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The six types of caps t e s t e d  i n  t h i s  r e p o r t  are r e f e r r e d  t o  5y t h e  
c a p i t a l  l e t t e r s  A,  B, C,  D, E and F. Types E and F a r e  those  of fo re ign  
manufacture underground c o a l  mining opera t ions ,  The caps t e s t e d  are de- 
sc r ibed  below: 

A. DuPont Instantaneous E l e c t r i c  8lt..st211g Cap 

The DuPont ins tantaneous  cap i s  mechanically assembled with p l a s t i c  
l e g  wi re  i n s u l a t i o n ,  rubber plug c losure ,  and sh ie lded  shunts.  This par- 
t i c u l a r  cap has copper l e g  wires  and is no t  normally used i n  coa l  mining 
cpera t ions .  This cap was s e l e c t e d  f o r  t e s t i n g  on t h e  advice of t h e  Bureaa 
of Mines. 

B. A t l a s  Kolmaster Delay B l a s t h g  Cap 

The Kolmaster delay  cap is  provided wi th  i r o n  l e g  w i r e s  f o r  c c a l  
d n i n g  operat ion.  The l e g  w i r e s  a r e  p l a s t i c  insu la ted  and shunted aga ins t  
s t r a y  cur ren t s .  This cap is a delay  cap wi th  a n  average deliiy t i n e  of 25 
ms: Delays up t o  450 m s  are a v a i l a b l e ,  but  t h e  lowest delay tine was 
t e s t e d  as being r e p r e s e n t a t i v e  of t h e  l o t .  

C. D U P O ~ ~  Coal Mine Delay Blas t ing  Cap 

---- - -A - - --- - -0-; a. - 9 .--. -.- - 7 -  - - --- - - -- - - . - A -  -- - -. - 2-- -- -- 
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cap. It i s  a v a i l a b l e  i n  delays  ranging from 25 m s  up tc 1000 ms.  Color 
coding is used t o  d i f f e r e n t i a t e  t h e  va r lous  delay  caps. They a r e  desig3ed 
t o  conform t o  a l l  United S t a t s s  Bureau of Mines recommendations on deiay 
b las t ing .  The delay  t i m e  chosen f o r  t h i s  cap was 25 ms.  

D. Hercules "Coaldet" Coal Mining Delay Blas t ing  Cap " 

The Hercules delay  caps have' i r o n  l e g  w i r e s  which a r e  shunted t o  pro- 
v ide  p ro tec t ion  a g a i n s t  s t r a y  cur ren t s .  This p a r t i c u l a r  shunt  f o m s  an 
envelope around. t h e  exposed l e a d s  which provides corros ion protec t ion.  
Delay times a r e  a v a i l a b l e  from 25 m s  t o  500 m s  and a r e  co lo r  coded. A 
de lay  of 25 m s  was a l s o  chosen f o r  t h i s  cap i n  t h e  t e s t i n g  program. 

E. Austin -. Delay Blas t ing  -- Cap - .  113 -. - . - .. - - .  - - 

The Austin Powder Company delay  b l a s t i n g  cap is  a c o a l  mining cap made 
i n  Great B r i t a i n .  It has  i r o n  l e g  w i r e s  and i s  s i m i l a r  i n  cons t ruc t i cn  t o  
t h e  o the r  delay  caps. Its delay ,  h3wever, is  30 ms.  

F. Austin Instantaneous Blas t ing  Cap 

The Austin Powder Company ins tantaneous  cap is a c o a l  mining cap and 
i s  s i m i l a r  i n  cons t ruc t ion  t o  t h e  DuPont instantaneous cap. It has i r o n  
l e g  w i r e s  and is  shunted t o  p r o t e c t  a g e i n s t  s t r a y  cur ren t s ,  
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ABSTRACT 

S i x  d i f f e r e n t  t y p e s  o f  b l a s t i n g  c a p s ,  m a i n l y  of  t h e  t y p e  u s e d  i n  
c o a l  mines ,  were  e v a l u a t e d  t o  d e t e r m i n e  b o t h  t h e i r  1lF and L)C c h a r a c -  
t e r i s t i c s .  Two of  t h e  c a p s  were of  f o r e i g n  m a n u f a c t u r e .  A l l  t h e  American 
made c a p s  had "no- f i r e"  (0 .1% f i r i n g  p r o b a b i l i t y  w i t h  95% c o n f i d e n c e ,  as 
d e t e r m i n e d  by t h e  Uruce ton  t e s t )  l e v e l s  above 0.04 w a t t s .  One o f  t h e  
c a p s  of  f o r e i g n  m a n u f a c t u r e  had a " n o - f i r e "  l e v e l  o f  0.023 w a t t s .  

A w o r s t  c a s e  a n a l y s i s  o f  b l a s t i n g  cap  p i c k  up o f  KF power i n  c o a l  
mines was pe r fo rmed  and s a f e  d i s t a n c e  c u r v e s  were  g e n e r a t e d .  
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1. INTRODUCTION 

The s p e c i f i c  o b j e c ~  of t h i s  program was t o  p rov ide  a  means of evalu-  

a t i n g  t h e  p o t e n t i a l  haza rd s  t o  b l a s t i n g  caps  caused by equipment pro- 

ducing e l e c t r o m a g n e t i c  f i e l d s ,  p a r t i c u l a r l y  communication systems.  

I n  many underground c o a l  mining o p e r a t i o n s  t h e  use  of e l e c t romagne t i c  

f i e l d  producing equipment,  p a r t i c u l a r l y  communication sys tems ,  n o t  on ly  

i n c r e a s e s  t h e  o v e r a l l  e f f i c i e n c y  of t h e  mining o p e r a t i o n  b u t  can b e  

d i r e c t l y  l i n k e d  w i t h  mine s a f e t y  c o n s i d e r a t i o n s .  The use  of  e lect romag-  

n e t i c  f i e l d  p roduc ing  equipment i n  underground c o a l  mining o p e r a t i o n s  

can on ly  b e  expec ted  t o  gro1~~.  S e v e r a l  new communication systems have 

a l r e a d y  been  proposed.  I n  a d d i t i o n ,  h igh-frequency producing equipments 

f o r  many d i v e r s e  u se s  i n  mining o p e r a t i o n s  a r e  under s t udy .  

The u se  of t h i s  equipment i n  underground mining o p e r a t i o n s  i s  

hampered by t h e  p o s s i b i l i t y  of  t h e i r  e l e c t romagne t i c  f i e l d s  i n t e r a c t i n g  

w i t h  t h e  e l e c t r i c  b l a s t i n g  cap o p e r a t i o n s  commonly c a r r i e d  o u t  i n  t h e  

mines. Such i n t e r a c t i o n s  can have a t  l e a s t  two r e s u l t s  b e a r i n g  d i r e c t l y  

on mine s a f e t y :  

Premature  i n i t i a t i o n  of t h e  cap,  e i t h e r  i n  i t s  normal 
s h o t  l o c a t i o n  o r  du r ing  hookup o r  t r a n s p o r t a t i o n  

Dudding of t h e  cap s o  t h a t  normal f i r i n g  o p e r a t i o n s  do 
n o t  cause  i n i t i a t i o n ,  t he r eby  l e a v i n g  unexploded h i g h  
e x p l o s i v e s  a f t e r  normal f i r i n g  

The g e n e r a l  problem of p r e d i c t i n g  p o s s i b l e  RF haza rd s  f o r  any e l e c t r o -  

e x p l o s i v e  d e v i c e  (EED) is  b e s t  t r e a t e d  by r e f e r e n c e  t o  Appendix A' of  t h i s  

r e p o r t .  Appendix A c o n s i d e r s  t h e  g e n e r a l  problem from a m i l i t a r y / s p a c e  

agency v iewpoin t  b u t  b l a s t i n g  caps  a r e  t h e  p r i m i t i v e  models f o r  most 

EEDs s o  t h e  m a t e r i a l  is  d i r e c t l y  a p p l i c a b l e  t o  b l a s t i n g  cap problems. 

1 
S u p e r s c r i p t s  r e f e r  t o  t h e  numbered r e f e r e n c e s  of  S e c t i o n  8. Appendix A 
i s  an  e x c e r p t  from r e f e r e n c e  1. 



I n  b r i e f ,  t h e  s p e c i f i c  problem of a n a l y t i c a l l y  p r e d i c t i n g  p o s s i b l e  

RF hazards  t o  b l a s t i n g  caps can b e  reduced t o  f i n d i n g  answers t o  t he  

fo l lowing  t h r e e  ques t i ons :  

(1) How much power, a t  t h e  f requency of concern,  
is necessary  t o  f u n c t i o n  t h e  caps?  

- 

(2) How much power i s  coupled t o  t h e  cap by a  given 
f i e l d  e x i s t i n g  i n  t h e  v i c i n i t y  of t h e  cap and i t s  
a s s o c i a t e d  w i r ing?  

( 3 )  What f i e l d s  w i l l  e x i s t  i n  t h e  v i c i n i t y  of t h e  b l a s t i n g  
cap and i t s  w i r i n g  f o r  a  g iven  sou rce ,  p h y s i c a l  environ- 
ment, f requency and s e p a r a t i o n ?  

A cons ide rab l e  body of work 2 9 3 9 4  e x i s t s  t h a t  d e a l s  w i t h  ques t i ons  

(2 )  and (3)  f o r  aboveground b l a s t i n g  o p e r a t i o n s  and sources .  Although 

some of t h e  r e s u l t s  of t h i s  work a r e  d i r e c t l y  a p p l i c a b l e  t o  underground 

mining o p e r a t i o n s ,  t h e  f a c t o r s  of minimum d i s t a n c e  between t r a n s m i t t i n g  

sources  and caps ,  t unne l  geometry, unknown e l e c t r i c a l  p r o p e r t i e s  of t h e  

surrounding mine ra l s ,  e t c . ,  t h a t  a r e  i n h e r e n t  i n  underground ope ra t i ons  

l i m i t  complete a p p l i c a t i o n  of t11ese methods and r e s u l t s .  Some l i m i t e d  

t h e o r e t i c a l  i nves  t i g a t i o n s 5 '  6, t a i l o r e d  t o  a  s p e c i f i c  underground commun- 

i c a t i o n  system, have been performed. I n  t h e  end,  e l ec t romagne t i c  

hazard  e v a l u a t i o n  of t h e  system was fo rced  t o  r e l y  on experimental  d a t a  

taken  i n  a t unne l  of t h e  mine i n  which t h e  communication system was t o  b e  

i n s t a l l e d .  

The o v e r a l l  program descr ibed  h e r e  can be  broken down i n t o  t h e  

fo l lowing  t a s k s :  

(1) The exper imenta l  de te rmina t ion  of t h e  dc s e n s i t i v i t y ,  RF sen- 
s i t i v i t y ,  s t a t i c  s e n s i t i v i t y ,  and dc and RF dudding suscep t i -  
b i l i t y  f o r  commercial b l a s t i n g  caps used i n  coa l  mines. 

( 2 )  The de t e rmina t ion ,  i n  s u f f i c P e n t  d e t a i l  t o  a l low conserva t ive  
e s t i m a t i o n ,  of t h e  e l ec t romagne t i c  p r o p e r t i e s  of t h e  mine 
environments.  



( 3 )  The development of prop,agation models for underground mine 
environments considering typical source antenna characteristics, 
the mineral electromagnetic parameters, and the tunnel geometry, 
mine equipment, etc. 

( 4 )  The correlation of previous analyses on aboveground operations 
to underground blasting wiring configurations. 

( 5 )  Determination of the possible power that can be delivered to 
caps used in various underground operations from various electro- 
magnetic sources. 

Sections 2, 3 ,  4  and 5  of this report describe the overall experimental 

effort and Sections 6, 7 and 8 present the analytical portion of the work. 



2. THE BLASTING CAPS TESTED 

Underground c o a l  mining o p e r a t i o n s  u s i n g  e l e c t r i c  b l a s t i n g  t e c h n i q u e s  

g e n e r a l l y  u s e  b l a s t i n g  caps  t h a t  i n c o r p o r a t e  a  t ime  d e l a y .  The d e l a y s  

commonly a v a i l a b l e  from commercial s o u r c e s  run  from a  minimum of  approx- 

imate ly  25 m i l l i s e c o n d s  t o  abou t  500 m i l l i s e c o n d s  i n  s t e p s  of  approx imate ly  

75 m i l l i s e c o n d s .  The advan tages  g a i n e d  by u s e  of caps  hav ing  v a r i o u s  

d e l a y s  i n  c o a l  mining o p e r a t i o n  a r e  b o t h  economica l ly  and s a f e t y  o r i e n t e d  
7  

and a r e  n o t  o u r  concern  h e r e ;  however, t h e  s h e e r  number of d i f f e r e n t  d e l a y  

caps a v a i l a b l e  seemed t o  r e q u i r e  an  enormous amount o f  t e s t i n g  t o  charac-  

t e r i z e  t h e  RF b e h a v i o r  of t h e  c a p s .  V i s i t s  t o  t h e  manufac tu r ing  f a c i l i t i e s  

of t h e  v a r i o u s  cap p roducers  i n  t h e  Uni ted  S t a t e s ,  examina t ion  of assembly 

drawings ,  and d i s c u s s i o n s  w i t h  t h e  m a n u f a c t u r e r s '  p r o d u c t i o n  and d e s i g n  

p e r s o n n e l  showed t h a t  t h e  i g n i t i o n  p roduc ing  subsys tem ( t h e  h e a d e r ,  b r i d g e -  

w i r e  and p r imer  mix) of a lmos t  a l l  of  each m a n u f a c t u r e r s '  d e l a y  c a p s  was 

of t h e  same c o n s t r u c t i o n .  S i n c e  t h i s  is t h e  o n l y  p o r t i o n  of t h e  cap t h a t  

can be  expec ted  t o  i n f l u e n c e  t h e  RF behav ior  of t h e  cap w e  c a n ,  w i t h  

s m a l l  r i s k ,  c h a r a c t e r i z e  a l l  of a manufac tu re r s  c o a l  mine d e l a y  caps  by 

t e s t i n g  a  s i n g l e  d e l a y  from each manufac tu re r .  

The caps  s e l e c t e d  f o r  t e s t i n g  were:  

(1)  Tkree  25 m i l l i s e c o n d  d e l a y  caps  from d i f f e r e n t  Uni ted  
S t a t e s  m a n u f a c t u r e r s .  A l l  o f  t h e s e  caps  had i r o n  
l e g  wires.  

(2)  A 30 m i l l i s e c o n d  d e l a y  cap of  f o r e i g n  manufac tu re .  
( i r o n  Leg w i r e s )  

(3)  An i n s t a n t a n e o u s  cap of  U.S. manufacture  f o r  c o n t r o l  
p u r p o s e s .  ( copper  l e g  w i r e s )  

(4)  An i n s t a n t a n e o u s  cap o f  f o r e i g n  manufac tu re  f o r  con- 
t r o l  purposes .  ( i r o n  l e g  w i r e s )  

I r o n  l e g  wires caps  a r e  t h e  t y p e  most u s u a l l y  encounte red  i n  



underground c o a l  mining o p e r a t i o n s .  Our methods of determining cap 

s e n s i t i v i t y  r e q u i r e  t h a t  t h e  cap l e a d s  be reduced t o  less than  one- 

q u a r t e r  i nch  i n  l e n g t h ,  s o  w e  do no t  b e l i e v e  t h a t  copper l e g  w i r e  caps 

w i l l  d i f f e r  s e r i o u s l y  i n  RF s e n s i t i v i t y  from t h e  r e s u l t s  determined f o r  

t h e  i r o n  l e g  w i r e  caps.  - 

The s i x  types  of caps t e s t e d  i n  t h i s  r e p o r t  a r e  r e f e r r e d  t o  by t h e  

c a p i t a l  l e t t e r s  A ,  B,  C ,  D ,  E and F. Types .E and F a r e  t hose  of f o r e i g n  

manufacture.  



3. THE TESTS PERFORtlED 

B l a s t i n g  caps  can be i n i t i a t e d  w i t h  RF energy i n  two d i f f e r e n t  ways. 

Tlie b l a s t i n g  cap i s  des igned  t o  i n i t i a t e  by b r i d g e u i r e  h e a t i n g  and t h i s  

mode of i n i t i a t i o n  can b e  u t i l i z e d  by KF c u r r e n t s  a s  w e l l  a s  t h e  normal 

f i r i n g  c u r r e n t s .  S i n c e  a  p o t e n t i a l  d i f f e r e n c e  must e x i s t  between t h e  

b l a s t i n g  cap l e a d s  ( o r  "pins")  f o r  t h i s  mode of i n i t i a t i o n  i t  is  r e f e r r e d  

t o  a s  t h e  p in - to -p in  f i r i n g  mode. B l a s t i n g  caps  can  a l s o  b e  i n i t i a t e d  by 

a p p i i c a t i o n  o f  an  RF p o t e n t i a l  between one of t h e  p i n s  and t h e  m e t a l l i c  

case .  I n  t h i s  f i r i n g  mode i t  makes l i t t l e  o r  no d i f f e r e n c e  whether  t h e  

p i n s  a r e  s h o r t e d  t o g e t h e r  o r  n o t .  T h i s  f i r i n g  node i s  u s u a l l y  r e f e r r e d  

t o  a s  t h e  p ins - to -case  mode. 

The most common s t a t i s t i c a l  method of d e t e r m i n i n g  t h e  s e n s i t i v i t y  

of any e l e c t r o e x p l o s i v e  d e v i c e  i s  t h e  " ~ r u c e t o n "  t e s t .  T h i s  rllethod of 

t e s t i n g  i s  d e s c r i b e d  i n  a r e p o r t  s u b m i t t e d  by t h e  S t a t i s t i c a l  Research 

Group, P r i n c e t o n  U n i v e r s i t y ,  t o  t h e  Appl ied I fa themat ics  P a n e l  of t h e  

N a t i o n a l  Uefense Research Committee i n  J u l y ,  1944. The r e p o r t  d e t a i l s  

t h e  methods f o r  s t a t i s t i c a l  a n a l y s i s  o f  t h e  t e s t  d a t a  o b t a i n e d  by t h e  

new p r o c e d u r e  a t  t h e  E x p l o s i v e s  Research Labora to ry  a t  Bruceton,  Pa. 

Hence, t h e  d e s i g n a t i o n  " ~ r u c e t o n "  t e s t .  Much of  o u r  e v a l u a t i o n  work h e r e  

u s e s  t h e  Bruceton p rocedure .  Kefe rence  8 i s  t h e  o r i g i n a l  " ~ r u c e t o n "  

r e p o r t .  

T e s t s  corlducted on e l e c t r o e x p l o s i v e  d e v i c e s  (EELIS) over  t h e  l a s t  

t e n  y e a r s  have  i n d i c a t e d  t h a t ,  r a t h e r  t h a n  conduc t  a f u l l  Bruceton-type 

s t a t i s t i c a l  test  a t  e a c h  f requency  and f i r i n g  mode (pin- to-pin  o r  p i n s -  

to-case)  combina t ion ,  a s e t  of p r o b i n g  t e s t s  can  b e  conducted a c r o s s  t h e  

f requency  band of i n t e r e s t  u s i n g  t h e  dc  s e n s i t i v i t y  a s  a  r e f e r e n c e  l e v e l .  

Bruceton t y p e  1W s e n s i t i v i t y  t e s t s  a r e  g e n e r a l l y  conducted on ly  a t  t h o s e  

c o n d i t i o n s  which i n d i c a t e  t h e  g r e a t e s t  s e n s i t i v i t y .  I f  t h e  b l a s t i n g  cap 

h a s  some u n u s u a l  s e n s i t i v i t y  t o  RF a t  a s p e c i f i c  c o n d i t i o n  t h i s  approach 



shou ld  d e t e c t  i t  and d e f i n e  i t .  T h i s  approach e l i m i n a t e s  a  l a r g e  p o r t i o n  

of  t h e  o t h e r w i s e  r e q u i r e d  t e s t i n g  and hence p r o v i d e s  a  means of  economica l ly  

de te rmin ing  EED RF c h a r a c t e r i s t i c s .  

I n  b r i e f ,  t h e  g e n e r a l  t e s t  p l a n  i s  a s  f o l l o w s :  

(1)  The dc  response  of  t h e  cap t o  c o n s t a n t  c u r r e n t  p u l s e s  i s  de- 
termined a s  a  c o n t r o l .  A d d i t i o n a l  s u p p o r t i n g  d a t a  o b t a i n e d  
i n c l u d e s  therxiial t ime c o n s t a n t ,  r a t e  o f  change of r e s i s t a n c e  
of  t h e  b r i d g e w i r e  w i t h  a p p l i c a t i o n  of e l e c t r i c  s t i m u l u s  
(dK/d t ) ,  and t ime t o  r u p t u r e  of t h e  b r i d g e w i r e .  

(2)  The approximate  RF r e s p o n s e  o f  t h e  cap i n  a l l  modes of  i n i -  
t i a t i o n ,  a s  determined from t h e  p rob ing  tests, i s  compared w i t h  
t h e  d c  response .  

(3)  The RF c o n d i t i o n  which i n d i c a t e s  t h e  g r e a t e s t  s e n s i t i v i t y  i s  
e x p l o r e d  w i t h  a  Bruceton o r  P r o b i t - t y p e  test .  

(4 )  The s t a t i c  s e n s i t i v i t y  of  t h e  cap is  determined.  

The dudding c h a r a c t e r i s t i c s  t h e  a r e  determined.  

The equipment used i n  t h e  t e s t i n g  i s  a l l  s p e c i a l  purpose  ins t rurnenta-  

t i o n  and e v a l u a t i o n  equipment. The measurement t e c h n i q u e s  a r e  a l s o  

s p e c i a l  purpose  and have been developed p a r t i c u l a r l y  f o r  t h e  e v a l u a t i o n  

of e l e c t r o e x p l o s i v e s .  A f u l l  d e s c r i p t i o n  o f  t h e  equipment and t e c h n i q u e s  

is  g iven  i n  Refe rences  9 ,  10  and 11. Reference  9 d e a l s  w i t h  t h e  dc  

i n s t r u m e n t a t i o n ,  1 0  w i t h  t h e  s t a t i c  tes ts  and 11 w i t h  t h e  1V equipment 

and t e c h n i q u e s .  Refe rence  1 2  g i v e s  more i n f o r m a t i o n  on t h e  RF f i r i n g  

systems. The RF f i r i n g  sys tems ;equ i re  a  p r e c i s e  mounting arrangement  

f o r  t h e  b l a s t i n g  caps .  F i g u r e  3-1 shows, from r i g h t  t o  l e f t ,  a b l a s t i n g  

cap i n  t h e  "as rece ived"  c o n d i t i o n ,  a cap w i t h  t h e  l e g  w i r e s  c u t  and 

s t r i p p e d ,  a  s t r i p p e d  cap mounted i n  a c o l l e t  t y p e  mounting f i x t u r e  and 

t h e  a c t u a l  f i r i n g  mount i n  which t h e  c o l l e t  t y p e  mounting f i x t u r e  i s  

i n s e r t e d  t o  p r o v i d e  a p r e c i s e  mounting arrangement  f o r  t h e  cap.  The 

a c t u a l  f i r i n g  mount p r o v i d e s  a  p r e c i s e l y  known l o c a t i o n  f o r  t h e  t r a n s i t i o n  

from t h e  c o a x i a l  l i n e  t h a t  c o n n e c t s  t o  t h e  f i r i n g  sys tem and t h e  i n p u t  

t o  t h e  b l a s t i n g  cap.  

The f o l l o w i n g  p a r a g r a p h s  g i v e  a b r i e f  d e s c r i p t i o n  of t h e  s p e c i f i c  

tests t h a t  were  conducted on each  d i f f e r e n t  t y p e  of cap.  





3.1 DC CONSTANT CURRENT S E N S I T I V I T Y  

T h i s  t e s t  de te rmines  t h e  mean c u r r e n t  s e n s i t i v i t y  of t h e  cap t o  long  

dc p u l s e s .  The r e s u l t i n g  i n f o r m a t i o n  forms t h e  b a s i s  f o r  e v a l u a t i n g  

r e l a t i v e  s e n s i t i v i t y  w i t h  o t h e r  s t i m u l i  such a s  s h o r t  p u l s e s  o r  RF. The - 
t e s t i n g  p rocedure  u s e s  t h e  F r a n k l i n  I n s t i t u e  L a b o r a t o r i e s  U n i v e r s a l  P u l s e r  

(FILUP) which de te rmines  t h e  r e s i s t a n c e  and f u n t i o n i n g  t ime  f o r  each 

i t e m  d u r i n g  t h e  c o n s t a n t  c u r r e n t  t e s t .  Using t h i s  equipment and t h e  

Bruceton p rocedure  each i t e m  i s  s u b j e c t e d  t o  a  c o n s t a n t  c u r r e n t  p u l s e  

f o r  1 0  seconds .  I f  t h e  i t e m  f i r e s ,  t h e  n e x t  i t e m  i s  t e s t e d  a t  t h e  n e x t  

lower  l e v e l .  I f  i t  does  n o t  f i r e ,  t h e  n e x t  i t e m  i s  f i r e d  a t  t h e  n e x t  

h i g h e r  l e v e l .  From t h i s  " f i r e ;  n o - f i r e "  i n f o r m a t i o n  a t  t h e  v a r i o u s  f i x e d  

f i r i n g  l e v e l s  t h e  mean and s t a n d a r d  d e v i a t i o n  of t h e  f i r i n g  c u r r e n t  can 

be  determined a s  w e l l  as t h e  "no-f i re"  (0.1%) l e v e l  and t h e  " a l l - f i r e " ,  

( 99 .9X )  l e v e l .  I n  a d d i t i o n ,  v a r i o u s  c o n f i d e n c e  i n t e r v a l s  may b e  a t t a c h e d  

t o  t h e s e  l e v e l s .  

3.2 DYIJAMIC RESISTANCE 

The dynamic r e s i s t a n c e  of a  b l a s t i n g  cap i s  a  n e c e s s a r y  parameter  

f o r  c a l c u l a t i o n  of t h e  i n p u t  power f o r  a  g i v e n  c o n s t a n t  c u r r e n t  s t i m u l i .  

T h i s  c a l c u l a t i o n  i s  r e q u i r e d  s i n c e  t h e  RF d a t a  i s  o b t a i n e d  i n  terms of 

power. Fur thermore,  a knowledge of t h e  changing r e s i s t a n c e  c h a r a c t e r i s t i c s  

of a n  EEU under  e l e c t r i c a l  s t i m u l i  a i d s  i n  a n t i c i p a t i n g  problems r e s u l t i n g  

from impedance mismatching between RF g e n e r a t o r  and b l a s t i n g  caps .  The 

b r i d g e w i r e  r e s i s t a n c e  v a r i e s  due t o  t h e  h e a t i n g  e f f e c t  of t h e  a p p l i e d  

s t i m u l u s ,  immediate environment of t h e  b r i d g e w i r e  and t h e  b r i d g e w i r e  

m a t e r i a l .  The dynamic r e s i s t a n c e  of t h e  b l a s t i n g  cap  i s  o b t a i n e d  by 

p a s s i n g  a  known c u r r e n t  through t h e  b r i d g e w i r e  and r e c o r d i n g  t h e  v o l t a g e  

a c r o s s  t h e  b r i d g e  a s  a  f u n c t i o n  of t ime.  

3.3 BRIDGEWIRE BREAK T I 1 4  

It i s  o f t e n  of i n t e r e s t  t o  know a t  what t ime  a  b r i d g e w i r e  b r e a k s  

a f t e r  a p p l i c a t i o n  of a  p a r t i c u l a r  f i r i n g  s t i m u l u s ;  f o r  example, i f  a  number 

of d e v i c e s  a r e  t o  b e  connected i n  s e r i e s  f o r  f i r i n g ,  i t  may b e  of con- 



s i d e r a b l e  impor tance  t o  know when t h e  c i r c u i t  may b e  i n t e r r u p t e d .  Even 

f o r  an  i n s t a n t a n e o u s  cap t h i s  b r e a k  t ime  can d i f f e r  c o n s i d e r a b l y  from t h e  

f u n c t i o n i n g  t i m e ,  d e f i n e d  a s  t h e  t ime  o f  s t i m u l u s  a p p l i c a t i o n  t o  r u p t u r e  

o f  t h e  c a s e .  

The dynamic r e s i s t a n c e  measurements d i s c u s s e d  i n  S e c t i o n  3.2 a r e  

conducted a t  r e a s o n a b l y  l a r g e  s t i m u l u s  l e v e l s  and t h e  b r i d g e w i r e  e l e c t r i c a l  

pa ramete rs  a r e  moni tored by- an o s c i l l o s c o p e .  A s  a  r e s u l t ,  u s e f u l  b r idge-  

w i r e  b r e a k  t imes  can b e  o b t a i n e d  a s  an e x t r a  d i v i d e n d  from t h e  dynamic 

r e s i s t a n c e  d a t a .  

It i s  p o s s i b l e  t h a t  t h e  b l a s t i n g  cap may b e  s u b j e c t e d  t o  r e p e t i t i v e ,  

pu l se - type  s t i m u l u s  such a s  t h a t  produced by t h e  modula t ion  of a 

common s e a r c h  r a d a r  s i g n a l .  Each p u l s e  a l o n e  h a s  i n s u f f i c i e n t  energy t o  

f i r e  t h e  b l a s t i n g  cap o r  e f f e c t  i t s  performance,  b u t  t h e  combined e f f e c t  

may produce t h e r m a l  s t a c k i n g  and f i r e  t h e  cap. Thermal s t a c k i n g  occurs  

when t h e  b r i d g e w i r e  h a s  n o t  had s u f f i c i e n t  t ime  t o  c o o l  o f f  b e f o r e  t h e  

n e x t  p u l s e  a r r i v e s ,  t h u s  t h e  b r i d g e w i r e  t e m p e r a t u r e  i n c r e a s e s  

u n t i l  i t  r e a c h e s  t h e  i g n i t i o n  t empera tu re  of t h e  e x p l o s i v e  mix. Thermal 

t i m e  c o n s t a n t  i s  measured by p a s s i n g  a  s m a l l ,  c o n s t a n t  c u r r e n t  through 

t h e  b l a s t i n g  cap  and measur ing  t h e  v o l t a g e  a c r o s s  i t .  A h i g h  ampl i tude ,  

s h o r t  d u r a t i o n  p u l s e  i s  s e p a r a t e l y  a p p l i e d  and t h e  b r i d g e w i r e  r e s i s t a n c e  

i s  recorded  a s  a f u n c t i o n  of t h e  t ime. The the rmal  t i m e  c o n s t a n t  is  

d e f i n e d  a s  t h e  t ime  r e q u i r e d  f o r  t h e  b r i d g e w i r e  t e m p e r a t u r e  t o  decay t o  

36.8% ( l / e )  of t h e  maximum tempera tu re  excurs ion .  S i n c e  t empera tu re  

change i s  p r o p o r t i o n a l  t o  r e s i s t a n c e  change,  t h e  t h e r m a l  t ime  c o n s t a n t  

may be  o b t a i n e d  d i r e c t l y  from t h e  moni to r ing  v o l t a g e  r e c o r d i n g  which is  

p r o p o r t i o n a l  t o  b r i d g e w i r e  r e s i s t a n c e .  

DC CONSTANT-CURRENT DUDDII IG 

The dudding t e s t s  measure t h e  change i n  s e n s i t i v i t y  of a  b l a s t i n g  

cap due t o  a p p l i c a t i o n  of s t i m u l i  n o t  s u f f i c i e n t  t o  f i r e  t h e  b l a s t i n g  



cap. A b l a s t i n g  cap t h a t  m i s f i r e s  i n  use  c o u l d  produce a  hazardous  s i t u -  

a t i o n ,  s o  any r e d u c t i o n  i n  s e n s t i v i t y  caused by p r e v i o u s  exposure  cou ld  

be dangerous.  I n  a d d i t i o n ,  an o c c a s i o n a l  d e v i c e  shows a n  i n c r e a s e  i n  

s e n s i t i v i t y  when s u b j e c t e d  t o  p r i o r  exposure .  The dc  dudding t e s t  i s  

performed by p a s s i n g  t h e  0.1% f i r i n g  c u r r e n t  of i n t e r e s t  th rough  a  number 

of caps  f o r  5  minutes  and t h e n  d e t e r m i n i n g  t h e  s e n s i t i v i t y  t o  t h e  s t a n d a r d  

s t i m u l u s  used i n  3 .1  u s i n g - t h e  Bruceton t echn ique .  The r e s u l t s  a r e  t h e n  

compared w i t h  t h e  c o n t r o l  Bruceton.  The 0.1% l e v e l  used i n  t h e  dudding 

t e s t s  i s  computed w i t h o u t  a  c o n f i d e n c e  l e v e l .  

3.6 STATIC SENSITIVITY 

The t e s t  measures t h e  e f f e c t s  of human g e n e r a t e d  s t a t i c  e l e c t r i c i t y  

on t h e  b l a s t i n g  cap a s  w e l l  as t h e  e f f e c t s  of e l e c t r o m a g n e t i c  f i e l d s  

induced by nearby l i g h t n i n g  d i s c h a r g e s .  Very h i g h  v o l t a g e s  c a n  be 

g e n e r a t e d  by p e r s o n s  h a n d l i n g  c a p s ,  e s p e c i a l l y  i f  t h e y  a r e  wear ing  

s y n t h e t i c  c l o t i l i n g  and /or  rubber  s o l e d  shoes .  The t e s t  p o t e n t i a l  i s  

a p p l i e d  a c r o s s  t h e  b r i d g e w i r e  (p in - to -p in )  a s  w e l l  a s  p ins- to-case .  A 

500 pF c a p a c i t o r  i s  charged t o  t h e  t e s t  p o t e n t i a l  (25,000 v o l t s )  and 

d i s c h a r g e d  i n t o  t h e  cap th rough  a  5 ,000 ohm r e s i s t o r .  These v a l u e s  of 

r e s i s t a n c e  and c a p a c i t a n c e  a r e  t y p i c a l  of t h o s e  of a  pe rson  h a n d l i n g  t h e  

cap. See Refe rence  1 3  f o r  a  d e t a i l e d  d e s c r i p t i o n  of personnel-borne s t a t i c  

charge hazard .  

3.7 RF COMPARISON 

RF t e s t i n g  i s  conducted i n  a  s l i g h t l y  d i f f e r e n t  manner t h a n  t h e  dc 

t e s t s .  Both t h e  p in - to -p in  (normal d c  f i r i n g  mode) and p ins - to -case  

mode a r e  i n v e s t i g a t e d .  T h i s  i s  n e c e s s a r y  s i n c e  some c a p s  may b e  more 

s e n s i t i v e  t o  RF e x c i t a t i o n  i n  t h e  p in - to -case  mode t h a n  t h e y  a r e  t o  RF 

pin- to-pin  e x c i t a t i o n .  Using t h e  r e s u l t s  o f  t h e  dc  Bruceton t e s t  

( S e c t i o n  3.1) and t h e  dynamic r e s i s t a n c e  t e s t  ( S e c t i o n  3. 2 ) ,  t h e  approxi-  

mate mean f i r i n g  power i s  c a l c u l a t e d .  T h i s  i n f o r m a t i o n  i s  t h e n  used as  

t h e  s t a r t i n g  p o i n t  i n  t h e  RF s e n s i t i v i t y  d e t e r m i n a t i o n .  A t  each t e s t  

f requency ,  a  s e r i e s  of i t e m s  i s  f i r e d  t o  de te rmine  t h e  approximate  mean 



f i r i n g  l e v e l  a t  t h a t  f r e q u e n c y  i n  b o t h  t h e  p in - to -p in  and p i n s - t o - c a s e  

modes. Many f r e q u e n c i e s  t h r o u g h o u t  t h e  RF s p e c t r u m  a r e  employed i n  t h e  

p r o b i n g  t e s t s .  They a r e  chosen  t o  match  t h e  f r e q u e n c y  bands  which  c o n t a i n  

h i g h  r a d i a t e d  powers.  B r o a d c a s t  band ,  HF communica t ions ,  b u s i n e s s  r a d i o ,  

t e l e m e t r y ,  microwave h e a t i n g ,  and v a r i o u s  r a d a r  and microwave f r e q u e n c i e s  

a r e  used.  I n  a d d i t i o n  t o  - con t inuous  wave (cw),  p u l s e  m o d u l a t i o n  i s  used  

i n  t h e  microwave r e g i o n  where  t h i s  t y p e  of  m o d u l a t i o n  i s  f r e q u e n t l y  en- 

c o u n t e r e d .  

B e f o r e  a  t e s t  i s  begun,  t h e  i t e m  i s  p l a c e d  i n  a  mount c o m p a t i b l e  

w i t h  t h e  f i r i n g  s y s t e m  and f r e q u e n c y  i n v o l v e d  a s  w e l l  a s  t h e  t y p e  o f  

t e s t  (p in - to -p in  o r  p i n s - t ~ - ~ & e ) .  The f i r i n g  s y s t e m  i s  t h e n  matched t o  

t h e  i t e m  t o  b e  t e s t e d  and t h e  s y s t e m  e f f i c i e n c y  i s  d e t e r m i n e d .  Thus ,  

t h e  a c t u a l  power d e l i v e r e d  t o  t h e  EED may b e  a c c u r a t e l y  de te rmined .  

3.8 RF COOK-OFF OR DUDDII4G 

T h i s  t e s t  i s  conduc ted  t o  d e t e r m i n e  t h e  e f f e c t s  o f  a p p l i e d  RF power 

n o t  s u f f i c i e n t  t o  f i r e  t h e  EED. Such an e x p o s u r e  migh t  a l t e r  t l le  s e n s i -  

t i v i t y  o f  a  d e v i c e  s o  t h a t  i t  w i l l  n o t  f i r e  when i n t e n d e d ,  o r  f i r e  p r e -  

m a t u r e l y  w h i l e  b e i n g  h a n d l e d  o r  t e s t e d .  The d e v i c e  i s  s u b j e c t e d  t o  RF 

e n e r g y  a t  i t s  most s e n s i t i v e  f r e q u e n c y  a t  t h e  a p p r o x i m a t e  no  f i r e  (0 .1% 

f i r i n g )  l e v e l  f o r  5 minu tes .  The i t e m s  a r e  t h e n  s u b j e c t e d  t o  a  d c  Bruce ton  

u s i n g  t h e  s t a n d a r d  c o n d i t i o n s  s t a t e d  i n  S e c t i o n  3.1. Any changes  i n  

s e n s i t i v i t y  w i l l  t h e n  be d e t e c t e d  a s  d e v i a t i o n s  f rom t h e  o r i g i n a l  ( c o n t r o l )  

d c  Bruceton.  

3.9 RF BRUCETON 

Bruce ton  t e s t s  a r e  per formed a t  t h e  most s e n s i t i v e  f r e q u e n c y / m o d u l a t i o n  

s t i m u l i  o f  t h e  compar ison t e s t s  f o r  b o t h  t h e  p i n - t o - p i n  and p i n s - t o - c a s e  

modes. The Bruce ton  p r o c e d u r e  i s  t h e  same a s  t h a t  u sed  f o r  t h e  d c  Bruce- 

t o n  c o n t r o l  t e s t .  



4. TEST RESULTS 

'l'lie p l a n n e d  t e s t s  f o r  e a c l ~  c a p  t y p e  and t h e  number o f  c a p s  t o  b e  

used i n  eacl i  t e s t  a r e  g i v e n  i n  T a b l e  4-1. Appendix U c o n t a i n s  t h e  computer  

~ ~ ~ i t p t i t  s l i e e t s  f o r  a l l  of t h e  E r u c e t o n  t e s t  d a t a  e v a l u a t i o n s .  Appendix C 

gives tlie d i ~ t a  o b t a i n e d  from t h e  RF p r o b i n g  t e s t s .  

Tlie dc  t e s t  r e s u l t s ,  i n c l u d i n g  t h e  "means" f o r  b o t h  t h e  d c  and KF 

d~lc lJ ing  Uruceton t e s t s  a r e  summarized f o r  a l l  c a p s  i n  T a b l e  4-2. While 

f u n c t i o n i n g  t i m e s  are r e c o r d e d  d u r i n g  t e s t s  and we have  i n c l u d e d  a v e r a g e  

f u n c t i o n i n g  t ime  i n  t h e  d a t a  summary, i t  i s  of l i t t l e  p r a c t i c a l  v a l u e  

s i n c e  i t  was d e t e r m i n e d  a t  t h e  f i r i n g  l e v e l s  which a r e  used  i n  t h e  

Bruce ton  t e s t s .  C u r r e n t s  used  d u r i n g  t h e  test  would n o t  compare w i t h  

tlie l a r g e  c u r r e n t s  used  t o  f i r e  t h e  i t e m s  i n  t h e  f i e l d  and t h e  c u r r e n t  

l e v e l  m a t e r i a l l y  e f f e c t s  t h e  f u n c t i o n i n g  t ime.  E x a c t  t h e r m a l  t i m e  c o n s t a n t s  

were n o t  o b t a i n e d  on any o f  t h e  c a p s  t e s t e d  b e c a u s e  i t  was found t h a t  a l l  

c a p s  liad c o m p a r a t i v e l y  r a p i d  c o o l i n g  r a t e s  ( t h e r m a l  t i m e  c o n s t a n t s  less 

t h a n  7  mic roseconds )  and t h a t  t h e r m a l  s t a c k i n g  t h u s  s h o u l d  n o t  o c c u r .  

Exac t  d e t e r m i n a t i o n  o f  t h e r m a l  t i m e  c o n s t a n t  l e s s  t l ian  7  mic roseconds  was 

i m p o s s i b l e  w i t h  o u r  p r e s e n t  equipment .  It s h o u l d  a l s o  be  n o t e d  t h a t  none  

of t h e  c a p s  t e s t e d  i n d i c a t e d  any s i g n i f i c a n t  s e n s i t i v i t y  t o  p e r s o n n e l -  

bo rne  s t a t i c  c h a r g e s .  

The r e s u l t s  of t h e  RF t e s t s  a r e  summarized i n  T a b l e  4-3 a l o n g  w i t h  

t h e  d a t a  f rom t h e  dc c o n t r o l  B r u c e t o n  t e s t s  c o n v e r t e d  t o  power v a l u e s .  

The c o n d i t i o n s  a t  which t h e  RF Gruce ton  t e s t s  were conduc ted  were  chosen  

on t h e  b a s i s  of t h e  RF p r o b i n g  tests  which  i n  g e n e r a l  were  conduc ted  on 

t e n  c a p s  e a c h  i n  b o t h  t h e  p i n - t o - p i n  and p i n s - t o - c a s e  mode a t  t h e  f o l l o w i n g  

f r e q u e n c i e s :  Con t inuous  Wave 0.088,  1 . 5 ,  1 0 ,  1 5 0 ,  450,  2700,  5400 and  

9000 MHz; P u l s e d :  2700,  5400,  and 9000 MHz. 



T a b l e  4-1. B l a s t i n g  Cap T e s t  P l a n  

pp = s t i m u l i  p i n  t o  p i n  

pc = s t i m u l i  p i n  t o  case 
- 

DC T e s t s  Number of Caps and F i  r i ng Mode 

D. C. C o n t r o l  B ruce ton  50 PP 

Dynami c Res. 10 PP 

S t a t i c  15  PP 

D. C. Dudding 50 pp a t  0.1% o f  D.C. C o n t r o l  f o r  
5 m inu tes ,  then  BI-uceton 

Thermal T i n e  Constant  10 PP 

RF T e s t s  

R. F. Probes 

Frequency (HHZ) 

0.088 

1.5 
10 

150 

450 

2700 cw 

pu 1 sed 

5400 cw 

pu 1 sed 

8900 cw 

pu 1 sed 

RF Bruce ton  

RF Dudding 

Exposures Exposures 

ee PC 
10 10 

10 10 

10 10 

10 10 

10 10 

10 10 

10 10 

10 10 

10 10 

10 10 

10 10 

50 50 

50 a t  0.1% then  D.C. B ruce ton  
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I > i s c u s s i o n s  of  tile r e s u l t s  f o r  t h e  i n d i v i d u a l  c a p s  f o l l o w .  I t  s h o u l d  

1 ) ~ -  n o t e d  t h a t  a l l  0 .1% and 99.9% f i r i n g  l e v e l s  men t ioned  i n  t h i s  r e p o r t  

Iliive been  d e t e r m i n e d  w i t h  95% c o n f i d e n c e .  

4.1 C A P A  

DC T e s t  R e s u l t s .  Tile d c  c o n t r o l  produced a  mean f i r i n g  l e v e l  of  
0 .286 amperes  and a  0.1% f i r i n g  l e v e l  of  0.254 amperes .  While t h e s e  
v a l u e s  marked t h i s  c a p  a s  one  o f  t h e  more s e n t i t i v e  c a p s  i t  a l s o  
a p p e a r e d  t o  liave one  of  t h e  t i g h t e s t  s p r e a d s  be tween 0.1% and 99.9% 
f i r i n g  l e v e l s .  I t s  dR/dt  of  126 ohms/second was t h e  l o w e s t  r e c o r d e d  
and i t s  a v e r a g e  b r i d g e w i r e  b r e a k  t ime  o f  1 .028  m s  was t h e  l o n g e s t  
d e t e r m i n e d  t ime .  The r e s u l t s  o f  b o t h  t h e  d c  and RF dudd ing  t e s t s  
i n d i c a t e d  a  s l i g h t  s h i f t  toward  d e c r e a s e d  s e n s i t i v i t v .  The RF dud- 
d i n g  s t i m u l u s  was 0 .086 w a t t s  a t  1 . 5  MHz cw, p-p. The d c  dudding 
s t i m u l u s  was 0 .269  amperes.  

RF T e s t  R e s u l t s .  A l l  p r o b i n g  t e s t s  were  c o n d u c t e d  a s  p r e v i o u s l y  
i n d i c a t e d  e x c e p t  t h a t  n o  f i r i n g s  were  o b t a i n e d  a t  0 .088 MHz, p i n s -  
t o - c a s e  a t  t h e  f i r i n g  l e v e l s  we were  a b l e  t o  g e n e r a t e .  The most 
s e n s i t i v e  c o n d i t i o n  f o r  p i n - t o - p i n  f i r i n g  o c c u r r e d  a t  1 .5  MHz, cw 
where  a  0 .1% f i r i n g  l e v e l  of  0.077 w a t t s  was o b t a i n e d .  Fur the rmore ,  
a s  i n  t h e  c a s e  o f  t h e  d c  c o n t r o l  B r u c e t o n ,  t h e  s p r e a d  between 0.1% 
and 99.9% f i r i n g  v a l u e s  was s m a l l .  Comparison w i t h  t h e  d c  Bruceton 
i n d i c a t e s  t h a t  t h e  RF and d c  l e v e l s  a r e  r e a l l y  q u i t e  comparable  t o  
e a c h  o t h e r  a s  one would e x p e c t  a t  1 .5  MHz i n  t h e  b r i d g e w i r e  mode. 
The most  s e n s i t i v e  c o n d i t i o n  i n  t h e  p i n s - t o - c a s e  mode o c c u r r e d  a t  
9000 IIHz and t h e  Uruceton t e s t  p roduced  a  0 .1% f i r i n g  l e v e l  o f  
0.580 w a t t s .  The s p r e a d  between 0.1% and 99.9% l e v e l s  was l a r g e .  
I n  summary t h i s  c a p  i n d i c a t e d  no  marked p i n s - t o - c a s e  s e n s i t i v i t y  
and i t s  p in - to -p in  s e n s i t i v i t y  was i n  l i n e  w i t h  what  one  would ex- 
p e c t  f rom i t s  d c  s e n s i t i v i t y .  

4.2 CAP B 

DC T e s t  R e s u l t s .  The d c  c o n t r o l  Bruce ton  tes t  produced a  mean f i r i n g  
l e v e l  o f  0.339 amperes and a  0.1% f i r i n g  l e v e l  o f  0 .303 amperes.  
T h i s  made i t  one  of  t h e  l e a s t  s e n s i t i v e  c a p s  t e s t e d .  The s p r e a d  
be tween  0.1% and 99.9% was a c c e p t a b l y  s m a l l .  dR/d t  was 596 ohms/ 
s e c ,  a n  i n t e r m e d i a t e  change r a t e ,  and a v e r a g e  b r i d g e w i r e  b r e a k  t i m e  
was 0 .353  m s  which was on t h e  s h o r t  s i d e .  The r e s u l t s  of  t h e  dudding 
t e s t s  i n d i c a t e d  some d e c r e a s e  o f  s e n s i t i v i t y  was caused  by preex-  
p o s u r e  a l t h o u g h  t h e  e f f e c t  was much more marked i n  t h e  c a s e  of  t h e  
d c  e x p o s u r e s  t h a n  i t  was i n  t h e  c a s e  of  t h e  RF e x p o s u r e s .  The s h i f t  
p roduced  by t h e  d c  e x p o s u r e  of  318 mA f o r  5  m i n u t e s  was t h e  l a r g e s t  
p roduced  on any cap  i n  t h e  e v a l u a t i o n .  The RF dudd ing  s t i m u l u s  was 
0.192 w a t t s  a t  1.5MHz cw, p-p. 



RF T e s t  R e s u l t s .  A l l  p r o b i n g  t e s t s  were  conducted a s  p r e v i o u s l y  
i n d i c a t e d  e x c e p t  no  t e s t s  were  conducted a t  0.088 IIIIz, p ins - to -case .  
The most s e n s i t i v e  p in - to -p in  c o n d i t i o n  was de te rmined  t o  be  a t  
1 .5  MHz, cw where t h e  mean w a s  0.253 w a t t s  and t h e  0.1% f i r i n g  
l e v e l  was 0.164 w a t t s .  T h i s  was somewhat l e s s  s e n s i t i v e  than  t h e  
d c  s e n s i t i v i t y  and p robab ly  i n d i c a t e s  some KF l o s s  i n  t h e  b a s e  even 
a t  t h i s  low frequency.  The most s e n s i t i v e  p ins - to -case  c o n d i t i o n  
was determined t o  b e  a t  5400 >fHz cw, where 0.1% f i r i n g  l e v e l  of 
0.770 w a t t s  was produced which was tlle h i g h e s t  ( l e a s t  s e n s i t i v e )  
v a l u e  o b t a i n e d  i n  t h e s e  t e s t s .  I n  summary, t h i s  cap demons t ra ted  
n o  unexpected KF s e n s i t i v i t y .  

4.3 CAP C 

DC T e s t  K e s u l t s .  The d c  c o n t r o l  t e s t  produced a  mean f i r i n g  l e v e l  
of 0.526 amperes and a  0 .1% f i r i n g  l e v e l  of 0.466 amperes. T h i s  
was t h e  l e a s t  ' s e n s i t i v i t y  of any of t h e  caps  t e s t e d .  Br idgewi re  
b r e a k  t ime  was 0.762 m s ,  one of t h e  l o n g e r  ones r e c o r d e d  and t h e  
dR/dt r ecorded  was 805 ollms/sec, an i n t e r m e d i a t e  r a t e .  The r e s u l t s  
of t h e  dudding t e s t s  were  somewhat confus ing .  The caps  exposed t o  
a  dc  p reexposure  showed p r a c t i c a l l y  no  s i g n i f i c a n t  s h i f t  i n  s e n s i -  
t i v i t y  from t h e  dc  c o n t r o l  Bruceton.  I n  t h e  c a s e  of t h e  KF pre-  
exposure ,  however, t h e  caps  showed a  marked increase i n  s e n s i t i v i t y .  
While t h i s  i n c r e a s e  i n  s e n s i t i v i t y  d i d  n o t  make t h e  cap u n u s u a l l y  
s e n s i t i v e  i n  co~npar i son  t o  a l l  of t h e  c a p s  t e s t e d ,  i t  i s  an unusua l  
r e s u l t  and i n d i c a t e s  a  p o s s i b l e  need f o r  f u r t h e r  s t u d y .  The RF 
dudding s t i m u l u s  was 0.0293 w a t t s  a t  1 . 5  MHz cw, p-p. The dc  dudding 
s t i m u l u s  was 0.496 amperes. 

RF T e s t  R e s u l t s .  There  were  no  e x c e p t i o n s  t o  t h e  p r o b i n g  t e s t  
s c h e d u l e  f o r  t h i s  cap. The most s e n s i t i v e  f requency  f o r  t h e  pin- to-  
p i n  f i r i n g  mode o c c u r r e d  a t  1 .5  MHz, cw where t h e  mean f i r i n g  l e v e l  
was determined t o  b e  0.331 w a t t s  and t h e  0.1% f i r i n g  l e v e l  was 0.275. 
Th is  compares ve ry  f a v o r a b l y  w i t h  t h e  dc  c o n t r o l  Bruceton r e s u l t s .  
There  was no d e t e r m i n a t i o n  of p ins - to -case  s e n s i t i v i t y  by Bruceton 
t e s t i n g  f o r  t h i s  i tem.  The RF p r o b i n g  t e s t s  showed t h a t  t h i s  i t e m  
i s  r e l a t i v e l y  i n s e n s i t i v e  i n  p ins - to -case  exposure  and i n  conse- 
quence a  Bruceton t e s t  would have been i m p o s s i b l e  t o  perform w i t h  
a v a i l a b l e  equipment. We f e e l  t h a t  i t  i s  s a f e  t o  assume, on t h e  
b a s i s  of t h e  RF p r o b i n g  d a t a ,  t h a t  t h i s  cap i s  l e s s  s e n s i t i v e  p i n s -  
to -case  than  p in - to -p in  a t  i t s  most s e n s i t i v e  p o i n t  s o  t h a t  t h e  pin-  
to-pin  RF Bruceton d a t a  can b e  used a s  a n  upper l i m i t  on t h e  p i n s -  
to -case  s e n s i t i v i t y .  

4.4 CAP D 

UC T e s t  R e s u l t s .  The d c  c o n t r o l  Bruceton t e s t  produced a  mean f i r i n g  
l e v e l  of 0.275 amperes and a  0.1% f i r i n g  l e v e l  o f  0.228 amperes. 
These l e v e l s  i n d i c a t e  i t  i s  one of t h e  more s e n s i t i v e  caps  t e s t e d .  



A b r i d g e w i r e  b r e a k  t i m e  o f  0.527 m s  was r e c o r d e d  a l o n g  w i t h  a  d ~ / d t  
of 309 ohrns/second, b o t h  i n t e r m e d i a t e .  Both dudd ing  tests ,  dc  and 
RF y r e e x T o s u r e ,  i n d i c a t e d  n o  s i g n i f i c a n t  s h i f t  i n  s e n s i t i v i t y .  The 
KF dudd ing  s t i m u l u s  w a s  0 .105 watts  a t  1 . 5  Mlfz cw, p-p. The d c  

dudd ing  s t i m u l u s  w a s  0 .252 amperes .  

l<F T e s t  R e s u l t s .  The re  were n o  e x c e p t i o n s  t o  t h e  p r o b i n g  tes t  
s c h e d u l e  on t h e s e  c a p s .  The most s e n s i t i v e  c o n d i t i o n  i n  t h e  p in -  
t o - y i n  mode was d e t e r m i n e d  t o  b e  a t  1 . 5  MIIz, cw where t h e  mean f i r i n g  
l e v e l  was found t o  b e  0 .125 w a t t s  and t h e  0 .12  f i r i n g  l e v e l  was 
comp~l ted  a t  0.089 w a t t s .  T h i s  coincided a l m o s t  e x a c t l y  w i t h  t h e  
d c  c o n t r o l  Bruce ton  tes t  r e s u l t s .  Fo r  t h i s  d e v i c e  t l l e  most s e n s i t i v e  
p i n s - t o - c a s e  s e n s i t i v i t y  was a t  1 . 5  PflIz, cw where  t h e  mean f i r i n g  
l e v e l  w a s  0 .085 w a t t s  and t h e  0 .1% f i r i n g  l e v e l  w a s  0.059 w a t t s .  
T h i s  w a s  t h e  n o s t  s e n s i t i v e  p i n s - t o - c a s e  mean v a l u e  r e c o r d e d  on any  
of  t h e  c a p s  t e s t e d .  

4 .5  CAP E 

DC T e s t  R e s u l t s .  The d c  c o n t r o l  Bruce ton  produced a mean f i r i n g  
l e v e l  of  0.299 amperes  and a 0 .1% f i r i n g  l e v e l  o f  0 .173  amperes .  
T h i s  was t h e  l o w e s t  0.1% f i r i n g  l e v e l  computed from t h e  d c  c o n t r o l  
t e s t s .  I n  a d d i t i o n  t h e  b r i d g e w i r e  b r e a k  t ime  of  0 .148 m s  w a s  t h e  
s h o r t e s t  t ime  r e c o r d e d  f o r  any o f  t h e  c a p s  t e s t e d  and t h e  dK/dt  of  
1400  ohms/second w a s  t h e  l a r g e s t  r a t e  o f  i n c r e a s e  r e c o r d e d .  N e i t l l e r  
t h e  d c  o r  RF dudd ing  r e s p o n s e  t e s t  i n d i c a t e d  any s i g n i f i c a n t  e f f e c t  
due t o  t h e  p r e e x p o s u r e  o f  t l re  cap  t o  t h e  dudd ing  s t i m u l u s .  The RF 
dudd ing  s t i m u l u s  was 0 .114  w a t t s  a t  1 0  MHz cw, p-p. The d c  dudd ing  
s t i m u l u s  was 0 .239 amperes .  

RF T e s t  R e s u l t s .  T h e r e  were  n o  e x c e p t i o n s  f o r  t h i s  d e v i c e  i n  t h e  
RF p r o b i n g  t e s t  s c h e d u l e .  The most s e n s i t i v e  RF p in - to -p in  c o n d i t i o n  
was found t o  o c c u r  a t  1 0  MHz, cw where  t h e  mean f i r i n g  l e v e l  w a s  
found t o  b e  0.146 w a t t s  and t h e  0 .1% f i r i n g  l e v e l  was c a l c u l a t e d  t o  
be  0 .098 w a t t s .  Comparing t h e  mean f i r i n g  l e v e l s  o f  t h i s  test  and 
t h e  dc  c o n t r o l  t e s t  i n d i c a t e s  t h a t  t h e  RF s e n s i t i v i t y  h a s  s h i f t e d  
t o  somewhat more s e n s i t i v e  c o n d i t i o n .  However, t h e  s p r e a d  o f  d a t a  
on t h e  RF t e s t  was e v e n  t i g h t e r  t h a n  on t h e  d c  c o n t r o l  t e s t  t h i s  
r e s u l t e d  i n  cornparable 0.1% f i r i n g  l e v e l s  f o r  b o t h  t e s t s .  W e ,  t h e r e -  
f o r e ,  conc luded  t h a t  t h e  d c  l e v e l s  and t h e  most  s e n s i t i v e  p in- to-  
p i n  RF l e v e l s  are s u b s t a n t i a l l y  t h e  same. The most s e n s i t i v e  p i n s -  
t o - c a s e  RF s e n s i t i v i t y  o c c u r r e d  a t  2.7 GHz, p u l s e d  where t h e  mean 
f i r i n g  l e v e l  w a s  found t o  be 1.764 w a t t s  and t h e  0.12 f i r i n g  l e v e l  
was computed as 0 .388 w a t t s .  T h i s  i s  a r e l a t i v e l y  i n s e n s i t i v e  r e -  
sponse .  



4.6 CAP F 

DC T e s t  R e s u l t s .  The d c  c o n t r o l  Bruce ton  tes t  produced a 'mean  f i r i n g  
l e v e l  o f  0.314 amps and a 0.1% f i r i n g  l e v e l  o f  0.266 amps. T h i s  i s  
a medium s e n s i t i v i t y  f o r  t h e  set  o f  c a p s  c o n s i d e r e d  i n  t h i s  s t u d y .  
The b r i d g e w i r e  b r e a k t i m e  w a s  0 .183 m s ,  a r e l a t i v e l y  s h o r t  t i m e ,  
and t h e  d ~ / d t  was 1200 ohms/second, a r e l a t i v e l y  l a r g e  r a t e  o f  
change.  The r e s u l t s  of  t h e  d c  and RF dudding p r e e x p o s u r e  t e s t s  
i n d i c a t e d  no s i g n i f i c a n t  e f f e c t  from t h e  dudding s t i m u l u s .  The 
RF dudding s t i m u l u s  w a s  0 .053 w a t t s  a t  1 0  MHz, cw, p-p. The d c  
dudding s t i m u l u s  w a s  0.290 amperes.  

RF T e s t  R e s u l t s .  No e x c e p t i o n s  t o  t h e  RF p r o b i n g  t e s t s  s c h e d u l e  
were made w i t h  t h i s  cap.  The most s e n s i t i v e  c o n d i t i o n  was judged 
t o  o c c u r  a t  1 0  MHz, cw where t h e  mean f i r i n g  l e v e l  was determined 
t o  be  0.156 w a t t s  and t h e  0.1X f i r i n g  l e v e l  was computed a s  0.023 
w a t t s .  T h i s  c a p ,  a s  i n  t h e  c a s e  of Cap E y  i n d i c a t e d  an i n c r e a s e d  
s e n s i t i v i t y  f o r  t h e  RF mean o v e r  t h e  d c  c o n t r o l  mean. A t  t h i s  
r e l a t i v e l y  low RF f requency  and i n  t h e  p i n - t o - p i n  o r  b r i d g e w i r e  
mode t h i s  i s  an unusua l  occur rence .  However, t h i s  cap  a l s o  had a 
r e l a t i v e l y  wide s p r e a d  of r e s p o n s e  and a s  a  r e s u l t  produced t h e  
l o w e s t  0 . 1  f i r i n g  l e v e l  of  any cap i n  t h i s  s t u d y ,  0 .023 w a t t s .  
The most s e n s i t i v e  p in - to -case  r e s p o n s e  o c c u r r e d  a t  5400 I-fHz, 
p u l s e d  where tile mean f i r i n g  l e v e l  was de te rmined  t o  be  0.251 w a t t s  
and t h e  0.1% f i r i n g  l e v e l  was computed a s  0.043 w a t t s .  T h i s  i s  
t h e  lowes t  0.1% p in - to -case  l e v e l  de te rmined  i n  t h i s  e v a l u a t i o n .  



I t  must b e  n o t e d  when c o n s i d e r i n g  t h e  d a t a  i n  t h i s  r e p o r t  t h a t  t h e  

d a t a  was g a t h e r e d  t o  e v a l u a t e  t h e  performance of t h e  o v e r a l l  group of  

c a p s ,  n o t  any i n d i v i d u a l  cap. With t h i s  u n d e r s t a n d i n g  c e r t a i n  o v e r a l l  

c o n c l u s i o n s  may b e  cons ide red .  

The d c  s e n s i t i v i t y  f i r i n g  c h a r a c t e r i s t i c s  o f  a l l  t h e  c a p s  a r e  s i m i l a r .  

The 0.1% f i r i n g  l e v e l s  range from 1 7 3  m a  t o  466 ma and t h e  99.9% f i r i n g  

l e v e l s  r ange  from 321 ma t o  594 ma. No p a r t i c u l a r l y  unusua l  s e n s i t i v i t y  

i s  i n d i c a t e d  n o r  any p a r t i c u l a r  d i f f i c u l t y  i n  p r o d u c i n g  f i r e s .  Fur the r -  

more, f o r  t h e  most p a r t ,  t h e r e  seems t o  b e  l i t t l e  chance of p roduc ing  

duds o r  d a n g e r o u s l y  s e n s i t i v e  caps  by p r e e x p o s u r e  t o  e i t h e r  low l e v e l  RF 

o r  dc. Of c o u r s e ,  e v e r y  measure s h o u l d  b e  t a k e n  t o  e l i m i n a t e  t h e  p o s s i -  

b i l i t y  of such  p r e e x p o s u r e ,  b u t  t h e  d a t a  i n d i c a t e s  t h a t  w h i l e  some changes 

o c c u r r e d ,  t h e s e  changes  d i d  n o t  a l t e r  t h e  s e n s i t i v i t y  o f  t h e  caps  t o  

u n a c c e p t a b l e  l e v e l s .  

The d ~ / d t  d a t a ,  w h i l e  of i n t e r e s t  f o r  many s p e c i a l  c a l c u l a t i o n s  

p robab ly  h a s  a  minimal e f f e c t  on 'performance s i n c e  t h e  changes  occur  i n  

such  a  s h o r t  t i m e  and j u s t  b e f o r e  f i r i n g .  

Br idgewi re  b r e a k  t ime  i s  mean ingfu l  on ly  when used w i t h  o t h e r  i n f o r -  

mat ion a s  i n d i c a t e d  e a r l i e r .  A l l  of t h e  m a n u f a c t u r e r s  of t h e s e  caps  

seem t o  have t a k e n  a d e q u a t e  s t e p s  t o  minimize p e r s o n n e l  b o r n e  s t a t i c  

s e n s i t i v i t y  s i n c e  no i n d i c a t i o n  of  s t a t i c  s e n s i t i v i t y  was observed i n  t h e  

tests. It must be  remembered, however, t h a t  e l e c t r o s t a t i c  s o u r c e s  o t h e r  

t h a n  t h a t  used i n  t h e  p e r s o n n e l  b o r n e  s t a t i c  tests can  produce much worse  

c o n d i t i o n s  b o t h  i n  terms of c a p a c i t a n c e  and v o l t a g e  s o  one must n o t  con- 

s t r u e  t h e  r e s u l t s  t o  lower  t h e  need f o r  p r o p e r  h a n d l i n g .  

I n  t h e  c a s e  of t h e  RE' t e s t s ,  t h e  p in - to -p in  t e s t s  i n d i c a t e d  t h a t  t h e  

most s e n s i t i v e  c o n d i t i o n  f o r  a l l  c a p s  o c c u r r e d  a t  t h e  low frequency end 



of t h e  f requency  range l i s t e d  and p a r a l l e l e d  t h e  dc  s e n s i t i v i t y .  Th i s  

i n d i c a t e s  t h a t  f u n c t i o n i n g  f o r  p in- to-pin  RF exposure  of t h e s e  caps  i s  

by b r i d g e w i r e  h e a t i n g  a s  i n  t h e  c a s e  of t h e  d c  exposure .  Cap F i s  a  

p o s s i b l e  e x c e p t i o n  t o  t h i s  s t a t e m e n t  and no e x p l a n a t i o n  i s  o f f e r e d  f o r  

t h e  pin- to-pin  r e s u l t s  on t h a t  cap a t  t h i s  t ime. It  shou ld  be  no ted  t h a t  

even though t h e  pin- to-pin  response  of t h e  r e s t  of t h e  c a p s  i s  s t r p - i g h t -  

forward and e x a c t l y  a s  one-would p r e d i c t  from normal cap b e h a v i o r ,  t h e  

p o t e n t i a l  RF f i r i n g  l e v e l s  a r e  low enough t o  b e  of  concern.  Even i f  we 

i g n o r e  t h e  23 mw, 0.1% f i r i n g  l e v e l  of Cap F, we s t i l l  have l e v e l s  a s  

low a s  77 mw w i t h  which t o  contend. With t h i s  low l e v e l  a  u s e r  shou ld  

be aware of h i s  RF environment i n  any f i r i n g  se t -up  and b e  p repared  t o  

t a k e  s t e p s  t o  minimize r e s u l t i n g  problems. 

The m a j o r i t y  of t h e s e  c a p s  show no s i g n i f i c a n t  s e n s i t i v i t y  t o  p ins -  

to -case  a p p l i e d  RF. Caps ]> and F a r e  t h e  e x c e p t i o n s .  Cap D has a  0.059 

w a t t  0.1Z f i r i n g  l e v e l  a t  1 .5  1.111~ cw. The 0.043 w a t t  0.1% l e v e l  of Cap 

F, a t  5400 MHz p ,  i s  more i n  keeping w i t h  t h e  t y p e  of b e h a v i o r  we have 

observed i n  o t h e r  e l e c t r o e x p l o s i v e s  i n v e s t i g a t i o n s .  The same comments 

abou t  u s e r  awareness  of t h e  RF environment made i n  t h e  l a s t  pa ragraph  

a r e  r e i n f o r c e d  by t h e s e  r e l a t i v e l y  low RF p i n s t t o - c a s e  s e n s i t i v i t i e s .  



6. PREDICTING THE RF POWER PICKUP OF BLASTING CAPS 

INTRODUCTION 

The u s e  of e l e c t r i c a l l y  i n i t i a t e d  b l a s t i n g  caps  i n  b l a s t i n g  o p e r a t i o n s  

c r e a t e s  t h e  p o s s i b i l i t y  of t h e  i n i t i a t i o n  of e x p l o s i v e s  by e l e c t r i c a l  

energy s o u r c e s  n o t  d i r e c t l y  under t h e  u s e r ' s  c o n t r o l .  The most commonly 

recognized  o f  t h e s e  s o u r c e s  a r e :  l i g h t n i n g ;  s t a t i c  e l e c t r i c i t y ;  e l e c t r o -  

magnet ic  communication; n a v i g a t i o n  o r  s e a r c h  sys tems ;  g a l v a n i c  p o t e n t i a l s  

and ground c u r r e n t s .  

The e l e c t r o e x p l o s i v e  d e v i c e s  used i n  b l a s t i n g  a r e  des igned  t o  b e  

i n i t i a t e d  by t h e  r a p i d  h e a t i n g  of a  low r e s i s t a n c e  (abou t  1 ohm) w i r e  

i n  c o n t a c t  w i t h  a  f a i r l y  s e n s i t i v e  e x p l o s i v e .  P remature  i n i t i a t i o n  w i l l  

o c c u r  whenever a n  u n c o n t r o l l e d  s o u r c e  o f  energy can s u f f i c i e n t l y  h e a t  t h e  

w i r e  o r  when s u f f i c i e n t  e l e c t r i c a l  energy  can b e  d e l i v e r e d  d i r e c t l y  t o  t h e  

s e n s i t i v e  e x p l o s i v e .  The l a t t e r  may o c c u r  whenever t h e  e l e c t r i c a l  poten- 

t i a l  between t h e  i n i t i a t i n g  w i r e  and t h e  c a s e  o f  t h e  e l e c t r o e x p l o s i v e  

d e v i c e  i s  h i g h  enough. F i g u r e  6-1 i s  a  c rude  s c h e m a t i c  of a  t y p i c a l  

b l a s t i n g  cap.  Normally,  a  v o l t a g e  i s  a p p l i e d  between p o i n t s  A and B t o  

c a u s e  i n i t i a t i o n .  We r e f e r  t o  t h i s  mode a s  t h e  p in - to -p in  f i r i n g  mode. 

I f  t h e  energy s o u r c e  v o l t a g e  i s  a p p l i e d  between p o i n t s  A and C ,  o r  B and 

C ,  t h e  mode is pin- to-case .  

We a r e  concerned ,  i n  t h i s  r e p o r t ,  s p e c i f i c a l l y  w i t h  t h e  pickup from 

e l e c t r o m a g n e t i c  communication equipment and o t h e r  u n s p e c i f i e d  r a d i a t i n g  

equipment t h a t  might b e  i n  use  i n  underground mining o p e r a t i o n s .  Our 

f i n a l  o b j e c t  is  t o  p r e d i c t  d i s t a n c e s  from t h e s e  s o u r c e s  a t  which b l a s t i n g  

caps  can be  used s a f e l y .  

A s t r i c t  a n a l y t i c a l  s o l u t i o n  t o  t h e  g e n e r a l  problem of de te rmin ing  

aboveground s a f e  d i s t a n c e  from a  s o u r c e  o f  r a d i o  f requency  power r e q u i r e s  

complete  knowledge of t h e  power o u t p u t  of t h e  s o u r c e ,  t h e  e f f e c t  of 



r L E A D  WIRES 
n P L U G  /-WIRE BRIDGE 

LMETAL CASE SENSITIVE ---A LSECONDARY 
MIX EXPLOSIVE 

Figure  6-1. Schematic of a Typical B la s t i ng  Cap 



d i s t a n c e ,  t5e a b i l i t y  of w i r i n g  i n  t h e  b l a s t i n g  c i r c u i t  t o  p i c k  up energy ,  

and t h e  amount o f  power n e c e s s a r y  f o r  i n i t i a t i o n  of a  b l a s t i n g  cap.  T h i s  

would b e  a  f o r m i d a b l e  problem even i n  an  i d e a l  c a s e ;  i n  p r a c t i c e  t h e  d i f -  

f i c u l t i e s  become unsurmountable.  The p r e s e n c e  of o b j e c t s ,  t e r r a i n  f e a t u r e s ,  

and s o i l  m o i s t u r e ,  which -may absorb o r  r e f l e c t  power; t h e  f a c t  t h a t  t h e  

w i r i n g  o f  t h e  b l a s t i n g  c i r c u i t  i s  randomly l a i d  o u t  and i s  n o t  u s u a l l y  

d i v i s i b l e  i n t o  n e a t  geomet r ic  segments which can b e  a n a l y z e d  and r e l a t e d  

t o  t h e  p l a n e  of p o l a r i z a t i o n  o f  t h e  o f f e n d i n g  f i e l d  - a l l  t h e s e  a r e  com- 

p l i c a t i o n s  which make a s t r i c t  a n a l y t i c a l  s o l u t i o n  v i r t u a l l y  i m p o s s i b l e  

even f o r  aboveground o p e r a t i o n s .  The underground problem i s  f u r t h e r  

compl ica ted .  F i g u r e  6-2 i s  a  rough s k e t c h  of a  s e c t i o n  of underground 

t u n n e l  t h a t  e x e m p l i f i e s  some of t h e s e  f u r t h e r  c o m p l i c a t i n g  f e a t u r e s .  The 

s k e t c h  t r i e s  t o  i l l u s t r a t e  t h e  p o s s i b i l i t i e s  of t u n n e l  geometry i r r e g u -  

l a r i t y ,  and t h e  p r e s e n c e  of f i e l d  p e r t u r b i n g  o b j e c t s  s u c h  a s  v e h i c l e s  

and power l i n e s .  I n  sum, even f o r  t h e  s i m p l e s t  w e l l  d e f i n e d  geometry 

and s o u r c e / b l a s t i n g  w i r i n g  c o n f i g u r a t i o n  t h e  hope of a n  e x a c t  a n a l y t i c a l  

s o l u t i o n  t o  t h e  pickup problem i s  h o p e l e s s .  W e  must make some s i m p l i f y i n g  

assumptions  and,  s i n c e  we a r e  concerned w i t h  p e r s o n n e l / e x p l o s i v e  s a f e t y  

s i t u a t i o n s ,  they  must b e  s e l e c t e d  s o  t h a t  any r e s u l t i n g  e r r o r  due t o  t h e  

assumptions  w i l l  occur  on t h e  s i d e  of c a u t i o n .  

An a n a l y s i s  u s i n g  such assumptions  i s  c a l l e d  "worst-case".  The 

r e s u l t  of a  w o r s t  c a s e  a n a l y s i s  i n d i c a t i n g  s a f e t y  may b e  t a k e n  a s  q u i t e  

s a f e  indeed ;  t h e  l a c k  of s u c h  a  r e s u l t  s h o u l d  b e  i n t e r p r e t e d  a s  i n d i c a t i n g  

t h a t  s a f e t y  cannot  b e  proved, n o t  n e c e s s a r i l y  t h a t  a  h a z a r d  e x i s t s .  

A s  mentioned i n  t h e  i n t r o d u c t i o n  t o  t h i s  r e p o r t ,  t h e  s p e c i f i c  problem 

of a n a l y t i c a l l y  p r e d i c t i n g  p o s s i b l e  RF h a z a r d s  t o  b l a s t i n g  caps  can b e  

reduced t o  f i n d i n g  answers  t o  t h e  f o l l o w i n g  t h r e e  q u e s t i o n s :  

(1) How much power, a t  t h e  f requency  of concern ,  
i s  n e c e s s a r y  t o  f u n c t i o n  t h e  caps?  

(2)  How much power, a t  t h e  f requency  of concern ,  
i s  coupled t o  t h e  cap by a  u n i t  a m p l i t u d e  f i e l d  
e x i s t i n g  i n  t h e  v i c i n i t y  of t h e  cap and i ts  a s s o c i a t e d  
w i r i n g ?  
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(3) What f i e l d s  w i l l  e x i s t ,  a t  t h e  f requency of 
concern,  i n  t h e  v i c i n i t y  of t h e  b l a s t i n g  cap 
and i t s  w i r i n g  f o r  a  given sou rce ,  p h y s i c a l  
environment and s e p a r a t i o n ?  

The fo l l owing  s e c t i o n s  p r e s e n t  wor s t  c a s e  answers t o  t h e  above 

q u e s t i o n s .  

FUNCTIONING 

The amount of power nece s sa ry  t o  f u n c t i o n  t h e  caps  can b e  determined,  

from a wor s t ca se  v iewpoin t ,  by c o n s i d e r a t i o n  of F igu re  6-3 which sum- 

marizes  t h e  RF Bruceton t e s t  r e s u l t s  of S e c t i o n s  3 and 4.  The l a r g e  

arrows of F igu re  6-3 i n d i c a t e  t h e  f r e q u e n c i e s  a t  which t h e  RF probing 

t e s t s  were performed. These f r equenc i e s  were s e l e c t e d  a s  t h o s e  most 

l i k e l y  t o  b e  used i n  any h igh  RF power equipment w i t h  v h i c h  underground 

b l a s t i n g  o p e r a t i o n s  might i n t e r a c t .  Note a l s o  t h a t  t h e s e  f r equenc i e s  

p rov ide  a  f a i r l y  even sampling of t h e  o v e r a l l  f requency i n t e r v a l  of con- 

c e rn .  The c i r c l e s  connected by s o l i d  v e r t i c a l  l i n e s  i n d i c a t e  t h e  mean 

and 0.1% f i r i n g  l e v e l  (95% conf idence)  f o r  t h e  pin- to-pin  Bruceton t e s t s .  

The squa re s  connected by dashed l i n e s  i n d i c a t e  t h e  same l e v e l s  f o r  t h e  

pin- to-case  Brucetons .  S ince  t he  f r e q u e n c i e s  a t  which t h e  Bruceton t e s t s  

were f i r e d  were s e l e c t e d  a s  t h e  .most s e n s i t i v e  of  t h e  f r e q u e n c i e s  probed, 

t h e  Bruceton t e s t  r e s u l t s  can b e  used a s  a  good f requency  independent  

approximat ion t o  t h e  most s e n s i t i v e  f i r i n g  l e v e l s  f o r  t h e  caps .  Roughly, 

t h e  t op  of each v e r t i c a l  l i n e  i n  F igu re  6-3 r e p r e s e n t s  a  power l e v e l  a t  

which one-half  of t h e  caps f i r e d  du r ing  a  Bruceton t e s t .  The power l e v e l  

a t  t h e  bot tom of t h e  l i n e  (0.1% l e v e l ,  95% conf idence)  i s  t h e  p r e d i c t e d  

l e v e l  a t  which no more t han  one i n  a  thousand of t h e  caps  would f i r e .  

The 0.1% l e v e l  (wi th  95% confidence)  ha s  been  used,  f o r  about  t h e  p a s t  

f i f t e e n  y e a r s ,  a s  a  g e n e r a l  l e v e l  a t  which exposures  of e l e c t r o e x p l o s i v e s  

could b e  t o l e r a t e d  w i thou t  undue r i s k .  Th is  l e v e l  h a s  n o t  been determined 

f o r  b l a s t i n g  caps  i n  g e n e r a l  b u t  a l e v e l  of 0.04 w a t t s  ( f o r  any frequency 

and f i r i n g  mode) has  been used a s  an approximat ion f o r  American made caps  

f o r  many y e a r s .  The d a t a  of F igu re  6-3 would seem t o  c o n t r a d i c t  





t h i s  assumption s i n c e  a  0.1% l e v e l  of 0.023 w a t t s  a t  10 MHz i s  i n d i c a t e d .  

However, t h i s  l e v e l ,  a s  w e l l  a s  t he  0.043 w a t t  pin- to-case 0.1% l e v e l  

* a t  5400 MHz, i s  a s soc i a t ed  w i th  Cap F, a  cap of f o r e i g n  manufacture.  So 

we s e e  t h a t  t h e  use of a  0.04 w a t t  l e v e l  a s  a  t o l e r a b l e  exposure l e v e l  

f o r  caps of American manufacture is i n  keeping w i t h  t h e  d a t a  determined 

by t h e  experiments .  I n  p a r t i c u l a r  t h e  d a t a  shows t h a t  t h e  use  of a  0.04 

wa t t  l e v e l  a s  an approximation t o  t h e  0.1% f i r i n g  l e v e l  i s  conserva t ive  

f o r  t h e  American made caps t h a t  would be  encountered i n  underground 

b l a s t i n g  o p e r a t i o n s .  

6.3 C O U P L I N G  T O  T H E  C A P  

The de te rmina t ion  of t h e  power coupled t o  t he  cap, a t  t h e  frequency 

of concern,  by a u n i t  amplitude f i e l d  i n  t h e  v i c i n i t y  of t h e  cap and i t s  

wi r ing  i s  e s s e n t i a l l y  a  de te rmina t ion  of a  pickup model f o r  t h e  cap and 

i t s  w i r i n g .  I n  l i n e  w i t h  our  wors t  c a se  approach t o  t h e  o v e r a l l  problem 

we must choose a  pickup model which maximizes t h e  t o t a l  power picked up 

by t h e  cap a t  a l l  f r equenc i e s  and y e t  is  i n  accord w i t h  t he  phys i ca l  

a s p e c t s  of t h e  cap and i t s  wi r ing .  

F igu re  6-4 is  a l ayou t  ske t ch  f o r  t h e  b o r i n g  of a  38 h o l e  b l a s t  of 

a  28 '  wide heading i n  a copper mine. F igure  6-5 shows how t h e  b l a s t i n g  

cap l e g  w i r e s  (which w i l l  extend from each h o l e  a f t e r  h o l e  loading)  w i l l  

be  connected t oge the r  f o r  connect ions t o  t h e  s h o t  l i n e .  F igure  6-6 i s  a  

s k e t c h  of how t h e  wired f a c e  and sho t  l i n e  might appear  a f t e r  connection. 

During t h e  load ing  and connect ion of t h e  f ace ,  t h e  caps  and t h e i r  a t t ached  

wi re s  assume s e v e r a l  d i s t i n c t  con f igu ra t i ons .  These con f igu ra t i ons  a r e  

i d e n t i c a l  from a  v o r s t  case  viewpoint ,  t o  t hose  formed i n  almost any 

underground b l a s t i n g  ope ra t i on .  The c o n f i g u r a t i o n s  of concern a r e :  

1 )  Caps i n  t h e i r  o r i g i n a l  packing c o n f i g u r a t i o n .  

2) Caps w i th  l e g  w i r e s  extended, bu t  l e g  w i r e s  s t i l l  
s h o r t e d ,  bo th  i n  t h e  bore  h o l e  and b e f o r e  i n s e r t i o n  
i n  t h e  h o l e .  
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Figure  6-6. Shot L ine  and Wired Face 
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3) Cap i n  b o r e  h o l e  w i t h  t h e  s h o r t  removed from l e g  
w i r e s .  

4) Caps connec ted  l e g  t o  l e g  and f i n a l  l e g s  s h o r t e d .  
[Wired ,  s h o r t e d  f a c e ] .  

5) Wired f a c e  c o n n e c t e d  t o  e i t h e r  a  s h o r t e d  o r  a n  
open s h o t  l i n e .  

F i g u r e s  6-7, 6-8 and 6-9 a r e  s k e t c h e s  of  aboveground b l a s t i n g  w i r i n g  

l a v o u t s  t h a t  have  b e e n  c o n s i d e r e d  a s  a n t e n n a s .  R e f e r e n c e  2 t r e a t s  t h e  

models  f o r  t h e s e  c o n f i g u r a t i o n s  i n  d e t a i l  and c o n c l u d e s  t h a t  t h e  b e s t  

o v e r a l l  a n t e n n a  model f o r  aboveground l a y o u t s  i s  t h a t  of  t h e  v e r t i c a l  

l oop  a n t e n n a  of  F i g u r e s  6-8 and 6-9. The s k e t c h e s  o f  F i g u r e s  6-10 and 

6-11 show t h a t  t h e  v e r t i c a l  l o o p  a n t e n n a  c o n f i g u r a t i o n s  can  ~ l s o  b e  formed 

i n  underground b l a s t i n g  l a y o u t s .  The h a l f - w a v e l e n g t h  d i p o l e  c o n f i g u r a t i o n  

o f  F i g u r e  6-7 can  a l s o  b e  formed i n  underground l a y o u t s  f o r  RF s o u r c e s  w i t h  

w a v e l e n g t h s  e q u a l  t o  t w i c e  t h e  l e n g t h  of  cap  l e a d  w i r e  e x t e n d i n g  from a  

loaded  b o r e d  h o l e .  Many o t h e r  a n t e n n a  c o n f i g u r a t i o n s  can  a l s o  b e  i d e n t i f i e d  

i n  underground l a y o u t s  b u t  t h e y  do n o t  d i f f e r  s i g n i f i c a n t l y  from t h o s e  o f  

aboveground l a y o u t s .  The arguments  p r e s e n t e d  by R e f e r e n c e  2 f o r  t h e  u s e  

o f  t h e  v e r t i c a l  l o o p  a n t e n n a  a s  a  w o r s t  c a s e  a n t e n n a  f o r  aboveground 

b l a s t i n g  l a y o u t s  a r e  s t i l l  v a l i d  f o r  underground b l a s t i n g  w i r i n g  c o n f i g u r -  

a t i o n s .  T h e r e  a r e  no  c o n f i g u r a t i o n s  formed underground t h a t  a r e  s i g n i f i -  

c a n t l y  d i f f e r e n t ,  i n  a n  RF p i c k u p  p o i n t  o f  v iew,  f rom t h o s e  formed above- 

ground.  We w i l l ,  t h e r e f o r e ,  u s e  t h e  v e r t i c a l  l o o p  f o r  o u r  underground 

p ickup  d e t e r m i n a t i o n .  

R e f e r e n c e  2 d e r i v e s  t h e  w o r s t  c a s e  a p e r t u r e  f o r  t h e  v e r t i c a l  l o o p  

a n t e n n a  a s  
9 

s q u a r e  meters, 
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where 

A is  t h e  w o r s t  c a se  a p e r t u r e  i n  squa re  meters  and f  i s  t h e  f requency 
e  Mc 

i n  Megahertz. 

F igu re  6-12 p l o t s  Ae-as a  f u n c t i o n  of f requency.  

The power d e l i v e r e d  t o  t h e  e l e c t r i c a l  l oad  connected t o  an antenna 

can b e  computed, w i t h  c e r t a i n  l i m i t a t i o n s ,  by m u l t i p l y i n g  t h e  a p e r t u r e  

of  t h e  an tenna / load  combination by t h e  i n c i d e n t  power d e n s i t y .  I f  Pd 
2  

(wat t s /mete r  ) i s  t h e  power d e n s i t y  i n c i d e n t  on t h e  an tenna  and A 
e  

( square  meters )  i s  t h e  e f f e c t i v e  a p e r t u r e  of t h e  a n t e n n a / b l a s t i n g  cap 

combination, t han  t h e  power d e l i v e r e d  t o  t h e  b l a s t i n g  cap l oad  i s  W 
R 

(wa t t s )  where 

= P  A 
'R d  e  

Appendix D i s  an exce rp t  from Reference 2  t h a t  c o n t a i n s  most of t h e  

d e t a i l e d  d e r i v a t i o n  of t h e  wor s t  c a se  n a t u r e  of t h e  v e r t i c a l  loop  antenna 

a p e r t u r e .  The i n t e r e s t e d  r e a d e r  i s  r e f e r r e d  t o  Reference 2  i n  i t s  e n t i r e t y  

f o r  a  complete unders tanding  of t h e  method of d e r i v a t i o n .  Reference 1 is  

a l s o  h e l p f u l .  We would l i k e  t o  no t e  h e r e ,  however, t h a t  t h e  v e r t i c a l  loop 

a p e r t u r e  a s  g iven  above is  an upper l i m i t  on any l i n e a r  an tenna  having t h e  

same r a t i o  between a r e a  and pe r ime te r  and t h e  same e l e c t r i c a l  load ing  

c o n d i t i o n s  a s  t h o s e  used t o  d e r i v e  t h e  v e r t i c a l  loop a p e r t u r e .  I n  e f f e c t  

t h e  a p e r t u r e  of t h e  v e r t i c a l  loop a s  g iven  by F igu re  6-12 i s  an upper 

bound ( a t  any frequency)  f o r  any v e r t i c a l  loop i n  t h e  b l a s t i n g  w i r ing  of 

a  s m a l l e r  l i n e a r  dimension than  t h a t  used t o  g e n e r a t e  F igu re  6-12. 

I n  a d d i t i o n  i t  can be  shown t h a t  f o r  f r equenc i e s  h i g h e r  t han  t h e  peak 

of t h e  a p e r t u r e  curve of F igu re  6-12, t h e  curve is  an upper l i m i t  on any 

l i n e a r  an tenna  of t o t a l  l e n g t h  l e s s  than  o r  equa l  t o  t h e  pe r ime te r  of t h e  

loop on which F igu re  6-12 i s  based [7 .35 mete r s ] .  





6 . 4  -:'HE F I E L D  I N  THE V I C I N I T Y  OF THE B L A S T I N G  CAP AND I T S  ASSOCIATED 
W I R I N G  

T h e  f i e l d s  i n  t h e  v i c i n i t y  of t h e  b l a s t i n g  w i r i n g  a r e  p r i m a r i l y  

dependent  on t h e  s o u r c e  c h a r a c t e r i s t i c s  ( o u t p u t  power, a n t e n n a  c o n f i g u r -  

a t i o n ,  f r e q u e n c y  and modula t ion  t y p e ) ,  t h e  geometry o f  t h e  mine t u n n e l s ,  

t h e  l o c a t i o n s  of t l le  s o u r c e  and t h e  b l a s t i n g  w i r i n g ,  and t h e  e l ec t romag-  

n e t i c  c h a r c t e r i s t i c s  o f  t h e  g e o l o g i c a l  s t r a t a  i n  which t h e  mine is  l o c a t e d .  

D i s t a n c e s  between p o s s i b l e  s o u r c e s  and t h e  b l a s t i n g  w i r i n g  can  b e  

c o n t r o l l e d  and s o u r c e  c h a r a c t e r i s t i c s ,  a t  l e a s t  t h o s e  known, can a l s o  be  

c o n t r o l l e d  by l i m i t i n g  t h e  t y p e s  of  equipment  t h a t  can  b e  used i n  under-  

ground min ing .  The p a r a m e t e r s  of i n t e r e s t  a r e ,  t h e r e f o r e ,  t h e  u n c o n t r o l l -  

a b l e  p a r a m e t e r s :  mine geometry and t h e  e l e c t r o m a g n e t i c  p a r a m e t e r s  o f  t h e  

g e o l o g i c a l  s t r a t a .  Appendix E l i s t s  a  number of  p a p e r s  and a r t i c l e s  t h a t  

d e a l  w i t h  underground p r o p a g a t i o n  o f  e l e c t r o m a g n e t i c  waves.  Some of t h e s e ,  

p a r t i c u l a r l y  t h o s e  d e a l i n g  w i t h  t h e  e l e c t r o m a g n e t i c  p r o p e r t i e s  of m i n e r s l s ,  

were  q u i t e  u s e f u l  and a r e  r e f e r e n c e d  i n  t h e  f o l l o w i n g  d i s c u s s i o n .  

6.4.1 E l e c t r o m a g n e t i c  P a r a m e t e r s  

Many b a s i c  e l e c t r o m a g n e t i c  f i e l d  t e x t s  14' l5 p o i n t  o u t  t h a t  f o r  media 

t h a t  a r e  homogeneous, i s o t r o p i c  and l i n e a r  t h e  e l e c t r o m a g n e t i c  b e h a v i o r  

o f  t h e  medium i s  c o m p l e t e l y  d e f i n e d  i f  t h e  complex p e r m i t t i v i t y  and com- 

p l e x  p e r m e a b i l i t y  a r e  known a s  f u n c t i o n s  o f  f r equency .  Although t h e  

m i n e r a l s  u s u a l l y  e n c o u n t e r e d  i n  c o a l  min ing  may be  inhomogeneous, a n i s o -  

t r o p i c  and n o n - l i n e a r  we e x p e c t  t h e s e  c h a r a c t e r i s t i c s  t o  b e  c o n f i n e d  t o  

l o c a l i z e d  s m a l l  volumes s o  t h a t  t h e  o v e r a l l  b e h a v i o r  o f  t h e  m i n e r a l  can 

b e  s p e c i f i e d  by some complex macroscop ic  p e r m e a b i l i t y  and p e r m i t t i v i t y .  

The r e a l  p a r t s  of  t h e s e  complex q u a n t i t i e s  a r e  s imply  t h e  f a m i l i a r  mzgne t i c  

p e r m e a b i l i t y  and d i e l e c t r i c  c o n s t a n t  of t h e  medium. The imag ina ry  p a r t s  

of  t h e  complex p a r a m e t e r s  d e t e r m i n e  t h e  l o s s  (power d i s s i p a t i n g )  charac-  

t e r i s t i c s  of t h e  medium. The l o s s e s  a s s o c i a t e d  w i t h  magne t i c  phenomena, and 

magne t i c  phenomena i n  g e n e r a l ,  a r e  u s u a l l y  a s s o c i a t e d  w i t h  r e l a t i v e l y  p u r e  



m a t e r i a l s  w i t h  magnet ic  pe rmeab i l i t y  cons ide rab ly  g r e a t e r  than  t h a t  of 

f r e e  space .  I n  t h e  geo log i c  s t r a t a  of c o a l  mine workings such m a t e r i a l s  

a r e  n o t  t o  be  expected i n  l a r g e  enough amounts t o  s e r i o u s l y  change t h e  

r e s u l t s  of an a n a l y s i s  based on a  magne t i ca l l y  l o s s l e s s  media of t h e  

same magnet ic  p e r m e a b i l i t y  a s  t h a t  of f r e e  space .  
- 

The d i e l e c t r i c  and conduct ion l o s s e s  a s s o c i a t e d  w i t h  t h e  complex 

p e r m i t t i v i t y  a r e  ano the r  m a t t e r ,  however. We w i l l  assume, i n  t h i s  r e p o r t ,  

t h a t  a l l  l o s s e s  a r e  a s s o c i a t e d  w i t h  t h e  r e s i s t i v i t y  of  t h e  media. Actua l ly  

t h e  d i v i s i o n  of t h e  t o t a l  l o s s  between d i e l e c t r i c  l o s s  and conduct ion l o s s  

mechanisms depends on frequency b u t  s i n c e  t h e  only d a t a  a v a i l a b l e  on 

mine ra l  e l ec t romagne t i c  parameters  h a s  been ga thered  i n  such  a  way a s  t o  

lump a l l  l o s s e s  i n t o  r e s i s t i v i t y  l o s s e s ,  we have no o t h e r  cho i ce .  Thiq 

procedure does  us no harm s i n c e  we a r e  on ly  i n t e r e s t e d  i n  macroscopic 

behavior  of t h e  media. With t h e  above c o n s i d e r a t i o n s  we need only t h e  

d i e l e c t r i c  c o n s t a n t  and r e s i s t i v i t y  of a  medium t o  completely  c h a r a c t e r i z e  

i t  e l ec t romagne t i c ly .  

Study of t h e  pape r s  and a r t i c l e s  l i s t e d  i n  Appendix E ,  p l u s  s ea r ches  

of t h e  open l i t e r a t u r e ,  i n d i c a t e  t h a t  good d e t a i l e d  d a t a  on t h e  e l e c t r o -  

magnet ic  parameters  of t h e  mine ra l s  l i k e l y  t o  b e  encountered i n  c o a l  

mining o p e r a t i o n s  a r e  n o t  ava i lab . le .  References  16 ,  17  and 1 8  i n d i c a t e ,  

however, t h a t  r e l a t i v e  d i e l e c t r i c  cons t an t  va lue s  va ry ing  between 2 and 

10 seem t o  cover  a lmost  a l l  c o a l  mine encounte rab le  m i n e r a l s .  This  ho ld s  

f o r  a l l  f r e q u e n c i e s  g r e a t e r  t han  10  KHz. The r e s i s t i v i t i e s  of m ine ra l s  

vary  r a p i d l y  w i t h  wa te r  con t en t .  The d a t a  of Reference 16 shows r e s i s -  

t i v i t i e s  of about  180 ohm meters  f o r  t h e  wet rocks i n v e s t i g a t e d .  Study 

of t h e  Reference 17 d a t a  i n d i c a t e s  t h a t  r e s i s t i v i t i e s  of 10 t o  1000 ohm 

meters  might t o  expec ted  as normal f o r  w e t  rock. I n  any even t  t h e  b i b l i o -  

g r aph i c  e n t r i e s  and t h e  p e r t i n e n t  r e f e r e n c e s  above a g r e e  t h a t  t h e  resis- 

t i v i t y  of t h e  rocks  l i k e l y  t o  b e  encountered i n  c o a l  mining ope ra t i ons  

w i l l  va ry  wide ly  depending on t h e  wa te r  con t en t .  The wa te r  con t en t  i n  

t u r n  v a r i e s  w i t h  t h e  rock  p o r o s i t y  and l o c a l  geog raph i ca l  f e a t u r e s .  About 

t h e  only reasonably  r e l i a b l e  deduc t ion  we can make f o r  purposes  of our  



analysis is that the resistivity of the wet rocks likely to be encountered 

in mining operations should be somewhere between 100 and 1000 ohm meters, 

Ln sum, the result of our reference search is that the relative 

dielectric constant of the minerals likely to be encountered will be 
- 

between 2 and 10 and the resistivity between 100 and 1000-ohm meters. The 

relative permeability of the minerals can be assumed to be that of free 

space. The above conclusions hold for wet rock. The resistivity of dry 

rock should be considerably greater than 1000 ohm meters ranging to 10 
10 

ohm meters under ideal conditions. 

6.4.2 TEFI P r o p a g a t i o n  

With the electromagnetic parameters of the minerals known, the pro- 

pagation constant for transverse electromagnetic (TEM) waves may be 

calculated for the minerals. In truth, such waves can never exist exactly 

and probably the fields ..ropagating along a mine drift will not be even 

approximately TEM; nevertheless, the TEM propagation constant will provide 

a useful reference point for the rest of our calculations. 

Reference 14 derives expressions for the TEM propagation constant. 

We will, by the way, adhere strictly to the notation of Reference 14 in 

all of our electromagnetic calculations unless otherwise noted. The 

reader who is unfamiliar with electromagnetic propagation problems and 

wishes to follow our reasoning in detail should consult ~eferences 14 and 

15 or other similar texts. In general the propagation constant 

defines the variation of the total electromagnetic field solution with 

distance. Thus, for propagation in the z direction, 

jut, where A. = A e , A is a complex constant, 

j=fi, u is the angular frequency, is the real instantaneous 



v a l u e  of one of t h e  e l e c t r i c  o r  magnet ic  f i e l d  components and t h e  Re 

o p e r a t i o n  e x t r a c t s  t h e  r e a l  p a r t  of t h e  complex q u a n i t y  t o  which i t  

is  a p p l i e d .  The s i g n i f i c a n c e  of a ,  t h e  a t t e n u a t i o n  c o n s t a n t ,  i s  e a s i l y  

s e e n  i f  we r e w r i t e  (6-2) a s  

S ince  p o f  (6-3) r e p r e s e n t s  a l l  o r  any of t h e  s o l u t i o n s  f i e l d  components, 

t h e  power d e n s i t y  of t h e  s o l u t i o n  v a r i e s  a s  t h e  s q u a r e  of t h e  magnitude 

o f , p .  Thus t h e  power d e n s i t y  of t h e  s o l u t i o n  Pd v a r i e s  a s  

where 

P  i s  t h e  power d e n s i t y  i n  convenien t  u n i t s ,  
d  

C i s  a  c o n s t a n t ,  

a i s  t h e  a t t e n u a t i o n  c o n s t a n t  ( nepe r s /me t e r ) ,  and 

z i s  t h e  d i s t a n c e  paramete r  i n  t h e  d i r e c t i o n  of propa- 
g a t i o n  (meters)  . 

S i n c e  t h e  power d e n s i t y  i s  t h e  paramete r  of major  concern i n  t h e  

c a l c u l a t i o n  of pickup by t h e  b l a s t i n g  w i r i n g  our  i n t e r e s t  i n  a  paramete r  

of t h e  t y p e  of t h e  a t t e n u a t i o n  c o n s t a n t  i s  obvious .  Reference 14 g i v e s ,  

a f t e r  s imp le  man ipu l a t i on  of some of t h e  u n i t s ,  

6 ,  t h e  phase c o n s t a n t  i s  g iven  by t h e  same exp re s s ion  a s  (6-5) b u t  t h e  

minus s i g n  under t h e  r a d i c a l  must b e  charged t o  p l u s .  I n  (6-5),  

i s  f requency  i n  megaher tz ,  

E i s  t h e  r e l a t i v e  d i e l e c t r i c  c o n s t a n t  ( u n i t l e s s )  and R 



p is  t h e  r e s i s t i v i t y  i n  ohm-meters. 

F igu re  6-13 p l o t s  a f o r  v a r i o u s  v a l u e s  of p and E and F igu re  6-14 p l o t s  
R 

f3 f o r  t h e  same v a l u e s .  

Study of F igu re  6-13 shows t h a t  t h e  ve ry  low frequency TEM a t t e n u -  

a t i o n  i s  dependent p r i m a r i l y  on r e s i s t i v i t y  whereas t h e  h igh  f requency 

a t t e n u a t i o n  depends on b o t h  t h e  d i e l e c t r i c  c o n s t a n t  and t h e  r e s i s t i v i t y .  

The h igh  f requency asympot ic  v a l u e s  f o r  TEM a a r e  

F igu re  6-14 shows t h a t  w h i l e  t h e  low f requency  phase c o n s t a n t  behav io r  

is  p r i m a r i l y  dependent  on r e s i s t i v i t y ,  t h e  h igh  f requency behav ior  i s  whol ly  

determined by tlle d i e l e c t r i c  c o n s t a n t  ( f o r  t h e  r e s i s t i v i t y  range  of 1 t o  

1000) . Thus a t  h i g h  f r e q u e n c i e s  

r a d i a n s  

We a r e  i n t e r e s t e d ,  however, n o t  on ly  i n  t h e  h igh  and low frequency l i m i t s .  

Our concern i s  a l s o  d i r e c t e d  t o  t h e  middle  f r e q u e n c i e s  where,  we have 

s e e n ,  t h e  a p e r t u r e  of t h e  b l a s t i n g  w i r i n g  can have a  maximum. 

6 .4 .3  A General Approach t o  t h e  Propagat ion Problem 

Our o b j e c t i v e  i n  t h e  s t u d y  of t h e  p o s s i b l e  p ropaga t ion  i n  c o a l  mines 

i s  t o  de te rmine  a  r e a sonab ly  good e s t i m a t e  of t h e  minimum a t t e n u a t i o n  t h a t  

w i l l  occur  between two p o i n t s  i n  t h e  mine.  Now even i f  t h e  mine d r i f t  

were a  p e r f e c t l y  r e g u l a r  r e c t a n g u l a r  o r  c y l i n d r i c a l  h o l e  i n  an a lmost  

p e r f e c t  conduc tor  we would have g r e a t  d i f f i c u l t y  i n  de te rmin ing  t h e  a c t u a l  

p ropaga t i on  e x a c t l y .  The main problems i n  t h i s  c a s e  would be  de te rmin ing  

how much of  t h e  t r a n s m i t t e d  energy was i n  each of an i n f i n i t e  number of 

"modes" pe rmi t t ed  by t h e  geometry.  We could c a l c u l a t e  t h e  a t t e g u a t i o n  

f o r  each mode t o  a ve ry  good approx imat ion  s i n c e  t h i s  problem h a s  been 

complete ly  so lved  f o r  c e r t a i n  r e g u l a r  geomet r ies .  I f  we d e s i r e d  a  wors t  c a se  







e s t i m a t e  of p r o p a g a t i o n  i n  t h i s  c a s e  we cou ld  u s e  t h e  v a l u e  of t h e  s m a l l e s t  

a t t e n u a t i o n  c o n s t a n t  f o r  any of t h e  modes and b e  s u r e  t h a t  our  e s t i m a t e  

was good. 

One of o u r  f i r s t  approaches  t o  t h e  o v e r a l l  problem was t o  t r y  t o  

de te rmine  t h e  e q u a t i o n s - t h a t  d e f i n e  t h e  p r o p a g a t i o n  c o n s t a n t s  f o r  a  smooth 

w a l l e d  r e c t a n g u l a r  h o l e  i n  t h e  medium d e s c r i b e d  by t h e  e l e c t r o m a g n e t i c  

pa ramete rs  ( i . e .  2 < E < 1 0 ,  1 0  < P < 1000) t h a t  d e s c r i b e  t h e  m i n e r a l s  
- R -  - - 

i n  which t h e  d r i f t  is  l o c a t e d .  F i g u r e  6-15 i s  a  s k e t c h  of t h e  geometry 

f o r  t h i s  c a s e .  The c l a s s i c a l  approach t o  t h e  s o l u t i o n  of a  problem of 

t h i s  t y p e  is  t o  assume a  s e p a r a b l e  s o l u t i o n  f o r  t h e  f i e l d s  such t h a t  a l l  

t h e  boundry c o n d i t i o n s  a r e  s a t i s f i e d .  I f  t h i s  assumed s o l u t i o n  s a t i s f i e s  

Maxwell 's  e q u a t i o n s  t h e n  i t  i s  "the" s o l u t i o n  s i n c e  a  g e z e r a l  theoreom 

of "un iqueness  o f  s o l u t i o n "  a p p l i e s .  What i t  amounts t o  i s  "cu t  and t r y "  

b u t  t h e  "cut"  c a n ,  f o r  s i m p l e  problems,  b e  a  we l l -gu ided  g u e s s ;  n o t  some 

random c h o i c e .  The s u c c e s s f u l  r e s u l t  of such  a  p r o c e d u r e  i n  a  complicated 

problem such  a s  we f a c e  i s  n o t  t h e  f i n a l  answer,  however. What is  u s u a l l y  

o b t a i n e d  i s  a  s e t  of complex t r a n s c e n d e n t a l  e q u a t i o n s  i n v o l v i n g  t h e  pro- 

p a g a t i o n  c o n s t a n t ,  y ,  t h e  dimensions  r e l a t e d  t o  t h e  geometry and t h e  

e l e c t r o m a g n e t i c  p a r a m e t e r s  of t h e  media.  I f  a l l  t h e  v a l u e s  of y t h a t  

s i m u l t a n e o u s l y  s a t i s f y  t h e  e q u a t i o n s  can  b e  found,  t h e n  t h e  o v e r a l l  pro- 

p a g a t i o n  problem would b e  s o l v e d  and we would b e  i n  t h e  same p o s i t i o n  f o r  

o u r  problem o f  v e r y  l o s s y  m a t e r i a l  a s  we a r e  f o r  t h e  s l i g h t l y  l o s s y  con- 

d u c t o r  problem of  normal waveguide t h e o r y .  

We r e a l i z e d  e a r l y  i n  o u r  a t t e m p t  t o  o b t a i n  t h e  a d e f i n i n g  e q u a t i o n  

f o r  t h e  v e r y  l o s s y  m a t e r i a l  t h a t  t h e  e q u a t i o n s  would b e  ex t remely  d i f f i -  

c u l t  t o  s o l v e  f o r  t h e  as ,  b u t  we hoped t o  b e  a b l e  t o  t a k e  l i m i t s  f o r  

r e s i s t i v i t y  and demons t ra te  t h a t  t h e  e q u a t i o n s  were  indeed  compat ible  

w i t h  t h e  s l i g h t l y  l o s s y  waveguide s o l u t i o n s  which a r e  w e l l  known. There  

was a l s o  t h e  hope t h a t  p e r h a p s  t h e  e q u a t i o n s  would n o t  b e  " a l l  t h a t "  

d i f f i c u l t  t o  s o l v e .  I n  any e v e n t  we c o u l d n ' t  even de te rmine  t h e  d e f i n i n g  

e q u a t i o n s .  The c l a s s i c a l  approach o f  a s s u r i n g  a  s e p a r a b l e  s o l u t i o n  of 

e x p o n e n t i a l  f u n c t i o n s  l e a d s  t o  o v e r s p e c i f i c a t i o n  o f  t h e  p r o p a g a t i o n  
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c o n s t a n t s  and s o  we conclude t h a t  no s imp le  s e p a r a b l e  s o l u t i o n  e x i s t s .  

Th i s  i s  good r e a s o n  t o  s u s p e c t  t h a t  no s e p a r a b l e  :qo lu t ion  e x i s t s  i n  

r e c t a n g u l a r  c o o r d i n a t e s .  The problem i n  c y l i n d r i c a l  coo rd ina t e s  f o r  a  

round mine t u n n e l  does appear  t o  be  s i m p l e r  b u t  i t  was n o t  i n v e s t i g a t e d .  

While c o n s i d e r i n g  ou r  nex t  s t e p  we observed t h a t  even a  complete 

s o l u t i o n  f o r  a  r e c t a n g u l a r  d r i f t  i n  t h e  m i n e r a l s  would n o t  p rov ide  us  

w i th  t h e  s o r t  of wor s t  c a s e  i n fo rma t ion  we d e s i r e d .  Many, i f  no t  most,  

mines have m e t a l  p i p e s ,  m e t a l  r a i l s ,  e l e c t r i c a l  power c a b l e s  o r  t e lephone  

w i r e s  t h a t  r u n  a long  t h e  d r i f t s .  C e r t a i n l y  t h e  p r e sence  of t h e  conductor  

i n  t h e  d r i f t  would be expected t o  p rov ide  a  "guiding" a s p e c t  t o  any e l ec -  

t romagne t ic  p ropaga t i on  a long  t h e  d r i f t  and t hus  a l l o w  p ropaga t i on  w i th  

a  cons ide r ab ly  lower a t t e n u a t i o n  t han  would be  expec ted  ( o r  c a l c u l a t e d )  

f o r  t h e  d r i f t  a l one .  

We can t hus  s e e  t h a t  a  g e n e r a l  s o l u t i o n  t h a t  does  no t  i n c l u d e  t h e  

p o s s i b l e  p r e s e n c e  of conduc tors  a long  t h e  d r i f t  w i l l  n o t  g i v e  a  wors t  

c a s e  e s t i m a t e .  

6.4.4 Propagat ion  Wi th  a Conductor i n  t h e  D r i f t  

We would expec t  t h a t ,  f o r  s i n g l e  conductor  t h e  d r i f t ,  t h e  

l a r g e r  t h e  s u r f a c e  a r e a  of t h e  conductor  t h e  lower t h e  a t t e ~ u a t i o n .  Thus 

a  mine d r i f t  hav ing  r a i l s  f o r  o r e  c a r s  would p rov ide  lower a t t e n u a t i o n  

than  t h e  same d r i f t  w i t h  on ly  a  t e l ephone  l i n e  p r e s e n t .  We a l s o  s p e c u l a t e  

t h a t  a  d r i f t  w i t h  a  l a y e r  of h i g h l y  conduct ing wa t e r  on t h e  f l o o r  would 

r e p r e s e n t  a  p r a c t i c a l  l i m i t  i n  t h i s  r e s p e c t .  A p o s s i b l e  geometry f o r  

t h i s  c a s e  i s  shown i n  F i g u r e  6-16. We e s t i m a t e  t h a t  t h e  s o l u t i o n  f o r  t h e  

p ropaga t i on  c o n s t a n t s  f o r  t h e  geometry of F igu re  6-16 would be cons iderab ly  

more d i f f i c u l t  t o  de te rmine  t han  t h e  g e n e r a l  s o l u t i o n  f o r  a  smooth rec-  

t a n g u l a r  h o l e .  

A s i m p l i f i c a t i o n  of  t h e  e s t i m a t i o n  problem can be  expec ted ,  however, 

i f  t h e  d r i f t  i s  v e r y  wide i n  r e l a t i o n  t o  i t s  h e i g h t .  F igu re  6-17 sugges t s  

t h i s  c o n d i t i o n .  For t h i s  geometry t h e  e l e c t romagne t i c  f i e l d  c o n f i g u r a t i o n  

i n  t h e  p o r t i o n  o f  t h e  d r i f t  between t h e  d o t t e d  l i n e s  AA' and BB'  of 
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1 : i ~ u r e  6-17 c o u l d  b e  c i i l c :u l a t ed ,  a t  l e a s t  f o r  a p o r t  i o n  o f  t l le  f r e q u e n c y  

t)ilnds o f  i n t e r e s t ,  ils i f  t i le  d imens ion  "a" of  F i g u r e  6-17 were  i n f i n i t e .  

t : ~ ~ - t  l ler  , w e  would ilxpec. t sucl l  a d e t e r m i n a t i o n  t o  g i v e  a t t e n u a t i o n  v a l u e s  

1owt.r t l ~ i l n  t l l o se  d c t e r m i n e d  by a ~ r o c e d u r e  t h a t  c o n s i d e r s  "a" a s  f i n i t e .  

'l'llis is  d u e ,  i n  t i l e  main, t o  t l le  f a c t  t h a t  l e s s  o f  t i le  f i e l d  w i l l  be  

1-thquired t o  be  i n  t l l r  l o s s y  m a t e r i a l  and l lence we w i l l  have  lower  a t t e n u a -  

t i o n .  \Je t h u s  r e a s o n  t l l a t  t l le  a t t e n u a t i o n  c o n s t a n t s  f o r  a  i n f i n i t e l y  

widtb d r i f t  w i t 1 1  i1  p e r f e c t l y  c o n d u c t i n g  f l o o r  w i l l  p r o v i d e  u s  w i t h  a w o r s t  

cS ' i se  c s t i m a t t .  o f  p r o p a g a t i o n  i n  c o a l  mines.  'rllis geometry  is  shown i n  

F i g u r c  6-18. 

6.4 .5  The Worst Case P r o p a g a t i o n  Constants  

T h e  p r o p a g a t i o n  c o n s t a n t s  f o r  t h e  geometry  of F i g u r e  6-18 a r e  t h e  

same as  t h o s e  f o r  t h e  geometry  o f  F i g u r e  6-19. F i g u r e  6-19 i l l u s t r a t e s  

t h a t  o u r  geometry  o f  F i g u r e  6-18 c a n  b e  imaged i n  t h e  p e r f e c t  c o n d u c t o r  

t o  o b t a i n  a  new geomet ry .  The c o n s t r a i n t  imposed f o r  s o l u t i o n s  i n  F i g u r e  

6-19 i s  t h a t  a l l  e l e c t r i c  f i e l d s  a r e  z e r o  h a l f  way be tween  t h e  p l a n e s .  

T h i s  problem,  w i t h  t h i s  odd symmetry c o n s t r a i n t ,  i s  a d d r e s s e d  by Refe r -  

e n c e  1 4 .  The  p rob lem y i e l d s  t o  t h e  c l a s s i c a l -  a p p r o a c h  and s i n c e  t h e r e  

i s  o n l y  one  d i m e n s i o n  of  v a r i a t i o n ,  o t h e r  t h a n  t h e  d i r e c t i o n  of  p r o p a g a t i o n ,  

we o b t a i n  o n l y  one  complex t r a n s c e n d e n t a l  e q u a t i o n .  The e q u a t i o n  is  

K 
t a n  (Kdb) = j c  

K E *  
d  RC 

where  

b  is  t h e  d i m e n s i o n  shown i n  F i g u r e  6-18, m e t e r s  

2  
K~ = J y 2 + w  p E m e t e r s  -1 

0 0 '  

2  * -1 
K = Jy2 + w p r cRC , m e t e r s  , 

C 0 0 



DRIFT MINERAL 

I \ 
PERFECT CONDUCTOR 

F igure  6-18. Sec t ion  o f  t he  I n f i n i t e l y  Wide D r i f t  w i t h  a Conducting Flow 
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f  = f requency,  Her tz  

= pe rmeab i l i t y  of a i r ,  hen r i e s /me te r  

E = p e r m i t t i v i t y  of a i r ,  f a r ads /me te r  
0 

€ = €  + 
RC RC ~ W P E ~ ,  , u n i t l e s s ,  t h e  

re la t ive-complex  d i e l e c t r i c  c o n s t a n t  of t h e  d r i f t  m ine ra l  

E = t h e  r e l a t i v e  r e a l  d i e l e c t r i c  cons t an t  of t h e  d r i f t  
RC mine ra l  

p = r e s i s t i v i t y  of t h e  d r i f t  m i n e r a l ,  ohm meters  

-1 y = a + jf.3, t h e  propaga t ion  c o n s t a n t ,  meters  

a = t h e  a t t e n u a t i o n  c o n s t a n t ,  nepers /meter  

f.3 = t h e  phase c o n s t a n t ,  rad ians /meter  

Note t h a t  i f  we assume t h a t  we know p ,  E b and frequency t h e  only RC' 
unknuzns i n  equa t ion  6-6 a r e  a and 8 .  Thus v a l u e s  of y= a + jf.3 t h a t  

s a t i s f y  equa t ion  6-6 a r e  t h e  propaga t ion  c o n s t a n t s  we d e s i r e  t o  f i n d .  

For our  wor s t  c a se  e s t i m a t e  we f u r t h e r  r e q u i r e ,  f o r  each s e t  of va lues  

of p ,  \c, b  and frequency assumed, t h e  y t h a t  h a s  t h e  s m a l l e s t  r e a l  

p a r t ,  a . 
A n a l y t i c a l  s o l u t i o n  of  606 f o r  gene ra l  v a l u e s  of  t h e  parameters  is: 

, imposs ib l e ;  however, i f  p i s  very  sma l l ,  t h e  equa t ion  approximates a  non- 

t r a n s c e n d e n t a l  equa t ion  t h a t  can be solved.  T h i s  a s p e c t  i s  t h e  one t h a t  

promoted t h e  d e r i v a t i o n  of  t h i s  equa t ion  i n  Reference 14. W e  w i l l  use  

t h i s  l i m i t i n g  ca se  l a t e r  a s  a  check f o r  o u r  g e n e r a l  non-analyt ic  s o l u t i o n .  

I n  o r d e r  t o  formula te  a non-ana ly t ic  s o l u t i o n  we can d e f i n e  a new 

r e a l  q u a n t i t y  q  such t h a t  

C - - t a n  
- -  ' I 

where t h e  v e r t i c a l  bands denote  magnitude. Now, va lues  of  y t h a t  s a t i s f y  

equa t ion  6-6 f o r c e  q of  equa t ion  6-7 t o  be  zero;  t h u s  our  d e s i r e d  y s  a r e  

t h e  r o o t s  of equa t ion  6-7. The o v e r a l l  s i t u a t i o n  can be  v i s u a l i z e d  as a  

t h r e e  d imens iona l  f u n c t i o n ,  For a  c e r t a i n  s e t  of frequency, p ,  E RC and b  



v a l u e s ,  a ,  B and q  can be  r e l a t e d  by e q u a t i o n  6-7 and p l o t t e d  i n  t h e  

c o o r d i n a t e s  of F i g u r e  6-20. For e v e r y  se t  of pa ramete r  (D,  f ,  eRC 

and b)  v a l u e s ,  q  w i l l  be  a  s u r f a c e  over  t h e  a ,  B p l a n e .  The r o o t s  of 

t h e  f u n c t i o n  w i l l  b e  t h o s e  v a l u e s  of a  and B f o r  which q  = 0 .  Equa t ion  

6-7 shows t h a t  q  is  non-negat ive  s o  we can imagine each q  s u r f a c e  a s  a  

s u r f a c e  o v e r  t h e  a ,  B p l a n e .  

The r o o t s  of e q u a t i o n  6-7 can b e  determined i n  v a r i o u s  ways. Our 

f i r s t  approach was t o  o b t a i n  a  s e t  of t a b u l a r  v a l u e s  of q  v e r s u s  a  r e g i o n  

i n  t h e  a ,  p l a n e  f o r  a  g i v e n  E p,  f  and b .  The t a b u l a r  d a t a  were 
RC' 

s t u d i e d  and l o c a t i o n s  of r o o t s  could  b e  found f o r  some c a s e s .  I n  g e n e r a l ,  

however, t h e  e f f e c t s  of t h e  r o o t s  were r e l a t i v e l y  l o c a l  and they  were h a r d  

t o  f i n d .  F i g u r e  6-21 i s  a  photograph of a  "q" s u r f a c e  p l o t t e d  f o r  a 

d i s c r e t e  s e t  of a ,  B v a l u e s .  The s u r f a c e  i s  t h a t  f o r  a  f requency  of 150 

EfHz, a  m i n e r a l  r e l a t i v e  d i e l e c t r i c  c o n s t a n t  (E ) of 2 ,  a  r e s i s t i v i t y  
RC 

(c)  of 1000 ohm m e t e r s  and a  s p a c i n g  (b) of 2  m e t e r s .  The p e n c i l  l o c a t i o n s  

i n  t h e  photograph a r e  c l o s e  t o  t h e  l o c a t i o n s  of two r o o t s .  These r o o t s  

were n o t  found by o b s e r v a t i o n  of t h e  d a t a  t h a t  made up t h e  t h r e e  dimen- 

s i o n a l  p l o t .  Indeed ,  F i g u r e  6-21 shows t h a t  t h e  s u r f a c e  i s  q u i t e  i r r e g u l a r  

and t h a t  p l o t t i n g  i s  n o t ,  i n  g e n e r a l ,  an  e f f e c t i v e  method of r o o t  l o c a t i o n .  

The t a b u l a r  d a t a  used f o r  t h e  p l o t t i n g  approach were ,  of c o u r s e ,  

computer g e n e r a t e d .  I t  r e q u i r e d  abou t  f i f t y  minu tes  of hand c a l c u l a t i o n  

w i t h  an  HP-35 c a l c u l a t o r  t o  e v a l u a t e  one v a l u e  of e q u a t i o n  6-7. This 

hand c a l c u l a t e d  v a l u e  was used t o  check t h e  computer program t h a t  was 

w r i t t e n  t o  c a l c u l a t e  q .  

S i n c e  p l o t t i n g  was n o t  e f f e c t i v e  i n  f i n d i n g  t h e  r o o t s  we dec ided  t o  

u s e  a  " h i l l  c l imbing",  o r  i n  our  c a s e  " h i l l  descending" ,  computer approach.  

I n  t h i s  scheme a v a l u e  of q  i s  c a l c u l a t e d  b? e q u a t i o n  6-7 f o r  t h e  para-  

mete r  set  of i n t e r e s t .  The v a l u e s  of a  arc7 B used f o r  t h i s  f i r s t  compu- 

t a t i o n  a r e  s p e c i f i e d ,  c a l l  them a  and B . Next a  se t  of v a l u e s  of q  f o r  
0 0 

s e v e r a l  p o i n t s  i n  t h e  neighborhood of (a Bo) a r e  c a l c u l a t e d  and examined. 
0 '  

The a  and B v a l u e s  a s s o c i a t e d  w i t h  t h e  lowes t  v a l u e  of q  of t h i s  s e t  of 

q s  i s  t h e n  used a s  a  new (a f3 ) . p o i n t  and t h e  i t e r a t i o n  i s  r e p e a t e d .  
0 '  0 
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Thus t h e  computer program w i l l  always b e  d e a l i n g  w i t h  a  p o i n t  t h a t  i s  

"downhill" of t h e  prev ious  p o i n t .  I f  t h i s  con t inues  long  enough t h e  

program w i l l  always a r r i v e  a t  a  z e ro  of t h e  q  f u n c t i o n  o r  a  l o c a l  minimum. 

A more exac t  approach can b e  taken  i n  t h i s  scheme by e v a l u a t i n g  t h e  

g r a d i e n t  of t h e  q f u n c t i o n  i n  terms of  a  and B a t  ( a  B ) and s t e p p i n g  
0 '  0 

i n  t he  d i r e c t i a n  of t h e  g r a d i e n t .  T h i s  method t h e o r e t i c a l l y  converges 

f a s t e r  s i n c e  t h e  d i r e c t i o n  of t h e  g r a d i e n t  is  t h e  d i r e c t i o n  of s t e e p e s t  

de scen t .  Ac tua l  convergence t ime depends however on t h e  scheme used t o  

choose t h e  s i z e  of t h e  s t e p .  We used on ly  t h e  f i r s t  de sc r ibed  scheme 

t h a t  e v a l u a t e s  p o i n t s  c l o s e  t o  (a  Bo) 

6.4.6 Determi n a t i o n  o f  t h e  Propaga t ion  Constants 

A computer program us ing  t h e  h i l l  descending technique  and t h e  

p r ev ious ly  checked ou t  q c a l c u l a t i o n  program was w r i t t e n  i n  FORTRAN V.  

Appendix E-shows t h e  program and some sample o u t p u t .  The program 

eva lua ted  t h e  q f u n c t i o n  a t  8 p o i n t s  evenly spaced about  (a Bo), t h e  
0 '  

program s t a r t i n g  p o i n t .  One thousand i t e r a t i o n s  a r e  performed. The 

f i r s t  s e t  of sample ou tpu t  is  f o r  t h e  parameter  s e t  of a  f requency of  

150 MHz, a  d i e l e c t r i c  cons t an t  of 2,  a  r e s i s t i v i t y  of 1000 and a  spac ing  

of  2. The ( ao ,  B ) p o i n t  chosen t o  s t a r t  t h e  program was (0 .01,  14.627) . 
0 

A f t e r  1000 i t e r a t i o n s  t h e  v a l u e  of q was found t o  b e  about  7.9 x  

a t  a  ( a ,  B) l o c a t i o n  of (0.0265, 14.47) .  The sample ou tpu t  a l s o  shows 

t h e  i n t e r m e d i a t e  v a l u e s  of q ,  a and B f o r  each i t e r a t i o n  evenly d i v i s a b l e  

by 10.  The o v e r a l l  running t ime on a  UNIVAC 1108 i s  about  10 seconds f o r  

t h e  1000 i t e r a t i o n s .  

The second s e t  of sample ou tpu t  i s  a  check of t h e  e n t i r e  computation 

scheme. I t  shows a v a l u e  of q  of 2.32 x  f o r  an  a  of 6.693 x  

and a  €3 of 3.1415996. The parameters  a r e  a  f requency of 150 MHz, a  
-7 

d i e l e c t r i c  c o n s t a n t  of 2,  a  r e s i s t i v i t y  of 1 .73  x  10 ohm meters  and a  

spac ing  of 2 mete rs .  We mentioned e a r l i e r  t h a t  Reference 14 der ived  

equa t ion  6-6 and then  took l i m i t s  t o  u se  t h e  r e s u l t i n g  equa t i on  f o r  a  

s l a b  waveguide l o s s  e v a l u a t i o n .  The parameter  s e t  above ag ree s  w i th  t h e  



l i m i t i n g  o p e r a t i o n s  performed i n  Refe rence  1 4 .  Using t h e i r  r e s u l t s ,  

p.382 of Refe rence  14 ,  and o u r  pa ramete r  set w e  o b t a i n  an a of  6.6925 x 

and a  f3 of  3.1415994. The c l o s e  agreement between t h e  r e s u l t s  of 

o u r  program and t h o s e  of Refe rence  14 shows t h a t  o u r  r o o t  e v a l u a t i o n  

program g i v e s  c o r r e c t  answers .  
- 

Appendix G g i v e s  a l l  t h e  r o o t s  found by t h e  computer program. F i g u r e s  

6-22 and 6-23 p l o t  r o o t s  f o r  t h r e e  d i f f e r e n t  pa ramete r  s e t s .  Note t h a t  

t h e  l e g e n d s  on t h e  f i g u r e s  g i v e  v a l u e s  f o r  L t is e x a c t l y  e q u i v a l e n t  
R *  R 

t o  c used p r e v i o u s l y .  These  symbols a r e  used i n t e r c h a n g e a b l y  from 
RC 

h e r e  on i n  t h e  test  and on t h e  f i g u r e  l e g  ends .  F i g u r e  6-22 is  concerned 

o n l y  w i t h  s e t s  c o n t a i n i n g  E = 2. Roots  a s s o c i a t e d  w i t h  E = 2 ,  p = 1000, 
R R 

and b  = 2  m e t e r s  a r e  p l o t t e d  a s  c r o s s e s  ( X ) ,  w i t h  E = 2, p = 100 and R 
b  = 2  a s  c i r c l e s  w i t h  d o t s  ( 0 )  and w i t h  E = 2, p = 1000 and b = 1 a s  R 
t r i a n g l e s  w i t h  d o t s  A .  F i g u r e  6-23 u s e s  t h e  same legend  b u t  i s  on ly  

concerned w i t h  E = 10 .  
R 

s t u d y  o f  F i g u r e s  6-22 and 6-23 shows t h a t  a t  t h e  low f r e q u e n c i e s  t h e  

i n f i n i t e l y  wide d r i f t  is behaving a s  a  waveguide and t h a t  i t s  a t t e n u a t i o n  

would b e  p r e d i c t a b l e  from t h e  s l a b  l i n e  e q u a t i o n s .  A t  i n t e r m e d i a t e  f r e -  

q u e n c i e s  (Q 50 MHz) t h e  a t t e n u a t i o n  peaks  and t h e n  t h e  m i n e r a l  b e h a v i o r  

b e g i n s  t o  b e  dominated by t h e  d i e l e c t r i c  p r o p e r t i e s  and we o b t a i n  a  s o r t  

of s u r f a c e  wave phenomena w i t h  more and more of  t h e  wave b e i n g  bound 

t i g h t l y  t o  t h e  conduc tor  and t h e  l o s s l e s s  a i r  s p a c e .  Note t h e  numerous 

h i g h e r  o r d e r  a v a l u e s  shown on F i g u r e s  6-22 and 6-23. Each of t h e s e  

cor responds  t o  a  h i g h e r  o r d e r  mode. I t  i s  of c o n s i d e r a b l e  i n t e r e s t  t o  

observe  t h a t  some of t h e s e  modes show v e r y  h i g h  a t t e n u a t i o n s  a t  on ly  

moderate f r e q u e n c i e s  s o  t h a t  any energy  i n  t h e s e  modes i s  l i k e l y  t o  b e  

q u i c k l y  d i s s i p a t e d .  

F i g u r e s  6-22 and 6-23 a l s o  p l o t  t h e  TEM u v a l u e s  f o r  r e f e r e n c e .  

F i g u r e  6-24 p l o t s  some v a l u e s  of t h e  phase  c o n s t a n t  ( B )  f o r  E - 10. A t  
R 

t h e  h i g h e r  f r e q u e n c i e s  
l f m z  

> 501 t h e  l o w e s t  a v a l u e s  were a s s o c i a t e d  

w i t h  B v a l u e s  v e r y  c l o s e  t o  t h e  f r e e  s p a c e  p r o p a g a t i o n  c o n s t a n t  f o r  t h e  

same f requency  . 
F i g u r e  6-25 shows an  approx imat ion  of  t h e  a c u r v e s  of F i g u r e s  6-22 

and 6-23 t h a t  i s  no l a r g e r  t h a n  any of  t h e  determined a t t e n u t a t i o n  

6-39 
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F - C 3 1 0 2  
cons t an t s .  We w i l l  use  t h i s  approximat ion a s  t h e  wor s t  c a se  a t t e n u a t i o n  

cons t an t  (% ) f o r  c o a l  mines. The approximat ion was chosen s o  we could 
C 

e a s i l y  o b t a i n  an  a n a l y t i c  exp re s s ion  f o r  %cm We o b t a i n  

where a i s  g iven  i n  nepe r s  p e r  meter  and f  i s  frequency i n  megahertz.  
WC MHz 

I n  dB we o b t a i n  

3/4  dBWC = 0.057 x  f m Z ,  < 1 5  
fMHz - 

dBWC = 2  > 150 
MHz 

, fMHz - 

where dB i s  t h e  minimum number of dB p e r  meter  of a t t e n u a t i o n .  
WC 

I n  making t h e  approximat ion of F igu re  6-25 we n o t e  t h a t  t h e  a c t u a l  

d a t a  of F igu re  6-22 and 6-23 a r e  extremely c l o s e  t o  a  l / f  2  v a r i a t i o n  
MHz 

a t  h igh  frequency b u t  t h a t  t h e  low frequency d a t a  a r e  r e a l l y  a  b i t  

s lower  va ry ing  than  t h e  f  3'4 v a r i a t i o n  we have assumed. 
MHz 

6.5 AN OVERALL COUPLING EXPRESSION 

An o v e r a l l  coupl ing  exp re s s ion  can now b e  w r i t t e n  f o r  t h e  wor s t  

c a se  coupl ing  of a  t r a n s m i t t e r  i n  a  d r i f t  t o  a  b l a s t i n g  cap w i r i n g  set-up 

some x meters  away. Thus 

where 
W i s  t h e  power d e l i v e r e d  t o  t h e  b l a s t i n g  cap,  w a t t s ,  
R 



T, is a transforming parameter of the transmitting antenna, 
I -2 
meters . 

a is the worst case propagation constant determined in 
WC -1 
the last section (eq. 6-8), meters . 

- 
x is the separation between the transmitter and the blasting 

cap wiring, meters, and 

A is the worst case aperture of the blasting cap wiring as 
e 
given in Section 6-3, meters squared. 

If we are to relate safe distances to transmitted power we must still 

provide a vorst case estimate of the transmitting antenna T parameter. 
T 

All other parameters of equation 6-10 have been treated. 

The power gain of a transmitting antenna is essentially a measure of 

the efficiency of the antenna in converting input power to power density 

at the point at which the gain is to be measured. In our application 

where the antenna is to be used underground and we are interested primarily 

in the power density in the lowest order, minimum attenuation propagation 

mode, some analogous parameter can be considered a measure of the efficiency 

of conversion of input power to power density in the lowest order propa- 

gation mode. We call this parameter T At the lower frequencies we 
T* 

estimate that no more than one-quarter of the power input to the antenna 

could be converted to lowest order propagation mode power density. For 

a drift of minimum dimensions of 1.5 x 3 meters this would give a T 
-2 T 

value of 0.056 meters . At higher frequencies where highly directional 

antennas could be used we estimate that 1/2 of the transmitted power could 
-2 

be converted so that above 1000 MHz we will assume T to be 0.11 meters . 
T 

With all the factors of equation 6-10 accounted for we can rearrange 

6-10 and solve for x, thus 



Equat ion 6-11 is  t h e  f i n a l  coupl ing  equa t ion  t h a t  we w i l l  use  f o r  

t h e  e s t i m a t i o n  of s a f e  d i s t a n c e s  i n  c o a l  mines. The wors t  c a se  approxi- 

mat ions t o  be  used i n  i t s  e v a l u a t i o n  a r e ,  i n  review,  

and 

TT = 0.056- 

meters  
2  f ~ z  - 

< loo0 7 
-2 ) meters  

TT = 0.11 

meters  
' 1000 2 , fmz - J 

WR = 0.040 w a t t s ,  

3 /4  
a = 6.56 x loe3 f m z  

WC -1 
meters  (6-15) 

a = 0.05 , 1 5 5 f m z i 1 5 0  
WC 

6.6 SAFE DISTANCES 

Equat ion ( 6 - l l ) ,  w i t h  t h e  s u b s t i t u t i o n s  g iven  i n  equa t ions  6-12 

through 6-15, d e f i n e s  t h e  s a f e  d i s t a n c e s  f o r  coa l  mine b l a s t i n g  cap / t rans-  

m i t t e r  s e p a r a t i o n s .  F igure  6-26 p l o t s  6-11 f o r  s e v e r a l  va lues  of t r ansmi t t ed  

power (WT). The use  of t h e  curves  i n  F igure  6-26 i s  s t r a i g h t f o w a r d .  





Suppose we have a  t r a n s m i t t e r  wi th  an output  of 100 w a t t s  of average 

power a t  160 MHz dr iv ing  a  t ransmission l i n e  i n  a  c o a l  mine d r i f t .  Figure 

6-26 i n d i c a t e s  t h a t  i f  b l a s t i n g  wir ing  is  kept  60 meters  from any por t ion  

of the  t ransmission l i n e  and t r a n s m i t t e r  we have no i n t e r a c t i o n  problem 
- 

even i n  the  event  the  t ransmission l i n e  i s  a t t ached  t o  an antenna. The 

reader ,  having come t h i s  f a r  and noted a l l  our worst  case  approximations, 

w i l l  r e a l i z e  t h a t  we w i l l  probably have no problem i f  t h e  wir ing  i s  much 

c l o s e r  than t h e  s a f e  d i s t ance  recommended by Figure 6-26. The important 

word i n  t h e  l a s t  sentence i s  probably.  The s a f e  d i s t a n c e s  predic ted  by 

Figure 6-26 a r e  the  only r e l i a b l e  d i s t ances  we can use without  more 

information about a  p a r t i c u l a r  i n t e r a c t i o n  and i t s  environment. 

Figure 6-26 may seem odd i n  the  f a c t  t h a t  t h e  curves p r e d i c t  s a f e  

d i s t ances  of e s s e n t i a l l y  zero f o r  c e r t a i n  t r ansmi t t ed  power/frequency 

combinations. This  behavior i s  due t o  t h e  way we have formulated t h e  

genera l  coupling equation,  (6-11). We repea t  i t  here :  

A s  long as  the  expression i n  b racke t s  i s  g r e a t e r  than  one, x i s  g r e a t e r  

than zero.  A t  t h e  poin t  where t h e  bracketed express ion  equals  1, x goes 

t o  zero.  Remember t h a t  we assumed t h e  parameter T  t o  convert (or  spread 
T  

out )  the  t ransmi t ted  power t o  a  power dens i ty  i n  t h e  lowest order  propa- 

ga t ing  mode. I n  essence we allowed T t o  perform t h i s  funct ion  i n  no 
T  

d i s t ance  a t  a l l ,  s o  t h a t  t h e  t r a n s m i t t e r s  l o c a t i o n  i s  r e a l l y  a  loca t ion  

of some "equivalent1'  power dens i ty .  I n  t h e  bracketed term of equation 

6-11, the  T  W product produced is  power d e n s i t y ,  i f  t h i s  dens i ty  i s  multi-  T  T  
p l i e d  by t h e  ape r tu re  we ob ta in  the  amount of power ex t rac ted  from the  

f i e l d  a t  t h e  t r a n s m i t t e r  l o c a t i o n  by t h e  b l a s t i n g  wi r ing .  This  term is  

i n  the  numerator of equat ion (6-11). I f  i t  i s  l e s s  than the  0 .04  wat ts  

assumed t o  be  W then t h e  bracket  i s  less than one and a  sepa ra t ion  d is -  
R 

tance i s  t r i v i a l .  We can ' t  e x t r a c t  enough power t o  equal  0 .04  wat t s  even 

a t  t he  t r a n s m i t t e r  loca t ion .  The o v e r a l l  problem a r i s e s  because we allow 



T t o  i t s  work i n  e s s e n t i a l l y  no d i s t a n c e  a t  a l l .  Th i s  p o i n t s  o u t  t h a t  
T  

t h e  curves  should n o t  b e  a p p l i e d  f o r  any d i s t a n c e s  o f ,  s ay  5 meters  o r  

l e s s .  The sha rp  drop-off of  t h e  s a f e  d i s t a n c e s  f o r  t h e  v a r i o u s  t r ans -  

m i t t i n g  powers shows t h a t  t h e  b r acke t ed  term v a r i e s  qu i ck ly  w i t h  f requency 

about  t h e  drop-off p o i n t .  We have c a l c u l a t e d  t h e  f r e q u e n c i e s  a t  which 

t h e  b r a c k e t s  equa l  one and p l o t t e d  t h e r e  p o i n t s  a s  i f  t h e  s a f e  d i s t a n c e  

e q u a l l e d  0 . 1  meters  i n s t e a d  of z e ro  me te r s  a t  t h e s e  f r e q u e n c i e s .  The 

ze ro  would b e  d i f f i c u l t  t o  l o c a t e  on t h e  log- log p l o t .  

6.7 ON USE O F  T H E  S A F E  D I S T A N C E  C U R V E S  

The s a f e  d i s t a n c e  curves  of F igu re  6-26 have been de r ived  a s  wors t  

c a se  s a f e  d i s t a n c e s  and, a s  such,  they  prov ide  p o s i t i v e  l i m i t s  o u t s i d e  

of which we can assume t h a t  no s i g n i f i c a n t  t r a n s m i t t e r / b l a s t i n g  cap in-  

t e r a c t i o n s  occur .  By t h e i r  wors t  c a s e  n a t u r e  they a r e  conse rva t i ve  and 

hence o p e r a t i o n  i n s i d e  t h e  s a f e  d i s t a n c e s  w i l l  probably n o t  r e s u l t  i n  

premature cap i n i t i a t i o n s ;  HOWEVER, t h e r e  is  no way we can e v a l u a t e  t h e  

p o s s i b i l i t y  s o  such o p e r a t i o n  must b e  cons idered  unsa fe  u n l e s s  a  more 

d e t a i l e d  a n a l y s i s  can b e  made of  t h e  a c t u a l  o p e r a t i o n  s i t e  o r  measure- 

ments can b e  performed us ing  t h e  equipment of concern.  



CONCLUS IONS 

S e c t i o n  5 g ives  t h e  d e t a i l e d  conc lus ions  f o r  t h e  b l a s t i n g  cap t e s t s  

and S e c t i o n  6.2 comments i r r  d e t a i l  about a  gene ra l  s e n s i t v i t y  l e v e l  u se fu l  

f o r  hazard eva lua t ion .  I n  sum t h e  b l a s t i n g  cap t e s t s  performed i n d i c a t e d  

t h a t  t h e  use of a  0.040 w a t t  l e v e l  a s  a  "no-f i re"  l e v e l  f o r  American 

made b l a s t i n g  caps f o r  c o a l  mine use i s  reasonable .  I t  i s  a p p l i c a b l e  

f o r  bo th  pin- to-pin and pin-to-case e x c i t a t i o n  of t h e  caps f o r  a l l  t he  

f r equenc i e s  t e s t e d .  

The s a f e  d i s t a n c e  curves of F igure  6-26 have been der ived  a s  worst  

case  s a f e  d i s t a n c e s  and, a s  such, they provide p o s i t i v e  l i m i t s  o u t s i d e  

of which we can assume t h a t  no s i g n i f i c a n t  t r a n s m i t t e r l b l a s t i n g  cap in- 

t e r a c t i o n s  occur ,  By t h e i r  wors t  case  n a t u r e  they a r e  conse rva t ive  and 

hence ope ra t i on  i n s i d e  t he  s a f e  d i s t a n c e s  w i l l  probably no t  r e s u l t  i n  

premature cap i n i t i a t i o n s ;  HOWEVER, t h e r e  is  no way we can e v a l u a t e  t he  

p o s s i b i l i t y  s o  such ope ra t i on  must be considered unsafe  un l e s s  a  more 

d e t a i l e d  a n a l y s i s  can be made of t h e  a c t u a l  ope ra t i on  s i t e  o r  measure- 

ments can be performed us ing  t h e  equipment of concern. 
I 
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ABSTRACT 

T h i s  inol-rograph p r e s e n t s  a  mctllod f o r  a n a l y z i n g  t h e  p o t e n t : j a l  
l<F s u s c * e l ) t j b i l . i t y  t o  e l e c t r i c a l  componcnts and s y s t c m s  used i n  t y p i c a l  
spncc v c l l i c l  cs. I t  p r e s c n t s  t h e  p h i l o s o p h y ,  n p p l i c a b i l i  t y  and  l j r n j  t a -  
t i cjns o f  t l l i s  ; ~ p p r o a c h .  \Jhi l e  n o t  e x h a u s t i v e ,  enough ilint l l c l ~ i ; ~ t i c s  j :; ' 

pl-c?scntcd t o  pel-mit ; ~ n a l y s i s  o f  a  v e r y  large. p e r c e n t a g e  of t h e  t y p e s  o f  
p ~ - o l > l  c i i i s  ~ 1 1 i c h  norma l l y  o c c u r .  \ Jhere  t h e  a c t u a l .  dcvelopmcnt  o f  equa- 
t i o n s  i s  n o t  r , ivcn  i n  d e t a i l ,  s u i t a b l e  r ~ f e r e n c e s  a r e  p r o v i d e d .  
F m n i l i a r i z a t  i o n  w i t h  t h e  t e x t  and t h e  c i t e d  r ~ f e r ~ n r ~ c  shniil A nrn1r-i J r a  

t h e  r e a d e r  w i t h  t h e  n e c e s s a r y  i n f o r m a t i o n  t o  a n a l y z e  most  s y s t e m s  and 
t l ~ c  g e n e r a l  p r o c e d u r e s  t o  l l and le  t h o s e  s i t u a t i o n s  w l ~ i c h  a r e  beyond t h e  
s c o p e  of  t h i s  nlonograph. 

ACKNOWLEDGEMENTS 

T h i s  monograph i s  b a s e d  on work pe r fo rmed  and t e c h n i q u e s  and 
i d e a s  d e v e l o p e d  by  t h e  A p p l i e d  P h y s i c s  L a b o r a t o r y ,  E m  E. Hannum, 
Manager. I n q u i r i e s  c o n c e r n i n g  t h i s  work  s h o u l d  b e  r e f e r r e d  t o  him o r  
t o  t h e  s p o n s o r i n g  agency ,  

\ 

$??HE FFlANKUN INSTITUTE RESEARCH LABORATORIES 



' l ' l l t .  d c t  rtr111i 11nt i o n  of t l 1 c 3  p o t  r!nt l a 1  r ; l t l lo  f rc:clur*ncy (lo.') 

t1i1z;l~-d t o illly sy!; t c.111 ca>:l)osc*d t o  i l l1  i nc.i clr!nt I(]: j ' i  c*ld i!; a v e r y  compl e x  

o i l  I .  Co~.rs idclr , f o r  c*xarnl)lc., a t y p i c i l l  c l c c ~ r r p l s v e  d e v j  cc: 

(I.:l;l)) i ~ l l d  i L S  ;ISSOC i;itc*(l f  J r i n g  circ-111 t ~ n o u n t e d  i n  ;I m i  s:;-l 1  c .  To I)c.f:i n 

wJ ti1 , t i lc!  1111 !;!; i 11: lrlny l ) c b  t r i ln : ;portc*d t  o tile la111lc1.1 :;i t e  wi t11 some o r  a7 I  

o f  I t s  c i r c u i  t s i n s t c t l  Jc!(l and  c o u l d  c o n c ( t i v a \ > l y  be e x p o s e d  t o  a trjdc: 

val-icbfy o f  111: s i gna l ! ;  a l o n g  t h e  way. A t  t h c  l a u n c l l  s i t e  I t  may h c  

nc!ccssary t o  i n s t a 1 . l  some o f  t h e  EJZDs o r  e l e c t r o n i c  c o n ~ p o n e n t s  w1li'l.t: i n  

nn IlF c n v i r o n o l c l ~ t .  T1li s would  p e r m i t  t h e  p o s s i b i l i t y  o f  t h e  i n d i v i d u ; t l  

co l i l l~oncnts  bc>.ing i r r a d i a t - c d  d u r i n g  I l a n d l i n g  and ,  suI)sc .qucntJ  y ,  a f t e r  i n -  

s t a l l a t i o n  i n  i t s  c i r c u i t .  I n  a d d i t i o n  c h e c k  o u t  p r o c e d u r e s  o f t c n  

r e s u l t  i n  a l t e r i n g  t h e  c i r c u i t s ,  c o n n e c t i n g  t e m p o r a r y  new c i r c u i t s  t o  

t h c  p o t e n t i a l l y  v u l n e r a b l e  component  and  s u c h  a c t i o n s  as  t h e  o p e n i n g  

and  c l o s i n g  o f  v e n t s  and  p o r t s  i n  t h e  m i s s i l e  s k i n .  F u r t l l e r n ~ o r e ,  t h e r e  

wn111t-l nrnhrhl;r I . ?  ~ 2 r t t ~ i . 2  r l r v l L l l l ~ l t ~  ui v e i ~ i c l e s  2nd p e r s o n n e l  i n  t h e  

a r e a  a n d  t h i s  movement would  c a u s e  c o n t i n u a l  f l u c t u a t i o n  i n  l o c a l  I<F 

f i e l d  i n t e n s i t i e s .  A 1 1  o f  t h e s e  f a c t o r s  wou ld  c o n t r i b u t e  t o  a con-  

s t a n t l y  c h a n g i n g  a n d  v e r y  d i f f i c u l t  t o  d e f i n e  set  o f  c o n d i t i o n s  w i t h  

r e s p e c t  t o  RF h a z a r d s .  It s h o u l d  b e  n o t e d -  t h a t  l o c a l i z e d  f i e l d  i n -  

t e n s i t y  c o n d i t i o n s  c a n  e x c e e d  t h e  o v e r a l l  f i e l d  i n t e n s i t y  t h a t  would  

b e  d e t e r m i n e d  by  m e a s u r i n g  t h e  f i e l d  p r o d u c e d  a t  a g i v e n  p o i n t  by  a 

r a d i a t i n g  t r a n s m i t t e r .  U n l e s s  o n e  c a n , m e a s u r e  t h e  f i e l d  a t  t h e  e x a c t  
\ 

p o i n t  o f  i n t e r e s t ,  u n d e r  t h e  a c t u a l  c o n d i t i o n s  a n d  w i t h  a l l  equ ipmen t  

t h a t  w i l l  b e  i n  t h e  a r e a  a n d  w i t h o u t  s e r i o u s  p e r t u r b a t i o n  o f  t h e  f i e l d  

by  t h e  m e a s u r i n g  e q u i p m e n t  o n e  c a n  b e  c e r t a i n  o n l y  o f  a n  a p p r o x i m a t i o n  

of t h e  a c t u a l  f i e l d  c o n d i t i o n s .  

Even i f  o n e  c o u l d  a c c o m p l i s h  a t e s t i n g  p r o g r a m  wh ich  would  

c o v e r  a l l  of t h e  c o n d i t i o n s ,  t h e  i n h e r e n t  v a r i a t i o n  f r o m  miss i le  t o  



m i s s l l c  woi~l t l  i ~ l t  I-oclucc a n o t h e r  l a r g e  v a r  i ; ih le .  S l  i g h t  changes  i n  t h e  

a1-ra11gcmcnt o f  t l lc  w i r i n g  o r  i n  t h e  o r i c ~ l t a t i o r l  o f  t h e  m i s s i l e  w i t 1 1  

r cDspcc t  t o  t h e  K1: f i e l d  might  w e l l  p roduce  l a r g e  v a r i a t i o n s  i n  t h e  a~nount  

of  KF e n e r g y  c l c l jve rcd  t o  tile d e v i c e  u ~ ~ d c r  i n v e s t i g a t i o n ,  i d e n t  j c a l  

c l c c - t r i c a l  imped;~ncc c c ~ n d i  t i o n s  canno t  be m a i n t a i n e d  from m i s s i l e  t o  

n ~ i s : ; i l c  and o n  boa rd  t r a n s m i t t e r s  may d i r e c t l y  i n t e r a c t  w i t h  tile - 
v u l t ~ ~ ~ r ~ h l e  c i  r c u i t  s . 

Of c o u r s e ,  i f  t h e  c i r c u i t  d e s i g n e r  were  f r c c  t o  d e s i g n  h i s  

c i r c u i t s  w i t 1 1  not l l ing  e l s e  i n  mind b u t  t o  make them insensitive t o  RF, 

t h c  1W problcni  c o l ~ l d  be e s s e n t i a l l y  e l i i n i n n t e d .  Complete c o n t i n u o u s  

shicbldjng of  t h e  e n t i r e  sys t ems  would i n  g e n e r a l  r e d u c e  RF l e v e l s  a t  

t l ie  components t o  s a f e  v a l u e s .  llowever, t h i s  i s  o f  t e n  a lmos t  i n l p o s s i b l e ,  

f o r  i n  o u r  mndi!rn complex e l e c t r i c  c i r c u i t s  i t  is u s u a l l y  n e c e s s a r y  t o  

b r e a k  b r a n c h  c i r c u i t s  o u t  of t h e  s h i e l d ,  t o  t e r m i n a t e  on c i r c u i t  b o a r d s  

open t o  RF s j g n a l s  o r  t o  f o l l o w  o t h e r  p r o c e d u r e s  which  compromise RF 

s a f e t y .  I n  a d d i t i o n ,  o t h e r  d e s i g n  g r o u p s  may a r g u c  f o r  and o b t a i n  

d i f f e r e n t  c o n c e p t s  f o r  w i r i n g  t o  accompl i sh  t h e i r  e n d s ,  and i n  s o  d o i n g  

may a l s o  s e r i o u s l y  rnrnfrrnrnic~ t h o  Dc - - - - - - c - - L ' - -  
C - - --------• 

On t h e  o t h e r  hand i t  i s  o f t e n  s u g g e s t e d  t h a t  even  w i t h  c i r -  

c u i t s  p o o r l y  d e s i g n e d  from t h e  RF v i e w p o i n t ,  t h e r e  have  been r e l a t i v e l y  

few a c c i d e n t s  d i r e c t l y  a t t r i b u t e d  t o  RF and t h e r e f o r e  t h e  problem must 

be n e g l i g i b l e .  T h i s  cou ld  be a v e r y  dangerous  v i e w p o i n t .  F i r s t  of a l l ,  

i n f o r m a t i o n  on a c c i d e n t s  o f  any n a t u r e  is  u s u a l l y  v e r y  p o o r l y  d i s s e m i -  

n a t e d  s o  t h a t  i t  i s  d i f f i c u l t  t o  know what a c c i d e n t s  have  o c c u r r e d  and 

what s i t u a t i o n s  su r rounded  such a c c i d e n t s .  T h i s  i s  p a r t i c u l a r l y  t r u e  
1 

of a c c i d e n t s  which do  n o t  r e s u l t  i n  s e v e r e  i n j u r y  t o  p e r s o n n e l  o r  v e r y  

l a r g e  p r o p e r t y  damage. Second,  t h e  d e t e r m i n a t i o n  of  t h e  c a u s e  of an  

a c c i d e n t  a f t e r  i t  h a s  happened is  a v e r y  d i f f i c u l t  b u s i n e s s .  T h i s  i s  

p a r t i c u l a r l y  t r u e  when t r y i n g  t o  e v a l u a t e  t h e  a f t e r - t h e - f a c t  i n f l u e n c e  

of  a n y t h i n g  a s  v a r i a b l e  a s  t h e  p o t e n t i a l  RF h a z a r d .  Fur the rmore  i f  t h e  

i n v e s t i g a t o r s  do n o t  f u l l y  u n d e r s t a n d  how RF e n e r g y  c a n  be  t r a n s f e r r e d  

t h e y  w i l l  e a s i l y  miss many p o s s i b i l i t i e s .  T h i r d ,  a t  t h e  p r e s e n t  t ime  

*HE FFiANKUN 1NSTITlJE RESEARCH LABORATORES 



mo:;t; Kl' f ! e l d s  i n  p r o x i m i t y  of  v u l n e r a b l e  s y s t e m s  a r e  of 

r e a s o n a b l y  low i n t e n s i t y  o r  a r e  t u r n e d  o f f  d u r i n g  p o s s i b l y  c r i t i c a l  

p e r i o d s .  Every y e a r ,  however,  t h e  RF e n v i r o n m e n t a l  l e v e l s  a r e  i n c r e a s -  

i n g ,  and RF s i l e n c e  may n o t  a lways  b e  p o s s i b l e .  Sys tems which a r e  now 

m a r g i n a l  may e v e n t u a l l y  become q u i t e  v u l n e r a b l e .  

With a l l  of  t h e s e  c o m p l i c a t i n g  and g e n e r a l l y  u n c o n t r o l l a b l e  

f a c t o r s ,  how can  one  even  e v a l u a t e  t h e  p o t e n t i a l  FW h a z a r d  t o  any 

c r i t i c a l  sys t em?  U n f o r t u n a t e l y ,  t h e  answer a t  t h e  p r e s e n t  s t a t e - o f - t h e -  

a r t  i s  t h a t  i t  canno t  b e  done w i t h  g r e a t  p r e c i s i o n  f o r  a n y t h i n g  b u t  a  

v e r y  s p e c i f i c a l l y  d e f i n e d  c a s e ;  however,  t h e  h a z a r d  c a n  sometimes b e  

e v a l u a t e d  i n  such  a  manner t h a t  i t  can  be  c o i ~ c l u s i v e l y  s t a t e d  t h a t  no 

haza rd  e x i s t s  i f  t h i s  s h o u l d  b e  t h e  c a s e .  

Two methods a r e  now t n  g e n e r a l  u s e .  Both o f  t h e s e  r e q u i r e  

t h a t  t h e  RF s e n s i t i v i t y  of  t h e  d e v i c e  i n  q u e s t i o n  b e  known. There  a r e  

l a b o r a t o r y  t e c h n i q u e s  f o r  d e t e r m i n i n g  t h i s  w i t h  r e a s o n a b l e  p r e c i s i o n ;  

u n f o r t u n a t e l y ,  t h e  RF s e n s i t i v i t y  i s  of  t h e  d e v i c e  i s  n o t  a lways  s o  

d e t e r m i n e d  and t h i s  i n  g e n e r a l  w i l l  n e g a t e  t h e  e f f e c t i v e n e s s  of  e i t h e r  

u u l ~ ; ~ ~ i  u n l e s s  s u i ~ z ~ l e  p r e c a u t i o n s  a r e  t a k e n .  

The f i r s t  method,  s t a t e d  b r i e f l y ,  i s  t o  d i r e c t l y  r a d i a t e  t h e  

sys t em i n  q u e s t i o n  w i t h  a  v a r i e t y  of  h i g h  powered t r a n s m i t t e r s  and t o  

o b s e r v e  t h e  RF l e v e l s  t h a t  a r r i v e  a t  t h e  d e v i c e  u n d e r  t e s t .  The method 

i s  a p p e a l i n g ,  i f  e x p e n s i v e ,  s i n c e  i t  i s  a  d i r e c t  approach  which s u p e r -  

f i c i a l l y  a p p e a r s  t o  s i m u l a t e  t h e  a c t u a l  c o n d i t i o n s  t h a t  w i l l  o c c u r .  

Bu t ,  w h i l e  s u c h  t e s t s  a r e  much u s e d ,  and have  a d e f i n i t e  p l a c e  i n  t h e  

scheme of  t h i n g s ,  t h e r e  a r e  many t h a t  g e n e r a l l y  make them un- 

s a t i s f a c t o r y  f o r  a  r e a l l y  v a l i d  h a z a r d  d e t e r m i n a t i o n .  The c h i e f  weak- 

n e s s e s  o f  t h e  method i n c l u d e  inadequacy  of  p r e s e n t  RF d e t e c t o r s ,  i n -  

a b i l i t y  t o  d e t e r m i n e  f i e l d  s t r e n g t h s  a c c u r a t e l y ,  t h e  v e r y  l a r g e  expense  

of  s u i t a b l y  power fu l  t r a n s m i t t e r s ,  t h e  r i s k  o f  assuming t h a t  t e s t s  on 

one  o r  two s y s t e m s  c a n  b e  ex tended  t o  a l l  such s y s t e m s  and t h e  l a c k  o f  

c o m p l e t e  u n d e r s t a n d i n g  by most  f i e l d  t e s t e r s  of  t h e  mechanisms of  RF 

damage on  t h e  v u l n e r a b l e  d e v i c e s .  



To mit l imizc t l ~ e  e f f e c t  o f  t h e s e  v a r i o u s  p r o b l e m s ,  i r r a d i a t i o n  

t c s t s  a r c  o f t e n  c o n d u c ~ c d  w i t h  an a r b i t r a r y  s a f e t y  f a c t o r  added t o  t h e  

n c c p e t a b l c  RF p i c k  up a t  t h e  d e t e c t o r .  Many t i m e s  t h i s  f a c t o r  i s  n o t  

l a r g e  cnoug11 f o r  a l l  c o n d i t i o n s .  I n  a d d i t i o n  i t  s h o u l d  be r e c o g n i z e d  

t h a t  t l ~ r  o n l y  p o s i t i v c  r e s u l t  of  a  f j e l d  i r r a d i a t i o n  i s  Lo d e m o n s t r a t r  - 
t h a t  a  h a z a r d  e x i s t s  f o r  c e r t a i n  f r e q u e n c i e s ,  i r r a d i a t i o n  a n g l e s ,  

p o l : ~ r i z a t  i o i l s  and o r i c n t a t  i o n s  of  t h e  i r r a d i a t i n g  a n t e n n a  and tlbe 

sys t em b r i n g  i r r a d i a t e d .  S p e c i f i c a l l y  a  f i e l d  i r r a d i a t i o n  t e s t  can  

n e v e r  a s s u r e  c o m p l e t e  KF s a f e t y  s i n c e  o n l y  a  f i n i t e  number o f  f r ~ q u e n c i e s ,  

p o l a r i z a t i o n s ,  e t c . ,  c a n  b e  t e s t e d  f rom t h e  l i t e r a l l y  i n f i n i t e  number 

o f  s i t u a t i o n s  t h a t  can  d e v e l o p  i n  t h e  a c t u a l  u s e  o f  t l l e  s y s t e m .  llow- 

e v e r ,  p r o p e r l y  c o n d u c t e d ,  f i e l d  t e s t s  can  g i v e  c o n s i d e r a b l e  r e a s s u r a n c e  

r e g a r d i n g  RF s a f e t y .  

The second  method i s  t h e  a p p l i c a t i o n  o f  a n a l y t i c a l  t e c h n i q u e s  

t o  t h e  s y s t e m s  t o  d e t e r m i n e  t h e  e x t e n t  o f  RF h a z a r d .  T h i s  a p p r o a c h  i n  

i t s  p r e s e n t  form h a s  two d i s t i n c t  a d v a n t a g e s :  f i r s t ,  p r o p e r l y  c o n d u c t e d  

t h e  r e s u l t s  a r e  a l r ~ a y s  o n  t h e  s a f e  s i d e ,  and  s h o u l d  i t  h e  d P r n n n ~ t r ~ * ~ J  

by t h i s  a p p r o a c h  t h a t  a  s y s t e m  i s  s a f e  i n  a gi.ven f i e l d  and a t  a  

s p e c i f i c  f r e q u e n c y ,  i t s  s a f e t y  c a n  p r a c t i c a l l y  b e  g u a r a n t e e d ;  s e c o n d ,  

t l i e  a c t u a l  a n a l y s i s  i s  r e a s o n a b l y  i n e x p e n s i v e .  The main  e x p e n s e  comes 

f rom t h e  f a c t  t h a t  t o  p e r f o r m  t h e  a n a l y s i s  p r o p e r l y  t h e  RF s e n s i t i v i t y  

o f  t h e  d e v i c e  i n  q u e s t i o n  must  b e  d e t e r m i n e d ,  b u t  a s  was p o i n t e d  o u t  

e a r l i e r ,  t h i s  s h o u l d  a l s o  b e  done  i n  t h e  c a s e  o f  t h e  d i r e c t  r a d i a t i o n  

method. The o n e  e x c e p t i o n  t o  t h i s  o c c u r s  when t h e  c i r c u i t s  a r e  s o  w e l l  

d e s i g n e d  f rom a n  RF s t a n d p o i n t  t h a t  i t  c$n be  d e m o n s t r a t e d  a n a l y t i c a l l y  

t h a t  p r o t e c t i o n  l e v e l s  are s o  l a r g e  t h a t  t h e  s e n s i t i v i t y  o f  t h e  d e v i c e  

i s  n o t  a  f a c t o r  a f t e r  i n s t a l l a t i o n  i n  t h e s e  c i r c u i t s .  The main  o b j e c -  

t i o n  t o  t h e  a n a l y t i c  method i n  i t s  p r e s e n t  form i s  t h a t  i t  c a n  p u t  

u n u s u a l l y  s t r i n g e n t  r e s t r i c t i o n s  o n  t h e  c i r c u i t s  s o  t h a t  o n l y  t h e  v e r y  

w e l l  d e s i g n e d  s y s t e m s  c a n  b e  shown t o  b e  s a f e ;  i n  o t h e r  words ,  t h e  

s a f e t y  f a c t o r  a f f o r d e d  t h e r e b y  c a n  b e  u n r e a s o n a b l y  l a r g e .  I n  c o n t r a s t  

t o  t h e  i r r a d i a t i o n  method,  i t  s h o u l d  b e  n o t e d  t h a t  t h e  o n l y  p o s i t i v e  



r e s u l t  o f  t h e  a n a l y t i c a l  approach  i s  to show t h a t  a  g i v e n  s y s t e m  i s  

s a f e .  S p e c i f i c n l J y ,  t h e  a n a l y s i s  can  n o t  sllow t l l a t  a  sys tem i s  

haza rdous  s i n c e  t h e  w o r s t  c a s e  a s s u m p t i o n s  i m p l i c i t  i n  t h e  a n a l y s i s  

c a n  n e v e r  be  guaranteed t o  e x i s t .  

-1 .1 General Approach 

The p r o c e d u r e  f o r  e s t a b l i s h i n g  t h e  e x t e n t  o f  t h e  RF h a z a r d  

t o  any sys tem by means of t h e  a n a l y t i c  method i s  a s  f o l l o w s :  

a .  The RF s e n s i t i v i t y  of  t h e  p a r t i c u l a r  d e v i c e  o r  d e v i c e s  i n  

eactl of  t h e  c i r c u i t s  i n  t h e  sys tem is  de te rmined  o v e r  t h e  e n t i r e  f r e -  

quency r a n g e  of i n t e r e s t ,  f o r  b o t h  c o n t i n u o u s  wave (CIZ) and puJ s e d  RF 

s i g n a l s  and f o r  a l l  p o s s i b l e  modes o f  damage such  a s  t h r o u g h  t h e  r e g u l a r  

l e a d s  o r  between t h e  l e a d s  and t h e  c a s e  o r  any o t h e r  p o t e n t i a l  damage 

mode which e x i s t s .  

b .  Using c i r c u i t  d i ag rams ,  w i r i n g  d i a g r a m s ,  o b s e r v a t i o n  of 

t h e  a c t u a l  s y s t e m s ,  o b s e r v a t i o n s  and d i s c u s s i o n s  of  t h e  h a n d l i n g ,  i n -  

c+-ll ?+:c\n 2 2 2  z>;;l.vu; p L " ~ ~ G ~ ~ e ~  aria a i s c u s s l o n s  w i t h  t h e  e n g i n e e r s  

d i r e c t l y  concerned t h e  d e t a i l s  of t h e  a c t u a l  p h y s i c a l  s y s t e m s  a r e  

e s t a b l i s h e d .  These  d e t a i l s  i n c l u d e  s u c h  t h i n g s  a s  l e n g t h  o f  c a b l e s ,  

l o c a t i o n s  of w i r i n g  b r e a k o u t s ,  and s e p a r a t i o n  of d i s t a n c c  between f i r i n g  

l e a d s  and between t h e  f i r i n g  l e a d s  and t h e  ground p l a n e .  

c .  Mathemat ica l  models  a r e  c o n s t r u c t e d  which c l o s e l y  r e s e m b l e  

t h e  a c t u a l  w i r i n g  s y s t e m s ,  and which c a n  b e  h a n d l e d  w i t h  a n a l y t i c  

t e c h n i q u e s .  These  models a r e  c o n s t r u c t e d  f o r  a l l  p h a s e s  of  t h e  problem;  

i . e . ,  h a n d l i n g ,  i n s t a l l a t i o n ,  check o u t  and i n s t a l l e d ;  and t r e a t  c i r -  

c u i t s ,  i n  t h e  c a s e  of  EED'S f o r  example,  f o r  p i n - t o - p i n ,  p i n s - t o - c a s e  

and b r i d g e w i r e - t o - b r i d g e w i r e  e f f e c t s ,  a s  a p p l i c a b l e .  A l l  known pa ra -  

m e t e r s  of t h e  c i r c u i t s  a r e  used such a s  t h e  l e n g t h  of u n s h i e l d e d  por-  

t i o n s ,  and t h e  p h y s i c a l  shape ;  b u t  wherever  a  p a r a m e t e r  c a n n o t  b e  

p r o p e r l y  d e f i n e d  a w o r s t  c a s e  a s sumpt ion  i s  made. For  example i t  i s  

normal ly  assumed t h a t  a g i v e n  c i r c u i t  i s  o r i e n t e d  w i t h  r e s p e c t  t o  t h e  

1-5 

*THE FRANKLIN M S m Z m  RESEARCH LABORATORE 



H1: f l e l d  f o r  m:ixliniuii p i  ck-up o f  canergy ,  t h a t  t h e  e n t i r e  c i r c u i t  i s  i n  

a  s l n ~ ; l ( .  p l a n e  and  t l ~ a t  a l l  impedances  i n  t h e  c i r c u i t  a r c  ma t ched  f o r  

optimum p i c k - u p  and  t r a n s f e r  o f  e n e r g y .  

d .  The  m a t l i e m a t i c a l  n ~ o d c l  i s  a n a l y z e d  t o  e s t a b l i s h  t h e  

amount o f  RF c n e r g y  t l l a t  c a n  h e  e x t r a c t e d  f r o m  a n y  i n c i d e n t  11F f  i c l d  - 
and  s u b s e q u e n t l y  t r a n s f e r r e d  t o  t h e  d e v i c e  u n d e r  c o n s i d e r a t i o n ,  f o r  

cxnmple ,  tile EED t e r m i n a t i n g  t h e  c i r c u i t .  The  a n a l y s i s  g i v e s ,  f o r  a 

p a r t i c u l a r  c i r ' c u i t ,  a  q u a n t i t y  known a s  " ; l l ~ c r t 1 ~ r c 1 '  a  m e a s u r e  o f  

a b i l i t y  t o  p i c k  u p  c n e r g y .  The a p e r t u r e  a s  a  f u n c t i o n  o f  f r e q u e n c y  

p l o t  c a n  b e  a p p l i e d  t o  any  assumed f i e l d  i n t c n s i t y .  

e. F o r  a n y  assumed f i e l d  i n t e n s i t y  a n d  f r e q u e n c y  t h e  amount 

o f  RF e n e r g y  t h a t  c o u l d  b e  d e l i v e r e d  t o  t h e  t e s t  i t e m  i s  o b t a i n e d  b y  

t h c  p r o d u c t  o f  t h e  i n c i d e n t  power d e n s i t y  a n d  t h e  a p e r t u r e  and  t h i s  

v a l u e  compared w i t h  i t s  RF s e n s i t i v i t y .  The  d e g r e e  o f  p o t e n t i a l  

h a z a r d  i s  t h e r e b y  e s t a b l i s h e d .  I lnder  t h e  a s s u m p t i o n s  wll ich a r e  made,  

a n  i n d i c a t e d  s a f e  c o n d i t i o n  s h o u l d  b e  q u i t e  s a f e ;  a n  i n d i c a t e d  

h a z a r d o u s  c o n d i t i o n  may o r  may n o t  b e  h a z a r d o u s .  

T h e s e  d a t a  a r e  u s u a l l y  p r e s e n t e d  g r a p h i c a l l y  and  i n  s u c h  a  

manner  t h a t  a s  l o n g  a s  t h e  same c i r c u i t s  a n d  tes t  items a r e  e n p l o y e d ,  

t h e  a n a l y s i s  c a n  b e  i r n m e d i a t e l y . a p p 1 i e d  t o  a n y  c h a n g e ,  p r e s e n t  o r  

f u t u r e ,  i n  t h e  i n c i d e n t  f i e l d  d e s n i t i e s .  On ly  t h o s e  c i r c u i t s  wh ich  a r e  

c o m p l e t e l y  d i f f e r e n t  need  b e  a n a l y z e d ;  f o r  e x a m p l e ,  i n  t h e  c a s e  o f  

r e d u n d a n t  c i r c u i t s  o n l y  o n e  a n a l y s i s  n e e d  b e  c o n d u c t e d  i f  t h e  two c i r -  

c u i t s  a r e  v e r y  s i m i l a r .  I n  a  few r a r e  c a s e s  t h e  e v a l u a t i o n  o f  t h e  RF 

s e n s i t i v i t y  o f  t h e  d e v i c e  u n d e r  t e s t  c a n  b e  e l i m i n a t e d .  The u s u a l  c a s e  

o c c u r s  when p r e l i m i n a r y  i n v e s t i g a t i o n s  o f  t h e  c i r c u i t s  i n d i c a t e s  t h a t  

t h e y  a r e  s o  w e l l  d e s i g n e d  f rom a n  RF s t a n d p o i n t  t h a t  o n l y  a  s m a l l  amount 

o f  e n e r g y  c a n  b e  e x t r a c t e d  f rom e v e n  a v e r y  s t r o n g  i n c i d e n t  f i e l d ;  t h e n  

t h e  s e n s i t i v i t y  o f  t h e  t es t  d e v i c e  may b e  o f  s e c o n d a r y  i m p o r t a n c e .  

However ,  RF s e n s i t i v e  EEDs s h o u l d  a l w a y s  b e  a v o i d e d  i f  p o s s i b l e .  
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T l ~ i s  a p p r o o c l ~  i s  of  t e n  d e s i g n a t e d  a  " w o r s t  c a s e "  a n a l y s i s ,  

howcver ,  i t  s11oul.d b e  n o t e d  t h a t  t h i s  is a  m i l d  misnomer .  I n  a c t u a l  

f a c t ,  a l l  o f  t h e  known o r  r e a s o n a b l y  o b t a j n e d  d a t a  b e a r i n g  upon any  

c i r c u i t  i s  ~ l s c d .  F o r  example ,  s u c h  d e t a i l s  a s  a c t u a l  s i z c ! s  o f  l o o p s ,  

l e n g t l ~  of u n s h i e l d e d  w i r e  r u n s ,  s e p a r a t i o n  d i s t a n c e  o f  cab1.e f rom Zramc, 

p i n  c o n f i g u r a t i o n  o f  r e s t  d e v i c e ,  HF s e n s j t i v i t y  o f  test  d e v i c e ,  i m -  

pedancc  of  t e s t  devicc: ,  q u a l i t y  of  s h i e l d i n g  m a t e r i a l  u s e d  and a t t c n u a -  

t i o n  providc>d by s w i t c l ~ c s  and nrirling d e v i c e s  u scd  i n  t l ~ c  c i r c u i t  a r e  

c a r e f l r l l y  d c t c r m i n c d  and  a c t u a l  v a l u e s  a r e  u s c d  i n  t h e  c a l c u l a t i o n s  

whe rcve r  p o s s i b l e .  On t h e  o t h e r  h a n d ,  t h o s e  c h a r a c t e r i s t i c s  which  

c o u l d  b e  v a r i a b l e  f rom t e s t  v e l ~ i c l e  t o  t e s t  v e h i c l e  o r  v e r y  e x p e n s i v e  

t o  d e t e r m i n e  a r e  assumed t o  b e  a t  t h e i r  w o r s t .  F o r  e x a m p l e ;  o r i e n t a -  

t i o n  o f  a l l  c i r c u i t s  is  assumed t o  b e  o p t i m i z e d  i n  t h e  i n c i d e n t  f i e l d ,  

impedances  t h r o u g h t o u t  t h e  c i r c u i t  a r e  g e n e r a l l y  assumed t o  b e  matched  

i n  s u c h  a  manner a s  t o  g i v e  maximum t r a n s f e r  o f  KF e n e r g y  t o  t h e  t e s t  

d e v i c e ,  RF p i c k u p  f rom a l l  l o o p s  i s  assumed t o  b e  i n  p h a s e  and  m i s s i l e  

s k i n s ,  e x c e p t  u n d e r  u n u s u a l  c i r c u m s t a n c e s ,  a r e  assumed t o  o f f e r  no  

a t t e n u a t i o n .  E x n ~ r i e n r n  h ~ c  ,h---- - .... e L J -  -..-- ' - A U . J . I ) U I I I p L ; ~ ~ ~  L U  be q u l c e  

v a l i d .  

A s  a  r e s u l t ,  t h e  a n a l y s i s  p r o d u c e s  v a l u e s  o f  RF power d e l i v e r e d  

t o  t h e  t e s t  d e v i c e  which  a r e  a l w a y s  o n  t h e  c o n s e r v a t i v e  s i d e ,  o c c a s i o n -  

a l l y  by r a t h e r  l a r g e  amounts .  T h i s  l e a d s - t o  t h e  s t a t e m e n t  made e a r l i e r  

t h a t  i f  u n d e r  t h e  w o r s t  c a s e  a p p r o a c h  a  s y s t e m  i s  found  t o  b e  s a f e ,  

i t  is  mos t  l i k e l y  q u i t e  s a f e ;  i f  o n  t h e  o t h e r  hand  a  h a z a r d  i s  i n -  

d i c a t e d ,  t h e  s y s t e m  may s t i l l  b e  s a f e .  

T h r e e  a d d i t i o n a l  p o i n t s  s h o u l d  b e  n o t e d ,  however .  F i r s t ,  ex- 

p e r i e n c e  h a s  shown t h a t  i f  t h e  miss i le  s y s t e m  i s  c o n s i d e r e d  a c r o s s  a  

w ide  f r e q u e n c y  band  t h e r e  i s  a  good  p r o b a b i l i t y  t h a t  a t  some p o i n t  i n  

t h e  f r e q u e n c y  s p e c t r u m  t h e  w o r s t  c a s e  a s s u m p t i o n s  w i l l  c o n e  c l o s e  t o  

b e i n g  s a t i s f i e d  and  t h e  a n a l y s i s  and  t h e  r e a l  c o n d i t i o n s  w i l l  come 

c l o s e  t o  c o i n c i d i n g .  Second ,  a t t e m p t s  t o  a s s i g n  p r o b a b i l i t y  v a l u e s  t o  
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2. DETAILED ANALYSIS PROCEDURES 

It i s  t h e  p u r p o s e  o f  t h i s  s e c t i o n  t o  d e s c r i b e  i n  d e t a i l  most  

o f  t h e  m a t h e m a t i c a l  p r o c e d u r e s  n e c e s s a r y  t o  conduc t  a n  RF a n a l y s i s  on  

a  component. From t h e  s t a r t  i t  s h o u l d  b e  c a r e f u l - l y  n o t e d  t h a t  when 

a n a l y z i n g  t h e  p o t e n t i a l  h a z a r d  t o  a  component  s u c h  a s  a n  EED e v e r y  

p e r t i n e n t  a s p e c t  o f  i t s  h i s t o r y  must  b e  c a r e f u l l y  c o n s i d e r e d  i n  i t s  own 

s p e c i f i c  s i t u a t i o n .  F o r  example ,  t h e  c i r c u i t  a t t a c h e d  t o  a n  EED when 

i t  i s  i n s t a l l e d  i n  a  s p a c e  v e h i c l e  may h a v e  v e r y  d i f f e r e n t  RF pic l tup  

c h a r a c t e r i s t i c s  t h a n  t h e  c i r c u i t  wh ich  m i g h t  b e  t e m p o r a r i l y  a t t a c h e d  

t o  check  t h e  r e s i s t a n c e  o r  some o t h e r  p a r a m e t e r  o f  t h e  EED. I f  t h e  EED 

i s  i n s t a l l e d  i n  a  v e h i c l e  w i t h  t h e  s h o r t i n g  c a p  a t t a c h e d  and  t h e  s h o r t -  

i n g  c a p  i s  removed t o  a t t a c h  t h e  f u n c t i o n i n g  c i r c u i t  w h i l e  a n  RF f i e l d  

i s  p r e s e n t ,  p o s s i b l e  RF h a z a r d  must  b e  c o n s i d e r e d  f o r  t h e  EED w i t h  

s h o r t i n g  c a p ,  w i t h o u t  s h o r t i n g  c a p  a n d  i n s t a l l e d  i n  c i r c u i t .  Should  a  

I ~ I V I I ~ L U L I I I ~  C ~ ~ C U ~ E  be I n c l u d e d  i n  t h e  EED, t h e  RF p i c k u p  a s s o c i a t e d  

w i t h  t h i s  c i r c u i t  must  b e  c o n s i d e r e d  a l o n g  w i t h  i t s  p o s s i b l e  c o u p l i n g  

t o  t h e  EED f u n c t i o n i n g  c i r c u i t .  I n  s h o r t ,  t h e  e n g i n e e r  p e r f o r m i n g  t h e  

a n a l y s i s  must  become i n t i m a t e l y  f a r n i l a r  w i t h  a l l  a s p e c t s  o f  t h e  d e v i c e ,  

i t s  a s s o c i a t e d  c i r c u i t s  u s u a l l y  b a c k  t o  t h e - p o w e r  s o u r c e  and i t s  h i s t o r y  

i n s o f a r  a s  h a n d l i n g ,  i n s t a l l a t i o n ,  c h e c k o u t  and f i n a l  i n s t a l l e d  con- 

d i t i o n  a r e  c o n c e r n e d .  

\ I n  a d d i t i o n  t h e  e n g i n e e r  must  c o n s i d e r  a l l  o f  t h e  p o s s i b l e  

f u n c t i o n i n g  modes o f  a  d e v i c e .  F o r  a  w i r e  b r i d g e  EED t h i s  would i n c l u d e  

t h e  f o l l o w i n g :  t h r o u g h  t h e  b r i d g e w i r e ,  be tween  t h e  b r i d g e w i r e  and t h e  

c a s e  and be tween  t h e  b r i d g e w i r e s , i f  a p p l i c a b l e .  

For  e a c h  c o n d i t i o n ,  t h e  e n g i n e e r  must  c h a r a c t e r i z e  t h e  s y s t e m  

a s  t o  i t s  most  l i k e l y  manner o f  a c t i n g  as a  r e c e i v i n g  a n t e n n a .  I n  i t s  

s i m p l e s t  form o n e  m i g h t  c o n s i d e r  a  w i r e  l e a d  EED w i t h  i t s  l e a d s  t w i s t e d  

t o g e t h e r  a t  t h e  end.  T h i s  s y s t e m  c o u l d  p r o b a b l y  b e  mos t  d i r e c t l y  

f i E  FRANKLIN INSTITUTE RESEARCH LABORATOFUES 



c h a r a c t e r i z e d  a s  a  s m a l l  l o o p  a n t e n n a  t e r m i n a t e d  i n  t h e  b r i d g e w i r e  i m -  

pedance .  The same E E D  i n s t a l l e d  i n  a  complex m i s s i l e  c i r c u i t  may b e  

much more e l u s i v e  t o  c h a r a c t e r i z e ,  however.  A t y p i c a l  c o n f i g u r a t i o n  

would r e s u l t  i n  s h i e l d i n g  o f  t h e  c a b l e s  l e a d i n g  t o  t h e  E E D  b u t  no 

a t t a c h m e n t  of  t h e  s h i e l d - t o  t h e  c a s e  of  t h e  EED.  I f  s i n g l e  p o i n t  

g round ing  o f  t h e  s h i e l d  p h i l o s o p h y  i s  a l s o  f o l l o w e d ,  t h e  e n g i n e e r  may 

f i n d  t h a t  a  l a r g e  l o o p  i s  formed and a t t a c h e d  t o  t h e  p i n s - t o - c a s e  mode 

o f  t h e  E E D .  

I n  s m l a r y ,  and it cannot be said  too  s t rong ly ,  when applying 

t h e  a n a l y t i c a l  techniques discussed here, it i s  most important t o  

consider a l l  poss ib le  conf igurat ions  and hazard modes and t o  character- 

i z e  t h e  systems being considered i n t o  t h e i r  proper pat terns .  This  s t e p  

i s  t h e  s ing le  most important and time conswning element of  t h e  ana lys i s .  

-E F H A M U N  INSTlTllTE RESEARCH LABORATORIES 
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The computer ou tpu t  s h e e t s  g i v e  t h e  r e s u l t s  of t h e  Bruceton 

t e s t s .  The program computer conforms t o  t h e  Bruceton procedure  

a s  given i n  r e f e r e n c e  8. A l l  Bruceton t e s t  r e s u l t s  f o r  t h e  same 

i t em a r e  grouped together , -  f i r s t  t hose  f o r  cap A, t hen  cap B,  e t c .  
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DATAtHF TEST IJUI~BER 2247 5.4 GC P-CASE CAP B PHO.~CT  C3102 

FUNCT L E V E L S  LEVEL STIMULUS 
SEH* HES. TIMES. 
NO. (OHMS) ( SEC) 1 2 3 4 3 6 7 8 9 10 NO. (NATTS) I I + I  140 r4X 

1 X 
2 0 1 .2340+01 0 0 6 0 
3 0 
4 X 2 .2u50+01 1 1 h 7 
5 X 
6 X 3 .2566+01 2 4 3 7 
7 0 
8 0 4 .2687+01 3 9 2 4 
9 0 

10  X 5 .2813+01 4 l b  4 3 
11 0 
1 2  X 6 .2946+01 5 25 2 4 
13  0 
14  0 7 .3085+01 6 36  0 2 
15 X 
1 6  0 8 . O O O O  7 49  0 0 
1 7  X 
18 X 9 00000 8 64 0 0 
1 9  X 
2 0 X 10  . O O O O  9 8 1  0 0 
2 1  X 
2 2 3 NO=23 NX=27 
23  X 
24 0 LOG OF FIRST LEVEL= 036922 D= 0020 
2 5 X 
2 6  X AO= 44 AX= 77 
2 7  0 
2 8 C) BO= 150 B X =  291  
2 9 0 
3 0 X MO= 2.86200 MX= 2.64'+72 
3 1 X 
3 2 X MEAI4O= 041748 MEAIJX= .41b26 
33 U 
3 4 i) SXGMO= 009577 SIbidX= 008828 SIGMA= .09180 
3 5 X 

V A L I D I T Y  T E S T S  

EQUALITY OF 

OCCURRENCE -OK 

NO. OF HUNS- 27 

LENGTH OF 

RUNS- 5 

S= 4.59012 G= - 9 1 ~  G*G= o828550 

H= 2.521 H*H= 6.357038 

CONFIOEIICE INTERVAL= .24b48 

LOG O F  99.9%(35bcUluk)= 0'9Qo97 9909%(95%COt~F)=  8.851 WATTS 

LOG OF M E A N ( ~ G $ ) L E P L L ~  . 4 1 ~ 8 2  YEAN(50XJ= 2.611 ~JATTS 

LOG OF 0 1%(95%COtJF 1 = -. 11333 0.1 (05%C jFlF 1 = .7?0 a a T ~ 5  
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T h i s  append ix  p r e s e n t s  t h e  r e s u l t s  o f  t h e  RF p r o b i n g  t e s t s .  Exposures  

were  commonly made f o r  1 0  seconds  u n l e s s  o t h e r w i s e  no ted .  The t e s t s  

were  n o t  performed i n  any p a r t i c u l a r  o r d e r .  The tes t  numbers i n d i c a t e  

t h e  o r d e r  i n  which t h e  tests were  performed. For  example,  PROP TEST 12204 

(which is r e a l  p r o b i n g  t e s t  1,2204) o c c u r r e d  b e f o r e  any  t e s t  of  h i g h e r  number. 

The RF P r o b i n g  T e s t  - R e s u l t s  a r e  g i v e n  f o r  each  cap  t e s t e d  i n  t h e  

f o l l o w i n g  t a b l e s .  The t e s t  r e s u l t s  f o r  each cap  a r e  grouped t o g e t h e r .  Each 

t a b l e  i s  headed by o u r  l a b o r a t o r y  r e c o r d  book RF P r o b i n g  T e s t  Number. An X 

( o r  f i r e )  r e s u l t  i s  t o  b e  i n t e r p r e t e d  a s  t h e  r e s u l t  o f  t h e  a p p l i c a t i o n  of  

t h e  a s s o c i a t e d  RF power. An 0  i n d i c a t e s  a  n o - f i r e  r e s p o n s e .  I n  many c a s e s  a  

cap  t h a t  f i r e d  had  been  exposed t o  lower  powers of  t h e  same modula t ion  and 

f requency  t y p e  s o  t h a t  t h e  t a b l e s  r e a l l y  r e c o r d  t h e  maximum power a p p l i e d  

t o  each cap.  Each p r o b i n g  tes t  used v i r g i n  c a p s .  



PROB. T E S T  # 2372 
CAP # F 

FREQUENCY - 8900 MHz 
F I R I N G  MODE - Pin-Pin 
MODULATION - 

COMMENTS : 

AVE. POWER 
WATTS 

2.5 

3.0 

3.0 

3.0 

3.5 

4 .o 
4 .o 
4.0 

5 .o 
5.0 

PROB. T E S T  # 2377 
CAP # ' F  

FREQUENCY - 8900 MHz 
F I R I N G  MODE - Pin-Pin 
MODULATION - Pulsed 

RESULT 
X = F I R E  O=NO 

X 

X 

x 
X 

X 

X 

X 

X 

X 

X 

AVE. POWER RESULT 

COMMENTS: Arcing 

PROB. T E S T  k' 
CAP # 

FREQUENCY - 
F I R I N G  MODE - 
MODULATION - 

MHz 

COMMENTS : 

AVE. POWER 
WATTS 

PROB. T E S T  # 2375 
CAP # F 

FREQUENCY - 8900 MHz 
F I R I N G  MODE - Pin-Case 
MODULATION - cw 

RESULT 
X = F I R E  O=NO 

COMMENTS : 

AVE. POWER 
WATTS 

8.0 

1 0 - Q  

1.0 . 0 

13.0 

13.0 

15.0  

1 9 - 0  

19 -0 

PROB. TEST # 2378 
CAP # F 

FREQUENCY - 8900 MHz 
F I R I N G  MODE - Pin-Case 
MODULATION' - Pulsed 

RESULT 
X = F I R E  O=NO 

X 

X 

X 

X 

X 

X 

X 

X 

COMMENTS : Arcing 

AVE. POWER , 

WATTS 

PROB. T E S T  # 
CAP # 

FREQUENCY - 
F I R I N G  MODE - 
MODULATION - 

RESULT 
X = F I R E  O=NO 

AVE. POWER RESULTS 
WATTS I X = F I R E  6-NO 



PROB. TEST # 2322 I 

d CAP # F 
FREQUENCY - 2700 MHz 
F I R I N G  MODE - Pin -P in  
MODULATION - cw 

COMMENTS : 

AVE. POWER 
WATTS 

0.600 

0.600 

0.700 

0.750 

0.800 

0.800 

1 .0  

1.0 

1 .0  

4.0 

PROB. TEST # 2325 
CAP # F 

FREQUENCY - 2700 MHz 
F I R I N G  MODE - Pin-Case  
MODULATION - CW 

RESULT 
X = F I R E  O=NO 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X = F I R E  O=NO 

I 
COMMENTS : 

PROB. TEST # 2326 
CAP # '  F 

FREQUENCY - 2700 MHz 
F I R I N G  MODE - Pin -P in  
MODULATION - P u l s e d  

COMMENTS: A r c i n g  

AVE. POWER 
WATTS 

PROB. TEST # 2314 
CAP # F 

FREQUENCY - 1.5  Mtlz 
F I R I N G  MODE - p i n - p i n  
MODULATION - LW 

RESULT 
X = F I R E  O=NO 

COMMENTS : 

PROB. TEST # 2329 
CAP # F 

FREQUENCY - 2700 MHz 
F I R I N G  MODE - Pin-Case  
MODULATION - P u l s e d  

PROB. TEST # 2316 
CAP # F 

FREQUENCY - 1.5 MH 
F I R I N G  MODE -Pin-Case  
MODULATION - CW 

AVE. POWER RESULT I A V E =  
RESULTS 

WATTS I X = F I R E  O=NO WATTS I X = F I R E  ?=NO 

COMMENTS : A r c i n g  I COMMENTS: A l l  m i s f i r e s  had  
a s h o r t  



PROB. TEST # 2323 
CAP # E 

FREQUENCY - 2700 MHz 
F I R I N G  MODE - P i n - P i n  
MODULAT I ON - cw 

COMMENTS: 

AVE.  POWER 
WATTS 

0.600 

0.700 

0.7~10 

0.750 

0.800 

0.800- 

0.800 

0.800 

0.850 

0.900 

PROB. TEST # 2324 
CAP # E 

FREQUENCY - 2700 F4H z 
F I R I N G  MODE - Pin-Case  
MODULATION - cw 

RESULT 
X = F I R E  O=NO 

X 

X 

x 
X 

X 

X 

X 

X 

X 

X 

COMMENTS: 

AVE. POWER 
WATTS 

5.0 

6.0 

7.0 

8.5 

10 .o 
15.0 

15.0 

15 .O 

15.0 

15.0 

PROB. TEST # 2327 
CAP # '  E 

FREQUENCY - 2700 MHz 
F I R I N G  MODE - P i n - P i n  
MODULATION - P u l s e d  

RESULT 
X = F I R E  O=NO 

X 

X 

X 

X 

X 

X 

X 

0 

0 

0 

COMMENTS : 

AVE. POWER 
WATTS 

PROB. T E S T  ft 2319 
CAP fi: E 

FREQUENCY - 10 MHz 
F I R I N G  MODE - Pin -P in  
MODULATION - CW 

RESULT 
X = F I R E  O=NO 

-- 

COMMENTS : 

AVE. POWER ' RESULT 

PROB. TEST # 2328 
CAP # E 

FREQUENCY - 2700 f4tlz 
F I R I N G  MODE - Pin-Case  
MODULATION. - P u l s e d  

WATTS 

AVE. POWER I RESULT 

x = FIRE o = r i o  

WATTS ' ( X = F I R E  O=NO 

PROB. T E S T  # 2320 
CAP # E 

FREQUENCY - 2700 MHz 
F I R I N G  MODE - Pin-Case  
f4ODULATION - CW 

AVE. POWER RESULTS 
WATTS I X = F I R E  G=!JO 

I COMMENTS: Arcing / COMilENTS : 



PROB. T E S T  # 2339 
CAP # F 

FREQUENCY - 150 MHz 
F I R I N G  MODE - Pin-Pin 
MODULATION - CW 

COMMENTS : 

A V E .  POWER 
WATTS 

0.200 

0,200 

0.250 -- 

0.250 

0.275 

0.300 - 

0,300 

0 . 3 2 5  

0.400 

0.400 

---- -- 

-- 

PROB. T E S T  # 2340 
CAP #F 

FREQUENCY - 150 /*!HZ 
F I R I N G  MODE - Pin-Case 
MODULATION - cw 

RESULT 
X = F I R E  O=NO 

X 

X 

X 

X 

X 

X - 

X 

X 

X 

X 

COMMENTS : 

AVE.  POWER 
WATTS 

5.0 

5,9 

5.0 

5 .o 
5.0 

5.0 

5.0 

5.0 

5.0 

5 t Q  

PROB. T E S T  # 2347 
CAP # 'F  

FREQUENCY - 0.088 MHz 
F I R I N G  MODE - Fin-Pin 
MODULATION - cw 

RESULT 
X = F I R E  O=NO 

0 

0 .- 

0 

0 

0 

0 

0 

0 

0 

0 

AVE.  POWER RESULT I X = F I R E  O=NO WATTS 

PROB. T E S T  # 2318 
CAP # F 

FREQUENCY - l o  MHz 
F I R I N G  MODE - Pin--pin 
MODULATION - cw 

COMMENTS: 1 COMMENTS: 

AVE.  POWER 
WATTS 

0.150 - -- 

Q, 150 

0.175 

0.175 

0.175 

0.175 

0.200 

0.200 

0.200 

0.300 

PROB. T E S T  # 
CAP # F 

FREQUENCY - 0-088  i4Hz 
F I R I N G  MODE - Pin-Case 
MODULATION - cw 

RESULT 
X = F I R E  O=NO 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

AVE.  POWER RESULT 
WATTS I X = F I R E  0-NO 

PROB. T E S T  # 2321 
CAP # F 

FREQUENCY - 10 MHz 
F I R I N G  MODE - Pin-Case 
t ~ l O D U L A T I O N  - cw 
AVE.  POWER 

WATTS 

3.5 

5.n 

5.0 

5.0 

5.0 

5-0 

5.0 

5 - 0  

RESULTS 
X = F I R E  

0 * 
n 

I) 

0 

0 

I) 

0 

n 

COMMENTS: Could n o t  f i re  bu t  
i t  was above o t h e r  

COMMENTS: * Shorted 

low f i r e s  I 



PROB. T E S T  # 2331 
CAP # E 

FREQUENCY - 5400 MHz 
F I R I N G  MODE - Pin-Pin 
MODULATION - cw 

COMMENTS : 

AVE. POWER 
WATTS 

1 . 5  

1.5 

1 . 5  

1 .5  

2.0 

2.0 

2.0 

2.0 

PROB. T E S T  # 2333 
CAP # E 

FREQUENCY - 5400 I4H z 
F I R I N G  MODE - Pin-Case 
MODULATION - cw 

RESULT 
X = F I R E  O=NO 

X 

X 

X 

X 

X 

X 

X 

X 

PROB. TEST # 2335 
CAP # '  E 

FREQUENCY - 5400 MHz 
F I R I N G  MODE - Pin-Pin 
MODULATION - Pu l sed  

AVE. POWER 
WATTS 

15 .O 

17.5 

1 7 . 5  

20.0 

20.0 

25.0 

75 .0  

2 5 . 0  

AVE. POWER RESULT I X = F I R E  O=NO WATTS 

RESULT 
X = F I R E  O=NO 

X 

X 

X 

X 

X 

X 

X 

X 

COMMENTS : Some Arcing 
- - 

PROB. TEST # 2336 
CAP # E 

FREQUENCY - 5400 MHz 
F I R I N G  MODE - Pin-Case 
MODULATION - Pu l sed  

AVE. POWER RESULT 
WATTS 1 X = F I R E  O=NO 

PROB. T E S T  # 2 3 4 2  
CAP # E 

FREQUENCY - 450 MHz 
F I R I N G  MODE - Pin-Pin 
MODULATION - cw 
AVE. POWER RESULT 

WATTS 1 X = F I R E  0-NO 

COMMENTS : 

PROB. T E S T  # 2344 
CAP # E 

FREQUENCY - 450 MH 
F I R 1  NG MODE - Pin-case 
t4ODULATION - cw 
AVE. POWER RESULTS 

VATTS I X = F I R E  O=N( 

COMMENTS : I COMMENTS : 

I 



PROB. T E S T  # 2330 
CAP # F 

FREQUENCY - 5400 MHz 
F I R I N G  MODE - Pin-Pin  
MODULATION - CW 

PROB. TEST # 2334 
CAP # '  F 

FREQUENCY - 5400 MHz 
F I R I N G  MODE - Pin-Pin  
MODULATION - P u l s e d  

AVE. POWER RESULT 
WATTS I X = F I R E  O=NO 

AVE. POWER 
WATTS 

1 . 0  

1 . 0  

1 . 0  

1 . 0  

1 .0  

1 . 5  

1 . 5  

1 . 5  

- 

PROB. T E S T  # 2343 
CAP # F 

FREQUENCY - 450 MHz 
F I R I N G  MODE - Pin-P in  
MODULATION - CW 

RESULT 
X = F I R E  O=NO 

X 

X 

X 

X 

X 

X 

X 

X 

COMMENTS : I COMMENTS: Arc ing  I COMMENTS: 

PROB. T E S T  #2332 
CAP # F 

FREQUENCY - 5400 MHz 
F I R I N G  MODE - Pin-Case 
MODULATION - CW 

X = F I R E  O=NO 

I 

PROB. TEST # 2337 
CAP # F 

FREQUENCY - 5400 f4H z 
F I R I N G  MODE - Pin-Case 
MODULATION P u l s e d  

PROB. T E S T  # 2345 
CAP 4 F 

FREQUENCY - 450 MHz 
F I R I N G  MODE - Pin-Case 
f l lODULATION - CW 

AVE. POWER 
WATTS 

AVE. POWER RESULTS 
WATTS X = F I R E  O=NO 0-- RESULT 

X = F I R E  O=NO 

COMMENTS : 



PROB. TEST # 2338 
CAP # E 

FREQUENCY - 150 MHz 
F I R I N G  MODE - Pin-Pin 
MODULATION - cw 

COMMENTS: 

AVE. POWER 
WATTS 

0.250 

0 .250 

0.300 

0.300 

0.300 

0.350 

0.550 

0 .550 

1 . 0  

1 . 0  

-- - 

PROB. TEST # 2341 
CAP # E 

FREQUENCY - 150 MHz 
F I R I N G  MODE - Pin-Case 
MODULATION - cw 

RESULT 
X = F I R E  O=NO 

X 

X 

X 

X 

X 

X 

X 

X 

X 

0 

COMMENTS: 

AVE. POWER 
WATTS 

4.5 

4.5 

4.5 

4.5 

4.5 

- 4.5 

4.5 

4 .5  

4.5 

4 .5  

PROB. TEST # 2346 
CAP # '  E 

FREQUENCY - 0.088 MHz 
F I R I N G  MODE - Pin-Pin 
MODULATION - CW 

RESULT 
X = F I R E  O=NO 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

AVE. POWER RESULT 
WATTS I X = F I R E  O=NO 

COMMENTS : 

PROB. TEST # 
CAP # 

FREQUENCY - 
F I R I N G  MODE - 
MODULATION - 

MHz 

COMMENTS: 

AVE. POWER 
WATTS 

PROB. TEST # I PROB. TEST # 

RESULT 
X = F I R E  O=NO 

CAP # E 
FREQUENCY - 0.088 MHz 
F I R I N G  MODE - Pin-Case 
MODULATION - CW 

AVE. POWER RESULT 
WATTS I X = F I R E  O=NO 

CAP # 
FREQUENCY - 
F I R I N G  MODE - 
MODULATION - 

MHz 

AVE. POWER RESULTS 1 X = F I R E  O=NC WATTS 

COMMENTS: Could no t  f i r e b u t  
i t  was above o t h e r  low 

f i r e s  



PROB. TEST # 2204 
CAP # A 

FREQUENCY - 5400 MHz 
F I R I N G  MODE - Pin-Pin  
MODULATION - cw 

RESULT 
WATTS 

A V E g  I X = F I R E  O=NO 

COMMENTS: 

PROB. T E S T  # 2205B 
CAP # A 

FREQUENCY - 5400 I4H z 
F I R I N G  MODE - Pin-Case 
MODULATION - CW 

PROB. TEST # 2 2 0 5 ~  
CAP # '  A 

FREQUENCY - 5400 MHz 
F I R I N G  MODE - pin-p in  
MODULATION - P u l s e d  

COMMENTS : Arc ing  

AVE. POWER 
WATTS 

PROB. TEST # 2206 
CAP # A 

FREQUENCY - 5400 NH z 
F I R I N G  MODE - Pin-Case 
MODULATION . -  P u l s e d  

RESULT 
X = F I R E  O=NO 

AVE. POWER RESULT 
WATTS I X = F I R E  0-NO 

PROB. T E S T  # 2209 
CAP # A 

FREQUENCY - 450 MHz 
F I R I N G  MODE - pin-p in  
MODULATION - cw 

COMMENTS : 1 

AVE.  POWER 
WATTS 

0.275 

0.275 

0.300 

0.300 

0.300 

0.300 

0.350 

0.350 

0.400 

0.400 

PROB. T E S T  # 2230 
CAP # A 

FREQUENCY - 450 MHz 
F I R I N G  MODE -Pin-Case 
MODULATION - CW 

RESULT 
X = F I R E  O=NO 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

AVE. POWER RESULTS 
WATTS I X = F I R E  O=NO 

COMMENTS : I COMMENTS: Some d r d n g  / COMMENTS: 



PROB. T E S T  d 2242 
CAP # B 

FREQUENCY - 5400 MHz 
F I R I N G  MODE - Pin-Pin  
MODULATION - cw 

COMMENTS : 

AVE. POWER 
WATTS 

20 .0  

25.0 

25.0 

25 .0  

25.0 

-.?_5*0-- 

- - 

-- 

- 

-- 

PROB. T E S T  # 2243 
CAP # B 

FREQUENCY - 5400 MHz 
F I R I N G  MODE - pin-case  
MODULATION - cw 

RESULT 
X = F I R E  O=NO 

X 

0 

X 

X 

X 

X 

AVE. POWER RESULT 1 X = F I R E  O=NO WATTS 

COMMENTS : 

PROB. T E S T  # 2245 
CAP # ' B  

FREQUENCY - 5400 MHz 
F I R I N G  MODE - Pin-Pin  
MODULATION - P u l s e d  

AVE. POWER RESULT 
WATTS I X = F I R E  O=NO 

COMMENTS: Arc ing  

PROB. T E S T  # 2228 
CAP # B 

FREQUENCY - 450 MHz 
F I R I N G  MODE - Pin-Pin  
MODULATION - cw 
AVE. POWER RESULT 

WATTS I X -  F I R E O = N O  

COMMENTS : 

PROB. TEST # 2244 
CAP # B 

FREQUENCY - 5400 Mtiz 
F I R I N G  MODE - Pin-Case 
MODULATION - P u l s e d  

AVE. POWER RESULT 
WATTS X = F I R E  O=NO 

PROB. T E S T  # 2231 
CAP # B 

FREQUENCY - 450 
F I R I N G  MODE - Pin-Case 
MODULATION - CW 

MHz 

AVE. POWER RESULTS 
WATTS X = F I R E  O=NO 

COMMENTS: Arc ing  I 



PROB. T E S T  # 2212 
CAP # B 

FREQUENCY - 2700 MHz 
F I R I N G  MODE - pin-p in  
M O D U L A T I O N  - cw 

24.0 X 
COMMENTS : 

A V E .  POWER 
WATTS 

PROB. T E S T  # 2213 
CAP # 

FREQUENCY - 2700 r.1 H z 
F I R I N G  MODE - Pin-Case 
M O D U L A T I O N  - cw 

RESULT 
X = F I R E  O=NO 

COMMENTS: 

A V E .  POWER 
WATTS 

9.0 

9 .0  

10.0 

10.0 

10.0 

10.0 

10.0 

10.0 

PROB. T E S T  # 2210 
CAP # '  B 

FREQUENCY - 2700 MHz 
F I R I N G  MODE - Pin-Pin 
MODULATION - Pulsed  

RESULT 
X = F I R E  O=NO 

X 

X 

X 

X 

X 

X 

X 

X 

AVE.  POWER R E S U L T  I X = F I R E  O=NO WATTS 

COMMENTS: Arcing 
- - 

PROB. T E S T  d 2211 
CAP # B 

FREQUENCY - 2700 MHz 
F I R I N G  MODE - Pin--Case 
MODULATION -. Pulsed  

AVE.  POWER 
X = F I R E  O=NO 

I 

COMMENTS: Arcing 

PROB. T E S T  # 2 2 2 3 ~  
CAP k' B 

FREQUENCY - 10.0 MHz 
F I R I N G  MODE - Pin-Pin 
M O D U L A T I O N  - cw 

COMMENTS : 

PROB. T E S T  # 2225 
CAP # B 

FREQUENCY - 10 MHz 
F I R I N G  MODE -Pin-Case 
M O D U L A T I O N  - CW 
AVE.  POWER RESULTS 

WATTS X = F I R E  O=NO - 

I 
COMMENTS : 



PROB. TEST # 2232 
CAP # A 

FREQUENCY - 1 5 0  MHz 
F I R I N G  MODE - pin-Pin 
MODULATION - cw 

COMMENTS : 

PROB. TEST # 2234 
CAP # A 

FREQUENCY - 150 I4H z 
F I R I N G  MODE - Pin-Case 
MODULATION - c w  

COMMENTS : 

PROB. TEST # 2236 
CAP # '  A 

FREQUENCY - 0 . 0 8 8  MHz 
F I R I N G  MODE - Pin-pin 
MODULATION - CW 

AVE. POWER RESULT 
WATTS I X = F I R E  O=NO 

PROB. TEST  # 
CAP # 

FREQUENCY - 
F I R I N G  MODE - 
MODULATION - 

MHz 

COMMENTS : I COMMENTS: 

AVE. POWER 
WATTS 

PROB. TEST # 
CAP # A 

FREQUENCY - 0 . 0 8 8  MHz 
F I R I N G  MODE - Pin-Case 
MODULATION .- CW 

AVE. POWER RESULT 
WATTS I X = F I R E  O=NO 

RESULT 
X = F I R E  O=NO 

PROB. TEST # 
CAP # 

FREQUENCY - MHz 
F I R I N G  MODE - 
MODULATION - 
AVE. POWER RESULTS 

WATTS I X = F I R E  O=NO 

COMMENTS: * Could no t  f i r e  bu 
i t  was above o t h e r  low f i r e  



PROB. T E S T  # 2214 
CAP # A 

FREQUENCY - 8900 MHz 
F I R I N G  MODE - Pin-Pin 
MO DULAT I ON - cw 

COMMENTS : 

AVE. POWER 
WATTS 

5.0 

6 .5  

8.0 

8.0 

- 8.0 

10.0 

15 .O 

18.0 

20.0 

20.0 

30.0 

- 

PROB. T E S T  # 2215 
CAP # A 

FREQUENCY - 8900 f l H z  
F I R I N G  MODE - Pin-Case 
MODULATION - cw 

RESULT 
X = F I R E  O=NO 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

PROB. T E S T  # 2220 
CAP # '  A 

FREQUENCY - 8900 MHz 
F I R I N G  MODE - Pin-Pin 
MODULATION - Pulsed  

AVE. POWER 
WATTS 

15.0 

15 .O 

15.0 

18.0 

20.0 

20.0 

25.0 

. 25.0 

25 .O 

RESULT 
X = F I R E  O=NO 

X 

X 

X 

X 

X 

X 

X 

X 

X 

COMMENTS: Some a r c i n g  

AVE. POWER 
WATTS 

PROB. T E S T  # 2221 
CAP # A 

FREQUENCY - 8900 MH z 
F I R I N G  MODE - Pin-Case 
MODULATION - Pulsed  

RESULT 
X = F I R E  O=NO 

AVE. POWER RESULT 
WATTS I X = F I R E  O=NO 

PROB. T E S T  # 2222 
CAP # A 

FREQUENCY - 1 .5  MHz 
F I R I N G  MODE - Pin-Pin 
MODULATION - CW 

COMMENTS : 

PROB. T E S T  # 2227 
CAP # A 

FREQUENCY - 1 - 5  MHz 
F I R I N G  MODE - pin-case 
t4O DULAT I ON - cw 

COMMENTS : I COMMENTS: Some a r c i n g  

AVE.  POWER 
WATTS 

4.0 

I 5  

4 -  5 

4.5 

5.6 

5 - 6  

_L 
5.6 

5.6 

5 - 6  

RESULTS 
X = F I R E  

x 

K 

X 

o* 
X* 

X 

X* 

0 

0 

n* - 

- 



PROB. T E S T  # 2207 
CAP # A 

FREQUENCY - 2700 MHz 
F I R I N G  MODE - Pin-Pin 
MODULATION - cw 

COMMENTS : 

A V E .  POWER 
WATTS 

0.975 

1.0 

1.0 - 
1.0 

1.0 

1.0 

1.0 

1.2 

1.2 

1.2 

-. 

PROB. T E S T  # 2208 
CAP # A 

FREQUENCY - 2700 f4H z 
F I R I N G  MODE - Pin-Case 
MODULATION - cw 

RESULT 
X = F I R E  O=NO 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

COMMENTS : 

AVE.  POWER 
WATTS 

8.0 

9 .o 
9.0 

9 .o 
11.0 

11.0 

20.0 

20.0 

20.0 

20 .o 

R E S U L T  
X = F I R E  O=NO 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

COMMENTS: 

PROB. T E S T  # 2209 
CAP # '  A 

FREQUENCY - 2700 MHz 
F I R I N G  MODE - Pin-Pin 
MODULATION - Pulsed 

AVE.  POWER 
WATTS 

0.800 

0.800 

0.800 

COMMENTS: Arcing 

R E S U L T  
X = F I R E  O=NO 

X 

X 

X 

PROB. T E S T  # 2210 
CAP # A 

FREQUENCY - 2700 Mfl z 
F I R I N G  MODE - Pin-Case 
MODULATION -- Pulsed 

PROB. T E S T  # 2224A 
CAP # A 

FREQUENCY - 10 MHz 
F I R I N G  MODE - Pin-Pin 
M O D U L A T I O N  - cw 

AVE.  POWER 
WATTS 

4.0 

5.0 

6.0 

8.0 

R E S U L T  
X = F I R E  O=NO 

X 

X 

X 

X 

COMMENTS : 

A V E .  POWER 
WATTS 

0.325 

0.350 

0.350 

0.350 

0.350 

0.375 

0,375 

0.375 

0.375 

0.375 

PROB. T E S T  # 2224B 
CAP # A 

FREQUENCY - 10 E1H ; 
F I R I N G  MODE - Pin-Case 
F4ODULATION - cw 

R E S U L T  
X = F I R E  O=NO 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

AVE. POWER 

COMMENTS : 



PROB. TEST # 2304 
CAP # c 

FREQUENCY - 150 MHz 
F I R I N G  MODE - Pin-Pin  
MODULATION - CW 

AVE. POWER 
WATTS 

0.650 

0.700 

0.700 

0.700 - 

0.750 

0.750 

0.750 

0.800 

0 .800 

PROB. TEST  # 2301 
CAP # c 

FREQUENCY - 150 MHz 
F I R I N G  MODE - Pin-Case 
MODULATION - cw 

RESULT 
X = F I R E  O=NO 

X 

X 

X 

X 

X 

X 

X 

X 

X 

0.800 X 

PROB. TEST # 2305 
CAP # '  c 

FREQUENCY - 0.088 MHz 
' F I R I N G  MODE - Pin-P in  

MODULATION - CW 

AVE. POWER 
WATTS 

2.0 

2 .0  

6.0 

6 .0  

6 .0  

6 .0  

6 .O 

6.0 

AVE. POWER RESULT 
WATTS I X = F I R E  0-NO 

RESULT 
X = F I R E  O=NO 

0 

0 

0 

0* 

0* 

o* 
o* 
o* 

I 
COMMENTS: 

PROB. TEST  # 
CAP # 

FREQUENCY - 
F I R I N G  MODE - 
MODULATION - 

COMMENTS : 

AVE. POWER 
WATTS . 

PROB. TEST # 
CAP # c 

FREQUENCY - 0.088 MHz 
F I R I N G  MODE - Pin-Case 
MODULATION - CW 

RESULT 
X = F I R E  O-=NO 

AVE. POWER RESULT 
I WATTS ( X = F I R E  O=NO 

PROB. TEST # 
CAP # 

FREQUENCY - MHz 
F I R I N G  MODE - 
MODULAT I ON - 
AVE. POWER 

WATTS 
RESULTS 
X = F I R E  O=NO 

- 

- 

- 

COMMENTS: * S h o r t e d  COMMENTS: not f ire but COMMENTS: 
i t  was above t h e  o t h e r  low 

f i r e s  
I 
I 



PROB. T E S T  # 2287 
CAP # c 

FREQUENCY - 5400 MHz 
F I R I N G  MODE - Pin-Pin 
MODULATION - c w  

COMMENTS : 

AVE.  POWER 
WATTS 

15 . O  

15  . O  

15 .O 

15  . O  

20.0 

20.0 

20.0 

20.0 

PROB. T E S T  # 2268A 
CAP # '  c 

FREQUENCY - 5400 MHz 
F I R I N G  MODE - Pin-Pin 
MODULATION - 

RESULT 
X = F I R E  O=NO 

X 

X 

X 

X 

X 

X 

X 

0 

AVE. POWER I RESULT 

I COMMENTS: Arcing 

WATTS 

3.0 

3.0 

4.0 

5.0 

PROB. T E S T  # 2297 
CAP # c 

FREQUENCY - 450 MHz 
F I R I N G  MODE -P in -P in  
MODULATION - CW 

X = F I R E  O=NO 

X 

X 

X 

X 

COMMENTS : 

AVE. POWER 
WATTS 

1.25 

1-35 

1.25 

I .25 

1 . 2 5  

3 - 5  

1 - 5  

7 - 0  

3.C) 

PROB. T E S T  # 2288 
CAP # c 

FREQUENCY - 5400 MHz 
F I R I N G  MODE - Pin-Case 
MODULATION - cw 

RESULT 
X = F I R E  O=NO 

X 

x 

X 

X 

X 

X 

X 

X 

X 

- 

COMMENTS : 

PROB. TEST # 2268B 
CAP # c 

FREQUENCY - 5400 MHz 
F I R I N G  MODE - Pin-Case 
MODULATION. - Pulsed  

AVE. POWER 
X = F I R E  O=NO 

. 
COMMENTS : A r c i n g  

PROB. T E S T  # 2300 
CAP # C 

FREQUENCY - 450 MHz 
F I R I N G  MODE - Pin-Case 
MODULATION - CW 

AVE. POWER RESULTS 
WATTS I X = F I R E  0 = N 0  

COMMENTS : 



PROB. T E S T  # 2256 
CAP # c 

FREQUENCY - 2700 MHz 
F I R I N G  MODE - Pin-pin 
MODULATION - cw 

COMMENTS : 

AVE. POWER 
WATTS 

4.0 

4.0 

5.0 

5.0 

5.0 

5.0 

5.0 

5.0 

6.0 

10.0 

PROB. T E S T  # 2257 
CAP # c 

FREQUENCY - 2700 MHz 
F I R I N G  MODE - Pin-Case 
MODULATION - cw 

RESULT 
X = F I R E  O=NO 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

COMMENTS : 

AVE. POWER 
WATTS 

38.0 

38.0 

38.0 

38.0 

38.0 

38.0 

38.0 

38.0 

PROB. T E S T  # 2262 
CAP # '  c 

FREQUENCY - 2700 MHz 
F I R I N G  MODE - Pin-Pin 
MODULATION - Pulsed  

RESULT 
X = F I R E  O=NO 

0 

0 

X 

0 

0 

X 

0 

0 

AVE. POWER RESULT 
WATTS I X = F I R E  O=NO 

PROB. T E S T  # 2294 
CAP # c 

FREQUENCY - 10 MHz 
F I R I N G  MODE - Pin-Pin 
MODULATION - cw 

COMMENTS: Arcing I COMMENTS: 

AVE. POWER RESULT 
WATTS I X = F I R E  O=NO 

PROB. T E S T  # 2263 
CAP # c 

FREQUENCY - 2700 MHz 
F I R I N G  MODE - Pin-Case 
MODULATION - Pulsed  

COMMENTS: A r c i n g  

- 
PROB. T E S T  # 2296 

CAP # c 
FREQUENCY - 10 MHz 
F I R I N G  MODE - pin-Case 
MODULATION - cw 

/ COMMENTS: 



PROB. T E S T  # 2233 
CAP # B 

FREQUENCY - 150 MHz 
F I R I N G  MODE - Pin-Pin 
MO DULAT I ON - cw 

COMMENTS : 

AVE. POWER 
WATTS 

0.800 

0.900 

1 .0  

1 . 0  

1 .2  

1 .5  

1 .5  

1 .5  

1 .5  

1.9 

PROB. TEST # 2237 
CAP # '  B 

FREQUENCY - 0.088 MHz 
F I R I N G  MODE - Pin-Pin 
MODULATION - c w  

RESULT 
X = F I R E  O=NO 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

COMMENTS: 

AVE. POWER 
WATTS 

PROB. T E S T  # 
CAP # 

FREQUENCY - 
F I R I N G  MODE - 
MODULATION - 

RESULT 
X = F I R E  O=NO 

MHz 

COMMENTS : 

AVE. POWER 
WATTS 

- - -- - - - - 

PROB. TEST # 2235 
CAP # 

FREQUENCY - MHz 
F I R I N G  MODE - Pin-Case 
MODULATION - cw 

RESULT 
X = F I R E  O=NO 

COMMENTS: 

AVE. POWER 
WATTS 

0.900 

0.900 

0.900 

0.900 

0.900 

0.900 

0.900 

0.900 

0.900 

0.900 

PROB. TEST # I 

RESULT 
X = F I R E  O=NO 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

CAP # B 
FREQUENCY - 0.088 MHz 
F I R I N G  MODE - Pin-Case 
MODULAT I ON . - c w  

AVE. POWER RESULT 
WATTS I X = F I R E  O=NO 

COMvENTS:* Could not  f i r e  but 
lt was above o the r  low f i r e  

- - 

PROB. T E S T  # 
CAP # 

FREQUENCY - 
F I R I N G  MODE - 
MODULAT I ON - 
AVE. POWER RESULTS 

WATTS X = F I R E  O=NO I-- 

COMMENTS : 



PROB. TEST # 2216 
CAP # B 

FREQUENCY - 8900 MHz 
F I R I N G  MODE - Pin-Pin 
MODULAT I ON - c w  

COMMENTS : 

AVE. POWER 
WATTS 

3.0 

3.0 

6.0 

6 .O 

8.0 

8.0 -- 

10.0 

10.0 

10.0 

10.0 

PROB. TEST # 2218 
CAP # '  B 

FREQUENCY - 8900 MHz 
F I R I N G  MODE - Pin-Pin 
MODULATION - Pulsed 

RESULT 
X = F I R E  O=NO 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

COMMENTS : Arcing 

AVE. POWER 
WATTS 

PROB. TEST # 2223A 
CAP # B 

FREQUENCY - 1.5 MHz 
F I R I N G  MODE - Pin-Pin 
MODULATION - c w  

RESULT 
X = F I R E  O=NO 

COMMENTS : 

AVE. POWER 
WATTS 

0.325 

0.325 

0.350 

0.350 

0.350 

0.400 

0.400 

0.400 

0.400 

0.400 

- - - 

PROB. TEST # 2217 
CAP # 

FREQUENCY - 8900 MHz 
F I R I N G  MODE - Pin-Case 
MODULAT I ON - cw 

RESULT 
X = F I R E  O=NO 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

COMMENTS : 

AVE. POWER 
WATTS 

6.5 

8.0 

8.0 

10.0 

10.0 

10.0 

10.0 

10.0 

10.0 

15.0 

15.0 

PROB. TEST # 2219 
CAP # B 

FREQUENCY - 8900 f4Hz 
F I R I N G  MODE - Pin-Case 
MODULATION ' -  Pulsed 

AVE. POWER RESULT 
WATTS I X = F I R E  O=NO 

RESULT 
X = F I R E  O=NO 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

COMMENTS: Arcing 

PROB. TEST # 2226 
CAP # B 

FREQUENCY - 8900 MHz 
F I R I N G  MODE - Pin-Case 
tllODULATION - cw 
AVE. POWER RESULTS 

WATTS I X = F I R E  0-NO 



PROB. TEST # 2258 
CAP # D 

FREQUENCY - 2700 MHz 
F I R I N G  MODE - P i n - P i n  
MODULATION - CW 

COMMENTS : 

AVE. POWER 
WATTS 

0.750 

0.850 -- 

1.0 

1.0 

1.0 

1.0 

1.0 - 

1.5 

3.0 - 
5.0 

-- 

-- 

PROB. TEST # 2259 
CAP # D 

FREQUENCY - 2700 MI1 z 
F I R I N G  MODE - Pin-Case  
MODULATION - cw 

RESULT 
X = F I R E  O=NO 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

COMMENTS : 

AVE. POWER 
WATTS 

12.0 

12.0 

15.0 

15.0 

20.0 

20.0 

20.0 

20.0 

PROB. TEST # 2264 
CAP # ' D 

FREQUENCY - 2700 MHz 
F I R I N G  MODE - P i n - P i n  
MODULATION - cw 
AVE. POWER RESULT 

WATTS I X = F I R E  0-NO 

RESULT 
X = F I R E  O=NO 

X 

X 
0 

X 

0 

X 

X 

X 

COMMENTS: Some a r c i n g  

PROB. TEST # 2265 
CAP # D 

FREQUENCY - 2700 lilliz 
F I R I N G  MODE - Pin-Case  
MODULATION L P u l s e d  

COMMENTS : 

AVE. POWER . 
WATTS 

PROB. TEST # 2295 
CAP # D 

FREQUENCY - 10.0 MHz 
F I R I N G  MODE - Pin -P in  
MODULATION - cw 

RESULT 
X = F I R E  O=NO 

COMMENTS : 

PROB. TEST # 2293 
CAP # D 

FREQUENCY - 10 MHz 
F I R I N G  MODE - Pin-Case 
f*lODULATION - CW 

AVE. POWER 
X = F I R E  O=tJO 



PROB. TEST # 2285 
CAP # D 

FREQUENCY - 5400 MHz 
F I R I N G  MODE - Pin-Pin  
MO DULAT I ON - cw 

COMMENTS: 

AVE. POWER 
WATTS 

0.450 

0.500 

0.500 

0.500 

0.550 

0.550 
P 

0.600 ---- 

0.600 

0.700 

5 .0  

-- 

--- - - -  

PROB. TEST # 2286 
CAP # 

FREQUENCY - 5400 MHz 
F I R I N G  MODE - Pin-Case 
MODULATION - CW 

RESULT 
X = F I R E  O=NO 

X 

Y 

X 

X 

X 

X 

X 

X 

X 

X 

COMMENTS : 

AVE. POWER 
WATTS 

6.0 

8 0 -3 

8.0  

8.0 

8.0 

10 .0  - 
10.0  

10.0  

15.0  

PROB. TEST # 2266 
CAP # '  D 

FREQUENCY - 5400 MHz 
F I R I N G  MODE - Pin-Pin  
MODULATION - P u l s e d  

RESULT 
X = F I R E  O=NO 

X 

X 

X 

X 

X 

X 

X 

X 

X 

AVE. POWER RESULT 
WATTS 1 X = F I R E  O=NO 

COMMENTS : Some a r c i n g  

PROB. TEST # 2267 
CAP # D 

FREQUENCY - 5400 LIH z 
F I R I N G  MODE - Pin-Case  
MODULAT I O N  - cw 
AVE. POWER RESULT 

WATTS I X = F I R E  O=NO 

: 
COMMENTS : 

PROB. TEST # 2298 
CAP # D 

FREQUENCY - 450 MHz 
F I R I N G  MODE - Pin-Pin  
MODULATION - Cw 

COMMENTS : 

AVE. POWER 
WATTS 

0.450 

0.450 

0.450 

0.450 

0.450 

0.450 

0 ,500 

0.500 

0.500 

0.600 

PROB. TEST # 2299 
CAP # D 

FREQUENCY - 450 MHz 
F I R I N G  MODE - Pin-Case 
t4ODULATION - cw 

RESULT 
X = F I R E  O=NO 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

I 
COMMENTS : 

AVE. POWER 
WATTS 

RESULTS 
X = F I R E  G=W0 --- 



PROB. TEST # 2253 
CAP # D 

FREQUENCY - 8900 MHz 
F I R I N G  MODE - Pin-Pin 
MODULATION - cw 

COMMENTS : 

AVE.  POWER 
WATTS 

2 .o 
2.0 

2.5 

2.5 

2.5 

3.0 

3.0 

4.0 

PROB. T E S T  # 2251 
CAP # '  D 

FREQUENCY - 8900 MHz 
F I R I N G  MODE - Pin-Pin 
MODULATION - Pulsed 

RESULT 
X = F I R E  O=NO 

X 

X 

X 

X 

X 

X 

X 

X 

AVE. POWER RESULT 
WATTS I X =  F I R E  O=NO 

I 
I 

I 

COMMENTS : 
I 

I PROB. T E S T  # 2290 
I CAP # D 

FREQUENCY - 1.5 MHz 
F I R I N G  MODE - Pin-Pin 
MODULATION - cw 

COMMENTS : 
- -  - 

PROB. T E S T  # 2254 
CAP # D 

FREQUENCY - 8900 t4H z 
F I R I N G  MODE - Pin-Case 
MODULATION - cw 

COMMENTS : 

AVE. POWER 
WATTS 

6.0 

7 -0  

8,O 

8.0 

8.0 

8 - 0  

PROB. TEST # 2252 
CAP # D 

FREQUENCY - 8900 MHz 
F I R I N G  MODE - Pin-Case 
MODULATION - Pulsed 

RESULT 
X = F I R E  O=NO 

X 

X 

X 

X 

X 

X 

-- - - - - - 

COMMENTS : 

AVE. POWER 
WATTS 

PROB. T E S T  # 2291 
CAP # D 

FREQUENCY - 1.5 
F I R I N G  MODE - Pin-Case 
t4ODULAT I ON - cw 

RESULT 
X = F I R E  O=NO 

MHz 

AVE. POWER 
X = F I R E  O=NO 

COMMENTS : 



PROB. TEST # 2303 
CAP # D 

FREQUENCY - 150 MHz 
F I R I N G  MODE - Pin-Pin 
MODULATION - CW 

COMMENTS : 

AVE. POWER 
WATTS 

0.250 

0.275 

0.300 

0.300 

0.300 

0.300 

0.300 

0.500 

1.0 

- - 

PROB. TEST # 2302 
CAP # D 

FREQUENCY - 150 EilH z 
F I R I N G  MODE - Pin-Case 
MODULATION - CW 

RESULT 
X = F I R E  O=NO 

X 

X 

X 

X 

X 

X 

X 

X 

X 

COMMENTS : 

PROB. TEST # 2306 
CAP # '  D 

FREQUENCY - 0.088 MHz 
F I R I N G  MODE - Pin-Pin 
MODULATION - CW 

COMMENTS : 

AVE. POWER 
WATTS 

PROB. TEST # 
CAP # D 

FREQUENCY - 0.088 I.4H z 
F I R I N G  MODE - Pin-Case 
MODULATION - cw 

RESULT 
X = F I R E  O=NO 

AVE. POWER RESULT 
WATTS I X = F I R E  O=NO 

Could n o t  f i r e  b u t  
COMMENTS: i t  was above o t h e r  

low f i r e s  

PROB. TEST # 
CAP # 

FREQUENCY - 
F I R I N G  MODE - 
MODULATION - 

COMMENTS : 

AVE. POWER 
WATTS 

PROB. TEST # 
CAP # 

FREQUENCY - MHz 
F I R I N G  MODE - 
t4ODULAT I ON - 

RESULT 
X = F I R E  0=t40 

AVE. POWER RESULTS 
WATTS 

I 

COMMENTS : 



PROB. TEST # 2 2 5 4  
CAP # c 

FREQUENCY - 8900 MHz 
F I R I N G  MODE - Pin-Pin 
MODULATION - CW 

COMMENTS : 

AVE. POWER 
WATTS 

4.0 

5 - 0  

8.0 

8.0 

2% 0 

-IILL1 

PROB. TEST # 2 2 5 5  
CAP # c 

FREQUENCY - 8900 MHz 
F I R I N G  MODE - Pin-Case 
MODULATION - CW 

RESULT 
X = F I R E  O=NO 

X 

X 

X 

X 

X 

X 

COMMENTS : 

AVE. POWER 
WATTS 

2 0 . 0  

31],1) 

3 0 . 0  

30 .O 

30.0 

3 * 0  

---  

PROB. TEST # 2 2 4 9  
CAP # '  c 

FREQUENCY - 8900 MHz 
F I R I N G  MODE - Pin-Pin 
MODULATION - Pulsed  

RESULT 
X = F I R E  O=NO 

0 

X 

0 

0 

0 

0 

COMMENTS: 

AVE. POWER 
WATTS 

PROB. TEST # 2250 
CAP # c 

FREQUENCY - 8 9 0 0  MHz 
F I R I N G  MODE - Pin-Case 
MODULATION .- Pulsed  

RESULT 
X = F I R E  O=NO 

COMMENTS : 

- 

AVE. POWER 
WATTS 

PROB. T E S T  # 2289 
CAP # c 

FREQUENCY - 1.5 MHz 
F I R I N G  MODE - Pin-Pin 
MODULATION - CW 

RESULT 
X = F I R E  O=NO 

COMMENTS : 

PROB. T E S T  # 2 2 9 2  
CAP # c 

FREQUENCY - 1.5  Mtlz . 
F I R I N G  MODE - pin-case 
f4ODULATION - cw 

COMMENTS: A l l  s h o r t e d  p-c 
a f t e r  exposure 

AVE. POWER 
WATTS 

RESULTS 
X = F I R E  13-NO 



PROB. TEST # 2373 
CAP # E 

FREQUENCY - 8900 MHz 
F I R I N G  MODE - Pin-P in  
MODULATION - cw 

COMMENTS : 

AVE. POWER 
WATTS 

1 5  

1.5 - 

2.0 

2.0 

2.0 

2.0 

2.5 

2.5 

10.0 

- 

PROB. TEST # 2374 
CAP # E 

FREQUENCY - 8900 MHz 
F I R I N G  MODE - Pin-Case 
MODULATION - cw 

RESULT 
X = F I R E  O=NO 

X 

X 

X 

X 

X 

X 

X 

X 

X 

COMMENTS : 

AVE. POWER 
WATTS 

6 .O 

7.0 

7 .o 
7.0 

10.0 

10.0 

15.0 

15.0 

PROB. TEST # 2376 
CAP # '  E 

FREQUENCY - 8900 MHz 
F I R I N G  MODE - p i n - p i n  
MODULATION - P u l s e d  

RESULT 
X = F I R E  O=NO 

X 

X 

X 

X 

X 

X 

X 

X 

X 

AVE. POWER RESULT 
WATTS X = F I R E  O=NO 

COMMENTS: 

PROB. TEST # 2379 
CAP # E 

FREQUENCY - 8500 TlIiz 
F I R I N G  MODE - Pin-Case 
MODULATION -. P u l s e d  

AVE. POWER 
WATTS 

RESULT I X = F I R E  O=NO 

COMMENTS: Arcing 

PROB. TEST # 
CAP # 

FREQUENCY - 
F I R I N G  MODE - 
MODULATION - 

MHz 

AVE. POWER RESULT 1 X = F I R E  O=RO WATTS - 

COMMENTS : 

PROB. TEST # 
CAP # 

FREQUENCY - I:IH z 
F I R I N G  MODE - 
140 DULAT I ON - 
AVE. POWER RESULTS 

WATTS I X = F IRE  O=NO 

I 
COMMENTS : 
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(which i s  eva lua ted  1,-!.en '.k,e t e rmina t ing  resistant(-- equals  t h e  r a d i a t i o n  

resist an^^:, and when tilS ;, ac tances  cancel ) ,  we cx1 ob ta in  f o r  t h e  induced 

* :  ;=age 

1,:;p'iacing R aYLd u by ti-*; - ~ a l u e s  given above, we g e t  R 

S u t s t i t u t i n g  t h i s  expression and XA = -5, in Equation 2-20 we 

oms t a i n  

4 For l a r g e  h t h e  h term i n  t h e  expression of  t h e  r a d i a t i o n  

r e s i s t a n c e  domirLates and t h e  r a d i a t i o n  r e s i s t a n c e  becomes very  s m a l l  
2  ( f o r  reasonable a rzas ,  say  4 0  TII ), in r e l a t i o n  t o  t h e  @:her r e s i s t a n c e  

i n  t h e  c i r c u i t s ;  t h e r e f o r e  we may assume % = 0. 

Using t h i s  approximation we o b t a i n  

The same e w r s s s i o n  f o r  t h e  ape r tu re  a s  given by Equation 2-25 

c a n  be der ived  by c a l c u l a t i n g  t h e  maximum open c i r c u i t  vo l t age  t h a t  would 

be  induced in t h e  loop.  The express ion  t h e r e f o r e  impl i e s  t h a t  t h e  

power r e rad ia t2d  by tl-:s loop  i s  s m a l l .  



To o b t a i n  an express ion  f o r  t h e  vo l t age  induced i n  t h e  s m a l l  loop,  

assurne t h a t  t h e  magnetic f l u x  d e n s i t y  i s  uniform over  t h e  loop .  The t o t a l  

vo l t age  around t h e  loop  i s  then  g iven  by 

whzre A = a r e a  of  t h e  l o o p  
a = 8 6n x 1 0  /A = 2 n f  - 

f  = frequency, A = wave l e n g t h  in meters  

po= pe rmeab i l i t y  o f  f r e e  space - 
B = magnetic f l u x  d e n s i t y  

I f  we express  / H I  in terms of P and Z0 from Equat ion 2-2 and f r e -  

quency in terms of  wavelength and s u b s t i t u t e  t h e s e  i n t o  t h e  square  of  Equation 

2-26 we o b t a i n  

where 

I f  we now make use  of  t h e  p h y s i c a l  r e l a t i o n s  

6 '% 
= 3 0 0 x 1 0  m e t e r s / s e c  a n d Z o ~ / -  =px Q 90 = 377 ohms 

where co i s  t h e  p e r m i t t i v i t y  o f ' f r e e  space, we can w r i t e  Equat ion 2-27 in t h e  

form 

n2 4 2  P Z 
.lvI = O m  - 1.48  x lo4 x n2 P 

h 2  h2 

S u b s t i t u t i o n  of Equat ion 2-28 i n  2-20 wi th  % = 0, 5 = -XT zgain  

r e s u l t s  in Equat ion 2-25. 



I F-B2256 

Equation 2-25 r ep resen t s  t h e  ape r tu re  of a  s m a l l  loop,  assuming 

r e a c t i v e  match between antenna and load ,  no d i s s i p a t i o n  of  power by means 

o f  reradiation (we have seen t h a t  t he  r a d i a t i o n  r e s i s t a n c e  i s  very low f o r  

s n a l l  loops) ,  and o r i e r i t a t i o n  of t h e  loop  f o r  maxhum pickup. 

The a n a l y s i s  holds  f o r  f requencies  up t o  1 = 2 l  where 1 i s  t h e  

peri-neter of t h e  loop.  A t  h i g h e r  f requencies  it breaks  down due t o  t h e  non- 

uniform cur ren t  d i s t r i b u t i o n  of t h e  l e a d s ;  t h e  . ~ i r m r m  e f f e c i t v e  ape r tu re  

(A,,) a t  t h e s e  h ighe r  f requencies  can, however be c a l c u a l t e d  from Equation 

(2-5) rapeated here  : 

D X ~  A = -  
em 417 

w!~ich holds f o r  arly l o s s l e s s  antenna. 

I n  t h i s  formula A e m  i s  t h e  maximum p o s s i b l e  ape r tu re ,  assuming a com- 

p l e t e  impedance match, and D i s  t h e  d i r e c t i v i t y  of  t h e  antenna. 

The d i r e c t i v i t y  of t h e  conf igu ra t ion  under cons ide ra t ion  a s  a  funct ion  

of frequency i s  not  known; but  i f  we assume t h a t  it can be no more t h a ~  t h a t  

of an antenna of  known d i r e c t i v i t y  we can c a l c u l a t e  A em* 

Reference 5, page 16, g ives  curves of d i r e c t i v i t y  f o r  t h r e e  types o f  

antennas: t h e  unterminated rhombic, t h e l o n g  wire,  and t h e  c i r c u l a r  loop..  It 

i s  reasonable t o  assume t h a t  our  conf igura t ion  w i l l  be no more d i r e c t i v e  than 

these ,  s ince  t h e s e  a r e  among t h e  most d i r e c t i o n a l  l i n e a r  antennas known. 

F igure  2-9 i s  a  composite p l o t  of t h e  g r e a t e s t  d i r e c t i v i t y  of t h e s e  

antennas types  a s  a  func t ion  of o v e r a l l  l e a d  length .  The p l o t  was made d i r e c t l y  

from t h e  above reference .  Using Figure 2-9 and Equation 3-29 t h e  maximum e f f e c t i v e  

ape r tu re  of our  antenna conf igu ra t ion  can be ca l cu la t ed .  The maxinum e f f e c t i v e  

ape r tu re  (A ) i s  ca l cu la t ed  under t h e  assumption t h a t  t h e  l e a d  conf igura t ion  w i l l  
em 

be no more d i r e c t i v e  than  an unterminated rhombic, a  long  wire o r  a c i r c u l a r  loop 

antenna of equal  l i n e a r  dimension. The e f f e c t i v e  ape r tu re  (A,) i s  ca lcula ted  with 



OVERALL L E A D  LENGTt l  ! w o v e l e n g t h  i 

FIG. 2 -9. M A  XIMUM D/RECT/V/TY O f  THREE KNOWN ANTENNA CONFIGU4 n O N S  -- 



t h e  f oliowing assumptions : t h e  te rminat ing  br idgewire  r e s i s t a n c e  i s  no l e s s  

than t h e  dc r e s i s t a n c e ,  t h e  antenna i s  r e a c t i v e l y  matched, l o s s  r e s i s t a n c e  i s  

zera ,  and t h e  r a d i a t i o n  r e s i s t a n c e  i s  zero. Note t h a t  t h e  l a s t  t h r e e  assumptions 
2  

r f f , :c t ivc l j r  mvcimize t h e  A expression ( see  Equation 2-20 w h e r ~  V i s  considered 
e  

ccns t an t ) .  Tkese c a l c u l a t i o n s  conta in  a  seeming anomaly, s i n c e  t h e  e f f e c t i v e  

ape r tu re  curve r i s e s  above t h e  maxirrlum e f f e c t i v e  a p e r t u r e  curve. This  i s  t h e  - 
r e s u l t  of cons ider ing  t h e  r a d i a t i o n  r e s i s t a n c e  a s  equal  t o  zero i n  our  maximizing 

prccedure of  t h e  e f f e c t i v e  ~p7:rture. I f  t h e  r a d i a t i o n  r e s i s t a n c e s  were taken i n t o  

c ~ r ~ s i d e r a t i o n ,  t h e  curves would not  i n t e r s e c t .  

The b l a s t i n g  wir ing  l ayou t s  t h a t  correspond t o  t h e  loop model a r e  

shobn i n  F igures  2-10 and 2-11. F igure  2-10 shows a pickup having i t s  e f f e c t  

c h i e f l y  pin-to-pin; Figure 2-11 i s  s i m i l a r ,  except pin-to-case. 

The model f o r  t h e  s i t u a t i o n  shown i n  F igure  2-10 i s . a  loop  of wire 

of t h e  same p l a n a r  a r e a  a s  t h e  pickup a r e a  (A)  shown i n  t h e  f i g u r e .  The loop 

w i l l  be loaded wi th  two impedances: t h a t  seen between p o i n t s  A and B looking 

toward t h e  b l a s t i n g  machine and t h a t  seen between p o i n t s  C and D looking towards 

t h e  cap 01- caps. 

The conf igu ra t ion  shown i n  Figure 2-11 i s  s i m i l a r  except now t h e  

loading  impedances of t h e  wire  loop a r e  those  measured between one of t h e  

-2;asting wi re s  and ground, and i n  add i t ion  t h e  loop i s  loaded with t h e  impedance 

a:,paaring between t h e  measurement ground p o i n t s  (Z ) e  

I n  both  of t h e  antenna models t h e  . loading impedances a r e  almost com- 

p l e t e l y  unknom. We know only t h a t  t h e  cap impedance ( e i t h e r  pin-to-pin o r  

pin-to-case) i n f luences  t h e  value of t h e  impedance seen looking toward t h e  cap. 

The impedances looking away from t k  cap can be  expected t o  be na in ly  

r e a c t i v e  bu t  we w i l l  t r e a t  them a s  completely unspeci f ied .  For maximum power 

t o  the  cap t h e  sum of the  r e a c t i v e  p o r t i o n s  of  t h e  loading  impedances i s  assumed 

t o  be  zero t h u s  providing a r e a c t i v e l y  matched antenna. The cap impedance i s  

a c t u a l l y  separa ted  from t h e  measurement p o i n t  by a l e n g t h  of t ransmiss ion  l i n e  

of  f a r i l y  high c h a r a c t e r i s t i c  impedance. 
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- : ;xpressing - h i n  terms of frequency i n  riegacycles(frwIc) and us ing  t h e  above 

approximations we can r ~ w r i t e  Equat ion 2-25 t o  g i v e  t h e  low frequency a p e r t u r e  

c,f our  model, t h u s  

2 
0.95 fMc 

A = i n  square meters  
e ( 1  + .616fiC12 ' 

- 

wl~cre  wc have s u b s t i t u t e d  i n  Squat ion  >25. 

I$ = 0.616& ohms 

A2 = 5.75 meters  2 

I n  t h e  Fraunhofer reg ion  of t h e  t r a n s m i t t i n g  antenna 

where 

2 
Pd i s  t h e  power d e n s i t y  i n  (watts/meter ) 

GT i s  t h e  t r a n s m i t t i n g  antenna ga in  ( u n i t l e s s )  

W i s  t h e  power i n t o  t h e  antenna (wa t t s )  
T 
r i s  t h e  d i s t a n c e  from t h e  antenna (meters)  

S u b s t i t u t i n g  Equation (2-32) i n  Equat ion 2-4 and so lv ing  f o r  r 2 

w e  o b t a i n  

where WR i s  w a t t s  d i s s i p a t e d  in t h e  antenna load  ( t h e  cap),  and Ae i s  given 

by Equat ion 2-31. 

Now GT WT i s  E f f e c t i v e  Radiated Power (ERP); making t h i s  s u b s t i t u t i o n  

along wi th  WR = 10 mw a s  an e s t ima te  of t h e  minimum s e n s i t i v i t y  of t h e  cap, 

and s u b s t i t u t i n g  Equat ion 2-31 i n t o  2-33, we g e t  



7.56 fit ERP 
r2 = - r\ 

and 

i n  meters 

r = 1.71 x ~o-~XP K f V ,  i n  miles  

where 

- - 'Mc 
Kfv 1 + 0.616%~ 

K f v  i s  p l o t t e d  in Figure  2-12 with a p l o t  of K = fMc a s  a com- 

par i son .  This  comparison l i n e  i l l u s t r a t e s  t h e  value of K i f  t h e  l o s s e s  f v  
i n  t h e  wi re  loop a r e  ignored. P l o t s ' o f  Equation 2-35 a s  a func t ion  of 

frequency, wi th  ERP a s  a parameter,  y i e l d  t h e  low frequency s a f e  d i s t a n c e s  

f o r  t h e  loop model we a r e  considering.  The h igher  frequency d i s t ance  can be 

computed from Equation 2-29 and Figure 2- 9 .  Taking 7.35 meters a s  the  t o t a l  

per imeter  o f  loop  and making a s t r a i g h t  l i n e  approximation t o  Figure 2-9 

we ob ta in  f o r  t h e  maximum p o s s i b l e  ape r tu re  

Using t h e  same development t h a t  l e d  t o  Equation (2-33) we ob ta in  

A . E R P . 1 0 0  
r2 = em meters 

4n 

r = 1 . 7 5 ~ 1 0 - " / ~ ~ ~  A miles  em 



FREQUENCY (Mc) 

F/GZ-/Z. FREWENCY FACTOR /K& FOR THE VERTICAL LOOP MOEL VS. fREOUENCY 
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APPENDIX G 

ROOTS OBTAIlJED FROM THE COMPUTER PROGRAM 

The fo l l owing  t a b l e s  c o n t a i n  t h e  approximate  r o o t s  ob t a ined  f o r  

equa t i on  6-7. The t a b l e s - a r e  g iven  i n  o r d e r  of i n c r e a s i n g  frequency.  

Each t a b l e  l i s t s  t h e  d i e l e c t r i c  c o n s t a n t  (E  ), t h e  r e s i s t i v i t y  (p) [ i n  R 
hm meters ] ,  t h e  dimension (b) [ i n  me te r s ]  and t h e  v a l u e  of a and BR,  t h e  

R 
r e a l  and imaginary p a r t s  of t h e  r o o t .  The v a l u e  of q a t  t h e  r o o t  v a l u e  

i s  a l s o  given.  

A l l  d a t a  i s  p re sen t ed  i n  t h e  same n o t a t i o n  a s  t h e  computer p r i n t o u t .  

The number i s  fol lowed by a s igned  exponent.  Thus 1.23-02 i s  read  a s  

1 .23  x lom2.  



0.15 MHz F-C3102 



0.45 MHz F-C3102 



1.5 MHz F-C3102 



4.5 MHz F-C3102 



15  MHz F-C3102 



1 5  MHz F-C3102 





100 MHz F-C3102 



125 MHz F-C3102 



140 MHz F-C3102 
-- - 



150 MHz F-C3102 



175 MHz F-C3102 

- --- - - - - 



200 MHz F-C3102 



250 MHz 



275 MHz F-C3102 



300 MHz F-C3102 



400 MHz F-C3102 



450 MHz F-C3102 



475 MHz F-C3102 



500 MHz F-C3102 



600 Mtlz F -C3102 



650 MHz F-C3102 





800 MHz F-C3102 



900 MHz 
F-C3102 



1000 MHz F-C3102 



1500 MHz F-C3102 



2000 MHz F-C3102 



2500 MHz F-C3102 



4500 MHz F-C3102 




