away .142
325 $/105 DD-093 2 away .142
326* 5/106 DD-166 4 45° .142
327 5/107 DD-231 2 45° .142
328 5/108 DD-291 4 along .142
329 S/109 DD- 348 2 along .142

5-26
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Run

No.

330
331
332
333
334
335
336*
337
338
339
340
341
342
343
344
345
346
347

INDEX TO DIGITIZED TRAVERSES (Continued)

STEP (R0 = 1.25 wl)
(45° Ramp Connecting Horizontal Plates 200 and 490 ft deep)

Digital Frequency
Tape FM Tape Modeled TX RX Loss-
Location Location (MHz) Position Position Tangent

S/110 X-012 8 bottom away .042
5/111 X-092 " top away "
5/112 X-165 " bottom along "
S/113 X-232 " bottom toward "
5/114 X-292 " top toward v
5/115 X-352 (reference for 8 Miiz)

6/1 T-014 4 bottom away .073
5/2 T-094 " top away "
6/3 T-166 " bottom along "
6/4 T-232 " bottom toward "
6/5 T-293 " top toward "
6/6 T-350 (reference for 4 MHz)

6/7 P-012 2 bottom away .142
6/8 P-094 " top away "
6/9 P-166 " bottom along "
6/10 P-232 " bottom toward "
6/11 P-293 " top toward "
6/12 p-351 (reference for 2 MHz)

5-27



INDEX TO DIGITIZED TRAVERSES (Continued)

RIDGE (R0 = 1.25 wl)
(45°, 200 ft High Ridge on 490 ft Deep Plate)

Digital Frequency
Run Tape FM Tape Modeled TX RX Loss-
No. Location Location (MHz) Position Position Tangent
348 6/13 X-406 8 bottom away .042
349 6/14 X-456 8 bottom toward .042
350 '6/15 X-505 8 bottom along .042
351 6/17 T-404 4 bottom away .073
352 6/18 T-454 4 bottom toward .073
353 6/19 T-502 4 bottom along .073
354 6/20 P-406 2 bottom away .142
355 6/21 P-457 2 bottom toward .142
356 6/22 P-506 2 bottom along .142
5-28

i;



INDEX TO DIGITIZED TRAVERSES (Concluded)

SUPPLEMENTAL INDEX TO DUPLICATED DIGITIZATIONS

Indexed Duplicate
Run No. Digitization Digitization
037 1/38 7/1
038 1/39 8/1
048 1/49 7/2
052 2/3 6/23
057 2/8 6/24
061 2/12 6/25
073 2/24 8/2
086 2/37 8/3
104 3/15 8/4
106 3/17 8/5
110 3/21 8/6
111 3/22 8/7
112 3/23 8/8
159 3/70 8/S
170 3/83 8/10
184 3/97 8/11
239 5/18 8/12
246 5/25 8/13
247 5/26 8/14
248 5/27 8/15
264 5/43 7/3
282 8/18 5/61
292 5/71 7/4
294 5/73 8/16
326 5/106 8/17
336 6/1 7/5

5-29
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APPENDIX A
TRAVERSES OVER METAL PLATE
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SPHERICAL SCATTERING OBJECTS TRAVERSES
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THE SURFACE ELECTRICAL PROPERTIES EXPERIMENT

GENE S1Mm MONS
Dept. of Earik and lemary Sciences, A7 T. C ambridge, Masy, 02139 US 4
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Greaphysics Branch, NASA-Manned Spatacmjr Center, Houston, Toyx, 272058, U.5. 4.
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Houston, Teyx. 77058, US A
G.LATORRA CA
Dept. of Egrsk and P, nelary Sciences, My T. C ambridge, Mass. 02139, U5 4

inhomogeneities €an also be detex ced and studied.

One version of the system has been constructed and tested on the Athabasca glacier. Analysis of
the results shows that a NMH2 160 Hzana R MM, Scattering domingies the results sugResting rthae
Scattering bodies of 35 M or less 1y siz¢ are numerous. At4 MHz, the ic= was found g have a dieleciric
constant of aboyt 3,3 and a foss fangent of 0.10, both values typical for ice. The depth of the ice was
found to be #round 265 m, a valye typical for this glacier. At 2 M Hz and ) MHz the losses are much
higher but he delectric consran 18 sull clearly determined a5 3.3

spaces in rocks resistivities greater than about § x 1 - are rare. The net result iy
that almost all work on the Earth hys concentrated on using audio frequencies to get
significant depths of penetration, The TESpPoOnse parameter for clcctromngnclic waves
is given ag (euw? +105ea)"? where
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¢ - diclecrric constant - fur Js

g - magnetic permeability  enries’m.

o - rotatonal frequency (= 2z f - frequency in Hz)

o - conductivity mhos/m.

For most Earth applications ouw p euwm? so thal the problem becomes crtirel 7 one of
diffusion and no propagation tafes place. In environments where the fonstivily i very
high, however, euw?®» ouw and the problem becomes one of oropagauon with all the
attendant phcnomena of diffraction, interference, ete. Early attempts to penctrate the
Earth at radiv frequencies met with Dittle sucocess simply because the penetration
depth (given by | /(2/suw) for the diffusive case and (3 x I’J')/(nj\’K tan é) for the pro-
pagation case where K== relative dielectric constant and tan & = loss tangent) was too
small. In recent ,cars, experiments on glaciers have shown that it is poss:ble to get
radio-frequency reflections from very great depths (Rinker and Mock, 1967 ; Harriscn,
1970) and radar has been used 0 map the outline of salt domes (1!nterberger ¢. at.,
1970; Holster ez al., 1970). The reason for success in penetrating sigmficant distances
in theac two media is that they both have very high resistivities, on the order of 104 Q-m
or more. Lunar soils and rocks have been shown to have very high values of
resistivity and accordingly it would appear that the lunar environment is particularly
suited to depth souriding using radio frequencies (Strangway, 1969; St. Amant and
Strangway, 1970; Katsube and Collet, 1971 ; Chung er al., 1971).

The properties of typical diclectrics have been reviewed by many workers but for
those of interest to us, the dielectric constant ranges from about - for powders 10
about 10 for solids. Equally important 1s the general phenomenon that the loss tangent
is nearly independent of frequency provided there are no relaxations. This was indeed
found to be the case for the lunar samples (Katsube and Collet, 1971 ; Chung, 1972) so
that the lunar materials behave precisely like those earth rocks which have no hydrous
minerals (St. Amant and Strangway, 1970). The loss tangent may bhe converted to
variety of equivalent parameters. Since 't is a measure of the imaginary part of
the dielectric constant it is also a measure of the real part of the conductivity
(tan 8= Kw a,,, ). If there is afinite conductivity, however, this can be converted to an
equivalent penetration Jepth (|, (2/0,,, uw)). For a frequency-independent loss tang-
ent thas relation is itlustrated in Figure 1. Typically, the lunar 1ocks have values of
V(K tan 8) of about 0.05 to about 0.2 and the soils have values less by a factor of about
4 or 5 (see Table I). At 1 MHz the penetration depth in lunar materials is typically a
few kilometers while at 30 MHz 1t is typically a few hundred meters.

The experimental results to be discussed in this paper were mensured on glaciers
which is almost the only environment on Earth in which a suitable analogue experiment
can be conducted. The analogy is not perfect, since ice has a relaxation loss that occurs
in the audio frequency part of thie spectrum. The tail of this relaxation spectrum stili
affects the loss tangent in the range of frequencies of importance in the Surface Electri-
cal Properties experiment with the result that the loss tangent decreases frem i MHz o
32 M2 (Tvans, 1965)insuch a way that (e roduet £ tand s approximately constant
The prectse volue s temperature-deper “cat ut tvprally it his valves ef aroerd .2 to
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maeters

107 -

104

ATIENUATION DISTANCE
T

10+

/l { A 1 ! d
107 10' 10 100 10 0"
FREQUENCY (Ma)

Fig. 1. Attenuation distance as a function of frequency from lunar samples and from
remote lunar sensing.
Straight lines show theoretical values for typical dielectrics which have a loss tangent which is
independent of frequency.
(1) Weaver (1963) — thermal emission and radar observations; (2) Tyler (1968) - bistatic radar:
(3) Chung et al. (1971) - lunar igneous sample 12002; (4) Collett and Katsube (1971) - lunar breccia
sample 10063 ; (5) Collett and K - *‘sube (1971) - lunar fines sample 10084 ; (6) Gold ¢! al. (1971) -
lunar fines.

0.5. if the frequency, £, is given in MHz. This effect is illustrated schematically in Figure
1: the attenuation depth in ice is essentially frequency-independent with a value of a
few hundred meters. Ice therefore, is not an optimum analogue for what we expect in
the lunar case, but at least it is fairly transparent over part of the irequency range.

2, Experiment Concept

The concept of the SEP experiment is illustrated in Figure 2. An electric dipole trans-
mitter is laid on the surface and transmits at six (requencies from | MHz to 32 MHz.
Energy is propagated in three ways: (2) above the surface with the speed of light in
vacuum, (b) below the surface along the interface with the velocity of light in the
medium and (c) by reflection from ‘ayering or other inhomogeneities in the surface.
These various waves interfere with each other as a function of position atong he
surface. Interference between the surface and subsurface wave gives a measure of tt,.
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TABLE ]
Diclectiic propertes of junar sampks «né of ice
0 Reon _ — Sl
10017 10065 12002 12002 10084 12070 Ice
(near 0°C)
Diclectric 1 MHz 88 713 83 78 s 30 32
cuistant 10MHz 9.3 13 83 38 s 3.0 32
30 MHz - - - - - - 32
158 1 MHz 0.075 0.063 09Nt 0.056 00178  0.025 0.3
tungeost 10MHz 0021 0.019 00158 0.0114 00089 0.0053 003
IOMH2 -~ - - - - - 0.01
TRANSMITISR RECAVING CONS /
Hx-VERTICAL COMPONENT
[

COMPONENT AL
ast
Lo TRACK Taave
iy A | Rt I Fd
7T sumsack wavi. &LO "R‘-;:mgm 10

[P ——— — E
SUBSURFACE WAVE [
0\\0/ - &
~ REFLECTED WAVE
€,

Tig 2. Sketch illustrating operation of surface eloctrical propertics experiment and various waves
cxpacted to be tranamitted through and above lunar surface.

diel ctric constant according to the formula ¢ = (1 + 4K)* where 4X is the interference
frequency. The rate of decay of the interferences gives a measure of the loss tangent.
The receiver is mounted on the Rover and measures the field struagth as a function of
range 50 that the interference frequency can be measured. In addition, reflections from
subsurface features can be detected as they interfere with the other waves. Transmis-
sion is done sequentially from a pair of orthogonal dipoles and the receiver consists of
thres orthogonal loops to measure the field strength of three independent components.

3. Instrummentation

Detailed descriptions of the experiment hardwave are plaaned for future papers so we
will give only a brict description of the hardw: tv in this section.

Je P el
1 GO s ra
va él_,‘A\[I; .},



(- - SRy

Ty
i ’ \ aw JbLI’Y
GF _SIMMO™ L Fi AL Ml
The transmi.ter 18 powered by s .ar cc!ls vt anomits sequentiativar P21 0 Rt

16 and 32.1 MMz, each transmission at ez.' ‘requeiy from one antenna ba v o7
101.25 ms. The pair of orthogonal dipoles, each of which is 70 m long (tip-to-tip), are
powered alternately. These dipoles are half-wzve dipolesat 2.1,4,8.1, 16and 32.1 M. {7,
A pair of wires is used for the experiment and a set of traps and supressors are built
into the wires such that the transmitter ‘sces’ a huif-wave resonant dipole at eacl. of the
frequencies. At ]| MHz the antenna is not a half-wave dipole but loading :s used to
compensate this. Precise matching of the antenna impedance with that of the Moon is
aifficult because of our ignorance of the exact value of the dielectric constant but we
bave designed the antenna for a value of 3.3 which is consistent with the bistatic radar
results of Howard and Tyler (1972). On the ice, the antenna can be adjusted to make the
antenna optimum at each frequency. The power radiated is 3.75 W at | MH2z und
2.0 W at the other frequencies. The transmission sequence is shown in Figure 3 and
provides about 10 samples per wavelength per component at 2.1, 4, 8.1, 16 and 32.1
MHz and 20 samples per wavelength per component at | MHz at a vehicle speed of
8kmh-',

D33303030303I032a0203020I02Ea030)

- AN -
1’ \\
’ \
/ |\
\
// \\
| M ] e | TRANSAUTIING ANTENNA
KRR SLRED SICBYING ANTENNA
I.—— 202.3 M——ol

TS SEOUVENCE REPEATID
™ CACH FRAME

Fig. 3. Format: two fames marked OFF are used to monitor the background cxternal noise at
all froquencies and to measure the internal notse. The frame marked) cal. is used for synchronizing
transmitier and receiver and 10 record the internal temperature Jf the receiver.

The receiving antenna consists of three orthogonal coils which are mounted on the
Rover. The reception of each coil is examised for 33 ms and in sequence. The signals
are demodulated in the recoiver and are frequency-coded by a voltage controlied
oecillator. This oscillator operates over the frequency range of 300 to 3000 Hz, corre-
sponding to & dynamic range in the instrument of — 35 dbm to — 135 dbm. This large
dynamic range allows accurate field strength recording over a broad distance range
from the transmitter. The output of the voltage-controlled oscillator is recorded on a
recoverable tape recorder. With six transmission frequencies, two alternate hransmitting
antennas and three receiving antennas we record a total of 36 separate pieces of infor-
mation.

In the lunar system, navigation data will be recorded in two differens ways. Oa each
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wheel there is ay ulse pencrated every 0.245 m. Vo e will record 0oty second pirfse hom
two separate wlecls, for reduadancy and as 2 check on wherl hippege. Thes means
that the traverse can be reconstructed in increments of abeut 05 m. These san-» wheel
puises and 2 gyro-stabilized compass provide the bas:c input to the Rover ravigation
computer which displays range, bearing, heading, and distance travelled. The bearny
and heading are computed in increments of 1 and the range and distance travelled
are computed in increments of 100 meters. We will record the bearng cvery time
i* changes by + 1 {except in the immediate vicinity of the LM) and as a redundant
check we will record the range in 100 m increments. The range 55 computed using
the third slowest wheel, so we will have a separate measure of the wheel slip and
an internal range check at 100 m increments. Finally, since there may be eriors that
will accumulate in hoth the range and bearing measurements we will use the known
s1op points 1o correct the traverse. Since these stops are hkely to be 1n increments of
onc or two kilometers, we will have frequent updates 10 our traverse map. On the
basis of this information we expect to be able to reconstruct the traverse to an accuracy
of about 1%, of the range and 1o reconstruct range differences over a few hundred
meters to about | m or better.

For the glacier tests, we have used a simple odometer circuit connecte. to onc of the
drive-wheels which generates signals every 1.5 m. These signals are recorded independ-
ently on the tape recorder. These pulses have been used to determine the horizontal
scale so that all the data discussed in this report have been plotted as field strength
versus range.

4. Theoretical Work

We are reporting elsewhere the theory behind this experniment (Annan, 1972; Cooper,
19725 Sinha, 1972a, b, ¢) and have published a paper on some of the most preliminary
glacier results, (Rossiter et al., 1972). We will not, therefore, review all these results in
the present paper. Rather we will only summanze a few points which are pertinent to
the data analysis.

The transmitling antennas are crossed dipoles; in the simplest case the traverses are
run broadside to one dipole and off the end of the other. The geometry is shown in
Figure 2 The fields H, and H, from ‘¢ broadside antenna are both maximum-coupled
and can be expected to show the mterference patterns which are the basis of the
experiment. Studies of the antenna patterns for these components show thut the power
above the surface is comparable to the power just below the surface so that significant
interference between these two waves can be expected. In th: case of the H, comr -
nent off the end of the transmitter, however, power is transmitied above the surface
but very little power is transmitied just below the surface. There is litt!le interference, so
this component is not as useful for determining the dielectric constant and loss tangent.

The other components (H, and H, broadside and H, endfire) are minimum-coupled
1o the respective transnutters. These compenents are consequently useful in looking
for energy scattered by cither surface irregularities or subsurface inhomogeneities.

The radiation pattern of a electric ficld dipole at the interface between free space and
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a semi-infinite dieleciric medsum contains a single lobe broadside of the: tenng -
two lohes endfire of th> antenna as shown by Cooper (1972) The brosdsy o i
verse Electric (TE) radiation pattern and the endfire or Transverse Magnet: (V"
radiation pattern are illustrated in Figure 4 for a dipole over ice. The dipole s ¢l o,
with the X-axis in Cartesian coordinates. The angle between the vertical and the pu. &
of the lobc is given by sin =/ (g,/2,) wherc ¢4 is the dielectric constant of ree sp.r. .

INFINITESIMAL +
H.E.D.
DIELECTRIC CONSTANT » 3.2
g 2
8 g
TE POWER GAN
8 100 200 A0
8 8 Y
g § 5
: :
§< 54
: t
2 g
. [ )

.
2 z
Fig. 4. Radiation pattern of honzontal electric Cipole over ice. The dipole extends along the x-avis,

and ¢, is the dielectric constant of the medium. In the case of ice where the ratio ¢, .,
is given by 1/3.2 this angle is about 34°, The encrgy radiated downwards into the
medium does not appear at the surface unless there is a reflecting horizon at depth.
The presence of a horizontali reflector at depth d causes energy to appear at the surface
at & distance 7 2 2d tan 8. For ice the depth to a reflector is given as d=0.8 7. In princi-
ple it is thercfore pe-sible to determine the dielectric constant and the loss tangent
from the near-fiel. interferences of the H, and H, components from the broadude
antenna. Reflections can be studied by the H, and H, components from the broadside
antenna and by the H, component from the endfire antenna.

S. Athabaser Glacier Data

Most of our work to data has been concentrated on the Athabasca glacier in westier
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Canada (Figure 5a). It is a well-studied glacier and is very arcessible. Previous studies

based

on gravity (Kanasewich, 1963), seismology and drilling (Patersor, and Savage,

1963), and electrical sounding (Kcller and Frischknecht, 1961) have been made and 4
map of approximate ice thickness 1s shown in Ligure 5b. We have reported on earlier
preliminary results (Rossites e a/., 1972) and in this paper restrict ourselves to one set
of data taken in the summer of 1971 with the evaluation model of the flight equipment
which was described in this report. The profile discussed is shown in Figure Sb and is
marked by the transmitter at the southern end. The ice thickness is approximately

® See doteail mop
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Figs. 5a-b. (a) Loca‘ion map of the Athabasca giacier. (b) Skeich nmv.p of the Athacascs glacier,
showing the Jocation of the profile discusaed in 1his report. Contours are the geoanalized thickneses

as determined from previous dnlling and seit-aic studies.
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300 m. The line was run from north to south and then repeated south to noith it
identical results.

The field strength data for all components at 4 MHz are shown in Figure 6 ploire,
as a logarithm of the power versus the distance in wavelengths. The length of 1"y, “r4
verse was about seven wavelengths. Of particular interest and typical of all our rus <
at 4, 2 and 1 MHz is the fact that H, and H, from the broadside antenna and !1,
from ti.¢ endfire antenna are large and fairly smoothey varying functions. In partic .l
the H, endfire component is quite smooth showing no surface and subsurtace

vave interference. H, broadside, however, shows sharp nulls .¢ about 1-4:, °-{
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and 3-44 These nulls arc the interferences generated from the surface and sub-
surface waves as shown in Froure 7. Using the 4 MH7 data, comparison with theeretical
curves ieads to a dielectric constant of about 2 3 and a loss tangent of 0 10

Evidence in this particular subset of the data for reflected energy 15 not ve:s strong
but the simple curve is clearly distucbed at a distance of about 5 wavelengths from the
source. We have compared this curve to a vanicty of theoretical curves ind it appears
that a depth of about 3.5 wavelengths for a reflector is indiciuted as shown in Figure 7h,
This fact suggests a depth to the bottom of the we of around 265 m This depthis some-
what less than the predicted depth of about 300 m but the agreement is relatively good
and 1t is possible that the ice thickness varies locally.

The other components are generally weaker and show very little character This
relation s to be expected for the minimum-coupled components and sugpests that
scattering at dMHz (75 i) 1s minimal. At higher frequencies scattering becomes more
significant and at 32 MH7 and at 16 MHz the main structure is that due 1o scattecine
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Figs. 7a b Hocomponent cn b Wantenna. (1) theoretical curves showing effect ot varving depth

(o the retlector ana diele. tric constant with a constant loss tangent of 0 10 (b) ield data and theoret.

cal curves showing effect of varying loss targent and dielectric constant for 4 constant depth of 14
wavelengths,
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In Figure 8 a set of data for all three components from the E-W transmitting antenna at
16 MHz is shown. The features to note in this plot arc twofold First, all component«
are about equal suggesting that as much energy is scattered into the mimmum-coupled
H, component as 1s present in the maximum-coupled H, and H, components. Second
1s the erratic behaviour of the field components, which show a wide range of rapni
variations on a scile that is smaller than a wavelength. We conclude therefore tha:
scaltering is a dominant process at 16 MHz, important at 8 MH?z and relatively unin
portant at 4 MHz. This obscrvation suggests that the size of scatterers is (ypically
about equal to the wavelength at 8 MHz which is about 35 m.

This result seems rcasonable because this valley glacier is heavily crevassed and the
typical size for the vertical and lateral extent of crevasses could be typically 30 m.
These results are comparable to those of Gudimandsen and Christensen (1968) who
had t.ouble doing airborne radio sounding at 35 MHz over valley glaciers in West
Greenland. They attribute at least part of their difficultics to the presence of crevasses in
the valley glaciers.

6. Conclwsions
The radio frequency interference technique developed for the Apollo lunar progrum

will be useful for measuning the diclectric constant and toss tangent of the upper layers
of the moon in the frequency range from 1 MHz to 32 MHz. It will also be useful fou
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detecting layering in the range from a few tens of m .crs to a few kilometers dependu.g
on the nature of the layers and of the electrical pr sperties. In addition, 1t is likely 1o
yield information on the presence of scattering bodies. This experiment has been
tested on the Athabasca glacier. Here it was possible to measure the diclectric
constant of ice as 3.3 and the loss tangent at 4 MHz as 0.10 giving a value of 0.4 for
J- tan &. The depth of the ice was estinated to be about 265 m, a value in rough agrec-
ment with other determinations.
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GROPIIN S

RADIO INTERFEROMETRY DEPTH SOUNDING:
PART I—THEORETICAL DISCUSSION{

A IPANNANT

Radio interferometry i~ a technigue for mea
suring in-witu cleetrical properties and for detect-
ing subsurtace changes in clectrical properties of
geologic regions with very low dectrical conduc-
tivity. lec-covered terrestriad regions and  the
lunar surface are typical environments where this
method can be applied. The neld strengths about
a transmitting anteana placed on the surface of
ench an environment exhibit interference maxima
and minima which are characteristic of the sub-
surface electrical properties.

This paper (Part 1) exanunes the theoretical
wanve mature of the electromagnetic fickds ahout
various types ot dipole sources placed on the sur
face ot a low-Joss dicleetric hall-space and two-

INTRODUC TION

The stimulus Tor this work wis the intere tin
the measurement of Tunar cleetrical properties in
atu and the detection of subsurface layering, it
zny, by clectromagnetic methods, Unkihe most
regions of the carth’s surface, which are condue
tive largely duc to the presence of water, the lunar
surface is believed to he very dry and, therefore,
to have a very low clectrical conductivity (Strang-
way, 1909, Ward and Dey, 1071), Extensive ex
perimental work on the cleetrical properties of
dry geologic materials by Saint Amant  and
Strangway (1970) indicates that these materials
are low-loss divlectrics having dielectric constants
in the range 3 to 15 and loss tangents considerably
less than 1, in the Mhz frequency range. Analysis
of the clectrical properties of lunar samples by
Katsube and Collett (1471) indicates that the

Y

G-

VOOARNO 3 TUNE 0T 1 s e I B TAL R

layer carth Appresmate ovprossions for e fichis
RS

the
solutions viddd a number of flaportant results tor

have been found nsinge hoth popmad noadte ane
and the sa Idle point mathod o nteznation

the radio it crferometry depth-ounding methed
The half spi ce ~olutions <hov that the intortace
modifies the directionality ot the antenna In
addition, a rerular interference pattern s proont

i the surtace ficlds about th e ource, The ot

duction of a subsurlace bouncary modme i
suriace fickds with the interferonce pattern Show
ing i wide range of possible hohaviors The e th
orctical results provide a0 basis bor fntorprc e

the experimentat results doseribod e Part 1

lunar surtace material his soilar clectrical prop
criies,

Sinee clectromagnetic methods commaonty wacd
in geophysies are designed for conductive carth
problems, @ method ol depth soundine i w dom
inantly dicleetrie earth presented a very diferont
problem. One possible method of deteeting the
presence of a boundary at depth ina diclectric i
the radio interferometry techmoue, first suggested
by Stern in 1927 (reported by Fvans, 1903) asa
methad to measure the thickness of glaciers e
only reported application of the toehnique is the
work of ELSaid «19560), who attempted to sound
the depth of the water table in the Egy ptian des
ert. Although he successfully measured some in-
terference maxima and minima, his method of
interpretation of the datia s open to question in
light of the present work,

+ Presented at the 39 Annua! SEG International Mecting, September 18,1969 Manusenipt received by the
Fditor Apnt 6, 1972 revised manuscript received September 201072

* University of Toronta, Toronto 181, Ontatin, Canad

1973 Sodiety of Fxploration Geophysicists, All right resorved
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The radio interferometry technigue is concep-
tually quite simple. The essential teatures of the
method are illustrated in Figure 1.\ radio-fre-
quency source placed on the surface of a diclectric
earth radiates energy both into the air (or free
space) above the earth and downward iato the
carth. Any stbsurface contrast in electrical prop-
crties at depth will result in some energy being
reflected back to the surface. As a result, there
will be interference maxima and minima in the
field strengths about the source due to waves
traveling diff=rent paths. The spatial positions of
the maxima and miniima are characteristic of the

Annan

clectiical propertios of the carth o nd can he gsed
as a method of inferrmng the carth’s cleetrical
properties at depth.

The problem chosen tor <tudy in the thooretical
work was that of the wave nature ol the
about various pomt-dipole souree

fichds
plicced on the
surface of 4 twolayer carth, P he mathematical
solution to this type of boundary vidue problem
is tound in numerous raerences, The general
problem of clectromagn-tic wave in Strtified
media is extensively covered by Wt (1970),
Brekhovskikh (19600), Budden ooty Naorton
(1947), and Ott (1941, 19043), Mthough the <ol

Transmitter Recciver A
e @
Dielectric
RS Reflector

Field strength

Transmitter-receiver separation

Fic. 1. (3) Transmitter-receiver configutation for radio interferometry, showing a direct wave ind o reflected
wave. (h) Schematic sketch of typical ficld-strength maxima and minima as the transnitter receiver separation

increases,
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tion to the boundary-value problem can be found
analytically, the integral expressions for fields
cannot be evaluated exactly. In the radiation
zone, approximiate solutions to the integrals can
be obtained by use of the theory of complex vari-
ables and special methods of contour integration.
The preceding relerences, plus numerous others,
discuss these techmgues in detail. Siee much of
the detailed work in the mathematicad dovelop-
ment of these solution is contamned in the above
references, the discussion of the solutions that fol-
low will be primarily aimed at the radio inter-
reremetry appheation rather than the mathemati-
cal manipulations required to obtain diem.

THFORF L1CAL ROUNDARY-VALUF PROBLEM

Although the various solutions of the boundary-
value problem for horizontal and vertical cleetric
and magnetic dipole sources over a two-layer
carth appear in the lterature, & complete and
consistent tubulttion of the solutions does not.,
Tharefore, the boundary -value problem is out.
lined here, and o unitied notation is used to ex-
press the solutions This consstent notation is of
considerable help m later discussions of “he solu-
tions.

559

The geometry and coordinate systems used in
the houndary-value problem are shown w Figure
2. A point dipole source is located at a height A
on the g-axis above a two layer carth, where the
earth’s surface is in the v y plancatz -0, and the
subsurface boundary is at 5= —d. The region
220 iy taken as air or free space. The region
—d <2<0 15 a low-loss dielectrie slab, and the
region £ < —d is a hatl-space of arbitrary clectnical

properties. These regions are denoted 0, 1, and 2,
respectivddy. Ky and M, are the complex diclectne
constant and relative permeat.,
respectively. For consideration of vertical dipole

of cach region,

sources, the dipole moments are taken aligned
with the 3 axis; for the horizontal dipole <ourecs,
the dipole moments are tahen aligned parallel to
the x-axis.

The solutions are most conveniently  written
and discussed using the electric and magnetic
Hertz vector potential notation. On the assump-
tion of a time dependencee ¢ " and hinear consti
tutive cquations in Maxwell's equations, one ob-
tains the following expressions tor the electric and
magnetic fields in terms of the Herir vectors. For
clectric dipole sources, the clectric Hertz vector
sittisfies the Helmboltz equation,

r4

Zohammeacmon e an a0
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1'1¢ 2 Geometry of the boundary value problem for a two layer earth, showing notation used.
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€
with the eleetric and magnetic fields defined by
E=/1Il+4 vy 11, (2)
and
H=—i0he® X 11 R}

where & is the propagation constart. wy' K Meguy
and ey, o denote the permittivity and permeabil-
ity of free space throughout. P is the cleetric di-
pole moment density distribution Similarly, for
magnetic dipole sources, the results for the mag
netic Hertz vector are

T+ A= - M, e
and

H=iFl+vv N, )

E = iwMusv X 11, (6)

where M oS the magnetic dipole moment density
distribution.

e dipole sources are taken as “unit” point
dipele sources located in the region 220, The
clectrie dipole moment density distetbution is

P = dred(R)e,, (7)

where e, s @ unit vector in the sadirection for
@overtical eledtric dipole source and in the
v direetion tor the horizontal dipole source 8(R)
is the three-dimensiomal  delta funection, and
R= [y vk (=42 Similarly for the mag-
netic dipole sources,

M = iri(R)e,. (8)

In the tollowing discussions, no distinction be
tween the electne and magneivie Hertz vectlors is
made. When we refer to electric dipole sources,
the cleetric Hertz vector is implied; 1o magnetic
dipole sources, the magiaetic Hertz veetor is im-
plicd. In addition, the free space wavelength is
taken as the seabing parameter lfor all length mea-
surements Inother words, @ distanee, denoted p,
is o tree space wavelengths, and the true length
w I p, where 17 s the tree spitce wavelength:

2r
U - (9)

W(tollu) e

This choice of scaling parameter makes all the
following integral solutions dimensionle s

As shown hy Sommerield (1009) for a half
spatce carth, and extendad to w multdayered carth
by Wairt (19700, the Hlerts veetons for the vertical
dipole sources hivve only a2 component, wlale ror
the horizontal dipole sources, the Hertz vectors
have both v and z components The vertical &
pole sources have solutions ot the torm

o ‘.:hrlf
”/ =

1 N
+ f TR AR TN A VWA S I
2007 Py

1 ! A, NIY4 V4
W=y ) e ae ]

o

Y I/'Il()\“)d)\, (1)

and

. ALY
i, = J ay(\)
N o o (12
IO L YN,

N s the separiation constant of the diferential
cquation, and p, - (N - Af)‘ 2 with the <ign of the
root heing chosen such that the solution satisfies
the radiation condition In the above form, atter
sealing by 1) A a dimensionless pariometer, and
ky= dwCA, M) s the relative propagation con
stant of each region Fhe a, (M) are anhnown lune
tions of X which are found by satisfving the
boundary condhitions that tangential E and H be
continuous at s =0 aml s~ —d.

For horizontal dipole <ources, the wolutions jor
the Hertz vector take the torm

o rl‘n”
1,
WR
(13)
+ : f }‘!(\) PeZ i 1M (Np)d
m{N)e o4 Ho(Ap)e ,\,
U R (Ae)
and

o coN g ® N
", -= f et N)
21 o I (1)

e Il""""l’:‘lp)l/y
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tor region 0

“ A
“l‘r = f |/;l(‘\)(l'/ 4+ hAN)e |
nJd o,
SR
e "IN ON)IN,
and
tosgp 7N
]l; = j It,l,\)(’"/ 4 AN I"‘,
21 o I
) : (10)
co P (Np)d N
for region 1, and
" l . r A
1, = J by(\)
21 o (17)
el Il“"”",(/\p)t/:\.
and
. cosg <N
it, - ) f (N\)
n e I (18)

I ] (A

for l'(‘j.',icm 2

The parameters N 27 are the same s tor the
vertical dipole solitions and the coctticients bt
amd GOV are Tound oy satistyving the condition
that tangential E and H he continuons at the
houndaries

The boundary condbtions tor the Herts voctors
ancl the resulting exprossions tor a0 o 0N, and
N are iabubeted i Appendi v Thie eapres
stons fora, N, A and cua are wreitten in terms
of the TF and U Frosnel plane wave rotfection
and tricnsmission cocthiaonts, Using this notation,
the stnntarity of all the solutions is elerly emapha
stzed and mhes goncral discassion ot the solu
tions possihle rather than deating with each sonree
separately

In discussing the approvimate evaluation of the
above integral expressions, extensive use is made
of the plane wave spectrum concept, since th
wave nature of the problem s most elearly under
stood using this approach. A bricd outline ol the
plancwave specteum notation used and approxi
mate evaluation of integrals by the suddle-pomt
method is given in Appendix B.

For radio interferometry  application , the
nelds at the carth's surface for the source placed
at the carth's surfuce are of primary interest, this

[l .
o~

,». I3 T»A\LM | l
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correspotids to sttty hoth 5 and 4 equal 10 00n
the preceding expressions tor the Tlerts vectors,
In the tollowinge g cosstons, oo alvans st egual
to Oy and) i most nstanees, 20 istmied to e

close to 0 The ~olutions are disctised i two
parts; the hadt space otutions ad he two layer
carth solutions The balf cpace solutinss i the
Hertz vedtorsarc obtiomad Dy sottme Ay Aand
Uy Mo capre stons 10y throueh I8 T
halt space solution s of conaderabile intoredt anee
the fields
marxine ol

flector prosent

abont the sowiee show lortoronee

nintmg without . sabsurtece re
b provedes o hase fevel dor

detection of radlections from dentiy

ABPPROXIMA 1T SOLU JTONS
Halt space carth

The solution ot the hall pace problonns troated
by numercusanthors, and the wave mare ol the
trelds s swell detonecd o the tollowngs di-ciasions,
the reaabts ot O 19480 and Bro Khovakikh coom
are followed grete dloo ey anebdetatod discusstons
of various a-pects of the solutions can be found in
these teterenecs Fhe o wave nataee ol the blds
about the comnree as dlustrated o Fugare 3 The
wavelronts denot 1L and Boare sphoneal waves

m the wrand coth ragons, wave Cinthe air s
an inhiomogoncons wave, and wave 121, the carth
las numerous namces, the
head, fank, or Leteral wave, Wanes Cand 72 0

only i a fitod spatiad rozon, whieh s detined

mo t ocommon being

as those pots whoswe postion vedtors make an
angle preater thana” waith the 2 aves The angh o
srelated vo the entical angde of the houndary and
is defined in Appendic B

A the dipole sources exhibit the caume wave
nature To demonsirate llow the waves are o
rived trom the mtegral expressions, the verneal
migea tic dhpole source is used torallustration In
the air, the Hertz veetoris wiven by

prholk ’/‘.”

+ f\in 0.R.,(0,)
we ot (1)

PRLTARER ”“I/;,(,\‘np ST ”n)l/”u,

"
i,

and in the earth by

IV/\'l . \
”'/ e l”‘f‘\lf‘ 17]0'0[)

PR “‘”.‘,Ql‘,p \‘in 0;,‘!]0}.

(20)
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REGION O

’

- --_r---
a ,
‘};

REGION 1

Fie. 3 Wavefronts about a dipole source an the surface of o half spuce carth 1 and 8 are sphetical wave
in the airand carth, respectively, wane Csan inhomogencous wave in air, and /218 the head wave i the carth

With the atd of the Hanked transform identity
(Sommerfeld, 1949,

rlltoh' 'ko f . 0
--o= stn o,
wr awJ,. (21
'("“'z‘ con "’”:,(kop .\i“ 0(»)!/0(“

and the »lation K, =7',,— 1 for the Freane! cocfh-
cients, equation (19) becomes

0otk e
n, - n r.\ln ”ull)l(”“)

(22)
cptta e € IR o sin On)d8, .
Usine, the saddle point method as discussed in

Appendix B, the approaimate solutions of the
integral expressions (20) and (22) are

‘-lan

o
n, - o
l/ ”R )TM( )

and
1 rolﬂl
"/ = ”R {Tln(ﬂ)
(24}
i l?'”( )+ 'I" ]‘!
- i t ol 4
Wk 1ol er ot ol jula) ’

where R =(p24 Z9Y2 and o= tan ' p |21, Ex
pressions (23 and (24 correspoml to the spheri
cal waves A4 amd Boin Fieuee 8 The bracketed
terms on the rght may be interpreted as the
madification to the directionality o the souree
due to the presence of the boundary .

The waves Cand 12 are generatald by erosang
the branch points of T and 7' 1o obtamn the
saddle-point solutions (23 amd 24 for angles
a>a’. A outhned in Appendix B, the contribu
tion of the hrandh point can be approximately

, (22)  evaluated by, the method of steepest descent as
-~ ' (7",:(a) + ot a'l't’u(a))} long as « is not close 1o the branch pommt. For
[l Al .
2koR a>a the expressions
. R T
. 2ikimor(l — cot atanBy,) ¢
Iy = : . (28

and

(K — E)Wp"



Rodio Interferometry: Part |

n

(ke

must be added to (238 and (24) in order that the
solutions he correct. Expression (25) s readily
identificd as the inhomogencous wave C, and (20)
corresponds to the lateral wave 1),

The asy mptotic solutions have the form of the
geometrical optics sc.ution plus second-order cor
rection terms. For @ perfectly dicleetric varth,
expressions (24) and (26) hecome infinite as o
approaches a'. ‘The singular behavior arises from
the second order terms which depend on the
derivatives of 7). The tiest-order teem which
i~ the geometnical  optics  solution  remains
bounded. Tn this particular case, the angle a
is the critical angle of Tiot@). As i result, ¢ sad-
dle point and branch puint coincide at a=a', and
the approvimute methods used to evaluate the
integrals are no longer valid. The conical surface
about the g-axis, defined by a=af, is the region
where the tateral and spherical waves merge to
gether In this region the two waves cannot be
considered separately ; the combined effeet of the
<addle paint and branch point must be evaluated.
Detailed analysis of this region for integrals sim
ilar to expression (20) i given by Brekhovskikh
(1960, who obtains an asymptotic selution with
the geometrical opties solution, as the leadmg
term plus & connection term which lalls off as
(hyR) 54 instead of (4 R) * This result indicates
that the geometrical opties solution still describes
the fields adequately fora ~a* when (6, K) Y«
The correction terms given in (24) and (26), how-
ever, are not valud when o is close toa”.

The hAelds at the carth’s surface are of primary
interest aned are obtained by setting 2=0 and
a=g Jini23), (24), (23), and 120). The solutions
given are valid for this region provided the con
trast in material propeeties is not extremely large.
In the case of large contrasts, as occur in conduc-
tive varth problems, the transmission and reflec
tion coefficients bave a pow near Gy 2. The
poleis located at = 8y, where 8y is the Brew
ster angle  The role or this pole in radio wave
propagation over a comductine cirth has been th
subivet of a tremendous amount o diseussion
Sommertchld 1900, 1949 cquated the con
teohution o thipole tothe Zeancch surtaee wan
Numeror peaple s Norton, 108 onr 19338, Van

I
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der Waerden, 1951, Brekhou hikh, vy, and
Wait, 1970) have considered the problem sines
then using the maditied saddlc point techmaue 1o
evaluate the integeals for o~ 2 20 Whitle a tru
surhice wave is not excited, the pole enbances the
ficlds near the source in such @ manner that they
all off approximately as (AR At arge s
tances from the source, the fich!s are those deter
mined by the normal saddle point metbod wineh
have a (6K 2 fall off. The transition between the
ranges is determined by the proximity of 8, to
= 2. In the radiv interferometry application, the
carth propertics of interest arc those of @ low-loss
dielectric which is assumed to have only moderate
contrasts with the free-space propertes. The pole
i this case is well away feom 2 andd docs nen
affect the preceding solutions

In the particulir situation of an curth where
M= M, the Hertz vector tor . vertical magnetic
dipole can be evaluated exactly torg= b =0 Th

result is
L] 1 -) '
Wywmtle= [f“"'(ll'w )
(ki - k)W p? p

o)

is shown by Wait (1951) 1o oo achedl
on the approximate solution ' aporoximaie
solution, obtained hy adding (2.« 4 2% 0p 0,
and (20) fora=w:2, is

T 2i
exlly=
(&) = &5) WV p?

Wt 4 o] )
which iv the same as (27) ot tiurd o lei terras are
neglected.

The integral expressions tor Vie Herts vegton
for the other dipole sources can e treated in the
~amy manner as for the vertical magnetic dipole,
For z ~0,n the air, they have the torm

Gelex)
2enR

e 12

’lloll
T Y LRI [H.‘u)
R

+ (o ‘)“

ot o ban fy,)
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The G,(a) for the various sources are tabulited in
Table 1. The electric and magnetic fiehds can be
obtained by differentiation of the preceding soly
tions; the particular form of the integrals encoun-
tered permits interchange of the integratio™ and
diffcrentiation steps,

The half-space solutions demonstrated  that
interference patterns will be observed in the ficld
strengths even when there is no subsurface re-
flector. This is readily seen from cquation (28).
The fields at the carth’s surface are composed of
two propagating components with one having the
phase velocity of the air, and the other the veloe-
ity of the earth. Another important fvaure of the
half-space solutions is that the fichls near the
boundary fall off as the inverse square of the radial
distance from the source at distances greater than
two or three wavelengths from the source.

A convenient method of interpreting the solu-

Table 1. Coefficients G.(+) for half-space

e ., -
or

2]
ad 4

I
\("J!

Annen

tions is to equate the radithion pattern ob the
source on the boundary to the fiest ordor terne
the preceding solutions. "Fhis tedimique demon
strites how the boundary modities the dircctiona’
ity of the source. The riachation pattorn s sharply
praked in the direction of the entical angle into
the carth. A sketeh of the radishion pattern lor a
vertical dipole source is shown m Fygure 1S
directionality of the souree is iimportant when 1

flections from a subsurtiee hondary e con

sidered

Two Laver curth

The analysis of the integral expressions for the
two-lay er earth problem is carried out in two it
ferent wavs, The depth of the subsurtace houn
dary and the cectromagnetic losses ol the fire
layer determine which approach is morc useful
The primary method of analysis 15 to treat the
fiest faver of the earth aca leaky wiveguade ind
use normal mode analysis T ocertain cases e

mode analusis is cumbersome, and thoaw cases

earth solutions for various dipole wurces.

. . Nere | 1 G :
Source " Vector . " " :
. ' f
chca!' - Magnetic . .
Magnetic ". 0 ; Toita) i
Dipole | o |
orti N L ’ i
Vertical , precrric | | , |
Electric : “o 0 Norler) ]
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. l ‘
" Mag.etic |
| Mk :C‘ 0 Norton) :
Porizontal Y ‘ ‘
Mapnetic
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I 2P
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I Electne .
i M 0 Paten) i
Horizontal e !
Electne |
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yiekl more useful results when the integral . are . ik .

solved approximately  using  the  saddle-point Ny = cos o ,".f SinFihimg(M)ethy) .

method of integration. - N th
‘The various dipole sources may all be treated sk R2 1) (g i 8,) 0y,

in the same manner. For the purpose of illustrat- . . . . . .

ing the methad of analy sis, the horisontal clectrie where tl}c mu'-,‘:mln‘-n N"‘.""'v b~ By s ddefined in

dipole source solutions are used a3 an example. Appendix B. 'h." sinkularities ".' the ‘.m'"."'w"h

The x- and g-components of the clectric Herts bo um% o determine the nature of the solutions to

vector in the air for this source are given by equa- m',uf“""" "m), and (31).

tions (13) and (14) where the coeflicients b and |1 EYPTeiane

re are listed in Table A-2. el 1+ Risd)
For normal mode analysix, cquation (13) is re- mall + &) = - . (32)
written using the integral identity [equation (21)]. 1= Buked

The components of *he Hertz veetor are given by 4y

ll"u"bfsindm 0|1 + bo(0)] !
’ ny , 1 otth (AN 4] (30) Myl = Zpu

Lo e WL ko Nity 8,108, [(‘v«u S DmaT(1 4 Ry8)Na (1 4Ny n)
and (1= XNl — Rk )
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_('Y'.fl" | DEITS YA :Ystn'Yr.'Tx:U] 33)
(1= X 10X 128) (1 — Ry Rys88) -

bave branch points at the two critical angles of
the two P oeondaries in question, In addition,
equation o) has an infinite set of simple poles,
and 133) has a doubly infinite <t of poles on cach
Riemann surface. These poles are determined In
the normal mode equations,

1 — RuwRig =0, (34
and

1~ X\ = 0. (35)

Equations (34) and (35) are the 77K and 7'M nor
mal mode equations, respectively  Both are trans
cendental equations with infinite sets of roots The
relation hetween the normal modes and multiple
reflecdons is readily obtained by expanding the
denominators of equations (32) and (335 into
mfinite geometric series. For example,

(1 - R]u/\,l"‘” o }::”\‘m’\,pﬂ)“ (.‘(7‘,

He U

The positions of the poles and hranch pomts
the complox plane deternime the wane nature of
the solutions to cquations C30) and (313, The nar
mal mode solutions are obtained by detornng the
contour of integration ¢ to (7, as schiematiealiy
lostrated in Figure 3 The integrad from - (r 2

i tor 2w andiremr 20 n o 2 g
i~ identically zero Mong the iest part of (7 the
integral is zero since the integrand s zero oy
the second part of the contour (7 the iogral
zero due to the asy mmetry of the integranag about
6, = 2. This result is commen i mode analy sis
and his a wide range of appheation . as discussed
in detail by Brekhovskikh (1900) The mtegral
along Cis equal to the residues o the poles cro- !
in deforming the contour 1o €7, plus the inteprals
along contours Cpoand Co whidh i trom ' 1«
around the branch pomts and back 1o § 12 The
components of the Thortz vector are given hy

2, _ - me, n?Z
¢ - "_j |
|
)
¢ \':
o |
@ o ¢ i
|
¢ o © !

0t G QD QNS Crw i G EED S e - G G S GG — o — — ———

—

'
ke

Fri, S, Complex 8, plane showing how interrahon contour Cis modified to ¢ in order to abiao naomal mods
sofuttons Brandch points denoted by solid circles and the poles by sgnaaes
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¢
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Table 2. Residues of poles for norms! mode analysis for horizontal electric dipofe.

2
U TR 1S

W () yyen 0Ty

)
FRTIRITL (ot

If;‘ kap Sin ﬂ,'.)

Odn Riy(00) Ry

)y
LN ):w,-cf

” ll‘z

' .o
ik singy)
dln l\':g‘ay)’(u(’l))
o0

a8,
11,

l’:"’w i ":-)

Ny ' iky sin ﬂthmu’l‘..w:')ll + R.,(O:l)ﬂw:')lr
Pl Mode 28" 2kt cos o —
- 1y i . ~ cos ¢i&} siv!! of’@f')c
::ﬂ:fu‘:h W[~ X0l Y180 | (ilk.d cosal
1y ) cos piky sinjx ﬂflwi'v
Q,_:ij:l:"c W1 - RO R00)8600) ] (izk,d cos 8] -

[

where !(0:') - Gor =1
204(0))

g 0 ln X000\ r."-ol)) ;
o, R

) . T .,
I ss@ 1 + Ria(8)80)) )51 + X a6 )00 1)}

{ — 1 . " . . "
- ) lElem(O: )Sn(oll‘wl'ru\(’: )Wﬂrn'-on’)ﬂ(ﬁ )

204(07)

uf = Qxj Z (TE pole residues)

37
+ L+ 1y, 37

and
My = 2xi 3 (TE pole residues)
+ 2xi X (I'M pole residues) (38)
+ 1:+ 1,

it
l| = 'z‘u'f s o|m“,(0|)ll + bu(0|))

iy (39;
ez wa o B ko sin 8,)d8, ,

ih

I l-f sin fymy(00)]1 + bu(81) ]

vl (40)
ceZ wm ]k p sin 0,)d0,

hy
I3 = cos ¢ -Z-u‘fr $in? o yo(h) e a(6,)

' (41)
eWkoE e 0[]\ (kyp sin 6,)d8;,
T
Iy = cosd a f"smiBmun(ﬂn)u»(ax) (42)

cewi? v b [ (kep sin 8,)d8;.

The solutions (37) and (3%) are completely gen
cral and valid provided a branch point and a pole,
ot a TE and TM poie, do not caincide. In the firgt
situation, the pole and branch-point contributions
must be considered together rather than sepa-
rately, as indicated. In the other situation, (48)
must include the residue of a second order pole
rather than the residucs of two simple poles, as
indicated. Since these situations rarely occur, they
are not discussed Turther here.

The expressions for the residues in (37) and
(38) are tabulated in Table 2. Approximate solu-
tions to the branch cut integrals may he abtaine
by steepest descent integration as discussed in
Appendix B. The solutions are the second-order
lateral and inhomogencous waves generated at the
boundaries. The approximate solutions are listed
in Table 3.

The hehavior of the ficlds at the carth's surface
is very dependent on the position of the singular
points in the complex 8 plane, which points are,
in turn, determined by the material properties of
the carth and the layer thickness d. The important
teatures of the solutions are the radial depen
dences and the initiat amplitudes of the various
terms in the solutions, All the residues contain
Hankel functions, which, for radial distances
greater than one or two wavelengths, have the
form

0.

gy
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Table 3. Approximate steepest-descent solutions to branch-cut integrals for
normal mode analysis of the horizontal electric dipole.
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p Viptinam et (43)  with Ka<Ryincase (o). Inall cases Mo-= M- M,

where 6] is 2 pole defined by equations (34) and
(38). The branch cut contributions, 7, and /s,
full off as p~2 with no exponential attenuation,
while I and 7, fall off as p 2 and are exponentiadly
attenuated when the earth is lossy, The ampli-
tudes of the modes are largest for those poles in
the vicinity of 8)%. This effect is related to the
modified directionality of the souree as discussed
for the half-space ficlds, When the carth has a
finite loss all terms in the solution except 1y and
the first term of 75 have amplitudes which decay
exponentiatly with increasing loss or increasing d.

The positions of the poles in the complex 6
plane for three idealized models are illustrated
schemitically in Figure 0. The carth consists of o
perfect dicleetrie slab over a halfspace, which is
aperfect conductor in case ta), a perfect dicleetric
with Ny> RApin case (b, and o perfect dicleetric

is assumed since permeabilities of bulk carth ma

terials vary little from the frecsspace value, The
poles liec on the lines | RyoKio] = 1 and YRR

=1, with the density of distribution of the poles
on these lines controlled by the slab thickness o,
For d small, the poles are widely spaced with most
of them lving high up the lines near the imaginary
6 axis. For increasing d, the poles move down the
lines toward 8y =22 and are mare closely packed.
Unattenuated modes occur only when the ) lie
on or close to the real 8, axis, In case (a), the pole
contours lic on the real axis for @, <8, <. 2; unat

tenuated modes can be excited when 8, excecds
the critical angle of the free space carthy interface,
In case (), the slab (orms a diclectric waveguide
when iy greater than the eritical angles of both
boundaries. For both (w) and (¢}, the modes with
real 87 bess than the largest eritical angle are highly
damped due to energy leaking out of the Sl in
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case (b)Y, no unattenuated mode can exist, since
energy s continually flowing out of the slab into
the lower hall-space. The effeer of a finite oss in
the slab moves the pole contours up away from
the real anis, and all maodes have a finite attenua-
tion. These maodels demonstrate the geneal posi-
tion and behavior of the singular points in the
complex plane. More detailed <tudies are given
by Wait (1970), Brelhovshikh (1900), and Bud-
den  90t).

The normal mode approach is most useful when
the distance from the source is greater than the
depth of the boundary  and when the carth has
wvery low Toss Ina ossy diclectrie, the complex
diclectric constant is A'(1 i tan &), where K’ is
the real diclectric constant and tan 8 is the loss
tangent, and the attenuation distance in free-
space wavelengths for a plane wave is

D=- l - (44)

v R tans
when tan < 1. When d approaches the attenua-
tion distance, the solutions hegin to approach
those of a tossy dicleetric halt-space. An alternate
approach to evaluating the felds when the dis-
tance from the souree is less than d, or whend 2 D,
is desirable, since the normal mode approach is
cumbuersome in these cases,

The integrals can be approximately evaluated
by the saddle-point method of integration when
multiple reflections are not strong. The ficlds can
then be expressed as the half-space solution plus
a contribution trom the subsurface boundary . By
regrouping the coctlicients by and ¢y in the form

bo = R + bos3, (43)
1 Oqlll’l‘(ll ' 1
€y = Y (Y1 = 1) , o, (40)
2 Lo

TwTwR
boe UMY (47)
(1 = RuwR,.8)

and

tn =
2/

The Hertz vector components can then be writ
ten as
W, = £y + 1., (19)
andd
o
”z = /,,1 + /.x, (5(”

where Lyand Ly are the hall-space earth solutions
discussed earlier, and Ly and Ly, given ha

ik [
1. = j S Oy oy (0))
A0 J. (31)

s etholl eom ""ﬁllqln{"lp sin )b,

and

ik: ) 1
I, = cos @ fsm 01"1“;!':-(0”

21 (52)

et e "'ﬁll:(A-,p sin 0,)d0,

describe the effect of the subsurface boundary.,

Ly and Ly can be approximately evaluated by
the saddle-point method, which results in the ge
ometric optics solution. Since 2 is assumed close to
zero throughout, the expression

S a(kyp sin 6,) (53)

in the integrands may be regrouped using the
asvmptotic expansion of the Hankel function in
the manner discussed in Appendix B, Ly and 1,
then contain the eapression

‘:l'.“ul con B4 ke man By ‘.chh‘.‘ CIEE (54)

in the integrand, where Ry=(p? 1 %" and
ag=tan ' (p:2d) In this Torm ay is the saddie
point of the integrand and is the geometric opties
direction ot a ray retlected from the subsurface
boundary. The saddle-point solutions of L, and
1.,, vutlined in Appendin R, are

t l [(‘Yul - 1){vl|lyill||1‘liikli ‘f‘ Sluv\.l'.' + (Sm + Tul - S'.'l’rul)-\'l"kl"'ﬂl
'u (1 - Rle'."”(l - -\'m.\'t:-ﬁ)

o - g (4R)
(Yar — DEwS 1w emy Toyy 7 r.':l

(1 = RuRpm)(1 - YN 1g)
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Fapressions (330 and (361 can be interpreted as
having replaced the subsurface houndary by an
image source at twice the depth Phe fnage sowree

" has aradiation pattern which deponds on the ae

+ M(ay) cot m)]' Hection and transmission coctlicents of the houn

daries and the liver thicknes.

and In obtaining the saddle pomt solution, th o
teet of the poles and branch points has been
neglected, such negleet s nstined when the
o houndary s doep and the carta bas asigngican

i fosa “Thisis ilustrated in Fyaare 7 Fo obtam the

- [()(u.,) - (W ) (30)  <addie point contribution, the integration contour
R, ¢ must he deformed into the saddle poa contour
I Ihe position of 1 in the comples # plane s

+ dcot gV (va) - .'U(ﬂ,/))jl. determined by ag, which, i turng s determimed by
the ratio of the radial distance 1o the depth o the

boundary, p 2d. In order that agaven pole or
. ] e branch pomnt be crossed when Cis dotormed to B,

P o= bttt s et TE0 0 (ST) 0 must enceed aeertam value which s doter
mined by equation (8 11), which detines the con

‘.u’llm
1o = cosgsinay

where

and . tour 1. Since p-- 2d tan a, the radiad distanes
O = Mmpoala)eolagg et/ ot vie e wot (S8)  from the souree at which the singular point i,
-n/2 LY n/2
| %
| %
a
| %
¢ o)
r 0 ®
: G |
P o0 Y
l oo
| o ©
oo
‘ ° co ¢
| = |
Co
' Qo l
o)
| o |

Lic 7, Complex & plane showim deformation ot contonr ¢ 1o saddle pomt contoun 1 Solid cireles = branch poim <
squares = [/ poles and open arcles s M poles
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crossed in obtuining 118 defined When the singu-
lar pemt isapole, the contnibution to the integral
after erossig the pole is o restdue oo lorm simalar
to those m Fable 2 When the pole s not on the
read 0 anvis the residue is exponentially attennated
with inercasing radiad distance. The vadue ot poat
which the pole must be considerad i dotermeng
the inteeral s alse detined, ard s usuadhy imuch
wreater than the attonmation distance of the maode
A~ resndt, the reswdue of the polo s extremely
small and s neligble compared 1o the saddle
pomt econtributron. For cases when son poles he
on or near the real 8y anis, a fevod radial distanee
from the souree must he exceeded bofore ther of
teet necdds to he constdered Bevond thas dhistang -,
the normal mode approach s more convenient tor
eapressing the <olutions

The branch-point contnbuations vield inhonin
geneots and Literal saves gonerated ator retlectod
trom the ~ubsurtace boundary  As in the case
ol the poles,a finite distance from the source must
be eaeeeded horore these contributions need 1o he
comstdered For thecarth models where the saddh
point method s usetul, these contributions, which
are secomd ordor cfoats, are neelicthle When
these secom] ordor waves are signibieant m
determination of the Beld stremzths at the carth's
surbace, the normal mode approach is the bottao
method tor computing the ficlds

The two laver carth solutions cover a0 waide
ranie of possible rosponses The important re ults
are s tollow.:

T When the siest Lover o the carth s veny
thin and the swoaond Taver s a low foss me
divmy, the first tiver s undeteetable The re
sponse of the cartly s the same as that o o
half <pace composed ot the second Liver o
the carth.

2o When the firct lavar of the earth s on
the order of one wanvelongth thick, the sur
face ficlds hecome estromely complen, Tin
fields exhithit ap ' radlott out tothe attenua
tion distance ol the least attemated mod
which is stromgly excited. Bevond this dis
tance, the contribution of the modes becames
neglible and the second order dateral aml
mhomogencots waves, with no radiad en
ponentad attenuation, determane the tiehd
strengths whneh thon b ot s p 7 Wihen
maodes with low attomnation are exaoted, the

are penerally ew in nuniher Since each
propagates radially with o dilcrent phase
vedoerty, the fields will Shosw o rognlar g
rincie beating as the vartows niodes mose vy
and out of pinise,

3 Whenthe first Liver of the carth o foasy
atd several wanvelongths deep, e scomatre
optics solutton s morc usoral than the norgd
mode cpproach The expression tor the s
1~ the hall -pace solution phus o conte hatio
trom the retfectg bhoundany Pl sihe tugs
ol solution ased by B Sand osen o
Saiets anadvsisg the waves propaeatng alones
the snrtace were nol correetiy eapressa !, andd
the = adication e divectionadity o0ty
sontree e foothe aie carth intoriace wits not
comtdered Tlas jorm of soluton s patton
Lirly aseful 1or e quich computaiion o the
stroneth o ob relcctions rom ubantbace
houndaries amd of the eBeer on surtace tobds
of changes i electnd projuriies

EoThe saddle pomt solution is usciul on
deternnnimg the rahal distivnce rom e
sonrree at which the vapous contrhntons o
the simpulivites of the intogrand bocome i
pertant - Since the saddle port conton
positioned i the comples plane by the ratio
p2doworato p 2d can be denned or cach
singnlarity . For normad modes, the radid
distance dotimed Dy this ratio oy e ter
preted as the shistanee Trom the ~ouree pe
quired tor agiven mode to devddop For
branch points, this ratro dofias the ciityead
distances trom the souree, where Literal
wives aned inhomogencous waves from the
subsurtace bhoundary reach the sarlace,

DISCUSNON

The radio interterometey technigue provutes
method o determining dectrical properties an
st and of detectimg subsurtace stiatiication o
the dleetrieal propertios m environments whieh
arc moderately transparent to electromaene i
witves. The theoretieal analy<is of the two layer
carth problem detines the hehavior of the ficlds at
the carth's surface and provides a basis tor unider-
standing esperimental vesults reported by Ros
stter et sl (197800 Part 1 The vanons colutons
derved heee are dso usetul tor compat e ronplh
estinites ol the interierenes patterns in the ield
At the carth's surtace, provided the asymptotie
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nature ot the expressions is given due respedt,
Exan.ples of these are given in Part 14

The hali-space sotutions prosute a mcthad of
dv tmining the clectrical properties tor o halt
spac.  \ny strong departures trom the halt-spaee
wave nocure (e, o regular intertorence pattern
and a p - 'stance dependdenced indicate that re-
flections iro 1 odepth are important When the
reflections from depth are due to w horizontal
boundary in clectrical propertios, the behavior of
the tields varies considerably For exaomple, when
normal modes are excited, the fields talb off as
p 't with regular beating o the hidhd strengths
with distange trom the source

The treatment of a two Laver vanth with plane
point
sources i~ a considerable simphification of most

boundaries,  homogencous  media,  and
real cnvironments. These simple modcds il the
approvimuate solutions obtained do, however, pro
vide insight into the el behavior mothe radio
interterometry appheation Methods toaccurately
compute fich] strengths tor these moddds are cur
I'he etfect of rough
and dipping boundaries on the solutions s en.

rently under imvestigation

tremely important. Mlso, the presence of seatter-
ing by inhomogeneitios methe carth can drasti-
cally alter the nelds at the carth’s swtace These
problems e virtually impossible to treat in
general manner theoretically . Scale model experd
ments seem o be the most teastble method ot
studying these problems, This work s presenthy
in progress,

The tree space wavelengthy provides the most

’f)i‘:zuj.‘vAL 2AGR IS
QF Poog QUALI "

!
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useful unit of Tength when dhiscussing aond plotting
radio interterometry dati Seibe model constrin
tion is baced on keeping adl dimensdons the s
on the waveteneth seale amd Tavipe the same Jos-
tangent  In the analysis of ficld datig plottng
distances onvwaveleneth seale malics compan
<o of data takenat ditfercnt froguenones traant
forward 11 the dectrical propertos e nat I
quency dependont, runming the expe viment asine
~everal different frequencrc can citer ey vary
the depth ca ~absurtace mtortace trom b bion

ol aowavelongtin to many wanved neth

APPENDIX A, COPFRICIFENTS AND PARAME TERS

The cocthoent~ m the mteeral capre s

the Hertz veetors 1or the vanou dipole ouree
are obtamed by atistyving the boundary conds
tions at 2 O and 2 -d Without 1 con ittt
notation, the coctlicients are extromdly comph
cated expressions, which fose the vty o
spuations (1) through (0 and are dithenlt to
interpret physicatly Tn thee section, the solution
for the coetfictents are tabubated and dhic notation
used throughout the bhody o the toat o dotimed

tnPable A1, the boundary conditrons tor thi
Herts sectorsare listeds b Pable A 2 the enpees
stons tor the (A, Ny, a0 are Bisted for
cach dipole source Examimtion ot the e olution -
Sows the symmetry bhetweon the ehoctie and
magnetic dipole courees bntorchineine the role .
ob A, and My, one can readils obt an the colittion
that o an

for a0 magnetic dipole sourec from

saunvalent eleatric dipole source o sice virea

Table A-t. Boundary conditions for Hertz vectors for various dipole sources,

Vertieal Magmetie Prpole

VM I Magnetic
()

Verueal Eleetric Dipole

VED) Fleetric

Horzontad Magnetic Pipole

Magnet
am et

Horzontal Electrie Dipole
(e

Fleane

war, - ":'/’ ":;
ANy =K, ‘:I// ‘ ”:/
AT T wa, oo
v wvu' .u."":/‘ U...'"‘:';
e -k A, A
v oen' I\,‘m: Ao !
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Table A-2(a). Coeflicients «,(A), A (A), and ¢,(3)
for vertical dipole source.

Twolaver

carth Half space
Ko t+ K
e ot 1 '\'m
1~ Rk
i} l'
Vertical dy e ol

| Kk
Magnetic

NYRTLT
l)ilmh‘ . ol iRy 0

! Rivk0

N '.mﬂurn

o ntn
! ! - Rk i

ATTHE A ¢F": .
du \ul
} ANTA N |

LonSa i
Vertical ay ) \' ”“’\, " M
Electric
‘m.\‘n ] .\. lf’
Dipole ‘ s 0
e " 1= NNl

[V

o 1 NV

AT

The various parameters used in the solutions are
listed in Table -3

The expressions A, 8, Ry, and T, are the
Fresnel planc-wave reflection and  transmission
coeflicients ‘The subseript notation /7 has the fol-
lowing meaning: subseript i denotes the medium
from which the plane wave is incident on the plane
houndary between media 7 and /. For example, the
subseripts 91 mean a phine wave incident from
the tir on the boundary bhetween the air and the
first luyer of the varth. The \,, and 8, are the
reflection amd  transmission  coellicients resprc-
tively for a TM plane wave; the K, and SN, are
the reflection and transmission coctlicients for a
TE plane wave,

APPENDIX B PEANE-WAVE APFCEREM AND
FVALUANION OF INFEGRADS
The physical meammg of the integeal expres
sjons for the vanous Hertz veetor solutions s

Annan

much  more  apparent when  the
spectrum notation is used The torpe of the plane.
wave spectrum used throughout 1~ obtained i
defining three complex angles, #o, 8,0, and trans
forming the integration varabie by <etting

N = kosin®y = iy sind, Aosinft. (B 1)

The angle 8y is used i the regon 2 -0 0 in the
region —d < /Z <O,and@ n the region /< = T he
above transformation 1~ fnst an expression of
Snell's Low. A pliine-wavoinadent trom the rogion
Z>00n the carth's surtace at an angle 4y to the
s-axis is refracted into medium 1 at an angle 6y,
and to the geaxis and inte medium 2 o an angle
8;, as illustrated in Figure B 1. The reader is
referred to Clemmaow (1900) for details
The expressions for the Tlertz sectors i equi

tions (10} through (18) transtorm as tollows,
where the 1S Torasertical dipole has been cha en
as an example:

v prholt ik"

"z = + ,j sin 04;11-;(0n)

'R 20 S 1]

1
spko m Qe E LR LY (up sin thy)dth

The integration contour Cruns from - a 7’2 | 1o
to =, 2 aloug the reid Oy axis tow 2 and then to
¥/2=4, a~ illustrited in Figure B-2. For the
angles 8,, the contour Cis abtained from eguation
(B-1). The P, transtorm to — ik, cos0,, where the
negative sign is chosen i order ta satisfy the rli

ation condition, Substituting for 72, in the Froesnel
coeflicients of Table A-3 results in the more fa-
miliar form

| A Mo\
( I\:) cong, -- (H, ) vos 6,
NIE M., e , (B3
(K ) cost, + (" ) cosd,

where the UM reflection coellicient is shown as
an example,

Ny,

The integral expressions can be approsintely
evaluated by manipuliting the it ration con
tour C in the complex @ plane, The approach is to
replace the Hankel tunction by its sy mptotie
expansion, which is validd when the argument is
constderably greater than unity,

plane wave
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Table A-3. Parameters used and
Fresnel coefficients.

e ioh )

Parameters
kY A,
PR N bt Aty A,
)
P r, PR 2ty TR RTLYI
I,
W, H 1
n., = " ky - AV

11 Fresnel Coeticients
A - A,

=
R.I'+ AL

Retlection W

oo B0 Hastration of antegration saable o #, 0,

. . § AP, anek # and Snetl's baw
Pransminaon N =
NI v K
Rekitions \, = -\, A\, u N, -1 Iy i
III(“ "I‘I n:.h'(-)
I3 1] -
V,=1 N, A, =y, L7
’ o (s 4)
1 ! ¢
It Fresnel Coellcients ' + Y, A L
, e -
Reflection K, = e s, and
T insi " P H e -de, b 2\
Fransmisions Lo =y ps e, M) = ¢ (ﬂ)
Relations: R, = — R, R,=7, 1 (B 35)

LT .‘
R, =1- 1, Fym 0, I I = —+ e ).
My it

— o —

/e

-t 0

Fra, B8 2 Comples # plane showing contour C, sudidle oo ntcontours Paned 17, and the positions ot the brasch poing
# and branes o2t (chan tine)
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Substitution 1nto the integrals, such as that in ] - ik in' 014N
cquation (15-2), results in an expression of the o M LAY (B 1)

form

eVBR com 00 3k win 8 (“\(,)

in the integrand, which can be written as

c'&/{ eun 1 # LS ("7)

where R= 102472092 and K and o are just the
length and direction of the geometeic opties tay
path. An integral with exponential ot the form
(B-7) is amenable to the saddle-point method
integration, where #=a is the <addle point. By
deforming ¢ to the contour of must rapid deseent
away from the <addle point I' one obtaine an
asymptotic series in the parameter (AR Y for the
integra! e leading term i the series s the
geometric-optics solution to the problem.

The saddle-pomnt contour 1 is detined trom the
argument of the exponential in exprossion (B 7).
Vong the contour I,

thRcos (B~ o) = (kR - kRs*, (BN
where
Moot wrsih (R

and

h-0 Fan” (B 10
The contonr 17w thon given by the cquation
cos (0 - W) sint 0 1 NIRE))

and 1voilusteated in Fregee 822

An excellent evaluation of the particular typres
of integrals that appear in the test is given by
Brekhovskikh (1960), and the reader iy reforred
to this reference tor wore detailed diseussion. In
the rest of the discussio:  soiutions to the integrals
valid to the second order in LR ' are used. This
involves using the second-order teems in the
Hankel-function expansion and then taking the
asymptotic solution to the integrals to the second
order. ‘The integrals in the text have two forms:

it
L] sin 8.1(8
h zu'f.“" @ (R 1D

Uy 'I’.'v(/n'p sth 0).00,

and

e ks )0

The solution, to the seeond order are wiven In

,.llh‘
Iy~ Aler)
Wil 2R
w1
[ 1" (e ¢ A0 et u%:
and
K '
I~ ~iksina ltewy -
MR kR
(R 15)

" , N
. A% er4 Saota ey 2 Hen) {’
l

Solutions (B 1D and (B 13y e valil w lange as
AU s a slowly varvimg tunchion o) #oncar b
saddle poretac This s anptoe s vaind provided
A does not have g stgilae peovnt tat ey b b
cxpressions fore the svaeos L apncaringe i the
toxt, braneh pamts and poles ob S8 are i tha
utmost importanee i the seivthion Hhe hranen
points ot L) are the ontical anple ol
boundaries an the problom Pl ortal angles
enter all the Higy through the aelatuen

con ), doqt Yosn At (Rt

m ol the Frosind coctierents wheorptd o
The vadical splits the complos # plane into ta
Riemann shects with brandh point- a1

“sino, . (817
k,

For ' - two layer carth thore are two boundaries
whiv  ive two critical anglos el rosutt oy tour
sheeted 8-plane In the halt space carth problom
the complex 8-plane is two sheeted Fhe conven
tion followed throughout is that o taking the
powitive square root. The surtace doimed in this
manner is referred to as the upper Kicmann sur

tace, For one toesaluate the integrals, the branch
cuts trom the branch points must be donet Phe
convention tsed heee s the same as that o on
and Brekhovahikh, who detine the beam b hines as
thase contonr - along which the imagimary par ol
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cquation cB-lor g o The breaneh Bine s the

»

chamn binev byere I3
he branch pornts mu the o oato accoune

\ilus
moordor o lorm

ter sacdbey it anghos g0 ater than o
teatoa e baere B2 v ey

contonr Coanto ') the brandh point £ noust he

Croascn Y ottt e ntour te take
e ceeount e boe o Denee B8N o e
aan! e w b soparatod ) the s uldle pemt el
brand pomnt eorrethutoms can he evabut o

e contrhution of the brandh point
O, 1900 o Tone as

sopenately
Voo scvond opder ottoet
a o and an ey htation or the
brandh point contrihition can b obtaimed using
the method or t e Cdescart Inovencral, o s
ohtained byoehetitating 0 # o equation (B 1),
In the portviar e of two pertoet diclectrie
m,\tcrmh' s /4 lnrllling the hu!lml.ll‘.\,

‘ . 1</\'a>
o -~ .
/

. Wi
a, = st ( ) k, « k.. (R 1Y)
kA

apinosimat

k< k. B8

and

The ~stoapest desc cvaluation o the brandh-
potnt contnbution ts summarized as tollows: The

braneh ent intogral s the form

o

Fro B4 Compdos v oo showing mesliveatson of
Y

Annon

Gty 1

I )
N

li: -
a7,

0,10,
(2

!
sl M ke Sin 000,

where the contour B runs llom 12 to g on the
Wit ot the bhrandh cut and bom # back 1o 2
along the rght ot the hrangh cut For approx

mate evaluation, £y s rewritton

nye

Wk, 2
[“ ~ - PN L] )
i3t ko

. (B 2n
J I AN U S BN IV Y
e

.‘n.i.‘ sos (#, "'tlo‘,

where the Hankel function has been repliced by
the first term ol its asvmptotic expansion. The
supwerseripts 4 oand - on L) denote the sig: ol
the rdical in cgquation (K100 taken in . 1(8,5, arnl
the contour B e s trom b, ta 12 The ¢catour
B’ is detormed into the stecpn st-deseent contour,
B”, away teort ), The path o stecpest deseent
s detined ln)'

Imk,Reos (8, - o) = constat (13 22)

anedis llusteated by the dottod tine in Figuee B3,
On the asumption that £R.51, w0 that unly

Wile potnt contour 17 to contonr B an ander (o aeoount bar

branch voant contnbuten, amd path o steesost deseet Glottest tine)
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angles very dose to @) contnibute significantly to
the integral, 8, can be <et equal to 8], in all expres
stons in the integrand except for the radical. In
gencral,

AY0 — A°0) = F(@,) cos8,, (B2
and the integral is approximately
-kt
Y
2 12 Lonbb e e
“{-—-) ain 8,F@,) (B-24)
whp

f COn B0t B o g
e

For low loss media, 87 15 close to the real axis for
ky <k, or close to the 7 2 line for &, <&, i the
complea 8, plane, The method ot solution of the
mtegral moequation (B 20 o Slightly ditferent in
the two situittions, lwt the results are dontical
Here, the 87 witl be assumad dlose to the real anis,
The approxinmate solution s valid tor 6 near the
7 2line
Mong the stecpeat deseent conteur near 6,

0.~ 80, +in. (B 25)
where o is much tess than umty. Then,

k= k\ e
cos f, ~ ¢ ""\’.’u( e . (B-26)
and
ik,R cos (8,— @)~ ik,R cos (6, ~ )
. 8 (B-27)
— Ak Rsin (a—0,)n,

The integral in cquatiun (B-24) becomes

— de iy k" k: e Wkt oun (8);~a)
1e ‘.f t
! (B 28)

*
. f N e Al 8,
L "

Now, the integral

579
. 3
’ Ve dao~ l Ve S
(129
1 b
I
Rearranging citthions SR and ol S e
finallyv obtam
" ity
1k, ¢ I
II« - . .
2bp™ (4] Lot
WHRI)]

(1 = cot e tuan H';)

(s '
,(,uk.p ma fy hocon 4, S

which must be added to cquations B 1 and
(B-13) whena>a.

The assumption in the <addic pomt and steep
estedeseent technigues that /A 1 s raconably
valid when RS greater than two s dongths,
stnce A 2x and AR 10 when £ 52

The poles of the integrands are ala ol m
portance in the solutions Discr sion of thar 1ok
m the solntions s given e the foat
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RADIO INTERFEROMETRY DEPTH SOUNDING:
PART II—EXPERIMENTAL RESULTS:

JAMES R OROSSITER*, GERALD \.
JAVID WU STRANGWAY*§. v~ GENE SIMMONSYE

In such highly resistive geologic environments
as ice sheets, salt lay ers, and the moon's surface,
radio waves penctrate with little attenuation.
The ficld strengths about a transmitting antenna
placed on the surface of such an environment ex-
hibit interference meaxima and minima which are
indicative of the in-situ clectrical properties and
the presence of subsurtace lay ering.

Experimental results from an analog scale

INTRODUCTION

The attenuation of electromagnetic waves prop-
agating  through terrestrial rocks iy extremely
high due to the moisture content, as a result, M
methods in the radio-lrequency range have not
found general use in exploring the carth, A few
highly resistive geologic environments, such as
ice sheets (Evans, 1963, 1968, 19607, Jiracek, 1967)
and dry salt layers (Unterberger et al, 1970;
Holser ¢t al, 1972), are sufliciently dry to be
transparent to radio waves. The uppermost lay-
ers of the moon are also very resistive (Strang-
way, 1909; Saint-Amant and Strangway, 1970),
and typical attenuation distances (or skin depths)
for lunar material are shown in Figure 1,

In these materials, EM waves propagate with
little attenuation and are useful, in theory, for
depth sounding. The Surface Electrical Proper-
ties Experiment, which was developed for Apollo
17, uses such a method to measure the electrical
properties of the moon and to scarch for layering,
The methad is based on the interference pattern
generated between various radio waves.

LATORRNCNE VU PLIEER VNN AN,

maode' and from ficld tests on two glaciers are
interpreted on the basis of the theoretical results
of Part 1 11 the upper laver is thick, the pattern
is very simple and the dicleetric constant of the
layer can be easily determined. An upper hound
on the Joss tangent can be estimated. For thin
layers, the depth can be determined i the loss
taagent is less than about 010, and a crude osti-
mate of scattering can be made,

Theoretical background to the method and a
general introduction to this series of papers s
presented in Part 1 hy Nanan (1973, . 557). In
prepiration for interpretation of lunar data,
have tested the method both e the laborato
with analog scitle models using wavelengths in the
centimeter range and in the fickd on glaciers using
wivelengths about the same as will be used on the
moon. Ihese resalts are presented here,

INTERFEROMETRY TECHNIQUE

Rudio frequency interferometey (REFE is de
scribed simply as follows: A transmitter and asso
ciated antenna on the dicleetrie surface gencrate
RF waves which are received aned amplified at
some distance. Several waves reach the reciver
- ey A, B, and C shown in Figure 2. Because
the various waves travel different distances and-
or at different velogities, they interfere with cach
other. The interference pattern can be generated
in one of two different ways. Either frequency or
distance can be varied, holding the other constant.
Frequencies of 500 khz to S0 Mhz and distances

t Presented at the 40th Aonuat Tnternationn] SEG Meeting, November 9, 1970, New Ovleans, Louisana Manu
seript reccived by the Fditor April 6, 19725 revised manuscript received Novembher 22, 1972

* University of Toronto, Toronto 181, Ontaro, Canada,

1 Massachusetts Institute of ‘Technology . Cambridge, Massachusetts 02139,

§ Presently onleave 10 NASA Mannced Spacecraft Center, Houston, 'Tevus 7705K,

1) 1973 Snciety of Exploration Geophysicists, Al rights reserved,
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ATTENUATION DISTANCE (meters)
T

| 1 l

0° 0¥ 0%

1 1 |
102 10%° 10"

FREQUENCY (H,)

16 1. Atenuation distance in lunar surface material

1. Weaver (1965)  thermal emission, 2, "Pyler (1908)

histatic radur; 3 Chung ¢t al (1971 igneous sample 12002,58; 1 Ratsube and Collett (1971) hieceia sample
16008, 5. Kat-the and Collett (1971 fines sample 10084; 6, Gold e al (1971)  fines, various densaties The re
quency range to e wsed in the Surface Eleetrical Propeeties Eaperiment on Apollo 17 is marked 'S 1P

of i few meters 1o few hdometers are charag-
teristic, However, it is not feasible now to builid a
tuned sweep-frequency antenna that gives inter-
pretable results over our frequency band of in-
terest: thus, we restrict ourselves to the variation
ol distance of a few fixed frequencices,

Two criteria must be met for the RFI method to
effectively detect and determine depth of a sub-
surface boundary. Fiest, the dielectric medium

must have a loss tiangent less than about 0.1, or
the amplitude of the waves that travel in the
medium will be too fow to intericee well with the
direct wave -ie., the medium probed must be
transparer?t at the frequeney used, Second, there
must exist a contrast in electrical or magnetic
properties below the surtace in order 1o reflect
cneigy.

Several waves are generated which are im-
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Fic. 2. The basic interferometry concept. ‘The interference of the direet waves N and B
and the retlected waves C is measurced at the receiver.

portant near the source, Their geometric relations
are illustrated in Figure 3. ‘Pwo spherical waves,
A and C, travel dircetly between the transmitter
and the receiver. Wave C travels in the upper
maedium taie or vacuum), and wave \, in the
arth. Sinee these waves have ditferent velocities,
they will interfere with cach other. This inter
ference gives & measure of the diclectric constant
of the lower medium, since the greater the dif-
ference in the veloeities of these two waves, the
greater will be the interference frequencey.

The flank, herd, or lateral wave B and the
spherical wae o\ give the transmitting antenna
a highly dircctional radiation pattern The tateral
wave satisfies the boundary conditions imposed
by wave C at the interface, since the horizontal
phase velocity of B in the carth is the same as that

-p

Fra, 3. Wavefronts at the air dichetrde (2= 0) bound
ary, p is the radin! direction from the source, Mestium |
is alr or vacuum e, go), and mesdiver His o diclectrie
oo Wb in  soherieal wave procagatine mdinlly in
me fium 115 B i hewt wave proputing downward at
the eritieal angle; C i a spherienl wave propagating
radially in medium 1; and D is an inhomogencous wave
propagmiing radially in medium 1, but attenuating ex
ponentially with hetght.

of wave Cin the upper medium, To have the same
horizontal phase velocity, wave B propagates
downward at an angle 8 as shown in Figure 3.
This angle is the angle of total internal reflection
between the two medis fumiline (o seismologists,
defined by

sing = 1/ . )]
e

where the eritical angle g is the angle between the
negiative z-axis and the dircetion of propagution
of wave B, and e and ¢ are the dicleetric con-
stunts of the upper and lower media, respectively
(assuming nonmagnetic medin). The amplitudes
of A and B are laegest in the direction 8. T his fea-
ture is important in RFL depth sounding since
energy is preferentially  transmitted downward
at an angle g,

The spherical wave A, traveling in the lower
medium, also has a complementury wave which
matches the houndaey conditions. An inhomege-
neous wave D ix produced at the surface; this
wave propagates radinlly from the souree with
the velacity of \, but decays exponentinlly with
height above the surface. This wave iy significant
near the boundary, but jts offect deereases as the
receiver moves away from the surfnee.

A veritical distanee” £, s defined as

r, == 2l tan 8, (2)

where d ix the depth to a plane hovizontal ee
flector, ‘Cheee general peggions exist: the near fickd,
where the transmitter receiver distance is much
less than 7, the region near the eritical distance,
where the bulk of the reflected energy arrives;
and the fur-fickd, well beyond re. In the near-field
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584 Rossiter ot al :
the inte: action hetween the two spherical waves  the material properties are such that only Gises :
A and C dominates and can be used to measure () and (b)) need (o be considered. Theoretical :
the dicleetric constant of the upper layer As the  computations are compared with bt seale :
transmitter receiver distance approaches o, sev maodel and glacier field data, Fiest, however, a
cral different waves with roughly comparable  brief deseription of the scale modet amd the ficld
magnitudes arrive and produce a vers confusing 1ests will be given. )
interference pattern. In the far ficld, multiple :
reflections are important, and only the normal ANALOG SCALE MODEL
maddes of the syatem propagate with low attenua Sealing of an eleetromagnetic model £ particu”
tion, larly simple when the conduetivity is negligihle: :
From data obtained in the three regions, three  The wavelength iy inversely proportional to the .
picces of information can be determined. The  frequency used, amd ali other relations remain A
dielectric constant is related siaply to the spatial  invariant. In our seale model, we used micronan e :
frequency in the near-field FThe depth toan inter- frequencies with free-space wavelengths of 3 10 3
face can be roughly estimated from the dielectric  cm. By scaling all data in terms of wavelengths, :
constant and the critical distance, "Third the  model, tickd, and theoretical results can readily
shape of the curve and the number of far ficlkd  be compared. :
peaks are indicative of the loss tangent of the The first seale model consisted of a klystron ‘
upper layer. source at 10 Ghz feeding a vertical magnetic slot
Two different configurations of cquipment have  antenna, a small diode receiver, o traversing
been used in our tests; namely, horizontal clectrie  system, and an autonitic recording arrangement. .
dipole sources with magnetic dipole reccivers for - The dicleetric used was dry, pure quartz sand ¢
ficld work, and a vertical magnetic dipole source (100 mesh), and the reflector was an aluminum H
with an dectric dipole receiver for carly analog  plate, ‘The plate and sand were contained in a
scale-model studies, Both horizontal clectric and  plyswood hox with sides that sloped out at about =
vertical magnetic dipoles produce horizontally 45 degrees, The box was approximately 30 wav.:
polarized waves, Since the E field polarization is  lengths long and 15 wavelengths wide, at the bot
then perpendicular to the plane of incidence, the  tom, ‘The setup is shown schematically in Figure H
reflection coetlicient does not go through the ‘
Brewster aagle null, which i associated only with )

waves polarized in the plane of incidence on the
assumption ol nonmagnetic materials,

The general configuration and notation used
are shown in Figure 4 for the olectric dipole. 'The
dipole is on the surface, extends along the v-axis,
anedd traverses are run orthogonal to it For this
configuration, approximate theoretical solutions
for components M. (verticul magnetic tielld)), 7,
tradial magnetic ficld), and &, (tangential electric
field) have been found. ‘The other components
are negligible for the case of infinite horizontal
plane boundarics. Nonmagnetic materials have
been assumed throughout so that gy=u = u,.

Three cases involving infinite plane horizontal
layers have been studied theoretically:

(a) the half-space;

(b) the two-layer carth with a perfect reflector
at sume depth; i.c., cither & 22 or tan 8. +o 50
that the reflection coefficient of the lower boun-
dary is always unity;

(c) the general two-layer carth in which ¢ »¢,
and tan §i2xtan 8:. For the experimental results,

Vi, 4, General contiguration of a horiamtal electric
dipole over a two-layer varth, o is the real diclectric
constant, g, is the permeability, and tan 8, is the lov
tangent of the ith layer,
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X = ¥ recorder
Traveller
Sma!! moter and /
potentiometer [5) (o)
/ Traverse guide
/ %
/\ Wave guid -
/ Vertical magnetic »”
Power slot antenna Diode detector f—Wood
supply ) .
- - ~
- - - e =
— — om— e Varisble depth . /-
Klystron / —= = Quartz sand diefectric— — — /7
sourc —— = == = 3 Aluminum
] / 100l 124107000001 70717 211 217 77 7 71777 17 ,/ olate

Fra. 5. The analog seale meddel. The transmitter was composed of a Kusteon 1abe rdinting ar 10 G into @ ree-
tangular wavegtide N vertical magnetie slot antenna was formed by a slitat the end of the wavegnide, The tinsmit
ter could he raised o fowered, Signals were teeeived by i smaltdiode which conted tiaverse for about 20wavelengths
at any height. The dicleetric used was quantz sand and the reflector was a lat aluminum plate Received signal
atrength versus receiver position was recorded direetly onan N Y recorder,

3.\ dater version of the scale model using trans
former oif as a liquid dielectric has abso proved
very successful, The transmitter and receiver
were small cleetrie dipoles, operated at o Ghy,
and the model was contained in o tank lined with
microwave absorbing material.

The validity of our experimental arrangement
was initially tested by comparing model results
with theoretical predictions for a very simple
case. The transmitter amd receiver were hoth
placed at height 7 above the aluminum plate
without the sand.

From Part 1, the EM radiation from o vertical
magnetic dipole at height & over a magnetically
uniform hal{-spitce is deseribed completely by the
vertical magnetic Hertz vector, given by

ethok etok’
T, = + Ru . 20, (D
R R

where &y i the wavenumber, Ka is the retlection
coetlicient at the boundary (2 =), K is the direct
distance to the reeciver, and R’ is the distanee
traveled by the reflected wave, Tt the boundary i
a peefect rellector, Ry= =1, For the receiver
height h:

R4z~ =, )
andd
R o= [r bz )] = e+ a2 (§)
The tangential clectric tiell By is then
dr,

Ly = = iwg
ar
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where 4 = —iwp(dx?/A?) and ix an arbitrary scal-
ing factor for a unit magnetic dipole, 7 is the trans-
mitter-receiver separation in wavelengths, 4 is
the transmitter-receiver height above the reflect-
ing plate in wavelengths, and X is the wavelength
in free-space.

{T'ypical comparisons between theory and ex-
periment are shown in Figure 6. The agreement in
the position of the peaks is very good. Although
the amplitudes are on an arbitrary scale and are
therefore not directly comparable, the ratio be-
tween each theoretical and experimental peak is
approximately constant. Experimental deviations
from theoretical solutions are not large and are
primarily due to reflections between the trans-
mitter and either the receiver or the sides of the
box. The good agreement between ealeulated and
measired curves was jtaken as the main proof
that the cxperimental arrangement was satis-
factory to measure interference between various
Waves.

GLACIER FIELD TSTS
Introduction]

‘Jee is one of the few terrestrial roc‘ks with uni-
formly high resistivity. Resistivitics of 10¢ to 19

ohm-m have been measured consistently (e.g.,
Rithlisherger, 1967; Keller and Frischknecht,
1901). A few glaciers have been carefully mapped
and are accessible for ficld tests, We selected two
on which to test the RFI technique,

The diclectric propertios of iee and snow have
been reviewed by Evans (iU03), The diclectrie
propertics of ghicial ice and snow have been
studied in situ by Watt and Maxwell (1900) and
by Walford (1968). ‘T'wo parameters are important
---the diclectric constant and the loss tangent.
Ice has a relaxation in the audio frequency range,
but unlike many diclectric materials has none
near the radio frequencies. Henee, while the value
of its diclectric constant is frequency independent
in the radio frequencies, the value of its toss tan-
gent is roughly inversely proportional to fre-
quency and is strongly temperiture dependent.

From 1 to 30 Mhz, the value of the diclectric
constant is 3.20 £ 0.05 and is fairly independent of
frequency, impurities, or temperature. Over the
rame frequencies, f-tan 822025 at 0°C, but
S 1an §220.10 at - 10°C, where [ is the frequency
in Mhz. Although the effects of impuritics, eracks,
air bubbles, and free water on the loss tangent are
not well understood, the values for losses in gla.
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¥10. 6, Typical theoretical and experimental curves for calibration of the scale model. Dashed line is theuoretienl
and solid line is scale model. Cutves for a depth of 3 wavelengthe are on the left, and for Swavelengths, on the right.
No dielectric is present. Scaling is ditfferent for each of the four curves,
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Fi10. 7. Cross-section of the Gomer Glacier, from Swiss seismic data.

cier ice are not appreciably different from those in
pure ice.

The inverse-frequency dependence of the loss
tangent in ice implics that the attenuation of an
EM wave in ice is directly proportional to the
absolute distance, not to the number of wave-
lengths that the wave travels. Therefore, the
maximum sounding depth in ice free of scattering
bodies is virtually independent of the frequency
used by any radio or radar technique in the fre-
quency range from 0.1 to nearly 1000 Mhaz.

The Gorner Glacier

The Gorner Glacier, located in southern Swit-
zerland, has been extensively drilled and mapped
seismically for the Swiss Hydroelectric System,
and a longitudinal section of the glacier is shown
in Figure 7. It is a deep glacier; the depth in the
test area to the postulated water-table is about
400 m and the depth to bedrock is S m. It is
effectively & half-space for the interferometry
technique.

Equipment used on the tests, run in September,
1969, was both simple and portable. ‘The trans-
mitter was a General Radio 1330A briige oscil-
lator, which fed the transmitting antenna through
a ferrite core 1 to 1 balun. Two types of trans.
mitting antennas were used: an untuned hori.
sontal electric dipole and a small (A/10 diameter)
loop as a vertical magnetic dipole. Output power
was less than § watt. The receiver was fed by
either a $-m electric dipole or a Singer single-turn
1.m diameter loop, with simple broad-band
matching to the 30-ohm input impedance of a
Galaxy RS30 communications receiver. The r~
ceiver output was read from a Hewlett-Packard
427A portable voltmeter and recorded manually.

Field procedure consisted of recording field
strength about every } wavelength along tra-

verses away from the transmitter. Frequencies of
1,2 4,7, and 10 Mhz were used. By, i, and 1,
components were measured for both horizontal
electric and vertical magnetic transmitting an-
tennas,

The Athabasca Glucier

The Athabasca Glacier, located in Alberta,
Canada, has also been studied extensively: a grav-
ity survey has been conducted by Kanasewich
(1903), seismic and drilling studies have been made
by Paterson and Suvage (1963), and EM and
resistivity soundings have been run by Keller and
Frischknecht (1961). A depth contour map, re-
constructed from Paterson and Suvage and show-
ing our traverse line, Is given in Figure 8. The
thickness of the ice along the traverse varies from
about 130 m to 280 m.

The Athabasca Glacier tests, run in March,
1970 used a crystal-controfled transmitter that
was operated at {requencies of 2, 4, 8, 16, and 24
Mhaz. Output power was shout one watt, It fud a
ribbon-wire tuncd horizontal electric dipole an-
tenna through a balun feed network. The an.
tenna consisted of several number-22 wires, each
cut to the resonant length for a single frequency,
lying beside each other on the ice surface. Each
wire was cut to the resonant length of one of the
frequencies in frec space and connected in paralicl
to the balun feed. Each wire had to then be cut to
between 78 and 90 percent of its length in order
to reflect minimum power back to the trans-
mitter.

This antenna was experimental, and several
problems may have been associated with its use.
The amount of clipping needed to retune the
wires after they had been placed on the lee was
insufficient to account for the dielectric contrast
between ice and air. We feel that cach wire was
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Fic. 8, Contour map of the Athabasca Glacier, drawn from the svismic and drilling dsta of Paterson and
Savage (1963). Boreholes, with depths in nuters, are shown. Our interferometry tmverse fine is matked 000 i o

1500 m.

reactively coupled to the ather wires, which then
radiated encrgy. Therefore, the longer wires were
effectively long antennas (greater than a half
wavelength) for the higher frequencies and could
have radiated significantly off the orthogonal
direction. The antenna was probuably not well
coupled either to the subsurface or to the traverse
direction, and spurious reflections could have been
received from the sides of the glacier,

'The receiver amd the fickl procedure were xim-
flar to those used on the Gorner Glacier with the
following differvnces: A smaller -m-diameter loop
was used for 10 and 32 Mha. Readings were taken
every | wavelength, to a distance of 20 wave-
lengths or until the signal was oo low to detect.
Most traverses were run from NE to SW, al-
though a few were -un from SW to NE with the
transmitter displuced 1o the SW el of the te:
verse line, Both 2, and 2, components were
taken, an woll as one K, traverse,

RESULTS

The half-space

If the bowndsry between the first and second
layers is not important, the only waves which
reach the receiver are the direct waves through
the air (or vacuum) and the diclectric. This case

in simple to solve theoretically, and suites of
curves have been compiled for the K, I, and N,
components (see, for example, Figure 9). There is
very gowd agreement between theory and experi-
mental results from the Gorner Glacier. Figure 10
shows a typical experimental curve and a series of
theoretical curves for various dicleetric constants.
The interference peaks amd troughs align best
with those calculated for ¢:¢ 3.2, By comparison
with curves like those in Figure 9, we have esti-
mated the lass tangent 1o he less than 0,07 at
1O Mha,

One interesting feature of both the theoretical
and experimental hall-spuce curves is that recults
for the M, and K, components are identical, but
the peaks and troughs of the H, component are
shifted § N away from the transmitter (xee Figure
1. This relstion between the interferenee pat.
terns in My, Ky, andd 1, provides a basis on which
to detect departures of the fichhs from the hali
space response which could he due to subaurfuce
refloctions or seattering from surface or subwur-
face irregularitios.

Therelore, in & half-space, RFI can casily be
used to determine the diclectric constant of the
upper layer if we know the positions of the peaks
and troughs. Theoretical results indicute that the
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F1s. 9. Theoretical half-space curves for a

constant of 3.2 and various los tangenia. Peaks and nutls,

dieleciric
sre legs cistinet for Righer lnse tangents, but their positions do not change.

loss of the layer Jdoes not change the position oi
the peaks, but as the losa decreases, both the
sharpnew of the nulls and the number of ob-
servable peake increnses. By measuring several
components it may be possible to determine if the
measurements have been affected by random seat-
tering.

Two-luyer earth: Perfect reflecior
Caleulations for the two-layer model are more

complex. Exact theoretical solutions have not heen
obtained, but after perfurming the mathematical
manipulations discussted in Part 1, approximate
numerical solutions have heen complled andd
plotted. Typical suites «f curves are shown in
Flgure 12 to illustrate the offect of changes in
diclectric constant, thicknens, and s dangent,
parameters are not fully separable, in general, the
frequency of the initial peaks and troughs is indi-
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Fra. 10. Several theoretien) half space curves and an
tal curve from the (‘-nmer Gincier at 10 Mhz

component), The mental curve has peaks and
im'qh that correspond to the theoretical ﬂ'sm for a
dieclectric conatant of 3.2,

cative of the diclectric constant; the position of
the main encrgy peak s determined by the thick-
ness and the diclectric conatant; aml the sharp-
ness of the pattern changes with the loss tangent.
For this example, the dependence on loss tangent
is particularly noticcable for lows tangents in the
range .01 10 .08,
A suite of analog scale-model patterns an! the
theoretical curves are shown in
Pigure 13. The dielectric oil had a measured di-
electric constant of 2.16 and & loss tangent of
0.0022. In gencral, for thicknesses greater than 2
or 3 wavelengths the .grecment in both position
and amplitude of the peaks and nulls is good. For
thinner layers the agreement is poorer, probably
because the theoretical solutions become less ac-

Rosslier ot @l

curate (s Part 1. Differences betwern expweri-
mental and theoretical results in the near fiekd
may also he caused by the theoretical approxima
tions. They might alseo be caused by spurious
reflections in the experimental tank from wires
conneeting the trunsmitting antenna to its source.
The other major diserepaney between the two
solutions is at the critical angle where the ap
proximations made in the theory are most <ignifi
cant. However, the good apreement hetween the
oretical aud »eale-model results has given us con
fidence in both,

The rexults from the Athabaws Glacir are
complicated by the fact that the thickness of the
glacicr increa .ox along the teaverse with a slope
of approximately 1210, Sinee the general theory
for this geometry is extremely ditheult, amd has
not heen worked ont in detail, we used theoretical
curves for severit thickpesses near the mean tra
verse thickness for comparison, Such a compari
son is pot altogether accurate, sinee the effects of
a thickening layer depend on both the thicknes
and the rate of change of thickness.

Comparisons were madde hetween data mea-
suredd on the Athabasca Glacier amd many suites
of theoretical curves, It was found that the family
of theoretical curves for the known parameters
of the glacicr, when compared with the eaperi
mental data as a whole, fitted hetter than any
other set, although there was some ambiguity,
Ceveral cxamples are shown in Figure 14, The
experimental Jdats were sun theough a simple
1, 1, 1 running average lilter before plotting. This
filtering enhanced the main fentures of the curves
by reducing small random variations, The agree-
ment between thooretical and experimental duta
is far from perfect, However, if it i roengnizel
that bevause the thickmss of the iee is increasing
along the traverse, some moveout of the measured
peaks is to be expected, and a eonsistent picturs
emeres.

Figure 13 shows data obtained at 2, 4, 8, and
24 Mhax on the Athabuasen Glacier, along with
three theorctical curves with depths brucketing
those along the traverse. Ax the trequency in-
creascs, the thicknews of the ice, mensured in
wavelengths, also increases, so that quite Jifferent
curves are found for each frequency. At 2 Mha
the curves are smooth and regular amnid the agree-
ment between theory and experiment s quite
good. At 4 Mhx the patterns are more complex,
and although thew: are similar features, the the-
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Fio. 11. Uhevetical hall-space curves amd resulta from the Gorner Glacler. Source is a hariantal clectric dipnle
at 10 Mhz. Theoretieal carves are for dielectric constant of 3.2 and a loss tangent of 0.8, Peaks and troughs for the
Hp component are shifted away from the transmitter one half wavelength,

oretical curves do not correspond exactly to the
experimental. At 8 Mhaz the curves are comples,
but the agreemunt ix butter, expecially the large
peak at about 7 wavelengihs distance. At 24 Mhx
there are many peaks and troughs in both curves.
We feel the lack of correlation etween theory
and experiment is largely due to many randomly
scattered reflections in the experimental curve.
At 24 Mhz the wavelength of 12.8 i is the same
size as many crevasscs and surface roughness
features.

In summary, as the thicknes of the diclectric
layer increascs, the interference patterns change
from curves with a few wll-defined peaks to
curves with high spatial frequencies and no large
peaks. These featurcs are seen in both theorctical
and experimental results, The fact that both /),
and H, components are basicatly similar, although
they differ in their fine structure, increases our
confidence in the match hetween theory and ex-
pesiment.

ITERPRETATION
Dielectric constant

This parameter is ensy to obtain directly from
the data, since, as shown above, the direct air
and subsurface waves interact nesr the source
W give a pattern depemdent only on this pa-
rameter. H the air wave has a wavenumber b,

A 2w *)
» M ’

where Ao is the free-space wavelength; and if the
subsurface wave has wavenumber &y,

2r 2y
M As

then the beat frequency wavenumber & is

by = = /oy ke, %)

2w
Ak = by = by = M(‘/" - 1.

The spatial interference wavelength Ay ix then

2r '
xg - - - . V—.;‘;"i‘ M (")
Therclore,
) S !
w=(5+1) an

and can be obtained directly from the data. For
jee, MG1.27e
Loss tangent

The luss tangent can be entimate in a gualite-
tive way from the sharpnow of the patterm in the
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Fig. 1. Thearwtica) interference curves for /, amnlmnlw carth. Dependence on diclectric
constant is shown. Depihe 4.000 A, LT120.0000, K1 = varying.
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LOG OF FIELD - STRENGTH
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F10. 13. Analog scale-modet curves (solidl line, Ky) and corresponding theoretical curves (dashed line, i, K=216,
tan $=.0022) for various thicknesses of the upper layer. £y and 1, are identical in this configuration. Diclectric
constant (K) and luss tangent (1an §) were measured {ndependently.
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dashed/dotted line, theoretical //p,

3.2, tan §:20.02; solid line, experimentat Athalasca Glacier, Hp, 8 Mha.

;d) dashed/dotted line, thearetical /1, A =3.2, tan $=0.007; solid ne, experimental Athabasca Glacker, #p,

4 Mhx. ance in meters (wavelengths),
near field. In the near ficld the two dircet waves
add to form peaks and subtract to form nulls. If
the waves are about the same sizc, the peaks and
nulls will be sharp, but if one wave is much lurger
than the other, there will be little interference.
As the amplitude of the subsurface wave ce-
creases below the amplitude of the air wave, the

pattern becomes less sharp. An envelope formed
by joining the peaks and by joining the nulls of
the interference pattern becomes thinner at a
rate determined by the foxs tangent of the me-
dium,

In the Gorner Glacier duta, the loss tangent
was estimated to be lexs than 0.7/ (Mha), well
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within the published value for ice. In the Atha-
basca data, reflections appear to disturb the two
direct waves too greatly to be able to use this
simplified approach.

Depth

An estimate of the diclectric constant and the
critical distance from the field data can be used to
estimate the depth. However, an assumption
abiut the dip of the reflector must be made. The
metiunl fails if either the diclectric constant or the
crit.cal distance cannot be estimated accurately.

Scaltering

One of the major unknowns in the application
of the RFI1 technique is the effect of irregularities
in the medium. It is reasonable to believe that the
cffects of irregular surfaces, inhomogencities
within the diclectric, and objects near the an-
tennas could all perturb the measured data. One
possible way to semove small random effects is to
appropriately filier the data, and a simple run-
ning-average filter was used to enhance the perti-
nent features of the Athabasca Glacier data.

An estimate of scattering is important to under-
stand peologic structure. During the Athabasca
trials the ¥/, component, which shouud theoreti-
cally be null for plane horizontal layers, was ob-
served to be significant (though weaker than the
other components). ‘Therefore, Hy provided a
measurement of the scattering, which wis consid-
crable at the iagher frequencies. The similarity of
all the components measured on the Gorner Gla-
cier on the other hand implied that seattering was
not significant up t0 10 Mz,

CONCLUSIONS

1. The RFI technigue is a practical method
with which to study layering in low-loss diclectries
(tan $<0.1).

2. Three parameters of the upper layer can be
estimated from the data: the dielectric constant,
the loss tangent, and an estimate of the thickness
to a reflector. Measurements of ¢=3.2 and
J+tan 8=0.7 (/ in Mhzg) for ice arc in agreement
with known resulta.

3. The method is an inexpensive way to sound
fce sheets less than a few hundred meters thick,
and could be used to study low-loss layers on the
moon,

4. Further work is required to refine and quan-
tify the interpretational procedure, to extend it to

more complex geometrics, and to understand
better the effects of random scatterers,
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! INSTRUMENTS AMD METHODS

RADIO-FREQUENCY INTERFEROMETRY—A NEW
TECHNIQUE FOR STUDYING GLACIERS

By D. W. STRANGWAY, *
(Geophysics Branch, Lyndon B. Johnson Space Center, Houston, Texas 77058, U.S.A.)
GENE Simmons, G. LATORRACA,

(Department of Earth and Planctary Sciences, Massachusetts Institute of Technology,
Cambridge, Massachuscetts 02139, U.S.A.)

R. WarTTs,

(Department of Physics, University of Toronto, Toronto, Ontario, Canada and Lunar Science
Institute, Houston, Texas 77058, U.S.A.)

L. BANNISTER, R. BAKER,

(Laboratory of Space Fxperiments, Center for Space Research, Massachusetts Institute of

Technology, Cambridge, Massachusetts 02139, U.S.A.)

J. D. REnMAN and J. R. RossiTER
(Department of Physics, University of Toronto, Toronto, Ontario, Canada)

. A new method of clectromagnetic sounding in resistive electrical environments has been
developed for use in lunar exploration. 1t is applicable to the study of terrestrial glaciers and ice sheets. A
horizontal electric dipole antenna on the ground is used to transmit rowcr at frequencies of 1, 2, 4,8, 16 and
32 MHz. A sct of orthogonal receiving coils is mounted on a vehicle which traverses away from the trans-
) mitter. Field strength is recorded as a function of distance. Waves which travel above the surface interfere
with waves from the subsurface, generating interference patterns which can be used 1o determine the dielectric
constant, the loss tangent, and depth to reflecting horizons.

The technique was tested on the Athabasca Glacier in western Canada. At 1, 2 and 4 MHz the ice was
found to have a dielectric constant of about 3.3, a loss tangent (tan 8) which is roughl{ inversely proportional
to frequency giving values of f tan 3 in the range of 0.25 10 0.35 (where fis in MHz). ‘These values correspond
well with the known properties of ice near o° C, which is a temperature typical of tcm&wratr glaciens. 1t has

possible to determine the depth of the ice but results are not always consistent with previous scisinic and
gravity surveys and with drilling. At lrequencies of 16 and 32 MHz, scattering is the dominant feature of the
results. At 8 MHz there is a transition from clear-cut intetierence patterns to the scattering patterns. From
these findings, we suggest that the Athabasca Glacier has a large number of dielectric scatterers with dimen-
sions less chan about 35 m, prubably dur in large part to crevasses.

Résumi. Interferometrie de fréguences rardio - wine mavelle technigue posr 'étnde des placiers. Une nouvelle
méthode de sondages électromagnétique a travers des milieux dlectriques résistants, a été imaginé A Pusage
des ex tions lunaires, Flle présente des pousibilités d’application dans I'étude des glaciers ierrestres ot
des calottes glacinires. Une antenne électrique dipolaire horizontale sur le sol est utilisée pour transmettre
de Pénergie sur des fréquences de 1, 2, ¢, 8, 16 ef 32 MHz. Un ensemble de hobines réceptrices disposdes
ortl t cst monté sur un véhicule qui circule & distance de P'émetteur. L'intemsité du champ ost
mesurde en fonction de I distance. Las ondes qui se propagent au-dessus de In surface se combinent aver
celles venues de la surface, engendrant des interférences dont on peut se servir pour cabeuler §a
constante didlectrique, la perte en tangente et lu profondeur des horizons réflecteun,

On a essay¢ cette technigue dans e glacier de I'Athabasea dans I'Ouest Canadien. A 1, 2 et 4 Mz, on
8 trouvé pour la glace une constante shélectrique de 3,4, une perte de umzmtc (g && (ui est growitrenent
inversement ionnelle & la fréquence, donnant des valeuns de £ 1g 8 de 'ordre de 6,25 A 0,45 (081 / ext
en MHs). valeurs corres| ent bien avec les tés connues de |a glace au vuhinafe de 0 €,
température typique des glaciers tempérés, On a pu déterminer Pépaisseur de la glace mais les résuliais

" ne concordent :l toujours avee les ancicnnes mesures sismiques et gravitaires, ni avee les fordages. Pour
e ) les fréquences de 16 et 32 MHa, I di st le trait dominant des résultats, A B MHa, it y a unc transi-
% tion entre un net phénoméne d'interférence et 1a dis‘r:n!on. A partir de ces constations, nous suggerons
que le glacier I'Athabasca posséde un grand nombre de dispersants didlectriques mesurant moins d'environ
) T\ 43 m, probablement en raison, pour une Inrge part, de la présence de crevames.
{

. ¢ Present address: Department of Geology, Univerity of Toronto, Toronto, Ontario, Canatla,
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ZUsAMMENFANUNG. Hochfrequenz-Intesfarenzmessung — eine neue Methode fir Glatscheruntersuchungen. Fir den
Gebrauch bei der Erforschung des MonJg wurde eine neue Mecthode der elektromagnetischen Lotung durch
widerstandsfithige Oberflichenschichten entwickelt, Fs besteht die Moglichkeit, damit terrestrische Glewscher
und Eisschilde zu untersuchen. Eine horizontale elektrische Dipolantenne am Boden wird dazu benutzt, umn
Energie in den Frequenzen von 1, 2, 4, 8, 16 und 32 MHz awzusenden. Ein Satz von orthogonalen Lnip-
ist auf einem sich vom Stndcf wegbewegenden Fahrzeug befestigt, Dic Feldstirke wird als
Funk der Entfernung aufgezeichnet, Die Wellen, dic sich auf der Oberfliiche und in den darunter
liegenden Schichten ausbreitet, mcmt Interferenzmuster, die zur Bestimmung der Diclektrizititskonstante,
der Vcﬂu‘tmme und der Ticfe beliebiger R i izonte verwendet werden kinnen,
Die M wurde am Athabasca Glacier in Westkanada erprobt. Bei 1, 2 und 4 MHz wurde fir das
Eis eine Dielektrizithuskonstante von ¢. 3,3 und eine Verlustiangente gefunden, die angenihert umgekehrt
ional zur Frequenz ist und Werte von f tan § im Bereich von 0,25 bis 0,48 (wobei fin MHz angegeben
nt) ergibt. Diese Werte stimimen ﬁm mit den bekannten Eigenschaften von Eis nuhe o €, der charakteristi-
schen Temperatur tempericrter Gletscher, iiberein. Es ist moglich, die Eisdicke zu bestimmien, aber die
Ergebnisse stehen nicht immer in Einklang mit fritheren Bohruny =n sowie seismischen und gravimetrischen
Messungen. Bei Frequenzen von 16 und 32 MHz sind Streuungen das Hauptcharakteristikum der Eegeb-
nisse; bei 8 MHz liegt cir. Ubergang von wohldefinierten Interferenzmustern zu Streumustern.  Auf Grund
dieser Ergebnisse schliessen wir darauf, dass im Athabasca Glacicr cine grosse Anzahl von Streuobjekten
vorhanden ist, ceren Dimensionen unter ¢. 35 m liegen und die vermutlich zum grossen “Feil Gletseherspalten
zuzuschreiben sind.

INTRODUCTION

The physical basis of the ~wdio interferometry technique was described in detail by Annan
(1973). The practical application was discussed by Rossiter and others (1973). “The planned
use of the technique in the exploration of the moon was described by Simmons and others
(1972). Only a brief introduction to the experiment is given here; the reader interested in
further description should consult the references above.

A horizontal clectric dipole is laid on the surface and used to transmit electromagnenic
energy at frequencies of 1, 2, 4, 6, 18 and 32 MHz in sequence. A coil mounted on a vehicle
is used with the receiver. The vehicle is moved away from the transmitting antenna and the
field strength at cach frequency is detected and recorded on magnetic tape and on a strip
chart recorder. Oue axis on the chart recorder is driven by an odometer, producing plots of
field strength as a iunction of distance from the transmitter.

Energy is propagat d from the transmitter to the receiver in three important waves (Fig.
1a8). The first is the wave above the surface of the ice. Its velocity is the speed of light in
vacuum. The second wave travels just below ihe surface of the ice. Its velocity is cantrolled
by the dielectric constant of the ice. ‘Jhe interference between these two waves is used to
determine the diclectric constant. ‘The third wive travels through the body of the ice and is
reflected from the glacier bottom. Its interferei.ce with the other waves causes modifications
to the interference pattern which are indicative of the glacier depth. 1t should be noted that
this wave is reflected from the bottom at different places depending on the separation between
source and receiver. Since interpretation depends on characteristics of the whole curve, and
since glacier depth may not be constant over the whole traverse, the measurement represents
some sort of mean depth along the traverse line.

/TRANSW?T!N o~ RECEIVER

" {7 sureace wave @
P

M/\'-"T

m——— .
SUBSURFACE WAVE

REPLECTED WAVE

Fig. 1. (a) nthnm:ndinmﬁcmw The susface wave travels above the susface of the diclactvic,
the subsurface wave travels immediately below the surface in the dieleciric. These twve twaves travel ! velotities and
their beat frequency is a finction of the diclectric con..ant. The third wave, designated reflocted wave Aeve, travels downward
and inlo the diclectric and is reflected from some horizon et depih,
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TRANSMITTER RECEIVER
?
Hy
)
OG-+,
Hz'
BROADS!DE
ANTENNA (8) TRAVERSE ]
He
e ————
O (= »s
ENDFIRE €
ANTENNA (E) 2

Fig. 1. (B) Relation of receiver companenis lo iransmilting antenna, The superscript B on the field componenis designates that
measuremenis are taken broadside to the dipole. The superscript E induate that the field componenis are measured 1with
respect to ihe endfire antenna. The subscripls p, ¢ and 2 ase thase ured in a right-handed crlindvical coordinate systrm. The
iransmitting anicanas are actwally coincident and theve is only one sel of receiving antennas. Fach entenna is activated by the
transmilter|receiver in the sequence shown in Figure 2.

In the present instrumentation, two orthogonal transmitting antennas are employed.
Three orthogonal receiving coils are mounted on the traverse vehicle. By transmitting and
receiving each of the possible combinations in scquence, six separate picces of infotmation are
recorded at each frequency (Fig. 2). With six frequencies, 36 scparate records are obtained
as a function of distance from the transmitter, If the traverse is run orthogonal to onc of the
transmitting antcnnas, then three of the six components are maximum coupled and carry the
interference patterns. The other threc components are minimum-coupled. ldeally these
components show near-zero amplitudes; in practice their amplitudes prove to be useful
indicators of scattering from the subsurface or of reflections from lateral inhomogencities such
as valley walls.

Onc way of interpreting a set of field data is by matching theorctical curves with the
observations (Annan, 1973). Families of theoretical curves for various dielectric constants, loss
tangents and depths to reflector have been computed. ‘T'o date our theory is adequate only
for a single horizontal reflector in the subsurface. It may be a diclectric interface or a perfect
(conducting) reflector.

We chose glaciers as the test arca for our lunar experiment because the high clectrical
resistivity of ice is nearly unparallcled in other geological materials on carth. Because lunar
rocks are exposed to a vacuum and are exceedingly dry, their resistivity should be similar 1o
that of glacier ice, and quite unlike that of terrestrial rocks.

TRANSMITTER| 322 L1 Mz e une N2 orF )
gl al g lwlglonlegl nlelulglecle
necaven (X[ B RN el TRl ERE T R e F R s el
= - ~ -
(2, 200me 400 me
| 3 .
Fig. 2. Timing diagram sequence of b answitied signals ond colibration data. N and K refer 1o allernate transmitting
M‘r';’.':('vn"& % lo noise from t&ocm :Hc sources a.l. &‘mxdm o luim
synchronization signal and R to synchronization signel.
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THE cLACIZR

There have been scveral previous studics of the Athabasca Glacier. Most important from
our vicwpoint are the results reported by Paterson and Savage (1964), Keller and Frischknecht
(1961), and Kanasewich (1963). These studics include the results of drilling, scismic and
electrical soundings, and gravity ., Their results are illustrated in Figure 4, which
specificially shows the depths determined by drilling. There are uncertainties in the precise
values of the thickness, except in the immediate vicinity of drill holes and seisinic sounding
points. In particular, note that Kcller and Frischknecht (1961), on the basis of an electrical
sounding in the south-eastern part of the glacicr, suggested a fairly shallow depth. Fhis
sounding is in the general vicinity of our sites 2, 3, 4 and 5. Paterson and Savage (19fi) point
out *“‘that there is some cvidence that a bedrock shelf may exist on the right (southeast) edge
of the glacier . . .; the scismic evidence, however, is not sufficient to establish its existence,
Such a shelf has been indicated by the resistivity surveys of Keller and Frischknecht (1961)
but not by the gravity surveys of Kanasewich (1963)”. We will asume therefore that the
drilling, seismic and gravity results are the most definitive,

u
0 300

Fig. 3. Mop of Athubasce Glacier showing locations of wrill heles and radin-inierfevometsy iransmitier sites,
-»

e
% Shabion 9, depth 252 m, hraversing down-glacier (wovth).

12' Drill-hols, depih 110 m,

Watt and Maxwell (1960) measured the clecirical propertios of the glacier iee in site on
the Athabasca Glacier using frequencies from 20 1y (0 100 kHa, At the high-fregquency limit
they showed that the ice had a diclectric constunt of about 3.9. ‘This value is typical for
pure ice, and in general the value is frequency and temperature independent from 100 kHx
to 1 000 MHs (Evans, 1965; Gudmandsen, 1971). Also the depths of glacier ice as icasured
by radar-sounding field studies agree well with drilling results, if a dielectric constant of 4.2

Gudmandsen, 1971).
The loss tangent of ice is contralled in this frequency range by the tail of the well-known
relaxation which occurs in the audio-frequsnicy range. In the range of our experiment(1-;32
MHs) the loss tangent is inversely proportional to frequency /, 5o that ( fian 8) is nearly a
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constant (Evans, 1965; Gudmandsen, 1971). However, this constant is strongly dependent on
temperature; its value is about 0.30 at 0° , a typical tempcerature for a temperate glacier,
and about 0.10 at —20° C, a typical temperature for polar ice sheets (where f is in MHz).
These valucs correspond to attenuation rates of 0.048 dB/m at o° (. and n.016 dB/m at
—20° C. This latter value is similar to the values estimated by Gudmandsen for the Greenland
ice sheet,

‘The attenuation distance of electromagnetic energy in a diclectric is:

[4
n/ed tan 8

where ¢ is the diclectric constant and ¢ the velacity of light in vacuum,

The interferometry technique requires waves which are of similar amplitude. If a wave
reflected from the glacier bottom is minute in comparison to the other waves, then it is
unobservable. Increasing the power of th.2 transmitter is of no benefit, for the relative power
of the waves remains unsliered. The attenuation of waves in the ice consequently limits the
detection of the bottom reflector to depths of a few hundred meters in temperature glaciers
and a kilometer or two in polar ice sheets. Because ftan 8 is nearly constant, the depth
penetration is not frequency-dependent ; rather it is temperature dependent.

GLACIER DATA

Data were collected at seven major sites on the glacier (stations 2-8 ou Fig. 3). Interpreta-
tica was based on data from the transmitting antenna normal to the traverse line. Both radial
H,B) and vertical (H,B) components were examined (Fig. 1b). The tangential component
") would be zero if no Iateral reflections were received. The true amplitude of this com-
ponem is indicative of departures from these ideal conditions. The components from the
antenna parallel to the traverse line (M5, H,¥, H,%, Fig. 1b) were also recorded but were not
specifically used in the interpretation. More sophisticated future interpretations will probably
use all the data.
4 shows the 4, and H,® components from one traverse (Run 26). Figure 5
illustrates the process of imerpmmg a profile for one component. A set of theoretical master
curves is compared with the data. Our best fit in this case is for the dielectric constant of 3.3,

mnt of 0.09, and depth of 2.425 wavelengths (182 m); a perfectly reflecting bottom is

Such an interpretation is not always unambiguous. There may be several different
combinations of parameters which appear to fit the data equally well. In such cases the
of several components and several frequencies comes into play. The criterion of
consistency is applied to select the correct determination from the various pomibitities.
The most consistent set of interpretations fo~ Run 6 is tabulated in Table 1. There is

there ¥ a single great difficulty in the ol‘imerkmmetryduu.ithlbe
sensitivity of curve shape to small changes in and electrical parameters. It i this
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At 8 MHz the ficld curves contoin many more fluctuations than the theoretical curves.
This is an indication of the influence of int..umogencities within the glacier or of the surfme
roughness. Scaticrers considerably smaiicr than a wavelength will influcnce wave propagation
very little, while thme exceeding a wavelength in size will madify the ficlds considerably. ‘
The appearance of wavelength-size disturbances at 8 MHz (A = 37.§ m) indicates that
internal inhomogencities in the Athabasca Glacier are scldom larger than several tens of
meters. The strong disturbance in all Athabasca data at 16 and 32 MHz (A 18.7 m ardl
9.4 m) indicates that scatterers of this size or lews are coninon throughout the glacier. -
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THEORETICAL PROFILES
OIELECTRIC CONSTANT = 3.3
LOSS TANGENT = .09
H,y
] DEPTH
: (WAVELENGTHS)
; 2.400
]
4
; 2.428
-
3 2.450
-
1548 FIELD PROFLS
RUN 26
- 4 M3
o X . LMy
0 L] 10 135
RANGE (WAVILENGTNS)
Fe.s. T il of dete ot ¢ MN. the H,® componest, with teoretical eweves for dopths, Tihe thewetical
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MobEL RESULTS

One particular type of scatterer has been investigated using a high-frequency analog
scale model. The modeling medium was dielectric oil with a diclectric constant of 2.2 and
loss tangent of 0.002. Becausc these propertics differ somewhat from those of ice, the results
must be taken as qualitative indications only. The modcling wavelength was x5 cm.

A crevasse was simulated with a styrofoamn wedge (Fig. 6) (the diclectric constant of low-
density styrofoam is approximately 1). The field-strength profile shows a high-frequency
interference on the side of the crevasse nearer to the transmitter, and a minor diminution of
ficld strength on the far side; Similar features are present on the curve from ficld data shown
in Figure 7, although positive identification of the particular crevasse responsible for this
pattern was not made in the field.

k 15d8
CREVASSE (?)

1 1 I ]

0 (1 10 15 20

DISTANCE FROA. TRANSMITTER
(WAVELENGTHS)

RELATIVE RECEIVED POWER (dB)

Fig. 3. Passible location of crevasse in field data.

Dascussion

The best fits to all data were obtained for diclectric constant values of 3.3-1-0.1. The loss
tangents for the best-fit curves were from 0.18 to 0.26 at 1 MHz, 0.11 10 0.18 at 2 MHz, and
0.06 to 0.12 at 4 MHz, The mean value for ftan 8 is approximatcly a.3.

Depth determinations have been made using the average values of the most consistent set
of fits at the various stations. These are tabulated in Table 11 and arc located on the map of
Figure 3. Except for stations 6 and 8, deeper depth determinations are obtained at stations
higher on the glacier. Stations 3, 4 and § show particularly consistent results in comparison
to drilling information. The apparently high depth gradient between station 2 and a nearby
drill hole (depth 73 m) may be real, a result of cxtensions of the bedrock topography currently
being exposed at the retreating terminus,
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Tanre I11. DufTH DETERMINATIONS
(Averace 1, 2, 4 MHz. H, axp H,)

Site Direction of traverse Depth
m
2 S 167
3 S 182
4 S 194
5 S 210
N 166
2 N 173
Z N 281
N 192

The interferometric depth determination at station 7 is not entirely inconsistent with
drilling results, although the indicated depth is probably too shallow. This detcrmination
was fairly ambiguous because reflections from the bottom are weak in such decp ice.
A further complication was the short traverse length imposed by rough surface con-
ditions. .

The most inconsistent results occurred at stations 6 and 8. These stations were near the
side of the glacier, so observed reflections might not have come from directly below the
traverse line. A hangiig tributary glacier enters Athabasca Glacier a short distance above
these stations; morainal material within the glacier may therefore have adversely affected
the observations.

CoNCcLUSIONS

Radio interferometry appears to give reasonable estimates of glacier depth under favorable
conditions. Erroncous estimates can be obtaincd when internal structure affects the observa-
tions and possibly when the bottom slopes too much relative to the surface. The limit of
detectability of the bottom is about 300 m in temperate glaciers.

At the same time, the radio interferometry method gives an in sits measurement of both the
dielectric constant and the loss tangent of the glacier ice. Hence there is no need to assume a
dielectric constant in order to obtain a depth estimate, as is required by radar reflection
techniques.

Scattering signatures in the curves may indicate the position (and possibly the orientation,
if profiles are made in several directions) of crevasses or other ncar-surface scatterers. This
detection is probably possible through many meters of snow cover, although it was only tested
on bare ice in the ablation zone of the Athabasca Glacier.

As a field technique, radio interferometry is fast and simple. It requires an instrumented
vehicle, but data collection is rapid if the glacier surface allows for easy driving. Operation
on snow-covered portions of a glacier is probably casior than on the rough ice surface of the
ablation zone.

Interpretatica is fairly rapid. Collections of theoretical curves with appropriate para-
meters can be made up before the ficld trip. Daily comparison of the ficld data with these
curves allows constant monitoring of results. Sophisticated analysis and processing must, of
course, wait until a computer is available.

Methods are being investigated for making the data less sensitive to small variations of
parameters. This will require computer processing of the data. Current theory is heing
extended to investigate the effects of sloping bottoms and other more complex geometries.
The ultimate aim of the data analysis program is to use the full complement of redundant data
to minimize the ambiguity of interpretation.
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Abstract

s - - The use of the radio interferometry method requires a

E detailed understanding of the nature of electromagnetic

E wave propagation in structures composed of materials with low
electrical loss. This paper presents the results of a
detailed experimental and theoretical study into the re-

sponse of a 2-layer, plane-stratified, low-loss dielectric

earth. The technique used to construct a scale model with

microwave equipment to experimentally simulate the 2-layer
structure response is discussed. The wave nature of the ]

response derived from the theoretical investigations is

SN

used to interpret the features of the experimental results.

The experimental results in turn are useful in demonstrating

the reliability of approximate theoretical solutions for the

electromagnetic fields about the dipole obtained by the normal
i mode and geometrical optic methods. Such features as the
modification of the dipole radiation pattern when the an-
tenna is placed at the interface between media of differing
electrical properties and development of guided and leaky

modes in the layered structure are examined in detail.

Introduction

The radio interferometry method, previously summarized
by Annan (1973) and Rossiter et al. (1973), is a useful
geophysical method in geologic regions exhibiting extremely
high electrical resistivities. 1In this context, high

resistivity implies that displacement currents in the media

LT BT e e e
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must be considerably greater than the conduction currents.
In terrestrial materials, this situation is encountered in
ice-covered regions (glaciers, rolar ice caps) for radio
frequencies of the order of 1 Mhz and higher. Lunar
materials also behave as low-loss dielectric materials in
the Mhz frequency range (Olhoeft et al., (1973). Katsube and
Collett, (1971).

The original papers, mentioned above, presented much of
the preliminary work conducted to study the feasibility of
the radio interferometry method. Subsequent to this work,

a 1gnar experiment was designed, constructed and carried on
Apollo 17 (Simmons et al., (1972). 1In order to be able to
make a coherent interpretation of data from glaciers and the
Moon, a much more detailed understanding of the basic features
of the radio interferometry method was required. An in-depth
computational analysis of the theoretical response of ideal-
ized models was made and these responses were simulated with

a scale model experiment to check their validity. In addition,
full scale experiments were conducted on glaciers in Alberta
(Strangway et al, (1974) and in Alaska (Rossiter et al., sece
companion paper).

In this paper, a subset of the theoretical and scale
model studies are analysed. The purpose is to present a
detailed, documented study of the response of a 2-layer,
low-loss dielectric earth for excitation by an electric
dipole antenna laid on the surface. Some preliminary results

of the scale model and theoretical analysis are given by




Preteay von e

PRCEN
"

Rogssiter et al, (1973). In the course of this study, the
theoretical and experimental work were carried out together
in order that each could be used to confirm the other. The
end product was an in-depth understanding of the intuitively

simple, but complex in detail, physical phenomena involved.

Idealized 2-Layer Earth

The idealized model siudied is shown in Figure 1. The
2-layer earth is characterized by the dielectric constants
Ki and the loss tangents Gi. Variations in magnetic prop-
erties are not considered; all regions have free space
permeability. The cartesian coordinates (xl, Xy x3), the
associated unit vectors (él, 62' 63) and the cylindrical
coordinates (f,¢, z) are shown in the diagram. For the
computational analysis, the earth is excited by a point
electric dipole located at the origin of the coordinate
system with its moment aligned with the él axis. In actual
expériments, the source is a half wavelength electric dipole
;ntenna. The time variation of the dipole moment is of the

form e Ut

and in all subsequent mathematical expressions
‘the time dependence is suppressed.

In aéplying the radio interferometry method, the field
strength about the tranamitter primarily along profiles which
run radially outward from the dipole. The profiles commonly
used are denoted the broadside, (B), and the endfire, (E),
profiles. The B profile is run radially out from the dipole

normal to the direction of the dipole moment. In Fiqure 1,

£




o the B profile is along the éz axis while the E profile is
hit along the él axis. 1In field applications, the 3 compcnents
of magnetic field are measured. 1In the scale model measure-
ments, electric fields, primarily E’ and E, are measured

due to the difficulty in constructing satisfactory magnetic

field antennas. The field strength along these profiles

el L e

exhibits maxima and minima at various spatial positions due
to interference of waves propagating with different hor-
izontal phase velocities. The position of these maxima
and minima and * .« rate of décay of the fields with distance
are indicators which can be used to infer the electrical g
properties of the earth and layer thickness. i
In the following discussions, all spatial dimensions :
are normalized in terms of the free space wavelength W.
All propagation constants and wavenumbers are normalized

in terms of the free space propagation constant ko = 2n/W.

AR v e e

Mathematical Formalism

O

The mathematical formulation of the electromagnetic
rasponse of a plane layered earth is well known since it
is a standard boundary value problem (Wait (1970), Brekhovskikh
(1960)). The difficult part of the analysis occurs when
actual numerical computations of the response are required. |
The fields are expressed as Hankel transforms (or 2 dimensional ’

Fourier transforms) which cannot be evaluated analytically.

» In all but the simplest case of a whole~space, approximate

i methods of integration must be used to extract uscable
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results. The most straight forward method of obtaining
numerical results is to numerically integrate the Hankel
transforms. Other methods involve limiting material prop-
erties to special values in order to reduce the integrand

to a sufficiently simple form that an analytical evaluation
can be made. The other alternative is to look at the physical
nature of the response by use of approximate solutions which
can be obtained by manipulation of the integration countour

in the complex plane. Two solutions in this class are known
as the geometrical optics and the normal mode solutions.

‘ The details of the applications of these techniques to
low-loss dielectric earth models is discussed by Annan(1970,
1973), Tsang et al (1973) for various dipolar excitations.

In the following discussions, the geometrical optics and the
normal mode solutions are used. The reasor for this is that
sufficiently accurate results can be obtained in a very
economical manner. The computation cost of numerical
integration rules our this method for all be very particular
cases under consideration. Of the two solutions obtained by
normal countour integration, the normal mode solution is the
more correct solution. The only approximations involved in
the normal mode solutions are in the analysis of the branch-
line contributions which yield lateral and inhomogeneous
waves associated with the boundaries. The actual "normal
mode" part of the solution is exact within the computational
error of evaluating its contribution. The geometrical optics

solution involves asymptotic expansions for each multiple
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reflection and has built in approximations from the first
step of analysis. The main advantage of the geometrical
optics solution is that the response has a simple physical
interpretation and is economically computed. As pointed
out by Annan (1973), this solution can only be used when
spatial dimensions are on the order of the wavelength, or
attenuation distances in the media involved. In a low-loss
dielectric medium, the attenuation distance (distance for
a field to drop to l/e of its value) is given by W/nJR'tan 6.
The theoretical solutions for the electric and magnetic
fields on the surface of the 2-layer earth are summarized in
Table 1; the fields are expressed in terms of electric and
magnetic Hertz vectors which have only vertical (é3) com-
ponents. The complex radial wavenumber plane and integration
contours are shown in Figure 2. For the expressions in
Table 1, the geometrical optics solution if obtained by

expanding the expression in the denominators

= n [’y n
! Z R Ra § "
| - Reo Rn,@ nee

whereas the mode solution is obtained by solving the

transcendental equation

Rie Ria (3 = A (2) )

which yields the TE and TM normal mode horizontal wavenumbers

of the layered earth. The contour of the integration is
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deformed into a steepest descent contour through a saddle
point for each term in the (geometrical series) expansion.
Each term in the geometrical series can be expressed in

an asymptotic series. The geometrical optics solution to
final order is obtained by retaining only the first term

in each asymptotic series. For the normal mode analysis,
the contour is deformed to yield a sum over the normal modes

of the system plus integrals along the branch lines.

Scale Model Description

For electromagnetic systems to be similar, the spatial
dimensions in free space wavelengths and the loss tangents
must be the same. In order to simulate the radio inter-
ferometry method in a reasonably sized laboratory, wavelengths
in the centimeter range are necessary; this corresponds to

radio frequencies in the GHz range. The 2-layer earth

model and associated electronics are shown in Figures 3 and 4.
The transmitting (TX) and receiving (RX) antennas are

tuned half-wavelength electric dipoles. The excitation

frequency is 5.9 GHz. which corresponds to a free space
wavelength W = 5,08 cm. The 2-layer earth is simulated by
a tank of oil with very low electrical loss(tané<<l) with a
plane reflector suspended at a depth d in the oil. The
effects of the finite size of the tank (30W long x 15W wide
X 15W deep at 5.9 GHz) are minimized by lining the inside
with a microwave absorbing materials (Bccosorb). This

{t§ reducas undesired spurious reflections from the walls of




the tank. The TX and TX antennas are mounted on a track
suspended over the tank; the RX antenna is mounted on a
mechanized carriage so that profiles of field strength
versus TX-RY separation can be made autcmatically. The
track and associated supports are also covered with micro-
wave absorbing material.

Three sets of electrical properties of the 2-layer
models were used in the model. The first set was an oil
with dielectric constant xl = 2.16 and tan §; = 0.0022, and
an aluminum sheet, tan 62 ==, acting as a perfectly reflect-
ing substratum. A second set of electrical properties were
obtained by doping the oil with benzonitrile to increase its
loss tangent. The third consisted of oil (undoped) underlain
by a dielectric slab Kz = 6.75 and tan 62 = 0.11. The slab
was made of epoxy doped with carbon to increase its loss
tangent. The slab was 2W thick and had a sufficiently high
loss that it eliminated the possibility of spurious reflections
from the bottom of the slab returning to the surface. The
thickness of the oil layer was varied from 0.2W up to 10W
and profiles of log,, |E¢| versus TX-RX separation along
the B profile are prusented here.

The automatic traverse equipment and associated re-
cording apparatus are sketched in Figure 4 (Waller (1973)).
The field strength versur the distance is displayed on an
X-Y recorder and at the same time can be recorded on a
two-channel analog tape recorder. The recorded data was
later digitised in order that data enhancement and automatic

interpretation schemes could be tested.
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Theoretical and Experimental Results

(a) Half-Space Earth: Radiatior rattern birectionality

Before discussing the 2-layer earth in detail the
half-space response is briefly reviewed. The interaction
of the dipole source with the air-earth irterface drast-
ically modifies the directionality of the antenna. This re-
esult is important when analysing 2-layer modele with the
geometrical optics solution. This effect has been discussed
by Tsang et al (1973), Aunan (1570, 1973), Cooper (1971).

The T:Z radiation from the horizontal electric dipole is
considered in the following analysis. Th2 radiation pattern
for TE energy is the same as that for the electric field
component E¢ Since E varies as siny in the x1 -x2 and
this variation is independent of the layered structure, the
variation of Bv in the xz -x3 plane at a fixed distance
from the source yields the pertinent radiation pattern
information. E in the xz -x3 (sin =1) plane for whole-

space is simply given by

J2TR
E,: J‘M}l. 1dL _© (3)
47 Qw
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The modified pattern is highly directional with a strong peaXk
into the earth at the critical angle of the interface as
illustrated in Figure S. The patterns show radiated power
versus direction in the X, -x3 plane. The whole-space

5 pattern is used to normalize the patterns for varying

dielectric constants of the half-space. Similar analyses

can be carried out for other field components; all show
highly directional patterns.

Experimental measurements of the radiation pattern
obtained with the scale model with no subsurface reflector

confirm the direccionality of the source in the presence of

an interface. The radiatior patterns were measurec by

boom which mcved the antenna in a circle of constant radius

i
mounting the receiving antenna on a specially constructed l;
{i} about the transmitted antenna. The amplitude of the received
i
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signal and the angular position of the boom were fed to an

X-Y recorder which produced directly plots of field intensity
versus position in the x2 -x3 plane. The results of
measurements of |E¢I are shown in Figure 6. The pattern for
Ev was measured on circles with radii of 3 W, 4.5 W, and 6 W.
The "theoretical" pattern for the air-oil-dipole configuration
computed by Cooper (1971) is shown with the experimental
results. It should be noted that the experimental results

are not normalized and that the shape of the patterns, not

the magnitudes, should be considered.

The discrepancy between the theoretical response and
observed response are primarily explaiied by the fact that
the experimental measurements were made at a finite distance
from the source. The theoretical pattern shown is valid
only infinitely far from the source be definition. As the
TX-RX separation is increased, the experimental pattern
changes shape and becomes more like the theoreticall-
predicted pattern.

The preceding solution for the theoretical response
is obtained from the first term in an asymptotic expansion
for the field. At finite source~raceiver distances, higher
order terms in the expansion become important. At the peak
of the pattern, however, alternate sclutions must be used
since the higher terms of the asymptotic expansion are
infinite. Brekhovskikh (1960) has studied the fields in
the region of the peak of the pattern in detail and obtainad

a modified expansion with the first correction term decreasing
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as (1/r) 5/4. A rough calculation shows that this term is
significant out to distances of tens of wavelengths.

The physical rationale for the lobate pattern is quite
simple. The explanation can be seen most easily if the waves
radiated by the antenna are examined from the ray theory
point of view. In a whole space the source radiates the
waves uniformly in all directions in the X, --x3 plane. The
presence of the half-space modifies this, since rays which
propagate horizontally are continually refracted downwa-d at
the critical angle of the interface. Combining the whole-space
pattern of the antenna with the directional selectivity of
the interface yields a complex radiation pattern with high
directionality.

To first order, the fields along the interface are zero.
If higher terms of the asymptotic expansions are retained,
the fields fall off as (l/r)z. There are two components in
this second order effect; one which propagates with the phase
velocity of the earth and one which travels with the phase
velocity of the air. As a result the fields at the surface
of the half-space exhibit a regular beating as a function
of spatial distance from the antenna. This is discussed by

Annan (1970, 1973).

(b) 2-Layer Earth: Perfectly Reflecting Substratum

The 2-layer earth can exhibit a wide variety of
responses depending upon the range of electrical properties

and layer thickness. 1In early analysis, the case of a
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perfectly reflecting substratum was considered as a starting
point. 1In order to demonstrate the general character of

the 2-layer earth, a suite of responses for various values of
d and a perfectly reflecting substratum obtained with the
scale model and computel theoretically using both the normal
mode and geometrical optics solution are shown in Figure 7.
The layer thickness ranges from 0.5 W to 7 W. The Ey field
strengths in decibels are plotted versus transmitter receiver
separation in free-space wavelengths along the B profile.

The scale model response is shown along with the mode and
geometrical optics solution. The geometrical optics curve

is shifted upward from the experimental curve while the mode
solution is shifted downward. This offset of the curves is
used to minimize the overlap of the various responses which
tends to confuse the visual presentation of the data.

The results in Figure 7 span most of the important

depth ranges and demonstrate most of the features of the
2-layer response. For the shallow depths of 0.5 W, 1.0 W,
and 1.5 W, the fields are expressible in terms of one, two,
or three guided modes (see Appendix) plus the lateral and
inhomogeneous waves given by branch-line contiibutions. The
fields decay with distance as (l/r);s and exhibit a regular
beating as the modes move in and out of phase. For d = 0.5 W,
only one mode is guided and the only interference occurs
near the source where the branch line and modal contributions
are comparable in magnitude. The remainder of the infinite
sequences of modes are either not excited or are lcaky modes

which decay exponentially with distance from the transmitter.
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As the layer thickness increases more and more modes move into
the guided regime and the field strength versus distance
becomes more complicated as the various modes move in and out
of phase.

Examination of the theoretical responses show that the
geometrical optics solution and the model response are in
good agreement for layer thicknesses greater than 3.0 W.

For shallower depths, the experimental and theoretical
responses diverge from one another. The breakdown in the
geometrical optics solution is to be expected from its
asymptotic nature. The normal mode solution, however,
shows excellent agreement at the shallow depths and becomes
the same as the geometrical optics solution at the larger

depths.

(¢) Thin Layers and Critical Depths

The preceding discussion of the 2-layer earth with a
perfectly reflecting substratum illustrates the general
nature of the response. At very shallow depths and at
various critical depths, the response changes quite
drastically with layer thickness. The suite of curves for
depths d = 0.13 W to 0.88 W given in Figure 8 show this
behavious clearly. The critical depths (d;) in wavelengths
for the model electrical properties are given by dc = 0.23
(2N + 1) TE modes) and 4, = 0.46n (TM modes), n = 0, 1, 2...
(see Appendix). For 4 < 0.23, (Ey is composed of TE modes

only on B profile), no normal modes are excited since the
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layer is too thin. As a result, the variation of the fields
with distance is dependent on the branch-line integrals
which describe the secondary waves associated with the
interfaces and which fall off as (l/r)z. As d increases past
0.23 W the first normal mode moves into the¢ guided regime and
the field strength falls off with distance as (l/r)%. The
plot of field strength versus distance varies only slightly
with depth changes for 0.23<d <0.69.

As d » 0.69, the field strength versus distance plot
begins to show a weak beating. For 4 just greater than 0.69,
the fields show very deep interference nulls at regular
spacing. Two guided modes (TE) are now propagating in the
layer for 0.69 < d < 0.88, the profiles exhibit regular
beating; however, the maxima and minima locations are very
sensitive to the layer thickness. Although not presented
here, data collected as d + 1.16 shows the same behaviour
as d - 0.69. At d = 1.16, a third mode moves from the
leaky to guided regime (see Appendix).

The theoretical responses computed by the normal mode
method are shown along with experimental results. The mode
solutions match the experiment results very well except at
the critical depths. At the critical depths, two poles and
a branch point merge together in the mathematical solution.
The branch line contribution is evaluated approximately by
steepest descent integration; the approximate solution
fails at the critical depths. The results of evaluating
the branch line contribution by numerical integration are

also shown on the profile for 4 = 0.69. The aoreement
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between experiment and theory is much better at the critical
depths with this improvement. (It should be noted that the
depth of experimental signal nulls may not match those of
the theoretical nulls due to the present of spurious
background signals and the low level characteristics of

the log amplifier.)

(d) 2-Layer Earth: Dielectric Substratum

The response of a dielectric substratum is not greatly
different from the previous responses for a perfectly
reflecting substratum. The major difference is that there
are no 1onger any unattenuated guided modes; all the modes
are leaky since energy can always leak out of the layer
into the substratum. As a result, the field shows the same
basic behaviour but all responses have a strong attenuation
with distance from the TX.

The data collected with the scale model experiment are
shown in Figure 9. The experimental results are presented
along with the theoretically (normal mode) computed responses.
The results compare extremely well. The normal modes no
longer have a sharp onset as they do for a perfectly
reflecting substratum. The modes now move from a very
leaky regime to a much less leaky regime with no sharp
dividing line present. The accuracy of the theoretical
solution is better than for the perfectly reflecting
substratum case since there are no true critical depths and
the mathematical approximations in evaluating branch-line

contributions are greatly improved.
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Summary and Conclusions

"he results of theoretical and experimental work have
led to a clear understanding of the physical mechanisms of
wave propagation in a 2-layer dielectric earth. This
detailed understanding of the waves propagations in such a
system is necessary for the interpretation of radio inter-
ferometry data from geologic environments which can be sim-
ulated by a 2-layer model.

The practical aspects and limitations of constructing
scale model experiments at GHz. frequencies are well
understood and the reliability of the model makes it an
ideal method of examining problems which are not tractable
from a theoretical point of view. With such excellent
agreement between theory and experiments, the model can be
applied to the analysis more complex problems with confidence.

The scale model has proved to be invaluable in checking
out the computer programmes which generate the theoretical
responses. The mathematical formalism is very complex and
its translation into a computational formalt is difficult;
particularly when approximations are made in certain parts
of the analysis.

The normal mode approach to analysing moderately to
very thin layers has greatly improved the ability to interpret
layered structures. The initial analysis of responses was
made using the geometrical optics solutions which is invalid
for thin layers. The model study coniirming the mode analysis
has already led to successful interpretation of radio

interferometry data obtained in thin layer environments
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Rossiter et al. (see accompanying paper).
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Appendix

TE and TM Mode Critical Depths for a 2-l.ayer Earth

The radial wave numbers of the normal modes of a plane
stratified 2-layer earth are obtained by solving the

transcendental equations (Annan (1973))

TE Mede | R\:.' le: @ = o (A- \)
TH Mode | - RT: R.‘:: G =° (a-2)

When A-1l or A-2 are satisfied, the TE or TM reflection
coefficient for the 2-layer structure (see Table 1) is
singular having a resonance (simple pole) at that particular
value of horizontal wavenumber denoted by )\E;E or )ssm. The
wave nature of the problem is sketched in Figure A (a).

A plane or cylindrical wave propagating with horizontal
wavenumber bounces back and forth between the two interfaces.
In one transit back and forth across the layer the wave
suffers an amplitude and phase change given by Rlo Rl2

due to reflection at the interfaces plus an amplitude and
phase change of pk while propagating across the layer in one
direction. Equations A-1l and A~2 just express the
requirement that the wave comples one transit of the layer
with no change in amplitude and a phase change of N2w,

n=0,1,2.... In general the Agz and ATM
P

A-l and A-2 have no purely real solutions. Only totally

T

P

are complex and

real A~ yield modes which are unattenuated radially.
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True guided modes exist only when lRlo! = [Rlzl = 1 which
physically occurs only when the media are loss free and region
1l is a low velocity region (l.e. Kl > Ko and Kz) or the
lower interface is a perfect reflection (i.e. tamSz +o), In
addition d must exceed a minimum critical thickness. Analysis
of equations A-1l and A-2 in the complex ) plane show that the

N

must lie along a line which intertwines the various

P
Riemann surfaces defined by the branch lines of the
(Kf - A2)1/2 functions. The case of a perfectly dielectric

i
slab (tan 62 = «) gubstratum is sketched in Figure A(b).

The roots of the transcendental equation lie on the line
indicated in A(b). The solid circles denote roots on the
upper Riemann surface which are excited modes and the open
circles indicate roots on the lower Riemann surfaces.

I
The poles on the real axis between ixo and JK; are guided

unattenuated modes while the poles Ap < J;:-;re leaky modes
and have a positive imaginary component. The branch-lines
are chosen as indicated in Figure A(b) and run from\ﬂi;

to JK; + j=. The upper Riemann surface for the radical

(X; - AZ)H where K is real is defined as the one where

(Kj - A%)% = § for A < JK; ana (K, - 23" = 3 where & is
a real positive number and A is on the real axis. On the
lower Riemann surface § must be repiaced by -8 in the
preceding expressions. For complex K the Riemann surface
definitions consistent with the real K definitions are
obtained by examining the case of Im K; -+ 0.

i

move down the contours and are

The behaviour of the with variations in 4 is

H

twofold; the poles Ap



more closely packed as d increases and the contour, on which
the poles lio, swings towards the imaginary axis. As the
depth varies, a pair of the poles coincide with thej 'K:;' branch
point at regular depth spacings. These depths are the
critical depths for the modes and mark the depth wherz a mode
moves from the leaky to the unattenuated or guided regime.

The critical depths for the case of the perfectly

reflecting substratum are obtained by noting that

R:’: = RNz -1 (A-3)
and that for A = J KO,

Rie = 1 /R e -1 (B -4)

Substituting into A-1 and 2 yields.

T oW F YY) W
2 —
< 4(%-0
wz o, 2 - (A-S’)
™ n
4" =

© T 2i-0'2

For finite loss tangents, and a dielectric bottom, the
contours on which A lies still pass through jxi but are
displaced away from the real ) axis between [k ' and Jxy
s0 that all modes have a finite imaginary component which

corresponds to attenuation with distance.
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Fig. 2
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Fig. 4
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Fiqure Captions

Sketch of a 2-layer earth geometry and the

associated cartesian and cylindrical coordinate

system.
Complex radial wavenumber plane illustrating

integration contours and location of sinqular poirts:

branch points @

TE poles g* upper Riemann surface
o .
lower Riemann surface
T™ poles {A- upper Riemann surface
a

lower Riemann surface
-==-==-= Hankel transiorm contour
cs.eso Geometriral optics path through saddle
point
_______ Normal mode contour
== =«== Branch cuts
Schematic drawing of scale model 2-iayer earth.
Schematic diagram of scale model electronics,
display and recording system.
TE (E ) radiation patterns for the horizontal
electris dipole on the surface of a dielectric
half-space for X, = 1. (whole-space pattern),
2., 3.2., 10.
Scale model experimental measurements of (E‘)
pattern in xz-x3 plane compared with the theoretical
pattern computed by Cooper (1971).
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Suite of 2-layer earth responses where the
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numerical integration of branch-line contributions.
Suite of 2-layer earth responses for a dielectric
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scale model response; --~-- normal

mode theoretical response.
(a) Sketch of multiple reflections in thin layer.
(b) Illustration of pole positions in complex A
plane as a function of d.
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49 Branch-point
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Table 1l: Cylindrical components of the E and H fields

about a Horizontal Electric Dipole (HED) on the
surface of a 2-layer earth. The fields are
expressed in terms of (electric and magnetic)
Hertz (vector) potentials (n_ and 7 ) which

have only a vertical (é3) component.
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ABSTRACT

Recent theoretical work on the radio inte-~ferometry
technique tor dielectric layers of less than one {ree
space wavelength thick, has indicated that there is a
thickness for which no interfarence is observed. This
thickness is about 0.2 free space wavelengths for ice,
and it lies between the thickness that allows one single
mode to propagate in the layer (> 0.2 wavelengths) and a
thickness that is essentially transparent to the wavelength

1 being used (< 0.2 wavelengths).

Field work was done on the Juneau Icefield using

frequenc-izc from 1 to 32 MHz. At 1 und 2 MHz, an

R

interfc i~ :c pattern typical of a half space of ice with

e e

a dielectric constant of 3.3 was observed, while at
4 MHz essentially no interference was seen. At higher

frequencies, the interference observed is typical of that

of a layer overlying a half space. The upper layer can

be interpreted to have a depth of 15 or 20 m (0.2 wavelengths
at 4 Miz) with a dielectric constant of 2.4. This is the
result of a layer of snow over a half space of ice. The
technique is therefore of potential interest in interpreting

the nature of the snow layer overlying a glacier.
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INTRODUCTION

Radio frequency interferometry depth sounding was
originally developed to measure the dielectric properties and
structure of highly resistive geological regions (Annan, 1970,
1973). It has been used successfully for sounding glaciers
(Rossiter et al., 1973; Strangway et al., 1974), and on the
moon (Simmons et al., 1972, 1974). The technique consists
of setting a radio transmitter on the surface to be sounded,
and measuring the field strength as a funcion of distanre
from the transmitter. Several waves propagate from the
transmitter to the receiver, generating an interference
pattern that is indicative of both the dielectric properties

and the structure of the medium.

The retical studies have determined the fields to be
expected over dielectric layers (Annan, 1973; Kong, 1972;
Tsang et al., 1973). Early work used geometrical optics
approximations in order to evaluate the integral expressions,
Lut it can be shown that the method is highly inaccurate for
layers less than about three free space wavelengths
(abbreviated "W" throughout) thick. In more recent work, a
normal mode approximation has been used that is particularly

suitable for calculating the fields in th~ presence of a thin

layer.
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;] In a companion paper (Annan et al., 1974), theoretical
and experimental data from an analogue scale model are

compared. In the present paper, we will examine the

ORI

particular case of a thin dielectric layer (0 to 1 w thick)
overlying a thick dielectric layer (see Figure 1), using mode

theory, and compare these results with field data collected

on the Juneau Icefields, Alaska.

R R

A

THEORY OF THIN LAYERS

e

Radio interferometry data show three distinct types of

{ behaviour as the upper layer increases from being very thin
and transparent, through a critical thickness, to being thick
enough to allow propagating modes. We will examine each of
these three cases.

(a) Very thin transparent upper layer

When the upper layer is very thin (less than about

0.2 W thick in ice), it is essentially transparent. Therefore,

SR TPERPIRRAT AR, AESMBIES SRR R,

the observed interference pattern is independent of the
properties of the upper layer, and looks like that of a half
space with the properties of the lower layer (see Figures 2
and 3).

(b) Transition thickness - decoupled layer

As the upper layer becomes approximately 0.2 W thick

oy
.
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(the exact value is dependent on the dielectric constant),

it effectively decouples any signal from the lower layer.
However, if it is still too thin to allow free propagation
within itself, the observed patterns will show no interference
at all (see Figure 4). Since this transition band is narrow
(and may be non-existent for very low losses), it is extremely
diagnostic of upper layer thickness.

(c) Modal propagation in the upper layer

As the upper layer becomes thick enough to support freely
propagating modes, the interference patterns acain show
clear beating (see Figures 5 and 6). Since the interference is

generated by modes propagating along the thin layer guide, the

spatial frequency of the beats is relatively low, and dependent

on the properties of the upper layer (although occasionally a
higher spatial frequency ripple, due to the lower layer, can

be seen).

DIELECTRIC PROPERTIES OF ICE AND SNOW

The dielectric properties of ice and snow have been

reviewed by Evans (1965). Ice has a strong relaxation at abaut

104

H, at 0°C, but for frequencies well above this, the
dielectric constant is 3.2, and is fairly independent of

temperature. Since radio frequencies are on the high

e, ’mm«,p».., [P
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frequency tail of the relaxation spectrum, the product
f-tan 6§ is approximately constant. It has a value of about
0.2 MHz at 0°C, decreasing to 0.1 MHz at ~10°C.

Snow is essentially a mixture of two dielectrics - ice
and air. As such, it has dielectric properties that are
between those of its constituents, and which depend primarily
on its density. Thus snow of density 0.5 g/cm3has a
dielectric constant of about 1.9 and a loss tangent about
half that of ice.

The effect of impurities is not well understood, although
impurites tend to increase the loss tangent. The addition of
a few percent water by volume to snow would increase the
dirlectric constant to perhaps 2.5 and increase the loss
tangent perhaps several times. Few accurate studies have

been done on this problem.

JUNEAU ICEFIELD DATA

During the summer of 1972, measurements were made at
various locations on the Juneau Icefields (see Figure 7). We
will examine two runs - Run 36 made from Site 6 on the Taku
Glacier, and Run 92 made from Site 25, in the accumulation

zone of the Matthes Glacier. At Site 6, the thickness of ice

] [FIRER——




has been determined seismically to be approximately 350 m.
(Miller, 1952). The thickness of the ice at Site 25 is
uncertain, but it is probably about 200 m,

Measurements were made at six frequencies - 1, 2, 4, 8,
16, and 32 MHz, so that the free space wavelength varied from
300 m'to about 10 m. Six components of the magnetic field
were measured - three from each of two transmitting antenna
orientations. Of these components, we presently have
theoretical solutions for two of them - the vertical (Hz)
and radial (Hp) magnetic fields from a broadside transmitting
antenna. These two components were compared to suites of
theoretical curves and a best fit that gave consistent results
for all frequencies was found.

For both runs, the data at 32 MHz were so scattered that
interpretation in terms of layered structures was not possible.
Some scattering is presant at 16 and 8 MHz. This seems typical
of temperate glaciers {Strangway et al., 1974; Davis, 1973).

We attribute this scattering to random reflections from
crevasses and other irregularities in the ice with typical
sizes of about 10 m.

The parameters deduced from each frequency for the two runs

are listed in Table 1. Theoretical curves for the best single

set of parameters for each run are shown with the field data i.
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Figures 8 and 9 (i.e. one set of parameters was chosen
for each run, although for any given frequency better fits
might have been found with slightly different parameters).
In each case, the two components (Hp and Hz) gave similar
results. From the 1 and 2 MHz data, the dielectric constant
and loss tangent of the lower layer can be estimated. From the
4 MHz curves, very tight limits can be put on the thickness of
the upper layer. From 8 MHz and to some extent 16 MHz data,
the properties of the upper layer can be determined.

Runs 36 and 92 differ in two basic respects. For Run 36,
the loss tangents are typical for ice- 0.2 ¢ 0.1/f, where f
is frequency in MHz (Evans, 1965). The values obtained for the
thickness of upper layer are consistent from frequency to
frequency. For Run 92, it was not possible to obtain a
consistent thickness without letting thg loss tangent drop
to at least 0.1/f. Even then, the depths obtained at the
lower frequencies (especially 4 MHz) were less than 15 m while

for 8 and 16 MHz a depth of about 20 m was required.

DISCUSSION

We interpret the thin upper layer at both sites as being
snow about 15 to 20 m thick, with a dielectric constant of 2.4

+ 0.2, overlying thick glacial ice, with a dielectric constant
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of 3.3 ¢+ 0.1. The loss tangent at Site 6 (Run 36) is about
0.2 £ 0.,1/f, while at Site 25 (Run 92), it is somewhat lower.
These dielectric properties are typical for glacial ice and
for snow of density 0.65 ¢ 0.15 (Evans, 1965). We attribute
the lower loss tangent at Site 25 to the lower mean temperature
a’ the higher site which reduces both the relaxation frequency
and the amount of free water present. It is interesting that
although the measurements were made in summer with runoff water
abundant on the surface, these losses are not particularly
high. Presumably, any free water is in too thin a layer or is
too well disseminated to be noticeable at the frequencies used.
Inconsistency of the depth determinations from fregquency
to frequency (especially true at Site 25) is possibly due to
the gradation of the snow-ice boundary. Examination of a
crater pi‘t some 5 m deep blasted on the Taku Glacier (see
Figure 7(a)) confirmed the gradational nature of snow density
(and hence dielectric constant) with depth. Since Site 25 is
in the accumulation zone of the glacier, snow may be compacting

even more gradually in that area.

CONCLUSION

Using radio-frequency interferometry, a thin lcyer can be
detected and estimates of the thickness of the layer to within
a few meters can be made. By using a range of frequencies, the
dielectric parameters of both the upper and the lower layer can

be vbtained.

+



S

hecs

e L

oo =

B L TR LT L Lo

e s e

e wmra s gy
'

AR S i B IR P bt N

Acknowledgements

Field work, data collection and reduction was done under
NASA Contract No. NAS 9-~11540 to MIT and a subcontract to the
University of Toronto for the Apollo Surface Electrical
Properties Experiment. We thank Messrs. G. LaTorraca, R. Baker,
and L. Bannister, and Dr. G. Simmons.

Support for the analysis and interpretation of the data
from the Department of Energy, Mines and Resources, under
Research Agreement 1135-D13-4-16/73, is gratefully acknowledged.

Computational assistance was provided by Mr. J. Proctor.

References

Annan, A.P., "Radio Interferometry Depth Sounding®, M.Sc.
thesis, Department of Physics, University of Toronto,
1970.

Aunan, A.P., "Radio Interferometry Depth Sounding: Part I -~
theoretical discussion®, Geophysics, v. 38, pp.
557-580, 1973.

Annan, A.P., Waller, W.M., Strangway, D.W., Rossiter, J.R., and
Redman, J.D., and Wattl; R.D. "The electromagnetic response of

a low-loss ,two-layer ,dielectric earth for horizontal

electric dipole excitation", submitted to Geophysics, 1974.

Davis, J.L., "The Problem 9! Depth Sounding Temperate Glaciers"®,
M.Sc. thesis, Trinity College, Cambridge, 1973.

e Gt ot




T s A Sy T SR b MR ¢ SRR 1

o e e o

[T

n, AT

T B

1 o 4 S TR PO Y

L 4

wvans, S.. "V'ectrical propertic:.. f ice and snow - 1 ‘e i
J. tlaciology, v. 5, pp. //:- 722, 1965.

Kong,  *., ""lectromagnetic fields due o dipole antennas over
tratificd anisotropic media", < .ophysics, v. 37, oy,
a5 996, 1902,

ariler, M ., '3cientific Observations of the Juneau 1.

Tield Research Project, Alaska, 1949, ..  Season",

J.I.R.P. Report No. &, American CGeographical Society,
New York, 1952,
Posgitoee, J.R., LaTorraca, G.A., Annaun; A.P., Strangway, D.W.
nd Siemons, G., "Padio intarie ouc iy teo, oun.dip.,
ari. L6 - experimental resnlls”, Goophyics,

PP 5HIL-N59, 1973,

S..m - 6., 't angway, D.W., Bannister, L., ©. .-, R!.,, Cubl..

rw i caca, G., and Watts, R., " The Surface Electrical

“roperties Fxpcofment", Tunar Geophysics, Proceedings

a confer. ~on al the 'y vac Science Institute, Houston,

Texes, "4-2¢ vrcth e 1977, D, Reidel, Dordracht, pp.
258 271, 4l

'

Yvooong, ., Steamgaryr, D.W., Annan, A.¥., Baker, R., Bann ‘i

Arowa, R., "ooper, W., Cubley, D., de Bettencourt, J.

~jyl:iud, nA., Groener, J., Kong, J., LaTorraca, G., !,
N.ne ., 4 , Redran, D., Rossiter, J., Tsang, L., Uvn. r,
and vaiits, R., "The Surface Electrical Properties

¢,perinvent™, Apollo 17 Preliminary Science Repor , 'a“.

82 1%, Washington, pp. 15-1 - 15-14, 1974.

URIGINAL PAGE IS
OF POOR QUALITY]



- 10 -

Strangway, D.W., Simmons, G., LaTorraca, G., Watts, R.,
Bannister, L., Baker, R., Redman, D., and Rossiter,
J., "Radio-frequency interferometry - a new

technique for studying glaciers", J. Glaciology,

no. 67, 1974.
Tsang, L., Kong, J.A. and Simmons, G., "Interference
patterns of a horizontal electric dipole over

layered dielectric media®, J. Geophys. Res.

Ve 78' ppo 3287-3300' 1973.



-11 -

* (5961 ‘sueAT) JUBISUCD = § UR] *° J SV S3ARYIC
K1rerauesss 301 jo juaburl SSOT 9Y3 ‘WSTURYOSW DTI13DSTSTIP S3IT JO 98nedag *zHW UT 3 -7

(3x33 29s) pazd3jeds Arxtel oI ejep ZHW 97 °1

ANvu\mo.oﬂ:.o T1°0+%€°¢t ANvmw\oa.o cro¥p-¢ ‘w g¥gT :uoTIelAadIIJUI
- - Z0°> g o3y ¢ é(zsez)r oz 1 aﬂvwd
- - 10°%20° 1°0%¥°C (92-61)L°0-S°0 8
20" 9 (s1-6)00Z°-S21°
S0° @ - - vezo (er1-L)SLTI°-COT° 1 4
01°0-50°0 T1°0%€°€ - - (0Z>)s21°0> 4
d 01°0 1°07g°¢ - - (0€E>)T°0> L¢
Z6 1y
aNvu\a.ou ¢°0 T1°0%€°€ vam\a.oﬂm.o T°03p°C ‘wl 36T :uUOTILIDICIBJUY
- - S00°0%0T0°0 rA 1 R0 A 4 (zZ-L1)2°1-6°0 Adea
- - T10°#20° 1°0*¥°C (Z22-LT)09°0-SVv°0 8
£E0°0%90°0 - - - (ze-s1)€E°0-2°0 14
S0°0%01°C T1°0%e°¢ = - (£Z-S1)0ST°-001" 4
0T°*0%02°0 1°0%€°€ - - (€2>)SL0°0> 1
o uey Ty To uey Ty (‘w) m 'p (zHA: Aousnbaig
9¢ NNY

XYCFHL OL NOSIMVJIROO A€ Z6 OGNV 9f SNAY NVINAL JO NOILVITNJIYIILNI 2T ZTIaVL

ey

- -

[T



it

eamgts

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

FIGURE CAPTIONS

Configuration of a thin dielectric layer overlying an
infinite dielectric half space. By varying the frequency,
the thickness of the upper layer in wavelengths <an be
changed.

Theoretical curves of field strength (db) vs. range in
wavelengths (A) for a very thin upper layer, with the
dielectric constant of the lower layer varying. The
spatial frequency of the pattern increases with
increasing kz. (a) Hp broadside component, (b) Hz
broadside componert,

Theoretical curves for a very thin upper layer with the
loss tangent of the lower layer varying. The sharpness of
the interference drops off with increasing tan 62. (a)
Hp broadside component, (b) H, broadside component.
Theoretical curves for the region of no interference
showing the transition from a transparent upper layer to
an upper layer that propagates freely. (~; ip bronadside
component, (b) Hz broadside component.

Theoretical curves for a propagating upper * e -, with
the dielectric constant of the upper layer va:ying.

(a) Hp broadside component, (b) Hz broadsi1de component.
Theoretical curves for a propagating upper layer, with

the loss tangent of the upper layer varying. (a) Hp
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Fig. 7

Fig. 8

Fig. 9
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broadside component, (b) Rz broadside component.

Maps of the Juneau icefield (a) near Camp 10 and (b)

near Camp 18. There is a gap of 2 km between the top

of (a) and the bottom of (b). Radio interferometry was
conducted at "R.F.1 Sites”. Seismic depths (frcm

Miller, 1952) are indicated where known. Run 36 was

made at Site 6 at an elevation of 1050 m. ASL on the

Takv Glacier; Run 92, was made at Site 25 at an

elevation of 1770 m. ASL, on the Matthes Glacier.

The crater site is also shown in (a).

Radio interferometry data, Hp and H, broadside components,
1 to 16 MHz for Run 36, Site 6 (solid lines). At 16 MHz
scattering is significant (see text). Theoretical curves
are also shown (dashed lines) for the followiﬁg parameters:

d, =19 m., k = 3,3 and

1 1
tan 62 = 0.2/f.

= 2.4, tan &, = 0.2/f, k

1 2

Radio interferometry data, HP and Hz broadside cumponents,
l to 16 MHz, for Run 92, Site 25 (solid lines). At

16 MHz scattering is significant (see text). Theoretical
curves are also shown (dashed lines) for the following
parameters: dl = 18 m,, k1 = 2,4, tan 61 = 0,2/¢,

k

=~ 0.1.7.

= 3.3 and tan §

2 2
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Introduction

The Surface Electrical Properties (SEP) Experiment
was flown to the Taurus-Li‘trow region of the moon on
Apollo 17. The experiment used megahertz radio frequencies
in order to determine (i) electrical layering at the land-
ing site, (ii) the dielectric properties of the surface
material in situ, and (iii) the presence of scattering

bodies.

In order to sound into the surface layers a relatively
new technique, called radio interferometry, was employed.
A transmitter was set out on the lunar surface and a
receiver was carried on the Lunar Roving Vehicle. As the
Rover moved along its traverse, the received magnetic field
strength and the Rover's position with respect to the

transmitter were recorded.

At any point on the traverse several waves reach the
receiver, and these waves interfere, as shown in Figure 1.
A plot of field strength as a function of transmitter-
receiver separation therefore gives an interference pattern
that is diagnostic both of the physical properties and of
the structure of the upper layers. Field strength data
for six frequencies and six combinations of receiving and
transmitting antenna orientation, along with position,

calibration, and temperature information, were recorded on

Al e 0 ) 21 N 3¢t SN
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a magnetic tape which was returned to earth.

The basis for the interferometry concept and details
of the SEP Experiment have been given elsewhere (Annan,
1973; Rossiter et al., 1973; Simmons et al., 1972; The SEP
Team, 1974). In the present paper we will outline briefly
the basis for our interpretation, present the lunar SEP

data, and describe our most recert evaluation of the

results.

Background Material

Because radio interferometry is a relatively new
technique, most of our background experience with it was
built up explicitly for the lunar experiment. This study
had three main facets: (i) theoretical evaluation of the
EM fields surrounding a dipole over a dielectric; (ii)
experimental work using an analogue scale model; and,

(11i) field trips to different glacier sites for full scale

experiments in a real environment.

Although the integral expressions for the EM fields
surrounding a dipole over a layerccC earth have been known
for som. time (e.g. Bahos, 1966), their evaluation for
low-loss layers is far frc.a trivial. Straight numerical
integration is prohibitively expensive. Therefore two

complementary approximate methods were used - a geometric
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optics approach and the theory of normal modes (Annan,
1970, 1973; Kong, 1972; Tsang et al., 1973). The former
is most accurate for thick layers, and becomes invalid

for distances less than about a wavelength. The Jlatter is
most easily calculated for thin layers in which only a

few m'des propagate.

In order to check these calculations, and to be able
to study cases too complex for theoretical treatment, a
scale model was constructed using microwave frequencies
(Waller, 1973; Annan et al., 1974). The model used a layer
of dielectric oil in which a reflecting plate could be set
up in many different orientations. A typical suite of
model curves for the layered case of a dielectric over a
perfect reflector is shown in Figure 2, along with the
corresponding theoretical curves. The inaccuracy of the
geometric optics solution for thin layers ‘s readily

apparent.

Field experience with the interferometry technique
was gained on trips to the Gorner and Athabasca Glaciers
(Rossiter et al., 1973; Strangway et al., 1974), and to
the Juneau Icefields (Rossiter et al., 1974), using proto-
type lunar hardware at various stages of development.
S8ince most of the glacial sites were known, fiom independent

work, to be close to a plane layered situi. i .n, we were
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faced with the problem of finding the set (or sets) of para-
meters that best characterized the data collected. This was
dore by trial-and-error comparison of suites of theoretical

curves with field data (although attempts at formal inversion

are currently underway by Watts (1974)).

A typical set of field profiles and their corresponding
"best-fict" theoretical curves is shown in Figure 3. Although
no single frequency or component was uniquely indicative of
the parameters (diclectric constant, loss tangent, and depth
to reflector), by accepting only parameter sets that gave
consistent, good fits for all frequencies, and for both of
the maximum-coupled components for which we have theoretical

solutions, an acceptable interpretation was always found.

SEP Operational History

The SEP experiment was carried out at the Taurus-Littrow
landing site during EVA-II and III. The transmitting dipole
antennas were deployed by the astronaut about 150 meters
east of the Lunar Module in a north-south and in an east-
west direction (see Fiqure 4). During EVA-II SEP data
was recorded as the Rover moved in a westerly direction away
from the SEP transmitter out to station #2. The traverse
as reconstructed from the SEP-LRV navigation data is given

in Figure 5.

DL e S - - v s e L
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From the SEP transmitter out to a range of 1.7 km the
receiver operated normally. Between the range of 1.7 km
and 4.3 km the receiver operated in an acquisition mode, %
attempting to acquire a synchronization signal from the
transmitter. In this mode only partial data is collected.
At a range of 4.3 km because of the low received field
strength, the receiver obtained a false resynchronizing
pulse, causing an incorrect realignment of the receiver
and transmitter timing, and a subsequent loss of field
strength data from that point. At station #2 the receiver
was turned off to aid in cooliny,. The receiver was operat-
ing again between stations #§ and #5; however, the signal
levels were too low to allow a resynchronization with the
transmitter. At the beginning of the station #5 stop the
receiver was turned off, and, although the receiver was turned
on again at the end of the station stop, because the internal
receiver temperature was above a safe limit a thermal switch

prevented it from operating for the remainder of EVA-II.

Data was to have been recorded during EVA-III from
the SEP transmitter to station #6 but the astronauts failed
to turn on the receiver. Therefore, the data which are
used as a basis for this Aiscussion are those taken from

the SEP transmitter west to a range of 4.3 km.

B rvee wes
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SEP Data and Discussion

The configuration of the SEP transmitting and receiving
antennas is shown in Figure 6. The six frequencies, 1, 2,
4, 8, 16 and 32 MHz, are transmitted sequentially by two
orthogonal horizontal dipole artennas and received by three
orthogonal loop antennas, resulting in 36 readings of the

field strength during each measurement cycle.

Positional information from the Rover navigation system
is recorded as increments and decrements of 1° in bearing,
and 100 m in range, and as odometer pulses, each equivalent
to a .49 meter change in position for the right-front and

left-rear wheels of the Rover.

The Rover traverse derived from SEP data has been
compared in Table 1 with traverse data produced by the
U.8.G.8. (ALGIT, 1974) and with the traverse r. 'onstruction
created from the Goddard Very Long Baseline Interferometry
Data (I. Salzberg, personal communication, January 1974).
The VLBI data has absolute accuracy of approximately 40 m.
The U.S.G.8. traverse is taken from photographic pans made
at station stops, and are accurate to approximately 10 m
for EP-4, LRV-1, and station 2, and to about 50 m for
LRV-2 and 3.

The three traverses are plotted in Figure 7. The
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maximum differences are about 500 m at stops LRV-2 and 3.
The differences between USGS and VLBI traverses are larger
than expected, and later data might be in better agreement.
For the first 2 km, all three reconstructions are in good

agreement.

TABLE 1. COMPARISON OF EVA-II TRAVERSE STOPS FROM USGS,
VLBI AND SEP-LRV NAVIGATION DATA (See Figure 7).

STATION RANGE (Km) BEARING
SEP-LRV SEP-LRV

VLBI USGS NAV DATA  VLBI USGS  NAV DATA
EP-4 .500 .538 .508 80.4 80 83
LRV-1 2.603 2.603 2.645 80.9 78 82
LRV-2 3.750 3.729 3.811 81.4 86 83
LRV-3 4.248 4.253 4.325 80.2 87 82
HOLE IN
THE WALL 5.638 5.683 79.5 81
STN. $#2 7.46 7.6 68 71

A set of SEP field strength data is shown in Figure 8.
Each plot contains either the endfire or the broadside
components for one frequency, plotted as a function of range,
in free-space wavelengths. The data are plotted to either

1.7 km or to 20 wavelengths.
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For each frequency, six components are measured. Three [
components J?;ndfire, and %F and H, broadside are maximum-
coupled for a plane layered geometry, while the other three P
are minimum-coupled to the transmitted signal. For all six
frequencies the maximum-coupled components have an average 35
level from 5 to 15 dB greater than the minimum-coupled 3;
components. These results are in direct contrast to our :
glacial studies. In all our glacier runs the max and min
components were approximately equal in level at 16 and 32
MHz (Strangway, et al., 1974). We attrib?ted this to random
scatterers (e.g. crevasses) in the ice of the order of a
wavelength in size. We therefore conclude that there are
few scattering bodies near the lunar SEP site with typical
sizes of from 10 to 300 m. Scattering experiments both in é

the scale model and on glaciers support this conclusion.

Further confirmation is obtained, by an examination
of the H’-endfire component. This component has a near-

surface wave s0 large that it effectively masks any inter-

NHMr e e ey i LR

ferencc. However, if near-surface scattering is important,
this component becomes erratic. As can be seen from Figure 8,
this component is relatively smooth at all SEP frequencies.

The residual peaks and nulls correlate well with those in

B et e Spa g e s

the @r-broadside component. Therefore we feel that these
two components are slightly mixed because the traverse was
not completely east-west (i.e. not directly off the end of '

the endfire antenna).



The other two maximum-coupled components (qf and Hz
broadside) have been the most important for interpretation
(see Figure 9). At 16 and 32 MHz the number of peaks and
trcighs per free space wavelength of range is fairly low,
indicating a dielectric constant of about 2 to 5. However,
the lower frequencies show somewhat higher beating rates,
indicating a dielectric constant of about 6 to 8, and
certainly less than 9 or 10. These observations imply that
the dielectric constant of the near-surface material is
lower than that of deeper material. These results are
consistent with the dielectric pfoperties of a soil layer
over solid rock, as measured on returned samples (e.g.

Olhoeft et al., 1973).

The loss tangent is estimated from the sharpness of
the peaks and nulls in the two major components. This
analysis indicates that the average loss tangent of the
surface layers to a depth of several hundred meters is less
than about 0.05. The fact that the higher frequencies have
strong signal levels for many tens of wavelengths from the
transmitter, while the lower frequencies die out relatively
quickly, indicates that the near surface material may have
losses in the order of 0.0l or less. These low loss values
confirm that there is no moisture in any form in the upper

layers of the moon.
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Structure is more difficult to determine unambiguously.
By comparing the two major components to suites of theore-
tical curves for a plane two-layer geometry (i.e. dielectric
layer over a dielectric half-space), no single set of para-
meters has been found that gives theoretical curves in good
agreement with the data at all frequencies. Several per-
turbations from the two-layer model have therefore been

suggested.

One possible variation is sketched in Figure 10(a),
showing a thinning layer of soil over rock. The inferred
parameters are a layer 20 m thick near the SEP site, with
dielectric constant of about 3 or 4, thinning to 15 m thick
a few hundred meters to the west. The lower material would
have a dielectric constant of about 6 or 7. Results from
the Lunar Seismic Profiling Experiment, conducted over the
same region, show good agreement with this model (Watkins
and Xovach, 1973). The basis for this interpretation is
the curve for 2 MHz broadside (Figure 9(b)), which shows
little interference out to about 4 wavelengths range, but
then has several dramatic peaks. This behaviour suggests
that the layer is just thick enough near the transmitter
that little energy is transmitted either through the layer
or through the subsurface. However, further from the trans-
mitter the layer becomes so thin that it is essentially

transparent. Although we have no rigorous proof that this

1 A e AaR b S b U] Ak i Sbh s S O oL
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happens for sloping interfaces, we have seen similar

behaviour for plane layers of different thicknesses.

Table 2 lists the parameters of a three~layer model,
sketched in Figure 10(b). This model assumes, (i) that
layer 1 is so thin that it is essentially transparent to
all frequencies but 16 and 32 MHz; and, (ii) that the
boundary between layers 2 and 3 is too deep to have much
effect on 16 and 32 MHz. Theoretical curves for this model
are shown for comparison to the data in Figure 9. Although
the major features of the data are also in the theoretical
curves, the details are not always in good agreement. This
may be due to slight adjustments in loss tangent (the
particular features in most curves are very dependent on
the loss tangent), or due to slight dipping of the inter-
faces (as mentioned above). However, this model has provided

the best fit to all the data.

TABLE 2. PARAMETERS FOR BEST-FIT 3-LAYER MODEL
(See Figures 9 and 10(b)).

Depth (m) Dielectric constant Loss tangent
Layer 1 7+1 3.8 + 0.2 0.008 + 0.004
Layer 2 100 + 10 7.5 + 0.5 0.035 + 0,025
Layer 3 00 9 ? ?
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A third model which has been suggested (SEP Team, 1974)
is that the dielectric constant increases gradationally
with depth. This model is not at all supported by the
LSPE seismic data (Watkins and Kovach, 1973); however, this
type of phenomenon may be important, especially near the

surface.

Conclusions

Although i: is not yet possible to definitively outline
the Taurus-Littrow structure from SEP data, the following

conclusions can be made:

(1) The low loss tangents required for interference indi-
cate (less than 0.05) indicate that water in any form is
not present in the Taurus-Littrow area to a depth of at

least several hundred meters.

(2) Scattering is not important at any of the SEP frequencies.
This implies that there are not large numbers of scattering
bodies with typical sizes from 10 to 300 meters in the area.

{(3) The dielectric constant is about 2 - 5 near the surface,
becoming 6 - 9 at depth. This is consistent with soil over-
lying rock.

(4) No plane two-layer theoretical model has been able to
fit the data accurately. A thinning layer, a three-layer
model or grading dielectric properties may explain the data
better.
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(5) The Rover navigation data recorded on EVA II to
Station 2 is in good agreement with VLBI and USGS traverse

reconstructions.
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Figqure Captions

Fig. 1. The three main waves used in radio interferometry.
The surface wave travels above the surface of the dielectric
and the subsurface wave travels just below it. Pecause these
two waves travel at different velocities, their beat fizquency
is a function of the dielectric constant. Any reflected waves
from a subsurface horizon also influence the interference

pattern (after Strangway, et al., 1974).

Fig. 2. Theoretical solutions and scale model data for a
dielectric over a perfect reflector. The inaccuracy of the
geometric optics approach for thin layers is readily apparent.
This type of comparison confirms that the theoretical solutions

are correct (after Annan, et al., 1974).

Fig. 3. Interpretation of radio interferometry data from
the Athabasca Glacier by comparison to theoretical curves.
Although any single component may have many good matches
to theory, by demanding good fits for all frequencies and
both maximum coupled components, a unique interpretation

could be made (after Strangway, et al., 1974).

Pig. 4. Map of the Taurus-Littrow site, showing the Apollo
17 Lunar Roving Vehicle traverses (marked I, II, and III),
the major station stops, the SEP transmitter site, and the
locations of the EP-4 deployment. SEP data were collected

-y
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along the first portion of traverse 11 (from NASA Apollo 17

traverse planning documents).

Fig. 5. Sketch of the EVA-II traverse recovered from LRV
navigation data, from the SEP site to Station 2. The Rover

stops are indicated.

Fig. 6. Orientation of the SEP antennas. Three orthogonal
magnetic field components are measured from a transmitting
antenna approximately broadside to the traverse, and three
from an antenna endfire to the traverse. The two trans-
mitting antennas were laid out on the surface in the form of
a cross and activated alternately (after Strangway, et al.,

1974).

Fig. 7a,b,c. EVA-II traverse reconstruction as compiled from
(i) LRV navigation data recorded by SEP; (ii) Goddard Very
Long Baseline Interferometry; and (iii) U.S.G.S. traverse
reconstruction from photographic information. The three
independent reconstructions are in good agreement out to

2 or 3 km, although they disagree more than expected near

LRV-2 and 3 (see Table 1l).

Fig. 8 (a-1). The surface Electrical Properties Experiment
data for all 36 components. Each component has been plotted

as a function of free space wavelength, out to 1.7 km or

SAPE SR P M L




19

20 wavelengths (whichever is smaller). The vertical scale
is in dB, with a reference at -90 dBm, as shown. The
component is labelled at the end of the curve; Hg endfire,
gp and Hz broadside are maximum coupled; the others, minimum
coupled. The position of the EP-4 deployment is indicated.
Since a 360° turn was made at that point, the values during
the turn have been removed. Note that since a standard x-y

plot format has been used, west is to the right in these

plots.

FPig. 9 (a-f). The two components used for interpretation -
QP and H, broadside (solid lines). The theoretical curves
for the parameters given in Table 2 and Figure 10(b) are

also shown (dashed lines).

Fig. 10. Two possible deviations from a two-layer model:
(a) a thinning layer that de-couples the subsurface near
the SEP site, but is transparent further west; (b) a three-

layer model (Table 2).
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15. Surface Electrical Properties Experiment

Gene Simmons,®t David Strangway,®* Peter Annan,® Richard Baker,®
Lawrence Bannis!eg‘ Raymon Brown,® William Cooper,® Dean Cublev,®

Joseph deBettencourt,

Anthony W. England,** John Groener,® Jin-Au Kong,*

Gerald LaTorraca,® James Meyer,® Ved Nanda,® David Redman,®
James Rossiter,® Leung Tsang,® Joseph Urner,8 and Raymond Watts®

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
propersties (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 Apolio lunar sounder experiment, the time
intervals required for electromagnetic waves to pene-
trate the Moon, be reflected, and retum to the
surface of the Moon were measured. Of more interest
than tmes, 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

SMassachusetts Institute of Technology.
BNASA Lyndon B. Johnson Space Center.
SUniversity of Toronto.

dRaytheon Company.

*U.S. Geological Survey.

YPrincipal Investigator.

£ Coinvestigator.
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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 ecasily
understood in terms of a single dipole antenna for
radiating electromagnetic energy and a loop receiver
for measuring the magnitudes of the ficlds. In the

Receivi te fectiver
Transminer g antenma N
_%;.Transmmlno antenna w
Lunar roving
Lunar surface ., Pmll wehicle

FIGURE 15-1.~Simplificd schematic diagram of the SEP
experiment. Electromagnetic radiation from the trans-
mitting dipole antenna trevels along path 1 (above the
surface), along path 2 (below the surface), and, if
reflectors are present, along path 3,
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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 pattemn. This case has been studicd extensively
from both experimental and theoretical viewpoints
since 1909 (ref. 15-2). The correct mathematical
solutions, aithough 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

, 15d8/in.

H,

Max - 1159
d * 0.2000\

Max « 10.826
d * 0.27150\

Max « 10,539
¢ = 0,3500\
L A 1 1 i J
0 2 4 6 8 10 12 M 16 18 20 7
Distance, free-space waveiengths
FIGURE 15-2.-Theoretical interference pattern for a half-
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 ¢, = =, and frequency £ = 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 153 is a
theoretical curve showing the distinct interference
patt~rn produced by a reflected wave. The presence
of aaditional reflecting horizons in the subsurface
would produce still more complicated interference
patterns.

In the Apolio 17 SEP experiment, two crossed
dipole antennas that radiated scquentially 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

0 2.5 5.00 7.5 10.00 12.% 15.00 I7.% 20.00
Distance, free-space wavslengths

FIGURE 15-3.-Theoretical curve for the case of a single
layer over a reflector. The layer is four free-space
wavelengths (47, ) thick (ref. 15-8).
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SURFACE ELECTRICAL PROPERTIES EXPERIMENT

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, HOMOGENEOQUS, LOSSY
DIELECTRIC MEDIA

Electromagnetic propagation in unbounded dissi-
pative media is treated adequately in references 15-3
and 15-9 to :5-13. Variation of electric and magnetic
fields with time ¢ is usually expressed as exp(jwt)
where the rotative operator j = +/~1 and the radian
frequency w = 2nf (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 ¢ = 1 X 107°/36n F/m and the permeability
Ho = 4n X 10™7 H/m. The phase velocity in vacuo is
¢ = 1/\lo€o = 3 X 10° m/sec. Mathematically, the
fleld expressions are solutions to Maxwell’s equations.

The dissipative medium is characterized by its
electrical constants, real relative diclectric constant e,
and conductivity o (mho/m). (For a vacuum, ¢, = 1.)
The media are customarily considered to be nonmag-
netic with permeability u = nq. The finite value of o
gives rise to a complex relative dielectric constant e;,
a complex rxfractive index &, and a complex phase
constant k¥ = 8 — /& where § is the phase constant and

15-3

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

~FkR

E = Eoe -aRe"wR

= F e

, (15-1)

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

. _ s i
€ =er(l Jp)=cr Jjx

. (15-2)

where p is the loss tangent

A
0
= 60¢ —
we e, €,

p= (15-3)
with Ay the free-space wavelength in meters.
The refractive index relative to vacuum is

b x‘,c; -\[Q(x - gp)\/2

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 foltows.

(154)

= Jp = flp) - jglp) (15-5)

where
fp) = cosh(% sinn~! p) =[ (\h +p?+ 1)]1/2
glp) = sinh(-é; sinn”! p) = [ (Vl +p? . 1)]”2

Thus, the complex phase constant k may be
written as

k=8 - jo=8afeT =8N = 88k [p) - dalp)]
(15-6)

Lol [

O

where the phase constant (real) in vacuo 8, = 2n/A, =
wVo€o. Hence ¢ °

R = Bdrrf(p). rad/m

)= 3...:}49.‘1 » (15-7)

am= 80\[:_, glp), ¥p/m
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When the loss tangent p is small, say p < 0.5, then
JIp) = 1 and g(p) = p/2; this is the case encountersd in
the lunar SEP experiment, so that

=g = 2
b=8°cr-x.rad/m

A
[}

r=o=2,m (15-8)
EZ‘

60ng , Np/m
Ver

S
Ve
and a is independent of frequency. If ¢ and €, are

constant with frequency, then p is proportional to f\
if p is constant with f, then a/e, is proportional to f.

a3

= 1.64 , dB/km

Propagation in Layered Media

For propagation in semi-infinite space near and
above a semi-infinite, homogencous (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 10ss iangent
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 Banos (ref.
15-3). The resulting field equations (for electric field
E and magnetic field /) depend on the nature of the
source. In theory, there are four source dipules: the
horizontal electric dipole (HED) and verti. al 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
H,, Hy, 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

e

so-called halfspace case: the integral method of
solution (ref. 15-3) involves general integrals »f the
type

® —vla-yzb
IHa,b,r) = | Fli)e H(‘)()\r)k a» (159)

where the function F{XA) is devoid of exponential
behavior, i}, is the sero-order Hanke! function of the
first kind, and y; = (A* - k?)”‘ may be called 2
complex propagation factor (1 = | denoting the tuner
soil and i = 2 the space above). Th¢ variable X used 1n
equations (15-9) and (15-10) is a4 compiex separation
(or eigen) variable of integration and should not he
confused with the wavelength.

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

Ky, = Ky
F(A) = (15-10)
Y 4 2
(k-4 - 49)
where
k2
k? = S T
0 N? + 1
(15-11)
k k.
N o= =t

— oz —t m e I
k2 BO i

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

For cvaluating a component of the magnetic ficld
(c.g.. H,) 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 A = 0, then U becomes U(0,2,7).

The integral solution involves, generally, saddle-

C e e bR Sy
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point or double-saddle-point approximation methods
(ref. 15-3). However, if h = z = 0, the solution for
1{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 £, (VMD) (first noted by
Wait (ref. 15-16)). If & or z (or both) are nonzero
values, approximatez 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,r).

The resulting field expression for the half-space
case consists of two components, one 2 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 h = 2.

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 refcr-
ences 15-6 and 15-8 find useful application. The
geometry is that of figure 154. The solutions are

z
t.
\
Medium 1 L. 5 l/
- X

Medium 2 . b,

I

Medium 3 ¢ Py

FIGURE 154.--Geometry for the case of a single layer over a
half space. Medium 1, 2 > 0 (free space); medum 2, - h <
z € 0; medium 3,8 < - h.

15-5

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) asymplotic
expansions that lead to geometrical optics approxi-
mations, and (3) contour integration to yicld a
normal mode solution (mode). In the geometricai
optics approximation (GOA) method, the resulting
field at the recciver consists of the space and lateral
wave components (the halfsspace case) plus those
attributable to reflections from the boundary be-
tween the upper layer of thickness J and the lower
semi-infinite layer. (Lateral waves at this houndary
and their effects have been generally neglected.) The
formulation of reflections is approximate, but the
GOA solution is considered satisfactory if the depth J
is greater than the wavelength X in the upper layer.
An example is shown in figure 15-3, where d = 4},
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 ciheck 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 arc 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 parame =5
are given in 1eferences 15-6 and 15-8. The theorety al
curve for one set of parameters is shown in figure
15-5. The lack of agreement beiween the GOA and
the numerical integration at distances less than 7X 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.-Companson of the geomctrical optics ap-
proximation (dashcd 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 radiaticn pattemns 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 resuits 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 #,
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 recciving 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 entirc tape
recorder, the data storage electronics assembly
(DSEA), was retumned to Earth. In addition to the

free spare ¢ - |

Lunar surface

Endfire pattern_

.
AES

Critical
anale \\‘
\Y

\Broadm'e l
pattern
(&)

FIGURE 15-6.~Mode! of the theoretical radiation pattern
for the SEP experiment transmutting 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 clectromagnetic radiation at the six SEP
experiment frequencies is transmitted and received
according to the scheme shown in figure 159, One
data frame, which is 8.4 sec in dwation, consists of
six 6.4-x¢c subframes that are identical except tor the
receiver calibration and synchronization process. In
subframe |1, for example, the receiver s cahbrated at
32.1 und 16 MHz and the synchronization signal is
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FIGURE 15-7.—-The SEP experiment transmitter shown with
the solar panel power source and dipole antennas de-
ployed. The transmitter clectronics 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 clectronics. The balance
between hest lost to cold space by mdiation and that
generated inside the unit by the electronics equipment is
very delicate and requires careful thermal design.

tancmitted 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 fic-
quency is transmitted first on the N-S antenna for
100 meec and then on the E-W antenna for 100 msec.
During each 100-mscc transmission interval, the
receiver “looks” at the transmitted signal for a period
of 33 msec with cach of the three orthogonal (X.Y,Z)
receiving loops. In addition to the preceding opera-
tions, once each subframe, the recciver observes
environmental noise and records its amplitude.

..,.1-.-’/’-)
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FIGURE 15-8.--The SEP exocriment recoiver and antennas.
The receiver clectronics, including tape recorder and
battery, are contained m the box (23 em?®), which usually
is completely enclosed in o thermal blanket. ‘The thermal
blanket has heen opened o show optieal surfuce reflee-
tors. The threcdoop antenna ussembly, folded during the
journcy to the Moon, is shown unfolded as it was used on
the Moon,
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The receiver acquires the transmitter signal se-
quence automatically us long as the signal exceeds o
given threshold, Synchronization of the receiver is
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Receive X ive Vl eceive 2| | Receive X ive ¥ ive Z

64 __: !

— Data frame |
38.4 s -

FIGURE 15-9.-The SEP experiment data format. The basic
cycle, shown in the center of the diagram, starts with the
16-MHz signai and ends with the synchronization (sync)
frame in the lower right corner. The cycle is 6.4 sec long.
(Values are frequencies in megshertz.) 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 powercd using primary cclls 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 panls 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 frr
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 se :tions (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 -uring the first period of extravehicular activity
(EVA Y Photographs of the receiver and of the
transmitier 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 o 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 FVA.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 joss of data that had been recorded alrcady

.. ‘.le-..wmimw- o




131031 JUIAX 43S 43 JO wreiBerp YOI 0151 TUNDIA

159

e m— = -
[ ettty a1t
1302009 ' m. e | | " S0NR11050 PO 0RUCD deyn . OIA
e ’ Jnp ssedpueq . 349
ViSOl zvow agtt | , | v [T “ Wawtinds Lsoddns-gunesd . 3¢9
8 nugubo . 6oy
r yibue . due
e . %
_.N.. < fuwmgweyy 00 ) tecegmawd ) T e
z Wi wosg R )
m ' N0 “ '
= ) e ' SUtN WOI ] BN by !
wn..\. u X co_ﬁra_wu “ butwy wosy N
. ]
: Lot Otfoe alfun aff o T e, Lo
W h eyl ' , ) -Gueaiyg UURLY ot
= i h " ' i
E h b v Aquasse ynwe eusdivy 1
_ ! e O i g s -4 -4-
= i N ' ! 2 K
w "“vulu AQuasse 0JA due boy h P ." Tvnn il Lt blateg. »gtugn_ "
............ '
& i ' %0 sk v M eueny Bf puseys ], whsa 1 |
2 ' Kiquasse ainpow 41\ __ ___ . fuase sayduy | 1) ' ;
S I R -
[- 4 nep puonebineu (D
3 A¥Y wosy - 9
bl e S S I . . I . . T I LI I L I I e 3
= N e ety it T e = -~ q||W|l|¢|II|J.
w 1! Alquiasse sapng ! T
w " ED o yms | i '
&) elep 1 ! t ! “ "
= puonebirey ! ! — Yimg J ! [ ouks uks '
= ' L _ _ _ . NIRRT "
1
2 ' ‘ — ~ | ' t
awses | awy s T:sn.& LT Mws AN N .
' 37 amy
L4 [0 eshan] [ o peiskan |1 o sk || 750 miskas) | | w0 s | | o washin ] X ‘o
" ' X ' 1
to e e Y Y ! '
P e g by ghubuloduiil thodlugegin tfufafabagel dubube ' “u
' X !
1 ' !
2 bunary lumﬁg: b Amuasse | 1
Y el %9, L kg )
' 1 L 1 Lo fomm oo -,
¥ vor " i
_“ W01 Agasse bunuy pue ' “
SOy it wape R Ausanse agou Sunen Jeos0
||||||||||||||||||||||||||||||||||||| o
Y
s .

il A SR A R iR




g

AT DIRCRR Y ¢ W T

6 s A g5 e Sy e 3 e R R T R PRI

T

P,

s

JET———

e

o oy

A g e B o B

15-10 APOLLO 17 PRELIMINARY SCIENCE RFPORT
P s s — - - — - - — = frm - = = 9 pm———
\ Osciltator timing modute : : Driver a:%i:i;r module : | Antenna
! :' Frequency genersior 1o | i : :
| o ! f
N ™ Attenustor o H .
b o : ] !
oy : 1 { " i
P |2 1Mzox Attenustor | ! - :
by I f by ]
! | [eomn — SN Oriver | 1 NS
! 4.0-MHz osc Attenuator ‘ i ! -
: : B Summer : :I- L' amplifier _—‘?"T_'I 1
by ng |1 3T T Ly :
diider { 1 SO |
S PR e Atienuator L gy D T Ew )
1 ] r'y 3 er
E | | L ‘:L: ™1 :
P oo Atanstor Co ! Hy i
Py ot ' Pt '
b : : ! A
! O | i Attenuator b ! '
. FEEE T :
| t mer ! { |
b : 1 sequencer ! | ! | pe 45 Y
| i mer | ]
| leoTom—mme-T— 1} smuencer o b ] Lo
| TS0 oxcitators | ' ' rma:r"
! -1 b |
! To To ! ' :
' NS W ! ' | e 415V
drivers drivers ! i '
e S J e Rl I e 4

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 experiinent site. Data
were not obtained during th~ 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 dats, electromagnetic fleld
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 surfuce 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 Hy, H,, and Hy, recorded as a function
of frequency and of transmitting antenna (NS or
E-W). An example of the fleld strength dsta is shown
in figure 15-18.

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 sgainst overheating had been

| R



S Fe e Bt e e L o Lo .

SURFACE ELECTRICAL PROPERTIES EXPERIMENT 15-11
100 nH 200 nH 400 nH 1.6 xH
Y rVW* rqu v
o i
soes—i—Fy b—e o— ¥, f, F,op— Fl 2
im Im 2m 2Zm 9om
1msmitm,‘ '( 2 ¢ 1 wa
) 246 oF 92 pF 984 pF 0.0039 wf
132 MMzt 16 MM 18 MH2! 2 MHD
Multiplexing and
impedance matching - BHm e --———Jl
network

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

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

ot

3 4 S ¢ 7
Distanca, free-space wavelenqgths
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FIGURE 15-18.-Comparison of lunar data for /. 16-Milz,

NS tramsmitting sntenns with the theorctical curve

e calculated from mode theory, Parameters ae given w
Lo table 18-,

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

PRELIMINARY ANALYSIS

The analysis of each individual component at each

frequency for each of the transmitting antenna

. e e e . - - Ofientstions i quite straightforward. However, »
{1 FIGURE 15-14.-The SEP experiment tran.mitter and an-  Single model that fits all the data has not been found,
tenns deployed st the Apollo 17 site (AS17:141.21517),  perhaps because of the L'mitations of our present
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Crew read-out
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FIGURE 15-16.-Internal temperature profile of the SEP
experiment receive: 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 imitations 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 hased mainly on
the snalysis of M,, the vertical component of the
magnetic fleld, for two ressons. First, although the
radiation patterns of the receiving antennas have not
beer measured, it is expected that the M, data are less
distorted than thoss of the other two components.
Serond, the appearance of the H, data resembles
more closely the glacier data, which comprise our
background da’a.

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 Jepth.
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
modeis are shown in table 15-1, and a typical example
of the match between the theoretical and observed
curves fs shown in figure 15.15. The composite of
thess several models is shown in figure 15-17. We
believe that the /, data indicate that the dielectric
constant increases with depth from s value of 2.5 to 3

TABLE 15-1. -Prelimina:y Results for 11,
N-S Transmitting Antenna

{p =0.003}

Transmitter Layer
frequency, r, r, depth,

MMz {s) (b) m
32.4 27 3.0 5.7

16 37 39 10

8.1 4.1 4.2 18

4 4.2 4.8 37

2.1 j 63 6.4 57

1 L 61 6.3 122

Dielectr'v constant of layer.
®Diclecisic constant of semb-infinite half space bencath
layer.

near the surface to approrimately 5 st 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 prosent in the §-MHz data,
we expect that ¢, does not increase between 't m
and at least 2.5 km. Compared to terrestrial v.! :¢s,
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
lciser lsyer 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 geners! 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 cquivalent to that of s 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., the individual “wiggles” of the interference
pattern disappear (fig. 15-18, intermediate curves),

3. For a layer with thickness greater than approxi-
mately 0.3\, the usual “reflected™ wave appears in
the pattern.

The sensitivity of the interference pattem of a thin
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FIGURE 15-17.-Modsl for Apolio 17 site in which the
dislectric comstant varies vith depth. The valwes of ¢, for
oach frequency are shown in table 15-1. In this figure. the
appeoximats continuous function »f ¢, is shown. Notv
thet this interpretation is prel wnary snd, slthough the
theosstica) solution for sach fequency is rigorous, the
“solution” for the continuons veristion of ¢, with depth
is somewhet intuitive ot present.

layer to the exact thickness is shown clearly in figure
15-18. The basis for this typs of model is best seen in
the 2.1-MHz profile, which resembles the intermedi-
ste 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

T

H, gemetry, 1S &Blin.

6 ¢ 4 ¢ 8 10 12 W b U 0 2

Range, wawsiength:.

FIGURE 1518 -Theoisticsl curves for thin layers, where
p, ® 0.0300, ¢, = 3.000, p, = 0.0400, and ¢, = 6.U00.
The points on the ordinate indicate the maximum valucs
of each wave pattern. These plots are hased on correvt
theory for horizontal layurs, and *hey are used 10 “guess™

a solution for an inclined interface.
oM7)
Yol ol b 0.007 Bm
Om .
6,69 o+ 0.04
300 mi?!
lzl.ﬂa

FIGURE 15-19.-The alternate model of the slectricsl
strecture st the Apollo 17 site. A lyer of thicknom
between 0.22 and 0.3A is present at iixv SEP experiment
site (oY) and thins toward siation 2 (right). The broker
tine ot 300 m indicates a possidie discontinuity in ¢, ot
thet depth.

layer is pertaps 20 m thick beneath the SEP
experiment site and thins t+ 1S m at station 2. In
addition, there is a hint of a discontinuity in ¢, at »
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 | 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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Abstract

The radio interferometry technique described by Rossiter et.al, (1973)

1s used to study extremely resistive electrical structures. This paper
describes an inversion procedure which can be applied to measurements of

the fields radiated by a long-line current source. The measurements are

the amplitude of cne magnetic field component and the complex ratio of
the two (vertical and horizontal) magnetic field components. Data can
be directly inverted to the point of obtaining a plane-wave impedance
spectrum. The Fréchet kernels (used to obtain the dielectric structure
from the impedance spectrum by the Backus-Gilbert method) are derived.
Processing the data to obtain the impedance spectrum should speed up
the inversion process. The procedure for deriving the impedance
spectrum indicates whether the data is inconsistent with a layered
model. If there are several spectra which are consistent w{th the

observations, they are all retrieved.
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Introduction

Traverse measurements of radio waves from a stationary transmitter
can be used to study the depth variation of electrical parameters in a
sufficiently resistive electrical environment. This type of study
(called radio interferometry) has been performed on glaciers (Rossiter
et. al., 1973, Strangway et. al., 1973) and on the moon (Simmons et. al., 1:73).
It is also probably applicable to permafrost areas.

The principle feature of the data is the variation of signal strength
with distance (Figure 2). The peak-and-null pattern is the result of
interference of direct waves which have traveled through the air, with waves
which have traveled through the dielectric. The distinct velocities create
phase differences which lead to wave interference (Annan, 1973).

The advantage of this method over higher-frequency ‘time-delay-
measurement sounding methods is that a direct measurement of the wave
velocity in the dielectric is obtained, and no assumption needs to be
made about this parameter.

We assume a line-current source of radio energ The source 1lies
on the y-axis. The z-axis is vertical upward. Traverses are performed
along the x-axis. Our model for the electrical structure of the earth
is a generalized layered dielectric (Figure 1) with ¢ = ¢(z).

It would be highly desirable to measure the amplitude and phase of
the various components as a function of distance from the transmitter.

To optimize the effects of the structure on the data, however, frequencies

are chosen such that the size of the‘structure and the wavelength are




nearly the same. For glacier and lunar problems this dictates freguencies
in the megahertz range (Rossiter et. al., 1973). At these frequencies,
no phase reference is available which can be carried in a traverse
vehicle and which maintains transmitter phase for many minutes.
It is not difficult, though, to measure relative phase between two
or more EM components. For this reason, we assume that a measurement
of ‘the ratio HZ/Hx is made along the traverse. This gives us an cnalytic
function with which to work., It will be assumed that Hx # 0 anywhere
on the traverse. Conditions for total destructive interference are quite
stringent, and experience with glacier and lunar data indicates that Hx
is unmeasurably small only on rare occasion. In such a case, the
reciprocal ratio Hx’"z can be used unless Hz is similarly ill-behaved.
é The purpose of this paper is to show how a ratio measurement such
é as nz/ux can be processed for application of the Backus-Gilbert inversion
{ | algorithm, Derivations ar: carried to the puint where the Backus-Gilbert
: theory may be applied, but the inversion process itself will not be
discussed (see, for example, Wiggins, 1972, Gilbert, 1972, or Parker, 1970).
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I. The Forward Problem

To develop a consistent notation, we will first solve the forward
problem. We temporarily assume that the general layered dielectric
defined by

£ = E£CLD
(1)
is in fact a piecewise constant function given by
EC2)= €, 3 O
g, 0>1>»-d,
&, -d, > 33 -4, (2)

The various di are the (positive) depths to the dielectric interfaces.
Magnetic permeability 1s_constant with m= Mo+

The source current is given by

?‘ (% = 87 fx> Send (3)

This can be broken into component parts according to horizontal

wavenumber:

(] 'k
- a l ‘v ,‘X
Jiex, @)= ey §a) e I:' dk,

(4)

If we define ]'s by

- ko X

A
33 (g,;;k:) = ey Jwe) e (5)

+



then (4) becomes
ob

-
Js 2y = — X j exge s k0 dk, )

The approach we take to the forward problem is to find the fields

which result from each partial source 3;(x,z;kx), then integrate

over kx as in (6) to find the fields from the total source ﬁg(x,z).
Working with a single partial soéurce 3; (x,z;kx5911 fields will

vary as e'kxx. This factor will be suppressed until the final

recomposition of the total fields. Time dependence is e"“k. Maxwell's

equations are

ﬂy s Ex = Ez =0 (7)

Nf- “; = kl Ey (8)

ik R~ - (9)
. . oM .

- ugE’ -B—;‘ - J(’Hi (]0)

Equations (8) and (9) can be substituted into (10) to give the wave
equation

'
o

L 8
LJ + (uime —'( )E =
YL | (1)
There are two independent solutions to (11), representing up- and
down-going waves. A well-known proéedure assigns arbitrary amplitude

and phase to the down-going wave at the bottom of the model, then
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matches boundary conditions at successively higher interfaces until the
waves are known at the surface z = 0. Because the wave at the bottom
was arbitrarily chosen, the ratio of the upgoing to the downgoing wave
at z = 0 is what has really been determined. By appropriate application
of equations (8) - (10), this can be converted into a determination of
the ratio Ey/Hx Just below z = 0.

We define the impedance by

-
Z:ck,) - E k)

B k) (12)

The superscripts refer to values just above (+) or just below (-) the
surface z = 0. The impedance will later be generalized as a furction
of depth. The value Z~ has been found and is dependent only on the

structure in the region<2<0. The value % is found for upgding waves
in 250:

Bk = - k= e -k

(13)

The square root is chosen with the condition Im kz> 0.
We now apply boundary conditions at z'= 0. The electric field is
continuous
+ -
Ey = Ey (14)
The magnetic field is discontinuous due to the partial source current

3,

HY - H™ e (18)
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We rewrite (14) using (12):

Z'Hy - ZTH] =o

(16)
This set of equations is solved for Hx+:
* Zz
Hy = 3 (17)
Application of (12) gives
+ -
R Y S
Y X 2™ - 2% (18)
Applicatfon of (8) to (18) gives
4 +
H;: k" 1.22; = .....___...k"z H:
w -
» 2 wpa (19)
We have derived the fields resulting from a source element
3;(x.z;kx). To get the total fields due to the line source Jg(x.z).
we reinstate the suppressed factor e'*X* and integrate over k :
od .
t. lk“ *k
- =
H (1) = g-zF € x (20)
- 00
o .
k2t #° thy
| .S - (A d.k;
Hay () = .EJ o T (21)
- GO
o .
- g R q.lr.,,x
y 9= S5 ) e e dk,
- ob
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I1. Converting Field Measurements to Impedances

The next step in the inversion is to convert the measured ratio
+
H, o

P4Lx) =
H,: (x) (23)

" into an impedance spectrum. Our goal is to retrieve (k). This

step 1s analogous to the surface harmonic decomposition which is
performed on yeomagnetic data rrior to inverting it into a mantle
conductivity structure. The result is a set of independent measurements
in the sense that each might have been made without the others. In

our case, such an experiment woutd consist of an impedance measurement
for a single plane-wave. It {is trivial to 1ndependentiy model a
structure which satisfies each measurement: a halfspace of constant

¢ will do nicely. The difficult task, of course, is to find a model

€ (2) which satisfies the entire spectrum of impedance measurements

simultaneously.
We apply (20) and (21) to (23):

fu‘,e Hy chy) = M(x)jd/c,, 2L e //:ué,)

Since (24) must hold at each point x, it represents a cumbersome set
of simultaneous integral equations for H +(k ). A more useful form
can be obtained by Four1er transforming both sides of (24)

"y z>-fa ook o Bk



where
_&?x

®
- e ™M W)
" (13 Py -I‘M (26)

is the Fourier transform of the measurements M(x). Equation /25) is
a homogeneous polar Fredholm equation of the second kind. The integral
appears to be singular at k, = 0, but Hz*(O) = 0, representing a
vertically-propagating wave with no vertical fields. Since kx’ Z+.
and Hz+ are all odd functions of kx. the integral can be changed to a
semi-infinite one with kernel [m(lx - kx),- m(lx + kx)].

Since the kernel of equation (25) is observational and not
mathematical, the solution will be a computational problem and (25)
will become a matrix equation. The discrete approximation to (25) is

- - .

'\":;‘J'L (27)

where m is a Toeplitz matrix whose rows are the function m(»kx)
shifted by lx; m is antisymmetric. The diagonal matrix '5 takes the
values of —Z. .

k2

Two problems confront us: 1) is there a solution to (27), and
2) is 1t unique? Since (27) is an eigenvalue form, the existence
question is equivalent to asking whether the matrix ™. 15 has an
eigenvalue of 1. If the answer 1s.yes. the uniqueness question is

equivalent to asking whether the eigenvalue 1 is degenerate.
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Since the data or the dielectric structure will probably not be
perfect, we should try to satisfy (27) as closely as possible. We

{ntroduce the error vector

{s (:l-i\‘z (28)

and try to minimize its amplitude. If (27) can be solved we will get
¥ =0, If it can't, then we will get a non-zero but minimal T.
The power contained in ¥ is minimized:

= -0 -’
E f.f (29)
$E =6 = (§5Y).F + f’-(ff) (30)
‘et Ne m.d-1I (31)
$0 £ = "l;'° Z
$ (32)
then
= " £ - .-’o -'T v r}
E AR ACN A AY B A (33)
let - = =
P N*T. N
(34)
$0 P 1s Hermitian and positive semi-definite.
Now _ L. =
SE = (6t").- P2 + 24 P.(SR) = o0
(35)
1?»1etﬁ.'a'+15'.mhave
(S5 -iSBY- P R + &%, P (SaiE) = o )




YA

MWWH‘W o

[l )
1
—

We independently but simultaneously set the coefficients of §2 and §©

to zero: _
PAh+P L =0

5 L - B ™ oo (37)
which implies that
P-RA =0 (38)

This equation may or may not have a solution. We do an eigenvalye

analysis of the matrix P. The eigenvalues are real and non-negative.

If there are no eigenvalues considerably smal’ than 1, then the observations

are inconsistent with the mathematical model. If there is a single near-
zero eigenvalue, the solutfon (efgenvector) is unique and h has been
obtained apart from a constant multiplicative factor.

If there are several near-zero but distinct eigenvalues, then the
corresponding eigenvectors are orthcgonal. Several possible h vectors
have been obtained which are consistent with the data. The disastrous
case occurs when the near-zero eigenvalues are degenerate. The
eigenvectors are not necessarily orthogonal, and R can be taken as any
linear combination of them. There is a whole range of possihie impedance
spectra depending on the choice of constants of combination.

The solution of equation (38), when it exists, gives the transform
of the vertical magnetic field, H;(k'). except for a multiplying factor.
If the field-strengt* ;d_(x)} has been measured in addition to the

ratio M(x), thun Parseval's theorem can be used to determine the
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amplitude of the missing factor. The power is forced to be equal in
both domains. The phase of the factor cannot be recovered from the
observations because it represents an absolute phase rriative to the
transmitter. However, when the receiver is practically coincident
with the transmitter, the absolute phase of the meanetic fields is
the same as the transmitter current phase (the fields are quasi-static
for ranges x«X). Thic condition can be used to deternine the phase of
the missing factor even though it does not come from the observations.
From equation (19),

4w v _ z°
Hx - k‘ ;0 -H‘ = 1-.1.. (39)

ot
2 = _t..?,__z-—- . (40)
- H: - | .
2+ is given by (13).

We have recovered the ﬁpedmcc spectrum.
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ITI. Converting Z to ¢

It is not the purpose of this paper to discuss the actual process
of inversion, but rather to set the problem up for application of the
Backus-Gilbert inversion method (Wiggins, 1972, Gilbert, 1972, Parker, 1970).
The development is nearly identical to that of Parker (1970) for inversion
of geomagnetic data into mantle conductivity information.

We return to equation (12), which is an expression of the wave
impedance as it depends on of horizontal wavenumber and on the dielectric
structure We generalize Z(kgd to include its variation with depth,writing
the generalized variable as Z(z;%), We can substitute Maxwell's equations
into (12) and obtain a non-linear differential equation for Z which can be
solved numerically starting at the bottom of the model. This corresponds
to the so..tion of the forward problem as discussed in'section I.

It turns out to be algebra‘cally advantageous, howeveé. to introduce

the wave admittance,

1 H (z;h) : _
Y(zik = oy E:(zak.) (1)

The variable Y separates from the variable e(z) in the differential

aquation in a way which aliows easy derivation of the Frechet kernels

which are required in the inversion iteration.

eV

(43)
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Once (43) has been solved for a given g (z), then a perturbation in £
will generate a perturbation in Y(z;k), particularly in the observable
Y(07;k). It is this property which allows iteration to a model for

€ (2) wnich fits the observations.

Taking perturbations on (45)

;‘-;(SY) = - LQ(S‘:) + 2 wnY (8Y)

(44)
Introducing the function .
Pa) = zi.w,.. I&!' Y(!‘) (45)
so that
? = 200 Y
¥ r (46)
we get -
:’2[6“8\(] = -ia(se)e ' (47)
$0 L 4
W IS 140
SYce)= _LMP“’JM [sean] e ' (48)
For z = 0, this is °

sY(e) = -t.wrij[s"“')]ef P ag)

and thus the Frechet kernel for the observations is

F[cu)] = . Lwer‘”—fu) (50)



where o
- = 2\ 'Y
pLed- p2) = alw got; ) 1)
Z

It should be noted that the kerncls defined by (50) and (51) can
be derived in analytic form for a postulated structure of constant-
dielectric layers. In this case the ratio of the analvtic values for
H and E defines Y, so the required integration in (51) can be
performed exactly. Although a non-linear differential equation was
used to derive the kernels, it is not necessary to continue treating
them in that form. .

If we regard the structure as a message which has to be transmitted
* through the kernels of (30) to become observable, we can see what
structural information is found in what data. Let us assume a starting
structure of a hanogené;us halfspace, and investigate the oﬁservabili ty
of small perturbations to that structure.

The Fréchet kernels in this case are given by

-240e Yotme, - kE

Fromogeneous = = ¥¥ © (52)

As long as k:’< w}‘f,. the exponential has an absolute value of 1
(assuming a lossless medium), and information content is uniform with

depth. For kﬁ vw}t&, » the exponential decreases with depth. The

attenuation distance is |'£"""'"" . Therefore, the higher upatial

- z\/Z, wine
frequencies yield information only for the uppermost part of the structure.



IV. Discussion and Conclusions

We have demonstrated that under ideal conditions it is possible
to recover a single impedance spectrum from traverse observations of
1) the.ratio (including phase) of vertical to horizontal magnetic field,
and 2) the amplitude of either the horizontal or vertical field. Non-
ideal conditions (data with errors, non-layered structures, and possibly
some layered structuies with unfortunate c(z) functions) lead either
to no spectrum which is consistent with the data or to several spectra.
We have derived the Fréchet kernels which can be used to fteratively
improve a model ¢(z) until it fits the observed impedance spectrum as
closely as possible. We have considered the possibility that several
distinct impedance spectra may explain one set of observations. It is
also possible that several distinct models ¢(z) may explain one
impedance spectrum. ]

A major contribution of this study is the demonstation of the
usefulness of the phaée measurement. Past applications of radio
interferometry have used instrumentation which measured only the
amplitude of the two components Hz ind Hx‘ By making the phase
measurement it is possible to work the data back to a quantity (the
impedance) which is very closely tied to the structure. From a computa-
tional viewpoint, this is considerably more efficient (see Fig. 3) because
we have eliminated a computatioral step in the iteration loop of the
inversion procedure. The computer time investment in the eigenvector
detenm1nation will pay off if many iterations are required to converge

to the required structure.
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The results of this paper have been derived for an impractical
and non-existent energy source. The corresponding analysis for a
dipole source {s under way. In the meantime, inversion of synthetic

1{ne-source data is being attempted.
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FIGURE CAPTIONS
Figure 1

The 1ine current transmitter lies along the y-axis on the surface
of the dielectric halfspace. The receiver traverses in the x direction.
Positive z is up.

Figure 2

The received magnetic field strength varies with range from the
transmitter. The peak-and-null pattern is due to interference between
waves of different velocity traveling in the vacuum and dielectric
halfspaces. '

Figure 3a

Block diagram of data interpretation for measurements without
relative phase between components. Fourier transforms are performed
at each step of the inversion. There is no indication whether the
data are consistent with a layered model.

Figure 3b

Data interpretation for measurements containing relative phase.
Measurements are transformed one time :ather than model parameters
being transformed many times. Eigenvector analysis gives an indica-
tion of uniqueness and compatibility with a laypred dielectric structure
model.
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