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AHSTKACT 

An e l e c t r o m a g n e t i c  t r a n s m i t t e r  capab le  of g e n e r a t i n g  a magnet ic  d i p o l e  
moment i n  excess of l o6  mks ove r  a wide frequency r a n g e  was des igned  and 
f i e l d  t e s t e d  i n  connec t ion  w i t h  geothermal  e x p l o r a t i o n  su rveys .  We w i l l  d e a l  
p r i m a r i l y  w i t h  e n g i n e e r i n g  a s p e c t s  of t h e  t r a n s m i t t e r  p e r t i n e n t  t o  t h e  d e s i g n  
and c o n s t r u c t i o n  of similar t r a n s m i t t e r s  f o r  v a r i o u s  geophys ica l  a p p l i c a t i o n s .  

Lawrence Berkeley Labora to ry ,  i n  a s s o c i a t i o n  w i t h  t h e  Engineer ing Geo- 
s c i e n c e  Group, U n i v e r s i t y  of C a l i f o r n i a ,  h a s  been invo lved  f o r  s e v e r a l  y e a r s  
i n  t h e  Dept. o f  Energy, D i v i s i o n  of Geothermal Energy 's  E x p l o r a t i o n  Technology 
Program. A s  a r e s u l t  of  s t u d i e s  and e v a l u a t i o n s  of a l l  geophys ica l  tech-  
n iques ,  i t  appeared t h a t  t h e  con t ro l l ed - source  EM t echn ique  o f f e r e d  c e r t a i n  
s i t e - s p e c i f i c  advan tages  ove r  t h e  commonly used dc  r e s i s t i v i t y  and magneto- 
t e l l u r i c  methods f o r  mapping t h e  s u b s u r f a c e  r e s i s t i v i t y  d i s t r i b u t i o n .  T h i s  
seemed p a r t i c u l a r l y  t r u e  where  i t  would be  d i f f i c u l t  t o  p u t  s u f f i c i e n t  
c u r r e n t  d i r e c t l y  i n t o  t h e  ground o r  where complex geology r e q u i r e s  many MT 
s t a t i o n s  f o r  even a p a r t i a l  i n t e r p r e t a t i o n .  

E x i s t i n g  EM t r a n s m i t t e r s  were t e s t e d  and found inadequa te  because they  
were t o o  l i m i t e d  by t h e  i n d u c t i v e  n a t u r e  of t h e i r  l o a d s  t o  produce a s u f E i -  
c i e n t l y  l a r g e  d i p o l e  moment. We t h e r e f o r e  designed a p r o t o t y p e  t r a n s m i t t e r  
s p e c i f i c a l l y  s u i t e d  t o ,  b u t  n o t  r e q u i r i n g  ad jus tmen t s  f o r ,  t h e  r e a c t i v e  
n a t u r e  of t h e  transmitter loop.  T h i s  p r o t o t y p e  was b u i l t  around a n  e x i s t i n g  
60 kW motor-generator  se t  mounted on a one-ton 4-wheel-dr ive t r u c k ,  and was 
d e s i g n a t e d  a s  t h e  EM-60 c o n t r o l l e d  source.  

F i e l d  tests were c a r r i e d  o u t  w i th  a h o r i z o n t a l  l o o p  t r a n s m i t t e r  i n  b o t h  
Grass V a l l e y ,  Nevada and on t h e  f l a n k s  of Mount Hood, Oregon. During these 
tests,  t h e  magnetic moment exceeded 1 x lo6  mks (rms) o v e r  t h e  frequency 
range .02 t o  500 Hz, a l t h o u g h  o n l y  1.4 t o  1.6 km of No, 6 welding c a b l e  was 
used. The c u r r e n t  was switched between +63  A .  F i e l d  tests i n d i c a t e d  t h e  
t r a n s m i t t e r  d e s i g n  p rov ides  a s a f e  and r e l i a b l e  s y s t e m .  A s  no s p e c i a l  t u n i n g  
o r  a d j u s t i n g  i s  r e q u i r e d  f o r  f requency changes,  t h e  t r a n s m i t t e r  i s  e a s i l y  
o p e r a t e d  by one person. However, i n  f i e l d  tests w e  found i t  convenient  t o  
o p e r a t e  t h e  e n t i r e  system w i t h  a four-man crew, t h e  same crew s i z e  used € o r  
d ipo le -d ipo le  d c  r e s i s t i v i t y .  C r e w  comments suggested t h a t  t h e  EM t echn ique  
i s  f a s t e r  and easier t h a n  d c  r e s i s t i v i t y  work i n  t h e  f l a t ,  open t e r r a i n  of a 
b a s i n  and Range Val ley.  . 
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I n t r o d u c t i o n  

The Lawrence Berke ley  Labora tory ,  i n  a s s o c i a t i o n  wi th  t h e  Engineer ing  
Geoscience Group of t h e  U n i v e r s i t y  of C a l i f o r n i a ,  h a s  been involved  f o r  
several  y e a r s  i n  t h e  Department of Energy, D i v i s i o n  of Geothermal Energy’s 
l k p l o r a t i o n  Technology Program. Beginning i n  1973, a n  e a r l y  segment of t h i s  
program concerned t h e  s t u d y  and e v a l u a t i o n  of e x i s t i n g  geophys ica l  t echn iques  
f o r  geothermal  e x p l o r a t i o n .  F x t e n s i v e  f i e l d  work towards t h i s  end w a s  done 
a t  Grass Va l l ey ,  Nevada by Beyer,  e t  al. (1976).  I n  connec t ion  wi th  t h i s  
s t u d y  J a i n  (1978) sugges t ed  t h a t  t h e  e l e c t r o m a g n e t i c  method showed some promise 
as a n  a l t e r n a t i v e  t o  dc r e s i s t i v i t y  and m a g n e t o t e l l u r i c s  f o r  e l e c t r i c a l  
r e s i s t i v i t y  surveys .  The u s e  of El4 appeared  p a r t i c u l a r l y  a t t r a c t i v e  i n  
s i t u a t i o n s  where conven t iona l  t echn iques  would b e  d i f f i c u l t  t o  app ly ;  e.g., 
(1) areas of h i g h  s u r f a c e  ( c o n t a c t )  r e s i s t a n c e  where it  would b e  d i f f i c u l t  t o  
p u t  c u r r e n t  i n t o  t h e  ground o r  where it might  b e  d i f f i c u l t  t o  measure a 
p o t e n t i a l  between two e l e c t r o d e s  and ( 2 )  areas where i t  would b e  d i f f i c u l t  t o  
l a y  o u t  and move long wires. 

A review o f  e x i s t i n g  technology and a v a i l a b l e  equipment r e v e a l e d  t h a t  a 
s u i t a b l e  frequency-domain t r a n s m i t t e r ,  one  capab le  of c r e a t i n g  a s t r o n g  mag- 
n e t i c  f i e l d  ove r  a wide r ange  of f r e q u e n c i e s ,  d i d  n o t  exist. Among t h e  
t r a n s m i t t e r  d e s i g n s  e v a l u a t e d  a t  t h a t  t i m e  were v a r i o u s  SCR b r i d g e  c i r c u i t s ,  
a l r e a d y  i n  common use  f o r  r e s i s t i v i t y  surveys .  Our l i m i t e d  a t t e m p t s  t o  u s e  
t h e s e  t r a n s m i t t e r s  were m a r g i n a l l y  s u c c e s s f u l .  I n  a l l  cases, t h e s e  des igns  
f a i l e d  because  of t h e  i n d u c t i v e  n a t u r e  of t h e  load.  Success fu l  u se  of 
r e s i s t i v i t y  t r a n s m i t t e r s  r e q u i r e s  t h a t  t h e  load  appear  non-reac t ive .  This  
n e c e s s a r y  c o n d i t i o n  meant t un ing  o r  ad jus tment  i n  t h e  f i e l d  f o r  each frequency.  

To e v a l u a t e  t h e  u s e  t h e  e l e c t r o m a g n e t i c s  i n  geothermal  e x p l o r a t i o n  we 
embarked on a program w i t h  DOE s u p p o r t  b u i l d  a p r o t o t y p e  t r a n s m i t t e r  des igned  
s p e c i f i c a l l y  t o  d r i v e  a c o i l  an tenna .  The fo l lowing  c r i t e r i a  f o r  t h e  trans- 
m i t t e r  were e s t a b l i s h e d  based  on our  earlier exper ience :  

1) Large  m g n e t i c  Moment -- The maximum magnet ic  d i p o l e  moment should  
b e  a v a i l a b l e  a t  a l l  t i m e s ,  as a f u n c t i o n  of power, weight  of c o i l ,  c o i l  r a d i u s  
and f requency .  

L e f t  S l i d e  (M vs. t u r n s )  F i g u r e  1 

Riph t  S l i d e  ( M v s .  f r e q . )  F i g u r e  2 

2 )  R e l i a b i l i t y  -- The t r a n s m i t t e r  n u s t  b e  r e l i a b l e  under t h e  wide r ange  
of f i e l d  c o n d i t i o n s .  

3)  Ease of Opera t ion  -- The t r a n s m i t t e r  must b e  easy  t o  o p e r a t e  by 
normally i n t e l l i g e n t  f i e l d  crew members, even  when they  are under p h y s i o l o g i c a l  
stresses t h a t  accompany f i e l d  o p e r a t i o n s .  Th i s  c r i t e r i o n  exc ludes  tun ing  o r  
o t h e r  ad jus tmen t s  t o  make t h e  c o i l  appear  non-reac t ive .  

4 )  S i m p l i c i t y  -- The t r a n s m i t t e r  should  b e  easy  t o  r e p l i c a t e  and 
f i n a n c i a l l y  a t t r a c t i v e  t o  t h e  p r i v a t e  s e c t o r  i n  view t h e  DOE o b j e c t i v e  of 
technology t r a n s f e r  t o  i n d u s t r y .  Later, i t  became clear t h e  l i c e n s i n g  
p r o t e c t i o n  would a l s o  b e  d e s i r a b l e  and arrangements  were made t o  a l l o w  t h i s .  
(For  l i c e n s i n g  in fo rma t ion ,  one shou ld  c o n t a c t  t h e  f i r m  of Kinney and Kib lack ,  
55 E. Jackson  Blvd., S u i t e  1645, Chicago, 11, 60604) .  
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MOMENT 

1 TURNS 

X B L  7910 - 13010 

F i g u r e  1. Magnetic moment as a f u n c t i o n  of t h e  number of 
t u r n s  f o r  a given l e n g t h  of w i r e .  
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MOMENT 

ONE TURN 

THREE TURNS \ 
MORE TURNS \\ 

FREQUENCY 

X B L  79 IO - 1301 I 

F i g u r e  2.  Magnetic moment a s  a f u n c t i o n  o f  f r equency  a n d  
number of t u r n s .  
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5) Frequency Range -- The t r a n s m i t t e r  should  supply  a square-wave 
c u r r e n t  t o  t h e  loop over  t h e  r ange  t o  l o 3  Hz. 

Moment 

For t h e  EM method, t h e  s i n g l e  most impor tan t  parameter i s  t h e  magnetic 
d i p o l e  moment, M = N.1.A. 
c o i l ,  t h e  s igna l - to -no i se  r a t i o  varies w i t h  t h e  moment. 
t h e  h i g h e r  t h e  s igna l - to -no i se  r a t i o  w i l l  be  a t  t h e  r e c e i v e r .  Obviously ou r  
o b j e c t i v e  is  t o  c r e a t e  a l a r g e  moment, b u t  how i s  t h e  l a r g e s t  moment c r e a t e d  
c o n s i s t e n t  w i t h  a l l  t h e  p rac t ica l  l i m i t a t i o n  of f i e l d  work? 

Independent of t h e  magnetic f i e l d  s e n s o r ,  SQUID o r  
The l a r g e r  t h e  moment, 

L e t  u s  cons ide r  t h e  c a s e  of t h e  c o i l  as t h e  an tenna .  The c o i l  must b e  
c a r r i e d  i n t o  t h e  f i e l d ,  l a i d  o u t  i n  some r e a s o n a b l e  c o n f i g u r a t i o n  and la ter  
r e t r i e v e d .  To minimize t h e  f i e l d  e f f o r t  and maximize t h e  moment, w e  need t o  
c o n s i d e r  t h e  r e l a t i o n s h i p  of t h e  c a b l e  gauge, c o i l  weight ,  c o i l  r a d i u s ,  t u r n s  
and frequency. 

S l i d e  ( l i s t )  F i g u r e  3 

For m a x i m u m  moment, t h e  fo l lowing  parameters must be  minimized: 

a )  c a b l e  r e s i s t a n c e ,  
b) c o i l  i nduc tance ,  
c )  c o i l  t u r n s ,  (ONE TmN) 

and t h e  fo l lowing  paraineters  maximized: 

d) c a b l e  l e n g t h ,  a n d / o r  
e )  c o i l  r a d i u s .  

C l e a r l y  t h e s e  are a l l  c l o s e l y  r e l a t e d .  
reel  c a p a c i t y ,  o r  t e r r a i n ,  p l a c e s  a l i m i t  on one of t h e s e  f a c t o r s  and then 
t h e  rest are de f ined .  

Usual ly  a c o n s t r a i n t ,  such  as c a b l e  

I n  our c a s e ,  t h e  LBL g e o p h y s i c a l  f i e l d  crew had expe r i ence  wi th  c a b l e s  of 
v a r i o u s  s i z e s  and were a l r e a d y  accustomed t o  us ing  l a r g e  c a b l e s  which have t h e  
advantage  of b e i n g  easier t o  l a y  o u t  t h a n  smaller,  l i g h t e r  w i r e  and cable .  
Large c a b l e s  were a l s o  found t o  be  less s e n s i t i v e  t o  damage by animals .  From 
t h e  beg inn ing ,  w e  planned t o  use  4 / 0 ,  2, 6 o r  10 gauge welding cab le .  

b 

Our nex t  c o n s i d e r a t i o n  is  power. Regard less  of t h e  power sou rce  a v a i l a b l e ,  
w e  want t h e  m a x i o l u m  c u r r e n t  i n  t h e  c o i l .  LBL had a truck-mounted 60 kW motor- 
g e n e r a t o r  ( IG)  set a v a i l a b l e .  Th i s  became t h e  b a s i s  f o r  t h e  proposed E lec t ro -  L 

magnet ic  C o n t r o l l e d  Source - 60 k i l o w a t t s ,  o r  EN-60 f o r  s h o r t .  
problems i n  r e f u r b i s h i n g  t h i s  used equipment,  and I should  mention c e r t a i n  
a s p e c t s  of MG se ts  t h a t  can  cause  problems. 

We had many 

R igh t  S l i d e  ( p i c t u r e  of t r u c k )  F igu re  4 
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FOR LARGEST MOMENT ( M = N x I x A )  

MINIMIZE 
CABLE RESISTANCE 
C O I L  INDUCTANCE 
COIL  TURNS (ONE TURN) 

MAXI M I ZE 

CABLE LENGTH 
C O I L  RADIUS 

AND /OR 

X B L  7910-1 3013 

F i g u r e  3 .  Table.  
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XBC 789-12515 

Figure 4. EM-60 tran 
Nevada 
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Mounted on a Dodge Power Wagon 300 t r u c k  i s  a Hercules  g a s o l i n e  engine.  
The engine  i s  l i n k e d  t o  a 60 kW, 400 h z ,  341 a i r c r a f t  a l t e r n a t o r .  Two p o i n t s  
about  14G sets are impor tan t .  F i r s t ,  a l t e r n a t o r s  can o c c a s i o n a l l y  have opens,  
of microsecond d u r a t i o n .  Secondly,  MG sets  p e r f e r  c o n s t a n t  loads .  Even wi th  
a governor ,  i t  can t a k e  many m i l l i s e c o n d s  f o r  a g a s o l i n e  engine  t o  compensate 
f o r  a load  change. 

I mention t h e s e  p o i n t s  because  they  had t o  b e  cons ide red  i n  t h e  o v e r a l l  
des ign .  To g e t  around t h e  f i r s t  p o s s i b l e  problem, t h e  a l t e r n a t o r  ou tpu t  w a s  
ful l -wave r e c t i f i e d  and c a p a c i t o r  f i l t e r e d .  The c a p a c i t o r s  supp l i ed  energy 
du r ing  t h e  microsecond-long i n t e r v a l s  when t h e  a l t e r n a t o r  opens. 

' To g e t  around t h e  second c h a r a c t e r i s t i c ,  w e  always g e n e r a t e d  a b i p o l a r  
magnet ic  f i e l d ,  w i t h  c o n s t a n t  ampli tude.  
squa re  waves. While t h i s  exc ludes  on-off-on s i g n a l s  t h a t  are used i n  tine- 
donain s t u d i e s ,  i t  does a l l o w  asymmetrical p u l s e  t r a i n s ,  such  as pseudo-randon 
sequences.  

I n  o t h e r  words,  we o n l y  t r ansmi6 ted  

L e f t  S l i d e  ( b l o c k  diagram) F i g u r e  5 

Righ t  S l i d e  ( i n s i d e  t r u c k )  F igu re  6 

So f a r ,  I have  d i s c u s s e d  t h e  load  and t h e  MG set .  Now l e t  m e  d e s c r i b e  
t h e  c o n t r o l s .  The c o n t r o l s  are b o t h  t r u c k  nounted and remote. The t r u c k  
mounted c o n t r o l s  are mos t ly  f o r  t h e  engine.  They need t o  b e  accessed  o n l y  a t  
t h e  s t a r t  o r  t h e  end of a run. Once t h e  eng ine  is  runnirig,  c o n t r o l  is t r a n s f e r -  
r e d  t o  t h e  remote c o n t r o l  box. The n o i s e  from t h e  MG s e t  makes remote opera- 
t i o n  mandatory f o r  human i t a r i an  reasons .  It i s  a l s o  necessa ry  i f  r a d i o  
communication is  d e s i r a b l e .  The remote c o n t r o l  box a l lows  moni tor ing  of t h e  
load  c u r r e n t  and c e r t a i n  eng ine  f u n c t i o n s ,  and a l lows  t h e  o p e r a t o r  t o  s e l e c t  
t h e  fundamental  f requency.  The f r equency  i s  e s t a b l i s h e d  i n  t h e  r e n o t e  c o n t r o l  
box from a c r y s t a l  o s c i l l a t o r  and d i v i d e r s .  The f requency  swi t ches  a l l o w  
t h r e e  d i g i t  s e l e c t i o n  of p e r i o d s  from 10-3 t o  lO+3 seconds.  
ad jus tmen t  of t h e  e l e c t r o n i c s  is  necessary .  Also mounted on t h e  t r u c k  i s  a 
r a c k  f o r  e l e c t r o n i c s  t o  i n t e r f a c e  t h e  remote c o n t r o l  box and t h e  crate. The 
crate h o l d s  t he  full-wave rectifiers and t h e  swi t ch ing  t r a n s i s t o r s .  E l e c -  
t r o n i c s  r a c k  and crate are swung o u t  from w i t h i n  t h e  t r u c k  du r ing  o p e r a t i o n  
f o r  b e t t e r  coo l ing .  

No f u r t h e r  

Right  S l i d e  ( t r u c k )  F igu re  7 

A s  mentioned ear l ier ,  t h e  EN-60 i s  b a s i c a l l y  a n  i n d u c t o r  c u r r e n t  c o n t r o l -  
ler .  Th i s  i s  d i f f e r e n t  from SCR t y p e  t r a n s m i t t e r s .  With i n d u c t i v e  loads ,  
SCR's are d i f f i c u l t  t o  t u r n  o f f ,  once  they  are t u r n e d  on. That is  n o t  t h e  
case w i t h  t r a n s i s t o r s .  Modern t r a n s i s t o r s  are capab le  of h igh  v o l t a g e  and 
c u r r e n t s  and f a s t  swi t ch ing  c h a r a c t e r i s t i c s .  The EN-60 w a s  des igned  t o  use 
t h e  IR 5063 series.  Less expens ive  d e v i c e s  can  be  s u b s t i t u t e d .  

The swi t ch  f o r  t h e  EM-60 p r o v i d e s  e i t h e r  +150 v o l t s  o r  -150 v o l t s  a t  
c u r r e n t s  up t o  400 amperes. To do t h i s ,  s t a n d a r d  t r a n s i s t o r s  were a r r anged  
i n  e l e c t r i c a l  p a r a l l e l  on modular hea t -s inks .  Each module i s  t o t a l l y  i n t e r -  
changeable .  No s p e c i a l  s e l e c t i o n  is  n e c e s s a r y  f o r  t h e  t r a n s i s t o r s .  The c r a t e  
h o l d s  up t o  20 nodules .  

R igh t  S l i d e  ( c r a t e )  F igu re  8 

L e f t  S l i d e  (Moment) F i g u r e  9 
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F i g u r e  5. General  block diagram of t h e  EM-60 t r a n s m i t t e r .  
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Figure 7. Ell-60 remote box and transmitter truck. 
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Test Resul t s  

The EM-60 w a s  i n i t i a l l y  t e s t e d  a t  Grass Valley, Nevada, during J u l y  1978. 
For t h i s  work 1372 n e t e r s  (4500 f e e t )  of 16 welding cable  was used as t h e  load. 
The cable  was l a i d  out i n  a near ly  c i r c u l a r  loop 100 meters i n  diame.ter and 
with 4 turns.  The excess cable provided p i g t a i l s  t o  t h e  t ransmi t te r  truck. 

For maximum moment t h e  EM-60 is  designed f o r  use with #4/0 welding cable  
carrying 400 amperes. 
capable of handling t h e  3.9 x lo3 kg ( 8.5 tons) of cab le  was not available.  
Therefore #6 cable  w a s  s u b s t i t u t e d  because it could be f i e lded  with ex i s t ing  

A t  t h e  time of the  test, a veh ic l e  and a cable  reel 

equipment 

The s l i d e  shows t h e  moment versus-frequency performance. The actual 
rns  out t o  be s l i g h t l y  higher than t h e  ca lcu la ted  value. 
s t h e  reactance increases,  t h e  MG set load decreases. The governor 
g h e  and the  a l t e r n a t o r  r egu l  

The reason 

r could not compensate en0 

we monitor at  the  receiver t i o n  t h e  a c t u a l  cur ren t  
, 0.01% shunt, frequency-dependent v a r i a t i o n s  i n  
Nominally, t h e  cur ren t  t o  t h e  c o i l  was  e i t h e r  +63 o r  -63 amperes . 

oment of about 

u r r e n t  was not  

This corresponds t o  a fundamental frequency component f o r  
5 x lo6 HKS u n i t s ,  peak to  peak. 

Since no tuning is necessary f o r  frequency changes, t r ansmi t t e r  operation 
M course, set up and re fue l ing  w a s  simplifed-by extra 

Except f o r  time l o s t  during re fue l ing ,  continuous operation up t o  9 
requires only one man. 
hands. 
hours i n  one was possible. 
shade during t h i s  period. 

The temperature exceeded 42OC (108OF) i n  the  
No f a i l u r e s  were noted desp i t e  t h e  heat and the  

dust 

Right S l i d e  (truck) Figure 10 

Summary 

The comparison between t h i s  e f f o r t  and earlier dc r e s i s t i v i t y  surveys are 
discussed elsewhere. However, crew comments suggested t h a t  t he  E31 technique 
is f a s t e r . a n d  easier, a t  least i n  open f l a t  country, such as Grass Valley 
where an experienced crew can obta in  th ree  or four soundings per day a t  f re -  
quencies spanning t h e  range 0.05 t o  500 Efz. 
depends on t h e  speed and ease of de tec t ing  and processing t h e  magnetic f i e l d  
s igna l s ,  a sub jec t  beyond the  scope of t h i s  t a l k  (see Morrison, e t  al., 1978). 

Of course, t he  production rate 

Since the  earliest tests i n  Grass Valley, t he  EM 60 t r ansmi t t e r  has been 
used on t h e  f l anks  of M t .  Eood, Oregon and elsewhere i n  Nevada. Throughout 
these  surveys t h e  t r ansmi t t e r  has worked dependably and va luable  experience 
has been gained i n  the  use of t he  system. 
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FREQUENCY (HERTZ) 

XBL 7910- 13012 

Figure 9. Measure 



16 

XBC-789-12736 

Figure 10. EM-60 transmitter truck on the flank of Mt. Hood, 
Oregon. 
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