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ABSTRACT 

TR-69-103-7-4 

with t h e  

a method 

A t h e o r e t i c a l  i n v e s t i g a t i o n  of t h e  luna r  i n t e r a c t i o n  

so l a r  wind and i t s  electric and magnetic f i e l d s  r evea l s  

fo r  e s t ima t ing  t h e  e lectr ical  conduct iv i ty  of t h e  luna r  

i n t e r i o r .  Data from a s i n g l e  

conjunct ion wi th  simultaneous 

magnetic f i e l d  and s o l a r  wind 

l u n a r  su r face  magnetometer, i n  

measurements of t h e  i n t e r p l a n e t a r y  

v e l o c i t y ,  should provide s u f f i c i e n t  

information t o  d i s t i n g u i s h  between var ious  classes of conduct iv i ty  

models. Such models are based on d i f f e r e n t  thermal h i s t o r i e s  and 

assumed luna r  materials. 



BELLCOMM, I N C .  

TABLE OF CONTENTS 

ABSTRACT 

1. INTRODUCTION 

2 .  INTERPLANETARY MAGNETIC AND ELECTRIC F I E L D S  

3 .  ELECTRICAL C O W C T I V I T Y  OF THE MOON 

4, MULTI-LAYER MODELS 

4a. POLOIDAL MAGNETIC F I E L D  

4b. TOROIDAL MAGNETIC F I E L D  

5.  COMPUTATIONAL RESULTS 

6 .  EXPERIMENTAL CONSIDERATIONS 

7 .  CONCLUSIONS 

REFERENCES 

APPENDIX 

TR-69-103-7-4  



BELLCOMM, I N C .  TR-69-103-7-4 

METHOD FOR ESTIMATING THE 

ELECTRICAL CONDUCTIVITY O F  THE 

LUNAR INTERIOR 

1. INTRODUCTION 

Since t h e  e lectr ical  conduct iv i ty  of t h e  moon 
determines t h e  s t r e n g t h  of t h e  induced magnetic f i e l d ,  t h e  
s tudy  of t h e  i n t e r a c t i o n  of t h e  moon wi th  t h e  s o l a r  wind and 
t h e  i n t e r p l a n e t a r y  e lec t romagnet ic  f i e l d  o f f e r s  an a t t r a c t i v e  
method f o r  e s t ima t ing  t h e  luna r  conduct iv i ty  p r o f i l e .  I n  
f a c t ,  t h e  observed absence of a s t r o n g  d i s tu rbance  i n  t h e  
s o l a r  wind on t h e  s u n l i t  s i d e  of t h e  moon impl ies  t h a t  t h e  
energy d e n s i t y  of any luna r  magnetic f i e l d  i s  much less than  
t h a t  of t h e  s t reaming s o l a r  wind, and t h i s  bound, i n  t u r n ,  
p laces  c e r t a i n  r e s t r i c t i o n s  on pe rmis s ib l e  l u n a r  conduct iv i ty  
models. 

The induced luna r  magnetic f i e l d  arises i n  response 
t o  two sources ,  t h e  motional s o l a r  wind electric f i e l d  and 
t h e  t i m e  ra te  of change of t h e  i n t e r p l a n e t a r y  magnetic f i e l d .  
The observa t ion  t h a t  t h e  s o l a r  wind-moon i n t e r a c t i o n  is  weak 
impl ies  t h a t  e s s e n t i a l l y  t h e  e n t i r e  undis turbed s o l a r  wind 
e lectr ic  and magnetic f i e l d s  are a v a i l a b l e  t o  d r i v e  induct ion  
cu r ren t s .  I n  response t o  t h e  motional e lectr ic  f i e l d ,  c u r r e n t s  
flow through t h e  moon and c l o s e  i n  t h e  s o l a r  wind, whereas t h e  
time-varying magnetic source d r i v e s  eddy c u r r e n t s  which c l o s e  
i n  t h e  luna r  i n t e r i o r .  This basic d i f f e r e n c e  i n  t h e  c u r r e n t  
flow p a t t e r n  i n  response t o  t h e  t w o  sources  a l lows a simple 
expos i t i on  of t h e  dependence of the  induced f i e l d s  on var ious  
conduct iv i ty  s t r u c t u r e s .  Consider f o r  example a layered  sphere 
wi th  conduct iv i ty  i n c r e a s i n g  wi th  l u n a r  depth.  Curren ts  dr iven  
by t h e  i n t e r p l a n e t a r y  electric f i e l d  cross l a y e r  i n t e r f a c e s ,  
and t h e  r e s i s t a n c e s  of t h e  l a y e r s  add i n  series. Any l a y e r  
which r ep resen t s  a very high r e s i s t a n c e  i n  t h e  c u r r e n t  pa th  
w i l l  tend t o  l i m i t  t h e  c u r r e n t  and t h e  corresponding magnetic 
f i e l d .  On t h e  o t h e r  hand, t h e  c u r r e n t  flow induced by t h e  
i n t e r p l a n e t a r y  magnetic f i e l d  i s  p a r a l l e l  t o  t h e  l a y e r  i n t e r -  
f a c e s ,  and t h e  l a y e r  r e s i s t a n c e s  add i n  p a r a l l e l .  Here t h e  
l a y e r  with t h e  lowest r e s i s t a n c e  w i l l  be most i n f l u e n t i a l  i n  
determining t h e  s t r e n g t h  of  t h e  induced f i e l d .  

The response d r iven  by the ' t ime-vary ing  magnetic source 
w a s  s t u d i e d  by Blank and S i l l  [ 1 9 6 9 a ,  h e r e a f t e r  r e f e r r e d  t o  as 
Paper I3 and S i l l  and Blank [19681 who show t h a t  t h e  induced 
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magnetic f i e l d  i s  p o l o i d a l  ( r a d i a l  and t a n g e n t i a l  components). 
The induced f i e l d  i n  t h i s  mode becomes important  a t  f requencies  
where induct ion  t akes  p l a c e  i n  t h e  most conductive po r t ion  of 
t h e  moon, t h e  i n t e r i o r .  

The response t o  t h e  motional electric f i e l d  was s t u d i e d  
f i r s t  i n  t h e  DC l i m i t  [see e . g . ,  Sone t t  and Colburn, 19671.  This 
i n t e r a c t i o n  g ives  rise t o  a t o r o i d a l  induced magnetic f i e l d  ( tan-  
g e n t i a l  component on ly)  whose magnitude depends on t h e  t o t a l  re- 
s i s t a n c e  t o  t h e  c u r r e n t  flow ac ross  t h e  moon. The ex tens ion  of 
the  s tudy of t h e  t o r o i d a l  mode t o  account f o r  t i m e  v a r i a t i o n s  i n  
t h e  motional f i e l d  i s  presented  by Blank and S i l l  [1959b]  who 
show t h a t ,  f o r  a c o r e - c r u s t  model a t  t h e  f requencies  of i n t e r e s t  
h e r e ,  t h e  response i s  frequency independent and equal  t o  t h e  
DC response.  For t h e  case where t h e  c r u s t  r e s i s t a n c e  i s  much 
less than t h e  core  r e s i s t a n c e ,  t h e  condi t ion  t h a t  no s t r o n g  
i n t e r a c t i o n  t a k e  p l a c e  (magnetic energy d e n s i t y  much less than 

2 2 s o l a r  wind energy dens i ty ;  B /2p<<nmV ) r e q u i r e s  t h a t  t h e  core  
conduct iv i ty  be less than l o m 5  ( Q m ) - l  [Hollweg, 1 9 6 8 1 ,  a condi t ion  
e s s e n t i a l l y  t h e  s a m e  a s  t h a t  f o r  an assumed homogeneous moon. O n  
t h e  o t h e r  hand, when t h e  c r u s t  r e s i s t a n c e  dominates, one f i n d s  
t h a t  t h e  condi t ion  f o r  no s t r o n g  i n t e r a c t i o n  i s  O ~ C ~ O - ~ ~ Z ,  where 
o i s  t h e  conduct iv i ty  of a s u r f a c e  l a y e r  of th ickness  z i n  m e t e r s  
[IZollweg, 19681.  Thus a conductive core enveloped by a s u r f a c e  
l a y e r  of l O O m  t o  1 km of dry rock ( ~ < l O - ~ ( n r n ) - l )  o r  even a lorn 
l a y e r  of very r e s i s t i v e  rock o r  dgbr i s  ( 0 < 1 0  -lo (Qm) "I) would be 
compatible w i t h  t h e  absence of a s t r o n g  i n t e r a c t i o q .  

S 

Recently N e s s  [1969a, 1969b1  has a t t r i b u t e d  i n t e r -  
p l ane ta ry  f i e l d  r e v e r s a l  t r a n s i e n t s  observed i n  t h e  l u n a r  wake 
t o  induct ion  e f f e c t s  i n  t h e  luna r  i n t e r i o r .  He thereby e s t ima tes  
t h e  l u n a r  Cowling t i m e  t o  be ' ~ 2 0  sec, which corresponds t o  an 
i n t e r i o r  l u n a r  conduct iv i ty  of % l o e 4  (om)  -'. 
t h e  f i e l d  p e r t u r b a t i o n s  observed i n  t h e  wake are F r imar i ly  
caused by diamagnetic plasma c u r r e n t s  i n  t h e  wake penumbra, 
it might be quest ioned whether t h e  t r a n s i e n t  e f f e c t s  observed 
a r e  indeed due t o  induct ion  i n  t h e  moon. But even i f  t h e  t r an -  
s i e n t  e f f e c t s  a r e  a t t r i b u t a b l e  t o  luna r  i nduc t ion ,  t h e  observed 
Cowling t i m e  i s  compatible with e i t h e r  a poorly conductive luna r  
i n t e r i o r  ( o c ~ O - ~  (om)  -') o r  a conductive i n t e r i o r  sh i e lded  by a 
poorly conductive c r u s t ,  i n  which case t h e  observed t r a n s i e n t  
is  due t o  t h e  decay of t h e  t o r o i d a l  mode. 

Rowever, s i n c e  

Thus t h e  i n t e r p r e t a t i o n s  of observa t ions  made from 
luna r  o r b i t  a r e  compatible wi th  e i t h e r  a poorly conductive l u n a r  
i n t e r i o r  o r  a conductive i n t e r i o r  enveloped by a very r e s i s t i v e  
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c r u s t .  T o  determine t h e  conduct iv i ty  of t h e  l u n a r  i n t e r i o r  it 
w i l l  probably be necessary t o  u t i l i z e  magnetic f i e l d  measure- 
ments made on t h e  su r face .  The purpose of t h i s  paper i s  t o  
desc r ibe  an experiment, based i n  p a r t  on t h e  theory  of Paper I ,  
i n  which measurements of t h e  luna r  s u r f a c e  magnetic f i e l d ,  such 
as those  a n t i c i p a t e d  f r o m  t h e  Apollo Lunar Surface Ex2eriments 
Package (ALSEP) magnetometer, can be used t o  estimate t h e  i n t e r i o r  
e lec t r ica l  conduct ivi ty .  Our prel iminary i n v e s t i g a t i o n s  i n d i c a t e  
t h a t  t h e  r e s o l u t i o n  of t h i s  experimental  method should be s u f f i -  
c i e n t  t o  d i s t i n g u i s h  between var ious  classes of proposed conduc- 
t i v i t y  p r o f i l e s .  

W e  begin with a d iscuss ion  of t h e  i n t e r p l a n e t a r y  mag-- 
n e t i c  and e lectr ic  source f i e l d s ,  which are t h e  i n p u t  d r i v i n g  
fo rces  i n  t h e  theory ,  and a b r i e f  d i scuss ion  of l una r  conduc- 
t i v i t y  models. An a n a l v s i s  of mul t i - layer  models fo l lows ,  
which app l i e s  t h e  s u r f a c e  c u r r e n t  model of Paper I t o  t h e  
experiment. Computational r e s u l t s  are then presented  and 
genera l  conclusions regard ing  t h e  o b j e c t i v e  and l i m i t a t i o n s  
of t h e  experiment are drawn. I t  i s  found t h a t ,  w i th in  t h e  
frequency range ( ~ x L O - ~ H Z  < f <10”3~Iz) imposed by t h e  theory  
and experimental  c o n s t r a i n t s ,  the  t o r o i d a l  response i s  frequency 
independent and i t s  magnitude depends s t r o n q l y  on t h e  su r face  
conduct iv i ty  s t r u c t u r e  f o r  m o s t  reasonable  models. However, 
i n  t h i s  frequency range t h e  p o l o i d a l  response f o r  t h e  h o t  and 
co ld  models of England e t  a l .  [ 1 9 6 8 ]  i s  frequency dependent, 
and thus  t h e  p o l o i d a l  response may provide information on t h e  
i n t e r i o r  e lec t r ica l  s t r u c t u r e .  

2 .  INTERPLANETARY PILF,GNETIC AND ELECTRIC FIELDS 

There e x i s t  f l u c t u a t i o n s  i n  t h e  i n t e r p l a n e t a r y  nagnet ic  
f i e l d  due t o  many sources ,  e .g . ,  waves and turbulence.  We are 
p r i n c i p a l l y  concerned wi th  those  f l u c t u a t i o n s  caused by so la r  
wind convection of  l a r g e  scale s p a t i a l  inhomogeneities i n  t h e  
i n t e r p l a n e t a r y  f i e l d .  For example, t h e  power d e n s i t y  spectrum 
a t  t h e  lower f requencies  i s  dominated by t h e  apparent  c o r o t a t i o n  
of t h e  sector s t r u c t u r e  wi th  t h e  sun. Simultaneous measurements 
of t h e  magnetic f i e l d  by two s p a c e c r a f t  s epa ra t ed  hy 1 . 3  x l o 6  lr,m 
show a high degree of c o r r e l a t i o n ,  w i t h  a t i m e  l a g  corresponding 
t o  t h e  t i m e  necessary t o  r o t a t e  t h e  f i e l d  p a t t e r n  from one oh- 
s e r v a t i o n  p o i n t  t o  t h e  o t h e r  [ N e s s ,  -- 19661.  Thus a t  least  f o r  
s epa ra t ions  % lo6 lcm, measurements a t  one p o i n t  may be used t o  
p r e d i c t  t h e  f i e l d  i n  some frequency range a t  another  p o i n t  by 
assuming t h a t  the f i e l d  p a t t e r n  corotates wi th  t h e  sun. 

< 

S p a t i a l  inhomogeneities convected p a s t  t h e  moon appear 
as temporal f l u c t u a t i o n s  of frequency 
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f = v c / h  

where v % 400  km/sec i s  t h e  convection speed and h i s  t h e  
s p a t i a l  wavelength. :“le res t r ic t  o u r  a t t e n t i o n  t o  s p a t i a l  wave- 
lengths  much larger than t h e  l u n a r  diameter.  This  corresponds 
t o  f requencies  f < <  lo - ’  H z .  
t h e  f i e l d  changes seen by t h e  moon as s p a t i a l l y  uniform. 

C 

I t  i s  then  appropr i a t e  t o  t r ea t  

The power d e n s i t y  spectrum of t h e  i n t e r p l a n e t a r y  
magnetic f i e l d  i s  shown i n  Figure 1. The s o l i d  curve i s  taken 
from Siscoe e t  a l .  [1968], and t h e  dashed curve i s  from Coleman 
[1968]. The dependence on frequency i n  t h e  range shown i s  

approximately f - l .  IIz. According t o  t h e  a n a l y s i s  of Coleman, 
a t  f requencies  above 2 x l f 5  Hz, t h e  spectrum i s  dominated by 
f l u c t u a t i o n s  perpendicular  t o  t h e  t h e o r e t i c a l  s p i r a l  magnetic 
f i e l d  d i r e c t i o n .  Below t h i s  frequency t h e  spectrum i s  t h e  
r e s u l t  of f l u c t u a t i o n s  p a r a l l e l  t o  t h e  s p i r a l  f i e l d  d i r e c t i o n ,  
e . g . ,  t h e  c o r o t a t i o n  of t h e  sector s t r u c t u r e .  This  i s  t h e  m o s t  
e n e r g e t i c  p o r t i o n  of t h e  spectrum. 

I n  a r e fe rence  frame f i x e d  with r e s p e c t  t o  t h e  moon 
a motional f i e l d  E = -V x B e x i s t s  i n  t h e  s o l a r  wind. Addi- 
t i o n a l  t i m e  v a r i a t i o n s  i n  t h e  e lectr ic  f i e l d  a r e  caused Sy 
f l u c t u a t i o n s  i n  t h e  solar  wind v e l o c i t y ,  some of which are 
c o r r e l a t e d  with t h e  s e c t o r  s t r u c t u r e  [Wilcox, 1 9 6 6 1 .  The 
spectrum of t h e  e lectr ic  f i e l d  i s  given by t h e  convolut ion 
of  t h e  so la r  wind v e l o c i t y  spectrum with t h e  spectrum of t h e  
perpendicular  component of t h e  i n t e r p l a n e t a r y  magnetic f i e l d .  

-0 - -0 

The i n t e r p r e t a t i o n  of s u r f a c e  magnetometer d a t a  re- 
q u i r e s  a knowledge of t h e  i n p u t  s p e c t r a  of t h e  i n t e r p l a n e t a r y  
magnetic and e lectr ic  f i e l d s .  This  information can b e  provided 
by a magnetometer and plasma probe aboard a l u n a r  o r b i t e r ,  o r ,  
if it can be  assured  t h a t  t h e  f i e l d  p a t t e r n  corotates with t h e  
sun ( a t  t h e  r equ i r ed  f r e q u e n c i e s ) ,  by an appropr i a t e  e a r t h  
o r b i t i n g  spacec ra f t .  W e  s h a l l  h e r e a f t e r  assume t h a t  t h e  i n p u t  
s p e c t r a  are known. 

3. ELECTRICAL CONDUCTIVITY O F  THE MOON 

The response of t h e  moon t o  t h e  magnetic and electric 
source  f i e l d s  i s  dependent upon i t s  .electrical  p r o p e r t i e s .  A t  
l e  f requencies  of i n t e r e s t  h e r e ,  t h e  e lectr ical  conduction 
p r o p e r t i e s  of rocks are adequately cha rac t e r i zed  by t h e  DC 
conduct iv i ty ,  and conduction c u r r e n t s  are t y p i c a l l y  much greater 
than  displacement c u r r e n t s .  
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A s  i n d i c a t e d  above, t h e  lack of a d is turbance  i n  t h e  
s o l a r  wind on t h e  s u n l i t  s i d e  of t h e  moon is compatible w i t h  

e i t h e r  a low conduct iv i ty  l u n a r  i n t e r i o r  G < (nm)- '  or  a 
more conductive core  surrounded by a r e s i s t i v e  c r u s t .  I n  t h e  

l a t t e r  case  a l a y e r  1 0 0  m t o  1 km t h i c k  w i t h  o < lo-' (om)- '  
o r  even a 1 0  m l a y e r  with 0 < 1 0  -10 (am)-' w i l l  e f f e c t i v e l y  
l i m i t  t h e  c u r r e n t  and s h i e l d  t h e  conductive i n t e r i o r .  These 
c o n d u c t i v i t i e s  are t o  be compared wi th  the  c o n d u c t i v i t i e s  of 
probable  s u r f a c e  materials, i .e . ,  d ry  rocks and vo lcan ic  ash ,  
f o r  which measurements have been r epor t ed  i n  t h e  range from - - 

-12  10-9 (Qm)-1  t o  1 0  (am)- '  [Ward e t  a l . ,  1968;  Ward, 1 9 6 9 1 .  

P re sen t  information on t h e  conduc t iv i ty  of t h e  luna r  
i n t e r i o r  i s  based on t h e o r e t i c a l  s t u d i e s .  England e t  a l .  [1968] 
have c a l c u l a t e d  t h e  electrical  c o n d u c t i v i t y o f  t h e  moon f o r  
var ious  thermal models using t h e  e l e c t r i c a l  p r o p e r t i e s  of o l i v i n e .  
T h e  two thermal models shown i n  Figure 2 are based on a young, 
0 . 9  b i l l i o n - y e a r ,  and an o l d ,  4 . 5  b i l l i o n - y e a r ,  c h o n d r i t i c  moon. 

The mineral  composition of c h o n d r i t i c  me teo r i t e s  i s  
predominately o l i v i n e  ( 4 5 % )  and pyroxene ( 3 0 % ) .  A t  p r e s e n t  no 
measurements of t he  e l e c t r i c a l  conduc t iv i ty  of chondr i tes  are 
ava i l ab le .  However, t h e r e  are d a t a  on t h e  electrical  conduc- 
t i v i t y  of o l i v i n e  inc lud ing  t h e  e f f e c t s  of pressure .  T h e  con- 
d u c t i v i t y  of t h e  moon based on t h e  two thermal  models and t h e  
e l e c t r i c a l  p r o p e r t i e s  of o l i v i n e  i s  shown i n  Figure 3 .  These 
p r o f i l e s  are cha rac t e r i zed  by an i n n e r  region where t h e  con- 
d u c t i v i t y  i s  an i n s e n s i t i v e  func t ion  of r a d i u s ,  surrounded by 
a region where G decreases  r a p i d l y  w i t h  i n c r e a s i n g  r ad ius .  W e  
term t h e  i n n e r  region t h e  co re ,  and the o u t e r  reg ion  t h e  c r u s t .  
For t h e  young, cold moon, t h e  maximum conduct iv i ty  i n  t h e  luna r  
i n t e r i o r  i s  10-2 (nm)-1 ,  and f o r  t h e  o l d ,  h o t  moon it i s  almost 
LO (nm)-'. The dashed curve r e p r e s e n t s  a h o t  moon w i t h  p a r t i a l  
mel t ing i n  the i n t e r i o r .  The p a r t i a l  mel t ing r e s u l t s  i n  an in-  
c r ease  i n  the  maximum conduct iv i ty  t o  nea r ly  1 0  (nm)-'. Thus, 
t h e r e  i s  a 3 t o  4 o r d e r  of magnitude d i f f e r e n c e  i n  the i n t e r i o r  
electrical  conduc t iv i ty  between these cold and h o t  l u n a r  models. 
While a d d i t i o n a l  l abora to ry  measurements of t h e  temperature and 
p res su re  dependence of t h e  conduct iv i ty  of suspected l u n a r  
materials are d e s i r a b l e ,  it should be  noted t h a t  the electrical  
p r o p e r t i e s  of o l i v i n e  p r e d i c t  a conduct iv i ty  p r o f i l e  f o r  the 
e a r t h ' s  mantle which i s  i n  reasonable  agreement with experi-  

2 

mental measurements [England e t  al. , 19681 
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FIGURE 2 - LUNAR TEMPERATURE PROFILES, 
AFTER ENGLAND ET AL., (1968) 



lo2 

loo 

10-4 

PARTIAL MELTING 
/ m - - - - - - - - - -  

0 

4.5 BILLION YEAR 

BILLION YEAR 

-I 

0 400 800 1200 1600 
LUNAR DEPTH (km) 

FIGURE 3 - LUNAR CONDUCTIVITY PROFILES, 
AFTER ENGLAND ET AL., (1968) 



BELLCOMM, I N C .  - 6 -  

4.  M'JLTI-LAYER MODELS 

The foundation of t n e  response model of Paper I rests 
on t h e  energy d e n s i t y  of  any l u n a r  magnetic f i e l d  being much 
less than  t h a t  of t h e  s t reaming so la r  wind. I t  then  follows 
t h a t  any l u n a r  f i e l d  i s  compressed and excluded from t h e  on- 
coming solar wind by cu r ren t s  which flow i n  t h e  conductive plasma 
environment ad jacen t  t o  the s u n l i t  l una r  su r face .  It  i s  f u r t h e r  
shown t h a t  t h i s  conf in ing  c u r r e n t  e x i s t s  i n  a s u f f i c i e n t l y  t h i n  
l a y e r  so t h a t  t h e  a c t u a l  volume c u r r e n t  may be rep laced  by a 
su r face  c u r r e n t ,  whose magnitude i s  determined by t h e  condi t ion  
t h a t  only t h e  unperturbed i n t e r p l a n e t a r y  magnetic f i e l d  e x i s t s  
e x t e r i o r  t o  t h e  model s u r f a c e  cu r ren t .  This provides  a boundary 
condi t ion  a t  t h e  s u n l i t  l una r  s u r f a c e  which permits  t h e  s o l u t i o n  
of Maxwell's equa t ions  i n  t h e  luna r  i n t e r i o r .  

A two-layer, core-crus t  l una r  e lectr ical  conduct iv i ty  
model i s  assumed i n  Paper I. T h i s  r ep resen ta t ion  is e n t i r e l y  
adequate t o  demonstrate t h e  r e l e v a n t  physics  of t h e  i n t e r a c t i o n .  
iiowever, t o  develop an understanding of the experimental  l i m i -  
t a t i o n s ,  it is i n s t r u c t i v e  a t  t h i s  t i m e  t o  i n v e s t i g a t e  t h e  
consequences of proceeding t o  mul t i - layer  models. I n  p r i n c i p l e ,  
t h i s  allows a variable p r o f i l e  ~ ( r )  t o  be represented  t o  any 
des i r ed  accuracy. Since t h e  p o l o i d a l  and t o r o i d a l  response 
modes are or thogonal ,  t h e  s o l u t i o n s  f o r  t h e  magnetic source 
(po lo ida l )  and t h e  e lec t r ic  source ( t o r o i d a l )  can be so lved  f o r  
s e p a r a t e l y  and then summed. 

4a. Polo ida l  Masnetic F i e l d  

The geometry i s  shown i n  Figure 4. A s  p resented  i n  
Paper I ,  t h e  magnetic f i e l d  a t  a frequency w i n  t h e  i t h  l a y e r  
i s  

I n=O 



‘2 ‘3  ) 
( yr cos8-ge sin e )  - i  ut Bo = B, e 1 

FIGURE 4 - GEOMETIRY OF THE MULTI-LAYERED 
LUNAR MODEL, THE SURFACE CURRENT 
J* AND THE UNIFORM SOURCE 
FIELD Bo 
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where j ( z )  and y ( 2 )  are Lhe s p h e r i c a l  B e s s e l  f unc t ions ,  Pn(cos 8 )  

t h e  Leyendre polynomials, and t h e  t i m e  dependence e -iwt has  been 
omitted.  For a s p a t i a l l y  uniform source f i e l d ,  only t h e  n=l  
t e r m s  remain i n  t h e  sums ( 2 )  and ( 3 )  , and t h e  f i e l d  i n  any l a y e r  
reduces t o  (see equat ions  3-5 of Paper I)  

n n 

< r < r  r - i i-1 - 

where 

Br/Bo cos e 

b. (r) = 1 

Be/Bo s i n  e 

i s  t h e  normalized magnetic f i e l d  vec to r ,  and 

1 
k . r  PIi = - 
1 

and 
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The boundary cond i t ions  are tha t  bi i s  f i n i t e  a t  r 
continuous everywhere except  a t  t h e  luna r  s u r f a c e ,  
allow a jump, <30>= uJ* due t o  t h e  model s u r f a c e  c u r r e n t  J* 

6 6 .  

= 0 and 
where w e  

The use of this boundary cond i t ion  i s  d i scussed  i n  Paper I '  
and i n  more d e t a i l  by Blank and S i l l  [1969b]. I n  t h e  undi- 
s tu rbed  s o l a r  wind we have 

T 0 ;i 
where 

. . . P M (rl) 
1 2 1  

T = Pn 

and Pi is  t h e  propagat ion ma t r ix  

Pi - - M i ( r i )  Mi -1 (ri 1) 
- 

From ( 1 0 )  w e  f i n d  

= l/T(l,l) 9 1  

uJ$/B0 s i n  0 = - [ l + T ( 2 , l ) / T ( l , l ) ]  

Thus, t h e  magnetic f i e l d  a t  t h e  l u n a r  su r face  i s  

Br - - Bo cos e 
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The q u a n t i t i e s  Bo and 8 spec i fy  t h e  i n t e r p l a n e t a r y  f i e l d  a t  t h e  
frequency w and are assumed known. I t  i s  t h e  t r a n s f e r  func t ion  

which i s  a func t ion  of w and t h e  model parameters,  t h a t  is t o  
be der ived  from t h e  s u r f a c e  magnetometer measurements. 

4b. Toroidal  Magnetic F i e l d  

I n  t h i s  mode t h e  e lec t r ic  f i e l d  i s  p o l o i d a l  and w e  
can adopt the f o r m a l i s m  of t h e  preceding s e c t i o n  i n  t h e  s o l u t i o n  
f o r  the-electr ic  f i e l d s .  
w i th  r ep lac ing  3 . Since E and % are i n  r e a l i t y  n o t  p a r a l l e l ,  
t h e  coord ina te  systems f o r  t h e  p o l o i d a l  and t o r o i d a l  f i e l d s  are 
r o t a t e d  wi th  r e s p e c t  t o  each o t h e r .  

The geometry i s  t h e  same as i n  Figure 4 

-0 -0 

The usua l  boundary condi t ions  a t  each l a y e r  i n t e r f a c e  
r e q u i r e  t h e  con t inu i ty  of  t h e  r a d i a l  c u r r e n t  dens i ty  and t h e  
t a n g e n t i a l  electric f i e l d .  A t  t h e  su r face  t h e  t a n g e n t i a l  f i e l d  
i s  equated t o  t h e  t a n g e n t i a l  component of t h e  source e lectr ic  
f i e l d .  This sur face  boundary condi t ion  i s  equiva len t  t o  neg- 
l e c t i n g  t h e  r e s i s t a n c e  of t h e  plasma r e l a t i v e  t o  t h e  r e s i s t a n c e  
of t h e  moon and j-s compatible with a weak i n t e r a c t i o n .  

I n  each l a y e r  w e  have 

where 

i r .  < r < r  1-1 - - 

EI/Eo cos 8 

e i ( r )  = 

Ee/Eo s i n  8 
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is the normalized electric f i e l d  v e c t o r  and 

- Ni - 

A t  t n e  s u r f a c e  w e  have 

e =  n 

where 

J , / E ~  COS e 

-1 

- -I Q1 - N i ( r i ) N i  (ri-l) 

From ( 21)  w e  f i n d  

Eo cos 0 = -  s (1,l) 
Jr s ( 2  r l )  

T h e  s u r f a c e  magnetic f i e l d  i s  t h e n  

which g ives  the  t r a n s f e r  func t ion  f o r  this mode as 



N 
I 
+ 
V 
Z 
3 
0 
Lu 

Lu 
w 
L 

q 4 F n  E - C Z  
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H e r e ,  t h e  spectrum of t h e  electric f i e l d  is  given by t h e  con- 
vo lu t ion  of t h e  s o l a r  wind v e l o c i t y  spectrum wi th  t h e  perpen- 
d i c u l a r  component of t h e  i n t e r p l a n e t a r y  magnetic f i e l d  spectrum, 
i .e .  , 

Eo(w) = - V ( w )  * B ( w )  OA 

5.  COMPUTATIONAL RESULTS 

The l u n a r  response f o r  any conduc t iv i ty  model i s  re- 
presented  by t h e  t r a n s f e r  func t ion  which i s  t h e  r a t i o  of t h e  
output  t o  t h e  i n p u t  s p e c t r a  f o r  t h e  t a n g e n t i a l  components of 
the f i e l d .  Figure 5 d i s p l a y s  a family of curves which i l l u s t r a t e  
t h e  e f f e c t s  on t h e  p o l o i d a l  t r a n s f e r  func t ion  as l a y e r s  are 
b u i l t  up around a core.  The f i r s t  curve i s  f o r  a simple core- 
c r u s t  model. A t  very l o w  f requencies  t h e  t r a n s f e r  func t ion  i s  
equal  t o  1 and no secondary f i e l d s  are induced. Induct ion i n  
the co re  begins  t o  be important  a t  Hz as i s  shown by t h e  
i n c r e a s e  of t h e  t r a n s f e r  func t ion .  
t h e  co re  i s  s a t u r a t e d  and it i s  e f f e c t i v e l y  behaving a s  a p e r f e c t  
conductor. The t r a n s f e r  func t ion  i s  then f l a t  t o  Ilz where 
i s  begins  t o  i n c r e a s e  aga in  due t o  induct ion  i n  t he  c r u s t .  The 
r e s u l t s  f o r  t h i s  model are t h e  s a m e  as those  d iscussed  i n  Paper I. 

A t  lo-’ ilz t h e  response t o  

The add i t ion  of a t h i r d  l a y e r  between t h e  core  and 
c r u s t ,  as represented  by model 2 ,  produces two changes i n  t h e  
t r a n s f e r  func t ion ,  namely an i n c r e a s e  i n  i t s  magnitude and a 
s h i f t  of t h e  s a t u r a t i o n  reg ion  t o  h ighe r  f requencies .  These 
e f f e c t s  are due t o  t h e  induct ion  i n  t h e  middle l a y e r .  As addi- 
t i o n a l  l a y e r s  are success ive ly  included t o  more c l o s e l y  approxi- 
m a t e  a continuous conduct iv i ty  p r o f i l e ,  t h e  t r a n s f e r  func t ion  
inc reases  a t  t h e  h ighe r  f requencies ,  i . e . ,  induct ion  i n  t h e  
o u t e r ,  less conductive l a y e r s  i s  important  a t  success ive ly  h ighe r  
f requencies  . 

To a s c e r t a i n  c e r t a i n  l i m i t a t i o n s  involved i n  t h e  
i n t e r p r e t a t i o n  of t h e  t r a n s f e r  func t ion  i n  t e r m s  of  a conduc- 
t i v i t y  model, w e  compare t h e  ,computed p o l o i d a l  response f o r  t h e  
t w o  conduct iv i ty  models shown i n  Figure 6 .  Model 5 has  a smaller 
co re  of  h ighe r  conduct iv i ty  than model 6 ,  and both are i d e n t i c a l  
i n  t h e  o u t e r  200 km. Model 6 has a coa r se r  conduc t iv i ty  s t r u c -  
t u r e  i n  the i n t e r i o r  which l eads  t o  a less smooth t r a n s f e r  
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func t ion  than t h a t  for model 5 ,  b u t  t h e  two curves d i f f e r  by 
less t h a n , l 5 % .  This does n o t  exceed p l a u s i b l e  experimental  
anp t h e o r e t i c a l  u n c e r t a i n t i e s  a s soc ia t ed  wi th  t h e  determinat ion 
of t h e  t r a n s f e r  func t ion .  Therefore ,  it is  u n l i k e l y  t h a t  t h e s e  
two conduct iv i ty  models could be  d iscr imina ted .  

Due t o  t h e  t h r e e  o rde r s  of magnitude d i f f e r e n c e  be- 
tween t h e  i n t e r i o r  conduct iv i ty  i n  t h e  h o t  and co ld  moons, t h e  
r e s o l u t i o n  d i f f i c u l t i e s  between t h e s e  models should no t  be t o o  
severe .  For example, Figure 7 shows t h e  p o l o i d a l  t r a n s f e r  
func t ions  f o r  h o t  and co ld  luna r  models based on t h e  conducti-  
v i t y  p r o f i l e s  of England e t  a l .  [ 1 9 6 8 ] .  H e r e  t h e  t r a n s f e r  
func t ions  a t  any frequency d i f f e r  by l a r g e  f a c t o r s ,  and dis- 
c r imina t ion  between t h e s e  two models should be unambiguous. 

The t o r o i d a l  t r a n s f e r  func t ion  f o r  t h e  h o t  model 5 
i s  shown i n  Figure 8. H e r e  and i n  subsequent c a l c u l a t i o n s  it 
i s  assumed t h a t  -Eo/B 

i s  f l a t  f o r  f requencies  less than  Hz,  whereas t h e  p o l o i d a l  
response f o r  t h i s  model i s  frequency dependent i n  t h i s  region. 
I n  t h i s  model t h e  c u r r e n t  i s  l i m i t e d  by t h e  DC r e s i s t a n c e  of 
t h e  o u t e r  1 0 0  km and induct ion  e f f e c t s  i n  t h e  i n n e r  l a y e r s  are 
important  only a t  very h igh  f requencies  (see Appendix and 
Blank and S i l l  [ 1 9 6 9 b l ) .  

= V = 400 km/sec. Note t h a t  t h e  response 
o i  

The dependence of t h e  t o r o i d a l  t r a n s f e r  func t ion  on 
t h e  nea r  s u r f a c e  conduct iv i ty  s t r u c t u r e  i s  shown i n  t h e  remaining 
curves of Figure 8. A s  t h e  conduc t iv i ty  decreases  i n  t h e  sur -  
f ace  l a y e r ,  t h e  s t r e n g t h  of t h e  response i n  t h e  f l a t  reg ion  de- 
c reases  and t h e  c u t  o f f  region s h i f t s  t o  h ighe r  f requencies .  
The magnitude of t h e  response i n  t h e  f l a t  reg ion  i s  given approxi- 
mately by t h e  DC express ion  f o r  t h e  motional genera tor  f o r  a two 
l a y e r  moon i n  which t h e  r e s i s t a n c e  of t h e  s u r f a c e  l a y e r  l i m i t s  

2 - V CI r / 2 z ,  wi th  z < < r  ( r a d i u s  of t h e  t h e  c u r r e n t ,  i .e . ,  
moon) t h e  th ickness  of t h e  s u r f a c e  l a y e r  and CJ i t s  conduct iv i ty  
[Hollweg, 1 9 6 8 1 .  I n  model 5 t h e  low frequency response is  
l i m i t e d  by t h e  conduct iv i ty  i n  t h e  o u t e r  1 0 0  km, i n  S a  by t h e  
average conduc t iv i ty  i n  t h e  t o p  1 km. However, t h e  va lue  of t h e  
response f o r  5 and S a  i s  g r e a t e r  than  1 0  g iv ing  B 

t h e r e f o r e ,  t h e s e  models a r e  n o t  compatible wi th  t h e  absence of 
a shock o r  s t r o n g  i n t e r a c t i o n  upstream from t h e  moon. 

Ht - 

2 /2v0  > nmV2; 
4J 

Figure 9 shows t h e  r e s u l t s  f o r  t h e  t o r o i d a l  t r a n s f e r  
func t ions  f o r  a series of models (7a ,  7b, 7c) wi th  a conduc t iv i ty  
s t r u c t u r e  b e l o w  1 0 0  km equal  t o  t h a t  of t h e  co ld  model 7 ,  and 
i n  t h e  o u t e r  1 0 0  km a s t r u c t u r e  i d e n t i c a l  t o  t h a t  i n  models Sa, 
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5b and 5c. The t r a n s f e r  func t ion  i n  each case is almost iden- 
t i c a l  t o  t h a t  of i t s  coun te rpa r t s  5a,  5b, o r  5c. This  is 
another  i l l u s t r a t i o n  of t h e  f a c t  t h a t  t h e  t o r o i d a l  response 
depends almost exc lus ive ly  on t h e  near  s u r f a c e  conduct iv i ty  
s t r u c t u r e  and cannot be used t o  d i s t i n g u i s h  between h o t  and 
co ld  models. 

The t r a n s f e r  func t ions  f o r  s e v e r a l  very co ld  luna r  
-4  -1 models with a maximum i n t e r i o r  conduct iv i ty  of 1 0  (Qm) 

are presented  i n  Figure 1 0 .  Both t h e  p o l o i d a l  and t o r o i d a l  
responses are f l a t  below 1 0  
t h e  t r a n s f e r  func t ions  are frequency dependent. However, t h e  
assumption of a uniform source f i e l d  i s  no longer  v a l i d .  

- 3  - dz. A t  f requencies  above lom3 H z  

The examples presented  he re  permit  a s epa ra t ion  of 
l u n a r  conduct iv i ty  models i n t o  two c a t e g o r i e s  based on t h e  
magnitude of t h e  i n t e r i o r  conduct iv i ty .  I n  t h e  f i r s t  category 
a r e  those  models wi th  a r e l a t i v e l y  conductive i n t e r i o r ,  
a 3 10-2(Qm)-1.  I n  t h i s  case t h e  two responses a r e  complimen- 
t a r y  s i n c e ,  a t  f requencies  which do n o t  v i o l a t e  t h e  assumption 
of a uniform source (f<<10- '  Hz) , t h e  po lo ida l  response i s  
s e n s i t i v e  t o  t h e  conduct iv i ty  s t r u c t u r e  of t h e  i n t e r i o r  (depth 
> l o 0  km) and t h e  t o r o i d a l  response i s  s e n s i t i v e  t o  t h e  near  
s u r f a c e  (depth<100 km) conduct iv i ty  s t r u c t u r e .  The frequency 
dependence of t h e  p o l o i d a l  response permits  a "probing" of t h e  
i n t e r i o r  e l e c t r i c a l  s t r u c t u r e  through s k i n  depth e f f e c t s  . The 
t o r o i d a l  response,  i n  o r d e r  t o  be compatible with t h e  absence 
of a s t r o n g  i n t e r a c t i o n ,  must be l i m i t e d  by t h e  c r u s t a l  resis- 
tance.  The t o r o i d a l  response i s  f l a t  a t  f requencies  much less 
than lo-' Hz and i s  dependent only on the  r a t i o  o / z ,  where G 

i s  t h e  conduct iv i ty  of a s u r f a c e  l a y e r  of th ickness  z .  

The second category inc ludes  those  models wi th  a 
-2 poorly conductive i n t e r i o r ,  a < < l o  

t h e  p o l o i d a l  response i s  f l a t  f o r  f < < l O - '  Hz and only an upper 
bound can be placed on t h e  conduct iv i ty  from measurements made 
of t h i s  response. The t o r o i d a l  response f o r  most reasonable  
models wi th  an i n t e r i o r  conduct iv i ty  g r e a t e r  than  1 0  
i n  o rde r  t o  be compatible wi th  t h e  absence of a shock, must be 
l i m i t e d  by t h e  c rus ta l  r e s i s t a n c e  and t h e r e f o r e  provides  i n f o r -  
mation on t h e  nea r  su r face .  However, t h e  t o r o i d a l  response 
may provide information on t h e  i n t e r i o r  conduct iv i ty  i f  it i s  
less 'than 10-5(Qm)-1 and t h e  c u r r e n t  i s  n o t  l i m i t e d  by t h e  
c rus  t a l  r e s i s t a n c e  . 

(Qm) -I. For these models 

-4 (Qm)-', 
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6. EXPERIMENTAL CONSIDERATIONS 

Equations 15,  1 6  and 25 g ive  the  magnetic f i e l d  i n  
coord ina te  systems whose p o l a r  axes a r e  i n  t h e  d i r e c t i o n  of a 
Four ie r  component of t h e  source f i e l d .  Since t h e  i n t e r p l a n e -  
t a r y  source f i e l d  o r i e n t a t i o n  f l u c t u a t e s ,  it i s  convenient t o  
decompose t h e  source f i e l d s  i n t o  t h r e e  or thogonal  components i n  
t h e  s o l a r  e c l i p t i c  coord ina tes  of Figure 11. I n  t h i s  coord ina te  
s y s t e m  x and y are i n  t h e  e c l i p t i c  p lane ,  x p o i n t s  t o  t h e  sun,  
SS i s  t h e  subso la r  p o i n t ,  and t h e  z-axis passes  through t h e  
nor th  pole  N P .  S ince  t h e  proposed Apollo landing  si tes are 
near  e q u a t o r i a l ,  a l o c a l  coord ina te  system ( E - e a s t ,  N-north, 
V-ver t ica l )  on t h e  luna r  equator  is  a l s o  shown. A t  an equa- 
t o r i a l  observa t ion  p o i n t  l oca t ed  a t  an angle  a from t h e  sub- 
s o l a r  p o i n t ,  t h e  components of t h e  f i e l d  i n  t h e  l o c a l  coord ina te  
system a r e  

a , ( ~ )  = H ( w )  [Box(w)sin a - B ( W ) C O S  a1 + H t ( w ) B  ( w )  
P OY OY 

B V ( u )  = B (W)COS a + B (w)s in  a 
ox OY 

where 

With measuremen-s of 
ALSEP magnetometer , 
f i e l d  s p e c t r a  (Bo(w)  

t h e  s u r f a c e  f i e l d  spectrum provid-d by t h e  
and simultaneous measurements of t h e  source 
, V ( W )  ) by a s p a c e c r a f t  i n  t h e  in t e rp l ane -  

t a r y  m e d i u m ,  (28) and ( 2 9 )  can be so lved  f o r  the two t r a n s f e r  
func t ions  H (a), €It(@) , and ( 3 0 )  can be used as a check on t h e  

model. The f i n a l  s t e p  i n  t h e  i n t e r p r e t a t i o n  involves  a comparison 
P 



FIGURE 11 - THE INTERPLANETARY MAGNETIC FIELD 
AND A QUADRANT OF THE MOON IN 
A SOLAR ECLIPTIC COORDINATE SYSTEM 

SYSTEM (E, N, V) IN WHICH THE LUNAR 
SURFACE FIELDS ARE MEASURED 

ALSO SHOWN IS THE LOCAL COORDINATE 
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of the observed t r a n s f e r  func t ion  w i t h  t h e o r e t i c a l  t r a n s f e r  
func t ions  c a l c u l a t e d  from proposed conduc t iv i ty  models as 
d iscussed  i n  t h e  previous s e c t i o n .  

T h e  above d i scuss ion  of the i n t e r p r e t a t i o n  of t h e  
daqa n e g l e c t s  c e r t a i n  effects caused by t h e  r o t a t i o n  of t h e  
s u r f a c e  observa t ion  s i t e  with the moon. These e f f e c t s  a r e  
s i m i l a r  t o  those  encountered i n  making magnetic f i e l d  measure- 
ments from r o t a t i n g  s a t e l l i t e s  and are d iscussed  by Sone t t  
[19661. The essence of the  ma t t e r  l ies i n  the fact  t h a t  t h e  
r o t a t i o n  of the observa t ion  p o i n t  produces an amplitude modu- 
l a t i o n  of t h e  magnetic f i e l d .  T h i s  i s  ev iden t  from t h e  s o l u t i o n ,  
(28 )  and ( 2 9 ) ,  i f  w e  a s c r i b e  t h e  e f f e c t  of t h e  r o t a t i o n  as pro- 
ducing t h e  t i m e  dependence i n  the  angle  a ,  a = Qt, where Q i s  
the angular  r o t a t i o n  frequency of t h e  moon. A l t e r n a t i v e l y ,  w e  
can view t h i s  effect  as r e s u l t i n g  from t h e  r o t a t i o n  of t h e  
source f i e l d  a t  a frequency Q measured with r e s p e c t  t o  a coordi-  
na t e  system f ixed  wi th  t h e  moon. 

The modulation of t h e  f l u c t u a t i o n s  i n  t h e  t i m e  domain 
i s  equ iva len t  t o  the convolution of t h e  source  spectrum B0(w) 

w i t h  t h e  spectrum of t h e  r o t a t i o n  M ( w ) .  I f  our  s o l u t i o n s  ( 2 8 )  
and ( 2 9 )  w e r e  e x a c t  over  t h e  e n t i r e  l una r  s u r f a c e ,  then t h i s  
simple s i n u s o i d a l  amplitude modulation would g ive  r ise  t o  a 
modulation spectrum M ( w )  which c o n s i s t s  of a p a i r  of d e l t a  
func t ions  a t  w = +Q, - r e s u l t i n g  i n  t h e  replacement of Bo(w) 
( s i n  a ,  cos a )  t e r m s  by t e r m s  l i k e  Bo(w)  * 6(o+Q). - Inc lus ion  
of t h e  effects of the  day-night asymmetry o r  t h e  e f f e c t s  of a 
nonuniform source f i e l d  would r e q u i r e  a s p h e r i c a l  harmonic 
[ Y n m ( O , @ ) ]  expansion of t h e  f i e l d  i n  p l ace  of t h e  Legendre 
polynomial [Pn(cos e) ] r e p r e s e n t a t i o n  given by ( 4 ) .  The e f f e c t  
of r o t a t i o n  which makes a func t ion  of t i m e  i s  then t o  in t roduce  
a modulation spectrum conta in ing  t h e  harmonics of Q. 

The model w e  have chosen f o r  t h e  l u n a r  i n t e r a c t i o n  
imposes c e r t a i n  r e s t r i c t i o n s  on t h e  f requencies  which can be 
u t i l i z e d  t o  determine the t r a n s f e r  func t ion .  The high f r e -  
quency l i m i t  i s  provided by t h e  r e s t r i c t i o n  t h a t  t h e  source 
f i e l d  be uniform w i t h  r e s p e c t  t o  the  diameter  of the moon, 
i .e. ,  f < <  10-1 Hz. 
r o t a t i o n  of the moon about t h e  e a r t h .  Figure 1 2  shows t h e  moon 
i n  i t s  o r b i t  and t h e  p o s i t i o n s  of t h e  e a r t h ' s  magnetic t a i l  
and bow shock. T h e  condi t ions  f o r  v a l i d i t y  of our  model r e q u i r e  
t h a t  measurements of t he  f i e l d  be made on t h e  s u n l i t  hemisphere 
whi le  t h e  moon i s  i n  the  s o l a r  wind o r  the t r a n s i t i o n  region. 
A magnetometer placed a t  e i t h e r  p o i n t  1 or  2 ,  which are 45O 
from t h e  sub-earth p o i n t  and a t  the e a s t  and w e s t  ends of t h e  

T h e  l o w  frequency l i m i t  arises due t o  t h e  
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Apollo landing  zone, would m e e t  t h e  above condi t ions  f o r  approxi- 
mately 1 0  consecut ive days dur ing  each luna t ion .  The t r a n s f o r -  
mation of t h e  1 0  day t i m e  record  i n t o  t h e  frequency domain can 
be expected t o  provide information on t h e  spectrum t o  frequen- 
cies a s  low as about 3 x loe6 Hz ( ~ 3  day p e r i o d ) .  

From Figure 7 w e  see t h a t  t h e  frequency range 3 x 
t o  Hz permits  u s e f u l  measurements of t h e  p o l o i d a l  t r a n s f e r  
func t ions  of both t h e  h o t  and co ld  luna r  models of England e t  a l .  
I n  t h e  above frequency range t h e  cold model p o l o i d a l  response 
i s  determined by the conduc t iv i ty  below 700 km depth (r  < 1 0 0 0  km) 
and thus t h e  deep i n t e r i o r  conduct iv i ty  s t r u c t u r e  can be probed. 
I n  t h e  same frequency range t h e  h o t  model p o l o i d a l  response i s  
most s e n s i t i v e  t o  t h e  conduc t iv i ty  s t r u c t u r e  a t  depths between 
200 km and 800 km. A t  depths  below 800 km (r  < 900  km) t h e  f i e l d s  
a r e  e f f e c t i v e l y  s h i e l d e d  and only a lower bound could be  p laced  
on t h e  conduct iv i ty  from measurements made i n  t h i s  frequency range. 
It  i s  f o r t u i t o u s  t h a t  t h e  frequency range determined by t h e  re- 
s t r i c t i o n s  of t h e  experiment encompasses t h e  region where t h e  
p o l o i d a l  t r a n s f e r  func t ions  f o r  both h o t  and co ld  models a r e  
most s e n s i t i v e  t o  t h e  deep e lectr ical  s t r u c t u r e .  If t h e  a c t u a l  
l u n a r  conduct iv i ty  s t r u c t u r e  d e v i a t e s  s i g n i f i c a n t l y  from t h e  
range given by t h e s e  proposed models, f o r  example Model 8 ,  it 
w i l l  be  necessary t o  extend one of t h e  frequency l i m i t s  i f  an 
e s t ima te  ( o t h e r  than a bound) of t h e  i n t e r i o r  conduc t iv i ty  i s  
t o  be made. Extension of t h e  low frequency l i m i t  r e q u i r e s  a 
s o l u t i o n  which inc ludes  t h e  day-night asymmetry and, t h e r e f o r e ,  
e n t a i l s  t h e  use of t h e  s p h e r i c a l  harmonics Y I n  o rde r  t o  
extend t h e  high frequency l i m i t  t o  t h e  reg ion  where t h e  wave- 
length  of t h e  source  f i e l d  i s  of t h e  o r d e r  of t h e  l u n a r  r a d i u s ,  
t h e  more genera l  s c a t t e r i n g  problem must be solved.  

nm' 

7. CONCLUSIONS 

By i n t e r p r e t i n g  t h e  l u n a r  response t o  f l u c t u a t i o n s  
i n  t h e  i n t e r p l a n e t a r y  e lec t romagnet ic  f i e l d ,  an e s t ima te  of 
t h e  l u n a r  i n t e r i o r  e l e c t r i c a l  conduc t iv i ty  may be obtained.  
Knowledge of t h e  conduct iv i ty  has  c e r t a i n  imp l i ca t ions  re- 
garding t h e  thermal s ta te  of t h e  l u n a r  i n t e r i o r ,  and such 
information on t h e  i n t e r i o r  temperature i s  c e n t r a l  t o  t h e o r i e s  
of l una r  formation and h i s t o r y .  

The suggested procedure i s  t o  o b t a i n  simultaneous 
measurements of t h e  l u n a r  s u r f a c e  magnetic f i e l d  and t h e  ambient, 
undis turbed i n t e r p l a n e t a r y  f i e l d  and solar wind v e l o c i t y .  The 
s p e c t r a l  measurements permit  t h e  c a l c u l a t i o n  of t h e  t r a n s f e r  
func t ions  of t h e  moon and, i n  a d d i t i o n ,  provide f o r  a check on 
t h e  theory of Paper I. 
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The t h e o r e t i c a l  model and experimental  r e s t r i c t i o n s  
impose a frequency range 3 x 
ment. This  range encompasses p a r t  of t h e  most e n e r g e t i c  p o r t i o n  
of t h e  source f i e l d  spectrum and permits  t h e  probing of t h e  
deep e lec t r ica l  s t r u c t u r e  of c u r r e n t l y  proposed luna r  conduc- 
t i v i t y  models. The compa t ib i l i t y  of any l u n a r  conduct iv i ty  
(and a s soc ia t ed  thermal)  model w i th  t h e  d a t a  can thus  be ascer- 
ta ined .  The r e s o l u t i o n  of  t h e  experiment should be s u f f i c i e n t  
t o  d i s t i n g u i s h  between l u n a r  models based on d i f f e r e n t  thermal 
h i s t o r i e s .  

f lom3 Bz on t h e  experi-  

W. R. Sill 

WRS 10 14-JLB- j nr 
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APPENDIX (contd.)  

A- 2 

The response of a core-crus t  model f o r  which t h e  c r u s t  
i s  t h i n  ( z  = r -r < <  r ) and non-inductive (k2z <<  1) i s  2 1  2 

- 
- 

O 2 " 2  
2 (A- 5)  

I n  t h e  low frequency l i m i t  ( lklrl  < <  1) , R + 0 and (A-5) y i e l d s  
t h e  express ion  f o r  a two l a y e r ,  DC motional genera tor  der ived  
by Hollweg E19681. 

For those  models i n  which t h e  c r u s t  r e s i s t a n c e  i s  
g r e a t e r  than t h e  c o r e  r e s i s t a n c e  (olz/02r2 > >  1) w e  f i n d  t h a t  
t h e  high frequency response i s  f l a t  and equal  t o  t h e  DC response 
as long as olz 6 / o  r 2 

1 2 2  > >  1, i . e . ,  

o r  2 2 Eo r 2  

BO 

- - -  
z I-lO 2 Ht  = - 

f o r  f requencies  s a t i s f y i n g  t h e  condi t ion  

(A- 61 

(A- 71 

This condi t ion  i n d i c a t e s  t h a t  as t h e  conduc t iv i ty  r a t i o  0 1 / ~ 2  

i n c r e a s e s ,  t h e  f l a t  po r t ion  of t h e  response i s  s h i f t e d  t o  
h ighe r  f requencies .  The t r a n s f e r  func t ion  f o r  t h e  class of 
models i n  which t h e  c r u s t  l i m i t s  t h e  c u r r e n t  flow i s  then f l a t  
even i n  t h e  frequency range where induct ion  i s  becoming impor- 
t a n t  i n  t h e  core.  



BELLCOMM,  I N C .  

APPENDIX 

TOROIDAL TRANSFER FUNCTIONS FOR SIMPLE MODELS 

The t o r o i d a l  t r a n s f e r  func t ion  f o r  a homogeneous 
sphere i s  e a s i l y  der ived  from ( 2 2 )  (18)  and ( 7 )  t o  be  

r o E  - - (1-R) 1 1 0  

Ht (1+R/2)  ' 0  2B0 

where 

(A-2 

I n  t h e  l o w  frequency l i m i t  ( I k l r l l  < <  l), R + 0 and w e  f i n d  t h a t  
(A-1) reduces t o  t h e  express ion  f o r  t h e  DC motional gene ra to r ,  
i .e .  

?I 
A t  high f requencies  ( jklrll > >  1) 
f i n d  t h a t  

R = 1 - 3cS1 ( 1 + i ) / 2 r 1  and w e  

(A-4) 

where 61 = 42/palw 
response a t  f requencies  where induc t ion  i s  important  is  simply 
due t o  t h e  exponent ia l  decay exp[- ( r l - r ) /611  of t h e  electric 
f i e l d s  w i t h i n  t h e  sphere.  

i s  t h e  s k i n  depth.  The decrease  i n  t h e  
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