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E S T I M A T E D  R E A D O U T  E R R O R S  P R O D U C E D  B Y  R A D I A T I O N  AN D  
T E M P E R A T U R E  E F F E C T S  I N  C O A X I A L  S I G N A L  C A B L E S  FOR F F T F  

J. L .  S t r i n g e r  
R.  R .  B o u r a s s a  

A B S T R A C T  

The problem of  n u c l e a r  r a d i a t i o n  g e n e r a t e d  c u r r e n t s  i n  
s i g n a l  c a b l e s  exposed t o  a  r a d i a t i o n  f i e l d  and t h e  change 
i n  i n s u l a t o r  c o n d u c t i v i t y  caused  by r a d i a t i o n  have been  
known and r e c o g n i z e d  f o r  many y e a r s .  To d a t e  no comprehen- 
s i v e  u n d e r s t a n d i n g  o f  how t h e  v a r i o u s  p a r a m e t e r s  i n f l u e n c e  
t h e  magnitude and p o l a r i t y  of  t h e  s i g n a l s  has  been  developed.  
A f t e r  an a n a l y t i c a l  model was developed t o  e x p l a i n  how t h e s e  
c u r r e n t s  a r e  g e n e r a t e d ,  expe r imen t s  were per formed i n  a  
p u l s e d  TRIGA r e a c t o r  t o  e v a l u a t e  t h e  r a d i a t i o n - i n d u c e d  
c u r r e n t s  and t h e  induced-  c o n d u c t i v i  t y  e f f e c t s  on blgO i n s u -  
l a t e d  s t a i n l e s s  s t e e l  c o a x i a l  c a b l e s .  These d a t a  a r e  used  
t o  e s t i m a t e  t h e  expec ted  r e a d o u t  e r r o r  from d c  s e n s o r s  
l o c a t e d  i n  an envi ronment  approximat ing  an FFTF-LMFBR c o r e .  

R e s u l t s  o f  t h e s e  e v a l u a t i o n s  f o r  s t a i n l e s s  s t e e l  c o a x i a l  
c a b l e s  i n s u l a t e d  w i t h  MgO i n d i c a t e  t h a t  t h e  r e a d o u t  e r r o r ,  
due t o  a  r a d i a t i o n  f i e l d  o f  5 x  10' K/hr and 1200 O F ,  w i l l  
be  e q u a l  t o :  

I RS ( %  e r r o r )  = iT l  x 100 

where I = t o t a l  r a d i a t i o n - i n d u c e d  c u r r e n t  
V = s e n s o r  o u t p u t  v o l t a g e  

Rs = s e n s o r  s o u r c e  impedance . 
These numer ica l  r e s u l t s  s h o u l d  n o t  be a p p l i e d  u n i v e r s a l l y  a t  
t h i s  p o i n t ,  b u t  r a t h e r  each  i n d i v i d u a l  c a s e  must be  t r e a t e d  
i n d e p e n d e n t l y  because  o f  t h e  l a r g e  6 i f f e r e n c e  i n  induced  
c u r r e n t s  f o r  d i f f e r e n t  c a b l e s .  
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E S T I M A T E D  R E A D O U T  ER R OR S P R O D U C E D  BY  R A D I A T I O N  A N D  
T E M P E R A T U R E  E F F E C T S  I N  C O A X I A L  S I G N A L  C A B L E S  FOR  F F T F  

J .  L.  S t r i n g e r  
R .  R .  B o u r a s s a  

I N T R O D U C T I O N  - 

I t  i s  w e l l  known t h a t  n u c l e a r  r a d i a t i o n  g e n e r a t e s  e l e c -  
t r i c a l  c u r r e n t s  i n  s i g n a l  c a b l e s  p l a c e d  i n  a  n u c l e a r  f l u x .  (1-5)  
I t  i s  a l s o  known t h a t  r e a c t o r  i r r a d i a t i o n  i n c r e a s e s  t h e  con- 
d u c t i v i t y  o f  i n s u l a t o r s .  ( 6 )  The d a t a  g i v e n  i n  t h e  above 
r e f e r e n c e s  i n d i c a t e  t h a t  c a b l e  geometry,  f l u x  spec t rum,  
c a b l e  m a t e r i a l s ,  and many o t h e r  f a c t o r s  i n f l u e n c e  t h e  magni- 
t u d e  and p o l a r i t y  of  t h e  g e n e r a t e d  c u r r e n t s .  Although many 
p r e v i o u s  i n v e s t i g a t o r s  have r e p o r t e d  on t h e  c u r r e n t s  and 
have p a r t i a l l y  i n v e s t i g a t e d  t h e  phenomena, no comple te  
d e s c r i p t i o n  o f  how t h e  v a r i o u s  f a c t o r s  i n f l u e n c e  r a d i a t i o n  
c u r r e n t  g e n e r a t i o n  has  been  developed.  Our i n i t i a l  e f f o r t  
i n  t h i s  d i r e c t i o n  was t h e  development  o f  a  p a r a m e t r i c  model 
t h a t  g i v e s  a  q u a l i t a t i v e  u n d e r s t a n d i n g  o f  t h e  mechanisms 
i n f l u e n c i n g  t h e  g e n e r a t i o n  o f  t h e  c u r r e n t s .  C 7 )  BY u s e  of  
t h i s  model a s  a  g u i d e ,  e x p e r i m e n t a l  e v a l u a t i o n  of  how 
v a r i o u s  c a b l e  p a r a m e t e r s  ( e .  g .  , c a b l e  geometry ,  m a t e r i a l  
compos i t ion ,  r a d i a t i o n  induced  i n s u l a t o r  c o n d u c t i v i t y ,  
r a d i a t i o n  f l u x  t y p e ,  and t e m p e r a t u r e )  i n f l u e n c e  t h e  p o l a r i t y  
and magni tude  o f  t h e  n u c l e a r  r a d i a t i o n  induced  c u r r e n t  i n  
c a b l e s  h a s  s t a r t e d .  

Under t h i s  program t h e  f i r s t  e f f o r t  was t o  e s t i m a t e  t h e  
r e a d c u t  e r r o r s  t h a t  c o u l d  be  produced by r a d i a t i o n - i n d u c e d  
s i g n a l s  and r a d i a t i o n - i n d u c e d  c o n d u c t i v i t y  i n  magnesium- 
ox ide  i n s u l a t e d ,  s t a i n l e s s  s t e e l  c o a x i a l  c a b l e s .  T h i s  
r e p o r t  d e s c r i b e s  t h e  method used t o  c a l c u l a t e  t h e  e r r o r s ,  
and p r e s e n t s  e x p e r i m e n t a l  d a t a  used  t o  e v a l u a t e  t h e  e r r o r s  



a s  a  f u n c t i o n  o f  t e m p e r a t u r e ,  r a d i a t i o n  f i e l d ,  and s e n s o r  
s o u r c e  impedance. I t  a l s o  c o n t a i n s  g raphs  of  e s t i m a t e d  
e r r o r  v e r s u s  s o u r c e  imped.ance f o r  a  combined t e m p e r a t u r e  and 

9  r a d i a t i o n  f i e l d  o f  5 x 10 R/hr  and 1200 O F .  

SUMMARY AND CONCLUSICNS 

The e q u i v a l e n t  d c  c i r c u i t  f o r  a  c o a x i a l  c a b l e  i n  a  h i g h -  
r a d i a t i o n  h i g h - t e m p e r a t u r e  envi ronment  has  been deve loped .  
E x p e r i m e n t a l l y  o b t a i n e d  d a t a  f o r  r a d i a t i o n  induced  c u r r e n t  
and i n s u l a t o r  c o n d u c t i v i t y  have been used  t o  e v a l u a t e  t h e  
c a b l e  p a r a m e t e r s  where 3 f t  o f  c a b l e  i s  i n  a  5  x 10' k / h r  
f l u x  zone and 25 f t  i s  i n  a  l o 6  R/hr f l u x  zone w i t h  t h e  
t o t a l  (28 f t )  c a b l e  m a i n t a i n e d  a t  1200 OF. 

Two, s p e c i f i c ,  MgO i n s u l a t e d  s t a i n l e s s  s t e e l  c o a x i a l  
c a b l e s  were c o n s i d e r e d .  T h e i r  d imens ions  a r e  0.250 i n .  O D ,  
0 .025 i n .  diam c o n d u c t o r ,  0.019 i n .  s h e a t h ;  and 0.075 i n .  O D ,  
0 .025  i n .  diam c o n d u c t o r ,  and 0 .013  i n .  s h e a t h .  The a n a l y s i s  
h a s  shown t h a t  t h e  e r r o r  i n  a  d c  s e n s o r  v o l t a g e  a t  t h e  c a b l e  
o u t p u t  i s  g i v e n  by (% e r r o r )  = 1 x 100 

where I  = t o t a l  r a d i a t i o n  induced  c u r r e n t  
Rs = s e n s o r  s o u r c e  impedance (dc )  

V = s e n s o r  open c i r c u i t  o u t p u t  v o l t a g e  ( d c ) .  

For t h e  two c a b l e s  c o n s i d e r e d ,  t h e  e r r o r  i s  1% o r  l e s s  when 
t h e  s e n s o r  o u t p u t  v o l t a g e  i s  10 mV o r  g r e a t e r ;  t h e  t o t a l  
i nduced  c u r r e n t  i s  11  PA^ o r  l e s s ,  w i t h  t h e  s e n s o r  s o u r c e  
impedance (dc)  100 n o r  l e s s .  

When t h e  induced  c u r r e n t  i s  assumed t o  be  z e r o ,  t h e  i n s u -  
l a t o r  s h u c t i n g  e f f e c t  f o r  a 1% e r r o r  w i l l  a l l o w  a  s e n s o r  s o u r c e  
impedance (dc)  o f  6 6  kn f o r  t h e  l a r g e r  OD c a b l e ,  and 39 kn f o r  
t h e  s m a l l e r .  The l a r g e  s o u r c e  impedance v a l u e s  a r e  due t o  t h e  
t h r e e  o r d e r  of  magni tude  improvement i n  t h e  r a d i a t i o n  induced  
e l e c t r i c a l  c o n d u c t i v i t y  o f  t h e  powdered-over  s o l i d - i n s u l a t o r  
m a t e r i a l .  



D I S C U S S I O N  

The g e n e r a l  development of  a  means f o r  making e s t i m a t e s  
f o r  t h e  i n f l u e n c e  o f  r a d i a t i o n - i n d u c e d  c u r r e n t s  and r a d i a t i o n -  
induced  c o n d u c t i v i t y  i n  c o a x i a l  s i g n a l  c a b l e s  f o r  v a r i o u s  
s o u r c e  and i n s t r u m e n t  impedance i s  g i v e n  below. I n i t i a l l y ,  t h e  
developed e q u a t i o n s  a r e  g e n e r a l ;  however,  r e s t r i c t i o n s  on 
t h e i r  u s e  a r e  imposed a s  t h e y  a r e  a p p l i e d  t o  s p e c i f i c  c a s e s  
where o n l y  d c  s o u r c e s  a r e  c o n s i d e r e d .  

D E V E L O P M E N T  O F  E Q U I V A L E N T  C I R C U I T  FOR C A B L E  I N  A  R E A C T O R  CORE 

F i g u r e  1 i s  a  c i r c u i t  diagram o f  a  c o a x i a l  c a b l e  c o n n e c t -  
i n g  a  v o l t a g e  s o u r c e  t o  a  measur ing  i n s t r u m e n t .  I n  t h i s  
diagram t h e  q u a n t i t i e s  a r e  d e f i n e d  a s :  

V = Vol tage  s o u r c e  ( v o l t s )  
Rs = Source  impedance (ohms) 
R, = Termina t ing  impedance (ohms) 
c 

R i j  = r e s i s t a n c e / u n i t  l e n g t h  o f  c a b l e  conduc to r  
(ohms/uni t  l e n g t h )  

R:; = r e s i s  t a n c e / u n i t  l e n g t h  of s h e a t h  
(ohms/uni t  l e n g t h )  

I  R i j  = r e s i s t a n c e / u n i t  l e n g t h  o f  c a b l e  i n s u l a t o r  
(ohms/uni t  l e n g t h )  

where i and j deno te  t e m p e r a t u r e  and r a d i a t i o n  dose  r a t e  
env i ronment s .  I d e a l l y ,  a  s i g n a l  v o l t a g e  a p p e a r i n g  a c r o s s  

I as and w i l l  be  measured a c r o s s  RT.  A c t u a l l y ,  R i j  a c t s  a s  
a  s h u n t  lower ing  t h e  measured v o l t a g e ,  w i t h  b o t h  t e m p e r a t u r e  

I  and r a d i a t i o n  e f f e c t i n g  t h e  v a l u e  of  R i i  I n  a d d i t i o n  t o  
t h i s  cause  o f  e r r o r ,  induced  c u r r e n t s  w i l l  be  produced i n  t h e  
c a b l e  when i t  i s  i n  a  r a d i a t i o n  envi ronment .  The induced  
c u r r e n t s  f low th rough  t h e  s h u n t i n g  r e s i s t a n c e s  c a u s i n g  
v o l t a g e s  which a r e  a d d i t i v e  t o  t h e  s e n s o r  o u t p u t  t o  c a u s e  an 
e r r o r .  

To s i m p l i f y  t h e  problem,  we assume a  p a r t i c u l a r  tempera-  
t u r e  and r a d i a t i o n  c o n d i t i o n  r e p r e s e n t a t i v e  o f  t h e  expec ted  FTR 



F I G U R E  - 1 .  A C i r c u i t  Diagram o f  a  CoaxiaZ Cab Ze 
i n  a  R a d i a t i o n  Env i ronmen t  t h a t  C o n n e c t s  
a  S e n s o r  t o  a  Readou t  I n s t r u m e n t  

envi ronment .  The environment  i s  d e p i c t e d  i n  F i g u r e  2 .  The 
c a b l e  e x t e n d s  25 f t  t h rough  a  l o 6  R/hr  y - f i e l d  a t  a  t e m p e r a t u r e  
o f  1200 O F  and e x t e n d s  3 f t  t h rough  a  r e a c t o r  c o r e  a t  a  
t e m p e r a t u r e  o f  1200 OF b u t  now i n  a  gamma f i e l d  of  5  x 10' R/hr .  
With t h e s e  a s s u m p t i o n s ,  F i g u r e  1 i s  s i m p l i - f i e d  t o  t h e  c i r c u i t  

I shown i n  F i g u r e  3 ;  R 2  and RT a r e  r e p l a c e d  by t h e i r  p a r a l l e l  
e q u i v a l e n t ,  R ,  where 

The t e m p e r a t u r e  s u b s c r i p t  h a s  been dropped s i n c e  t h e  e n t i r e  
problem i s  a t  a  c o n s t a n t  t e m p e r a t u r e  o f  1200 O F .  S u b s c r i p t  1 
i n d i c a t e s  a  y - f i e l d  o f  5  x 10' R/hr w h i l e  S u b s c r i p t  2 i n d i c a t e s  

6  10 R/hr.  The r a d i a t i o n  g e n e r a t e d  c u r r e n t  i s  r e p r e s e n t e d  by 
t h e  induced c u r r e n t  I .  



S e n s o r  
I 

F I G U R E  2 .  S i m p l i f i e d  Mode2 o f  FTR Environment  Showing 
S i g n a l  Cable and Sensor  L o c a t i o n  
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The circuit in Figure 3 can be solved for the output volt- 
age Vo where Vo is the voltage measured across R. The solution 
of this problem is carried out in Appendix A where the expres- 
sion for the output voltage is given in Equation A-30. The 
resistances RC amd RSh will be small compared to other resis- 
tances in the problem unless we take R < 10 Q. Equation A-30 

S 
is an exact solution to our model and is given here as 

I !  , ' I  1 1 1  I I 
I   coaxial S i g n a l  C a b l e  I I I ' I ' I  

I  I  \ I l l l  I  
I '  I 

I I '  I I I  ( I  I 1  
I I  I  ' I l l  I I ' I I  I ,  , I . I 1 . I  

I  

where 
R f  R 

R e a c t o r  

C o r e  

The environmental condition will now be used to calculate the 
values for the resistance terms in Equations ( 2 ) .  



R; ( 3  f t )  R; ( 2 5  f t )  

- - R ; ~  ( 3  f t )  

R; ( 3  f t )  

T w w 

R Z h  ( 2 5  f t )  

FIGURE 3 .  S i m p l i f i e d  C i r c u i t  o f  a  S i g n a l  
Cab le  i n  t h e  FTR 

I f  t h e  c a b l e  s h e a t h  and conduc to r  a r e  made of  
a  t y p i c a l  s t a i n l e s s  s t e e l  such  a s  Type 304, t h e  e l e c t r i c a l  
r e s i s t a n c e  i s  

"ss = 69.4  un-cm (room t e m p e r a t u r e )  ( 4 )  

"SS 
- 110 un-cm = 4 3 . 3  u n - i n .  (1200 OF) . (5)  

For t h i s  r e p o r t  two c a b l e s  a r e  c o n s i d e r e d :  one hav ing  a 
0.250 i n .  O D ,  0.019 i n .  s h e a t h  th i ckness . ,  and 0.025 i n .  
diam c e n t e r  c o n d u c t o r ;  t h e  o t h e r  hav ing  a  0.075 i n .  O D ,  
0 .013  i n .  s h e a t h ,  and a 0.024 i n .  diam c e n t e r  c o n d u c t o r .  
(These c a b l e s  a r e  d e s i g n a t e d  a s  4 E  and 3A i n  o u r  e x p e r i m e n t s . )  
Then, 

%s R~ = 7 
r a  

( 6  



and 
= Pss 

n [ ( T ~  + b ) '  - b2] 

where 
a  = c o n d u c t o r  r a d i u s  
b  = i n n e r  s h e a t h  r a d i u s  

T = s h e a t h  t h i c k n e s s  . 
S 

For  c a b l e  4E, a = 0.0125 i n . ,  b  = 0.106  i n . ,  and rS = 0.019  i n . ,  
and f o r  c a b l e  3A, a  = 0.012 i n . ,  b  = 0.025  i n . ,  and T = 0 .013  i n .  

S 
t h e n  

Cable  4E Cable  3A 
R C  = 0.088 R / i n .  a t  1200  O F  I R C  = 0.096 R / i n .  (8  
RC = 1 .06  R / f t  R~ = 1 .15  R / f t  (9  

R a d i a t i o n  does  n o t  change t h i s  v a l u e  s i g n i f i c a n t l y ,  t h u s ,  
Cab le  4E 

R; ( 3  f t )  = 3 .2  R 

R: (25 f t )  = 26.5 R 

S i m i l a r l y ,  

Cable  3A 
RE ( 3  f t )  = 3 . 4  R 

R; (25 f t )  = 28.8 R ( l o )  

Cable  4E Cable  3A 
R~~ = 0.0376 R / f t  a t  1200 O F  RSh = 0.215 R / f t  

Thus,  

R : ~  ( 3  f t )  = 0 .113  R ,  and R ; ~  ( 3  f t )  = 0.643  R 

R : ~  (25 f t )  = 0.94  R R : ~  (25 f t )  = 5.37  R (11)  

E V A L U A T I O N  O F  R A D I A T I O N  I N D U C E D  C O N D U C T I V I T Y  I N F L U E N C E  FOR 
V O L T A G E  S O U R C E  

To e v a l u a t e  t h e  t emwera tu re  and r a d i a t i o n  e f f e c t s  on 
t h e  s i g n a l  c a b l e s ,  e x p e r i m e n t s  were  conduc ted  i n  t h e  6 0 ~ o  
gamma f a c i l i t y  a t  PNL and i n  t h e  p u l s i n g  TRIGA r e a c t o r  a t  
Washington S t a t e  U n i v e r s i t y .  These e x p e r i m e n t s  were con-  
d u c t e d  t o  d e t e r m i n e  t h e  induced  c u r r e n t  and i n s u l a t o r  
c o n d u c t i v i t y  a s  a  f u n c t i o n  o f  d o s e  r a t e  and t e m p e r a t u r e  on 



s p e c i f i e d  c a b l e s  (measurement t e c h n i q u e s  a r e  d e t a i l e d  i n  
Refe rence  8 ) .  The r e s u l t s  p r e s e n t e d  i n  F i g u r e  4 show t h a t  a t  
a  dose  r a t e  o f  9 x l o l o  R/hr* and 1200 OF, t h e  c o n d u c t i v i t y  o f  
t h e  MgO i n s u l a t i o n  i s  o - 8 . 5  x l o - '  ( Q - c m ) - l .  The r e s u l t s  
p r e s e n t e d  a r e  an a v e r a g e  o f  d a t a  from f o u r  c a b l e s ,  t h u s  a r e  
r e p r e s e n t a t i v e  o f  vendor s u p p l i e d  m a t e r i a l s .  L e t  G / k  b e  t h e  
i n s u l a t o r  conductance  p e r  u n i t  l e n g t h  of c a b l e .  Then, 

Cable 4E Cable  3A 

2.rro = 3 . O o  G / k  = l n  b / a  G / a  = 8 .8  o  

G / k  = 2.55 x 9 X G / k  = 7.5 x 
( ; -cm)-l  ]lo1o R/hr [ (0-cm) -' 

= 7.8  x 10 - 7 = 2 . 3  x 1 0 - ~  
( n - f t ) - l  (n -  f t )  

G1 ( 3  f t )  = 2.33 x mhos G1 ( 3  f t )  = 6 .85  x l o m 6  
( a )  - l  

and 

To f i n d  t h e  c o n d u c t i v i t y  f o r  t h e  c o n d i t i o n s  o f  F i g u r e  2 ,  
i t  i s  assumed t h a t  c o n d u c t i v i t y  o f  MgO i s  d i r e c t l y  p r o p o r t i o n a l  
t o  dose  r a t e  a s  i n d i c a t e d  f o r  A1203 by Dau and Davis , ( ' )  and 
t h e  d a t a  of F i g u r e  4 i s  i n t e r p o l a t e d  t o  c o n d i t i o n s  of 

I 5  x 10' R/hr  a t  1200 OF. The v a l u e  o f  R1 i s  

Cable 4 E  Cable 3A 

R: = 7.75 M n  5 x 10' R/hr R: = 2.62 MQ 

A t  l o 6  R/hr and 1200 OF, 

* I t  s h o u l d  be  n o t e d  t h a t  t h e  dose  r a t e  i n  t h e  c e n t e r  o f  t h e  
TRIGA c o r e  u sed  has  n o t  b e e n  measured d i r e c t l y  w i t h  con-  
v e n t i o n a l  d o s i m e t r y  t e c h n i q u e s .  Our v a l u e  o f  9 x 1 0 1 0  R / h r  
was o b t a i n e d  b y  assuming  t h a t  t h e  i n s u l a t o r  c o n d u c t i v i t y  
v a r i e d  l i n e a r l y  w i t h  dose  r a t e ,  and by e x t r a p o l a t i n g  from 
t h e  known v a l u e s  o f  c o n d u c t i v i t y  found i n  t h e  gamma f a c i l -  
i t y  a t  2 . 3  x  1 0 7  R / h r .  The c r o s s  c h e c k i n g  t e c h n i q u e  u s e d  
and l i t e r a t u r e  d a t a  a l l  i n d i c a t e  t h a t  t h i s  a  r e a s o n a b l e  
v a l u e .  

8  



k - - - 
- 
- - - - - TRIGA F l u x  = 9 x  1 0 l o  R / H r  - - - - 
- - - - - - - - - 
- - No R a d i a t i o n  - - - - - - - 
- - - - - - - - - 
- - - - - - - - - 
- - - - - - - - - 
- - - - - - 6.4  x  1 0  -I8 ( n - c m )  - - (No R a d i a t i o n )  - 

I I I I I I 

A 
6 0 ~ o  F l u x  

2 . 3  x 1 0 7  R / H r  

FIGURE 4 .  A PZot o f  C o n d u c t i v i t y  Versus  ( T I - '  f o r  Compacted 
M g O  i n  CoaxiaZ Cables  Showing Temperature and 
R a d i a t i o n  Dependence 



and 
Cable 4E  Cable 3A 

G / a  = 3 x  10 - I 1  (n-cm1- l  G / a  = 8.8  x  10 - I 1  (n-cm)- '  

I t  s h o u l d  b e  n o t e d  t h a t  a t  t h i s  dose  r a t e  and t e m p e r a t u r e  
( F i g u r e  4 ) ,  no s i g n i f i c a n t  r a d i a t i o n  e f f e c t  i s  a p p a r e n t  
because  t e m p e r a t u r e  i n f l u e n c e s  p redomina te .  Thus, 

Cable  4E  Cable 3A 
G 2  (25 f t )  = 2.28 x  G 2  (25 f t )  = 6.7 x  l o m 8  

mhos mhos 
and 

I f  i t  i s  assumed t h a t  t h e  i n s t r u m e n t  i n p u t  impedance, R T ,  i s  
i n f i n i t e  , t h e n  

Cable  4E Cable 3A 

R = R~ 4 
I  = R: = 44 M n  R = 15 Mn 

R~ + R 2  
and 

With t h e  v a l u e s  o f  t h e  c a b l e  r e s i s t a n c e s  c a l c u l a t e d ,  i t  i s  
e a s y  t o  show from Equa t ion  (2)  t h a t  

when 

T h i s  approx ima t ion  a l lows  Equa t ion  (2)  t o  b e  s i m p l i f i e d  t o  



when v a l u e s  f o r  Rs a r e  l i m i t e d  t o  

Cable 4E 
0 < Rs - < 66.0 kn - 

Cable  3A 
0 < Rs < 39.0 kn - - 

Thus, f o r  an i n f i n i t e  RT and t h e  s t a t e d  env i ronmenta l  con- 
d i t i o n s ,  t h e  r e s u l t i n g  e r r o r  i s  g i v e n  by 

% e r r o r  = x 100  = I I R s I x l O O  - . 
I f  t h e  induced  c u r r e n t ,  I ,  i s  z e r o ,  t h e n  t h e  e r r o r  from 

a  v o l t a g e  s o u r c e  [Equa t ion  ( Z ) ]  w i l l  b e  <1% u n l e s s  - 
Rs > 66.0 ks2 f o r  4E and > 39.0 ks2 f o r  3A. The above e x e r c i s e  
i n d i c a t e s  t h a t  i nduced  c o n d u c t i v i t y  i n  MgO i n s u l a t e d  c a b l e s  
w i l l  n o t  b e  a  problem i f  t h e  s e n s o r  s o u r c e  impedance i s  l e s s  
t h a n  t h e  c a l c u l a t e d  l i m i t s  w i t h  t h e  s t a t e d  env i ronmenta l  
c o n d i t i o n s .  

E V A L U A T I O N  O F  R A D I A T I O N  I N D U C E D  CURRENT I N F L U E N C E  FOR V O L T A G E  
SOURCE 

The magnitude o f  t h e  c u r r e n t ,  I ,  i nduced  i n  t h e  c a b l e  by 
r a d i a t i o n  w i l l  be  i n f l u e n c e d  by a  number o f  f a c t o r s  d i s c u s s e d  
i n  d e t a i l  i n  Refe rence  7.  A r e a l i s t i c  e s t i m a t e  (based  on o u r  
expe r imen t s )  f o r  3  f t  o f  c a b l e  a t  5 x  10' R/hr  i s  

Use o f  t h e s e  v a l u e s  f o r  t h e  induced  c u r r e n t  i n  Equa t ion  (16) 
g i v e s  t h e  e r r o r  v a l u e s  ( F i g u r e s  5 and 6 )  f o r  d i f f e r e n t  v a l u e s  
o f  s e n s o r  o u t p u t  v o l t a g e ,  V ,  a s  a  f u n c t i o n  o f  Rs. 

P e r c e n t  e r r o r  below 100 means t h a t  t h e  measured v o l t a g e  
i s  l e s s  t h a n  t h e  g e n e r a t e d  v o l t a g e  by t h e  p e r c e n t  s p e c i f i e d .  
P e r c e n t  e r r o r  above 100 means t h e  measured v o l t a g e  i s  o f  
o p p o s i t e  p o l a r i t y  t o  t h e  g e n e r a t e d  v o l t a g e  and has  a  magnitude 
g i v e n  by t h e  p e r c e n t a g e  o v e r  100.  These r e s u l t s  s h o u l d  be  
a p p l i e d  c a r e f u l l y  because  i f  t h e  induced  c u r r e n t  d o u b l e s ,  t h e  
p e r c e n t  e r r o r  d o u b l e s .  Each c a s e  r e q u i r e s  i n d i v i d u a l  a t t e n t i o n .  



R a d i a t i o n  f i e l d :  5  x 10' R / h r  
T e m p e r a t u r e :  1200 O F  (650  O C )  

S e n s o r  o u t p u t  v o l t a g e :  V 
T o t a l  R a d i a t i o n  i n d u c e d  c u r r e n t s :  

4 E :  I = - 1  U A  
3A: I  = - 0 . 5  U A  

6 0  8 0  100  

S o u r c e  Impedance  ( R S ) ,  52 

F I G U R E  5 .  Es t imated  Percen t  Error Versus  Source  
Impedance for  T y p i c a l  Coaxia l  Cables  



S o u r c e  impedance  ( R S ) ,  kn 

- 
R a d i a t i o n  f i e l d :  5  x 10' ~ / h y  
T e m p e r a t u r e :  1200  O F  ( 6 5 0  O C )  

S e n s o r  o u t p u t  v o l t a g e :  V 
T o t a l  r a d i a t i o n  i n d u c e d  c u r r e n t s :  - 4 E :  I = -1 P A  

3 A :  I = - 0 . 5  p A  

- 

- 

F I G U R E  6 .  Es t imated Percent  Error Versus  Source 
Impedance for  Typ i ca l  Coaxial  Cables 



R A D I A T I O N  A N D  T E M P E R A T U R E  I N F L U E N C E  WHEN S E N S O R  I S  A  C U R R E N T  
S O U R C E  

The e q u a t i o n s  d e s c r i b i n g  t h e  i n f l u e n c e  of  t e m p e r a t u r e  and 
r a d i a t i o n  on a  c o a x i a l  c a b l e  used  t o  t r a n s m i t  a  s i g n a l  from a  
c u r r e n t  s o u r c e  s e n s o r  ( e . g . ,  an i o n  chamber) t o  a r e a d o u t  
d e v i c e  a r e  developed i n  Appendix A.  The p e r t i n e n t  e q u a t i o n  
[ E q u a t i o n  (A-  36) 1 i s  r e p e a t e d  below. 

where 
i = o u t p u t  c u r r e n t  

0 
i = i n p u t  c u r r e n t  from s e n s o r  i 

1 - 1 1 - - + -  [Equa t ion  (A- 19)  1 
Ro R t o  

The o t h e r  te rms a r e  t h e  same as  d e f i n e d  i n  F i g u r e  3.  By u s i n g  
v a l u e s  o f  t h e  r e s i s t a n c e s  f o r  t h e  c a b l e  d e s c r i b e d  p r e v i o u s l y ,  
i t  i s  e v i d e n t  t h a t  R t o  = R b e c a u s e ,  t y p i c a l l y ,  R 2 - 1 kn f o r  a  
c u r r e n t  m e t e r .  Thus,  

b e c a u s e  R f  > >  R i s  a  n e c e s s a r y  c o n d i t i o n  f o r  measur ing  a  
I 

c u r r e n t .  A l s o ,  Rs s h  .> R ,  R E ,  R1 
s o  t h a t  

From t h i s  a n a l y s i s  we s e e  t h a t  t h e  e r r o r  c o n s i s t s  o f  t h e  
a d d i t i o n  o f  t h e  induced  c u r r e n t .  P r e s e n t l y ,  t h e r e  i s  i n s u f -  
f i c i e n t  d a t a  a v a i l a b l e  t o  a c c u r a t e l y  p r e d i c t  t h e  magni tude  and 



p o l a r i t y  of  t h e  induced c u r r e n t  f o r  e v e r y  c a b l e  t h a t  c o u l d  b e  
used .  For  t h e  two examples used  h e r e ,  a  s e n s o r  whose c u r r e n t  
o u t p u t  i s  100 t imes  t h e  maximum induced c u r r e n t  w i l l  have an 
i n s i g n i f i c a n t  e r r o r  a t  t h e  c a b l e  o u t p u t .  

C O M M E N T S  

T h i s  a n a l y s i s  g i v e s  an e s t i m a t e  o f  t h e  expec ted  r e a d o u t  
e r r o r  f o r  s e n s o r s  l o c a t e d  i n  an FFTF-type c o r e  and,  a s  s u c h ,  
s h o u l d  p rove  v e r y  u s e f u l  t o  e f f o r t s  d i r e c t e d  toward s e n s o r  
development .  Although t h e  examples used  i n  t h e  r e p o r t  a r e  
s p e c i f i c ,  c o n s i d e r a b l e  e x p e r i m e n t a l  d a t a  from t h e  program have 
been g i v e n  s o  t h a t  r e a s o n a b l e  e r r o r  e s t i m a t e s  can be  made f o r  
o t h e r  c o n d i t i o n s .  

Data f o r  t h e  r a d i a t i o n - i n d u c e d  i n s u l a t o r  e l e c t r i c a l  con- 
d u c t i v i t y  g i v e n  i n  Reference  ( 6 )  f o r  A 1  0 a s  a  s o l i d  i n s u l a t o r  

2 3 4  
would have an e x t r a p o l a t e d  v a l u e  of  7 x  10 (ohm-cm) -' a t  
5 x  10' R/hr .  The d a t a  g i v e n  i n  t h i s  r e p o r t  f o r  powdered MgO 
and e x t r a p o l a t e d  t o  5 x  10' R/hr g i v e  a  v a l u e  of  4.4 x  1 0 - l o  
(ohm-cm)-l .  The r a t i o  of  t h e  A1203 s o l i d  t o  t h e  MgO powder i s  

3 1 . 6  x  10 . I f  i t  were n o t  f o r  t h i s  improvement i n  t h e  r a d i a -  
t i o n  pe r fo rmance ,  t h e  s o u r c e  r e s i s t a n c e  l i m i t  f o r  t h e  two 
c a b l e s  (4E and 3A) would be  43 n and 25 R ,  r e s p e c t i v e l y ,  and 
t h e  o u t p u t  e r r o r  would be  p r i m a r i l y  a  f u n c t i o n  of  t h e  r a d i a t i o n  
induced  c a b l e  s h u n t i n g  r e s i s t a n c e  r a t h e r  than  t h e  induced  
c u r r e n t .  

C e r t a i n  assumpt ions  were made i n  making t h e  e s t i m a t e s  i n  
t h i s  r e p o r t .  These assumpt ions  a r e :  

* The r a d i a t i o n - i n d u c e d  c o n d u c t i v i t y  changes l i n e a r l y  a t  
l o l o  R/hr ,  a s  i t  does a t  l o 7  R/hr .  
The magnitude o f  t h e  c a b l e  c u r r e n t s  g e n e r a t e d  i s  l i n e a r l y  
p r o p o r t i o n a l  t o  t h e  r a d i a t i o n  f l u x .  



Many good r e a s o n s  can  be  g i v e n  why t h e s e  assumpt ions  a r e  
v a l i d ;  however ,  expe r imen t s  (which a r e  p lanned)  a r e  needed t o  
p r o v i d e  t h e  n e c e s s a r y  v e r i f i c a t i o n .  I n  a d d i t i o n ,  e x p e r i m e n t a l  
e v a l u a t i o n  o f  t h e  v a r i a t i o n  o f  c u r r e n t  magnitude and p o l a r i t y  
a s  a f u n c t i o n  of  c a b l e  s i z e  and n e u t r o n  t o  gamma f l u x  r a t i o  i s  
needed s o  t h a t  more g e n e r a l  e r r o r  e s t i m a t e s  can  be  made. For 
example,  a l t e r i n g  t h e  n e u t r o n  t o  gamma f l u x  r a t i o  f o r  Cable  3A 
caused  t h e  p o l a r i t y  of  t h e  t o t a l  induced  c u r r e n t  t o  change 
from p o s i t i v e  t o  n e g a t i v e .  S u f f i c i e n t  d a t a  a r e  n o t  a v a i l a b l e  
t o  q u a n t i z e  t h i s  e f f e c t .  
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D E V E L O P M E N T  OF C A B L E  C I R C U I T  E Q U A T I O N S  



A P P E N D I X  A  

D E V E L O P M E N T  O F  C A B L E  C I R C U I T  E Q U A T I O N S  

V O L T A G E  S O U R C E  C A S E  

To u s e  node e q u a t i o n s ,  we r e p l a c e  V and R w i t h  t h e  
S 

e q u i v a l e n t  c u r r e n t  s o u r c e .  C a l l  t h e  v o l t a g e  between ground 
and a ,  V a ,  and t h e  c u r r e n t  through V ,  I1 (See F i g u r e  7 ) .  
The Va = V - I R 1 s (A- 1 )  
Thus,  

- v 'a 
I 1 - - - -  (A-2) 

s s 

F I G U R E  7 .  E q u i v a l e n t  C i r c u i t  o f  a  C o a x i a l  Cable  

Replac ing  V and RS i n  terms of c u r r e n t s  a l l o w s  us t o  
w r i t e  node e q u a t i o n s .  Yote t h a t  v o l t a g e s  V a ,  V b ,  and Vc 
and c u r r e n t s  i ,  i 2 ,  i3, i4 ,  i s ,  and i6 a r e  d e f i n e d  a s  
shown i n  F i g u r e  8 .  We now w r i t e  t h e  node e q u a t i o n s ,  p u t t i n g  
them i n  te rms of  V a ,  V b ,  and Vc .  



F I G U R E  8 .  C i r c u i t  from Which Bode Equat ions  Are W r i t t e n  



Thus,  

Let 

Let 



1 1  1 1  1 1 ' { -  + ) [  Ro I;; R1 + - R; - Ro + , R1 ,] R1 + , 2 ( i  (Rc) Ro + $1 
C a l l  t h e  denominator  [ d e n ] .  (A- 2 2 )  

(A- 2 3 )  



- - 
"c [den]  

- S 1. 1 1' 1 S l l  Vb - vc - [den]  (A-25) 

-I\-  T i  + -T 3 + - -  - 
Rs R1 R1 R1 R~ R; Rs R; R ; ~  - i4 - R t o  [den]  

i = vb - vc - - vb - vc s h  
4  because  R >> R2 , R; 

R t o  R 

(A- 2 6 )  

(A- 2 7 )  

(A- 2 8 )  

A f t e r  s i m p l i f y i n g  t h e  denominator ,  t h e  above e q u a t i o n  r educes  
t o  

vo 
[I s + + R; + v (A- 3 0 )  

Ro + Rs + R; + R ; ~  

By a n a l y z i n g  t h e  o r d e r  o f  magnitude o f  t h e  r e s i s t a n c e s  e x p e c t e d  
i n  a  t y p i c a l  c a b l e ,  i t  i s  a p p a r e n t  t h a t  

I R 5 R1 >> Rs 
0 

+ R E  + R ; ~  s o  t h a t  

Ro + Rs + RE + R z h  % R 0 '  

Thus, Equa t ion  (A-30) can  be  r educed  t o  

vo + R ; ~  + R$ + V (Vol tage  s o u r c e )  (A- 3 1 )  



C U R R E N T  S O U R C E  C A S E  

By c o n s i d e r i n g  a  s e n s o r  ( e . g . ,  an i o n  chamber) t h a t  i s  a 
c u r r e n t  s o u r c e ,  t h e  o u t p u t  and s e n s o r  i n p u t  w i l l  b e  i n  t e rms  of 
an e l e c t r i c a l  c u r r e n t .  With t h i s  i n  mind, i t  i s  p o s s i b l e  t o  
s e e  ( F i g u r e  8 )  t h a t  t h e  o u t p u t  c u r r e n t ,  io, i s  

1 T 

where 
- R; ( R  + R; + R ; ~ L  

Ro - I C S 
(A-33) 

R1 + R + R 2  + R 2  

The s e n s o r  i n p u t  c u r r e n t ,  i i s  (from F i g u r e  8) 
v i ' 

- 
i = i 3 - -  ( A -  34) 

Rs  
I f  b o t h  s i d e s  of Equa t ion  ( A - 3 0 )  a r e  d i v i d e d  by RS and t h e  
r e s u l t  s i m p l i f i e d  [ n o t i n g  Equa t ion  (A-3211, 

(A-35) 
The c i r c u i t  can  be  s i m p l i f i e d  by i n t r o d u c i n g  t h e  r e s i s t a n c e  
Ro [ d e f i n e d  i n  E q u a t i o n  (A-33)]  a s  shown i n  F i g u r e  9 .  

F I G U R E  9 .  S i m p l i f i e d  E q u i v a l e n t  C i r c u i t  f o r  C u r r e n t  S o u r c e  



BNWL-1025 

Then 

(A-  3 6 )  



DISTRIBUTION 

No. of  
Copies  
OFFSITE 

1 AEC Chicago P a t e n t  Group 
G .  H .  Lee,  Chief  

3 0 AEC D i v i s i o n  o f  Reac to r  Development and Technology 
M .  Shaw, D i r e c t o r ,  RDT 
Asst D i r  f o r  Nuclear  S a f e t y  
A n a l y s i s  6 E v a l u a t i o n  B r ,  RDT:NS 
Envi ronmenta l  6 S a n i t a r y  Engrg B r ,  RDT:NS 
Research  6 Development B r ,  RDT:NS 
Asst D i r  f o r  P l a n t  Engrg,  RDT 
F a c i l i t i e s  B r ,  RDT:PE 
Components B r  , RDT : PE 
I n s t r u m e n t a t i o n  6 C o n t r o l  B r ,  RDT:PE 
L i q u i d  Meta l  Systems B r ,  RDT:PE 
A s s t  D i r  f o r  Program A n a l y s i s ,  RDT 
A s s t  D i r  f o r  P r o j e c t  Mgmt, RDT 
L i q u i d  Meta l s  P r o j e c t s  B r ,  RDT:PM 
FFTF P r o j e c t  Manager,  RDT:PM (3 )  
A s s t  D i r  f o r  R e a c t o r  Engrg,  RDT 
C o n t r o l  Mechanisms B r ,  R D T : R E  
Core Design B r ,  RDT:RE ( 2 )  
Fue l  E n g i n e e r i n g  B r ,  R D T : R E  
Fuel  Handling B r ,  R D T : R E  
Reac to r  V e s s e l s  B r ,  R D T : R E  
A s s t  D i r  f o r  Reac to r  Tech,  RDT 
Coolant  Chemistry B r ,  R D T : R T  
Fue l  Recycle  B r ,  RDT:RT 
F u e l s  6 M a t e r i a l s  B r ,  R D T : R T  
R e a c t o r  P h y s i c s  B r ,  R D T : R T  
S p e c i a l  Technology B r ,  RDT:RT 
A s s t  D i r  f o r  Engrg S t a n d a r d s ,  RDT 

2 2 8  AEC D i v i s i o n  o f  T e c h n i c a l  I n f o r m a t i o n  E x t e n s i o n  
1 AEC Idaho O p e r a t i o n s  O f f i c e  

Nuc lea r  Technology D i v i s i o n  
C .  W .  B i l l s ,  D i r e c t o r  

1 AEC San F r a n c i s c o  O p e r a t i o n s  O f f i c e  
D i r e c t o r ,  R e a c t o r  D i v i s i o n  

D i s  t r -  1 



AEC S i t e  R e ~ r e s e n t a t i v e s  
Argonne N a t i o n a l  L a b o r a t o r y  
Atomics I n t e r n a t i o n a l  
Atomic Power Development A s s o c i a t e s  
Genera l  E l e c t r i c  Co., Sunnyvale ,  C a l i f o r n i a  

Areonne N a t i o n a l  Labora to ry  
R .  A .  J a r o s s  
LMFBF Program O f f i c e  
N .  J .  Swanson 

Atomic Energy o f  Canada, L imi ted  
Chalk R i v e r  L a b o r a t o r y ,  O n t a r i o ,  Canada 

J .  W .  H i l b o r n  
A .  Pea r son  

Atomic Power Development A s s o c i a t e s  
Document L i b r a r i a n  
A.  G .  H o s l e r  

Atomics I n t e r n a t i o n a l  
D .  J'. Cockeram ( 5 )  

L i q u i d  Meta l  E n g i n e e r i n g  Cen te r  
J .  J .  Droher ( 2 )  

Babcock C, Wilcox Co. (AEC) 
Atomic Energy D i v i s i o n  

S .  H .  Es l eeck  
G .  B .  Gar ton  

B e c h t e l  C o r p o r a t i o n  
J .  J .  Teachnor ,  P r o j e c t  A d m i n i s t r a t o r ,  FFTF 

BNW R e ~ r e s e n t a t i v e  
N .  A .  H i l l  (ZPR 111) 

Combustion E n g i n e e r i n g  I n c .  (AEC) 
1000 MWe Follow-On Study 

W .  P .  S t a k e r ,  P r o j e c t  Manager 
Genera l  E l e c t r i c  Co. 
Advanced P r o d u c t s  O ~ e r a t i o n  
Sunnyva le ,  ~ a l i f o r n i a  

Kar l  Cohen (3) 
Bertram Wolfe 

N u c l e a r  Systems Program 
D .  H .  Ahmann 



Gulf  Genera l  Atomic Inc .  (AEC) 
Genera l  Atomic D i v i s i o n  

D .  Coburn 
Idaho Nuclear  C o r p o r a t i o n  

D .  R .  deBoi sb lanc  
Oak Ridge N a t i o n a l  Labora to ry  

W .  0 .  Harms 
S t a n f o r d  U n i v e r s i t y  
Nuc lea r  D i v i s i o n  
D i v i s i o n  o f  Mechanica l  E n g i n e e r i n g  

R .  She r  
U n i t e d  Nuc lea r  C o r p o r a t i o n  - 
Research  and Eng inee r ing  Cen te r  

R .  F .  DeAngelis 
U n i v e r s i t y  o f  Ar izona  
Nuc lea r  Eng inee r ing  Department 
Tucson, Ar izona  

M .  V .  Davis  

Department o f  P h y s i c s  
Norman, Oklahoma 

R .  R .  Bourassa 
U n i v e r s i t y  o f  Washington 
Nuc lea r  E n g i n e e r i n g  Department 
S e a t t l e ,  Washington 

A .  L Babb 
M .  A. Robkin 

Washington S t a t e  U n i v e r s i t y  
Nuc lea r  R e a c t o r  Labora to ry  
Pul lman,  Washington 

H .  Dodgen 
H .  S t e r n  

West ingnouse E l e c t r i c  Corp. 
Atomic Power D i v i s i o n  
Advanced Reac to r  Sys tems 

J .  C .  R .  Ke l ly  



O N S I T E - H A N F O R D  
1 AEC Chicago P a t e n t  Group 

R .  K .  Sha rp  (Richland)  
4 AEC RDT S i t e  R e p r e s e n t a t i v e  

P .  G .  H o l s t e d  
3 AEC R ich land  O p e r a t i o n s  O f f i c e  

J .  M .  S h i v l e y  
3 B a t t e l l e  Memorial I n s t i t u t e  
1 B e c h t e l  C o r ~ o r a t i o n  

D .  H .  Weiss (R ich land)  
1 West inghouse E l e c t r i c  Corp. 

R .  S t r z e l e c k i  (R ich land)  
9 8  B a t t e l l e - N o r t h w e s t  

S .  0 .  Arneson 
E .  R .  A s t l e y  
J .  M-. Batch 
A.  L .  Bement, J r .  
C .  A .  B e n n e t t  
R .  A .  Benne t t  
T .  R .  B i l l e t e r  
R .  B .  Brenden 
D .  P .  Brown 
W .  L .  Bunch 
J .  R .  C a r r e l 1  
W .  E .  Cawley 
W .  L .  Chase 
T .  T .  Claudson 
J .  C .  Cochran 
D .  L .  Condot ta  
R .  R .  Cone 
T .  Crocker  
G .  M .  Dalen 
W .  Dalos 
G .  J .  Dau (20) 
J .  M .  Davidson 
E .  A .  Evans 
L .  M .  F inch  
R .  L .  Gordon 
R .  E .  Heineman 
N .  C .  H o i t i n k  
P. L .  Hofmann 
C .  N .  J ackson  
J .  L .  J a c k s o n  
E .  M. J o h n s t o n  

D .  D .  Lanning 
C .  W .  Lindenmeier  
C .  E .  Love 
B. Mann 
W .  B .  McDonald 
J .  S. McMahon 
V .  I .  Neeley 
H .  N .  Pederson  
R .  E .  P e t e r s o n  
N .  S .  P o r t e r  
W .  E .  Roake 
F. H .  Shade1 
D .  E .  Simpson 
C .  R .  F. Smith 
W .  G .  Spea r  
R .  J .  S q u i r e s  
J .  L .  S t r i n g e r  (5)  
G .  H .  S t r o n g  
C .  D .  Swanson 
D .  C .  Thompson 
J .  C .  Tobin 
R .  W .  T r u i t t  
R .  C .  Walker 
J .  H .  Wests ik  
W .  E .  Wilson 
M .  R .  Wood 
D .  C .  Worl ton 
FFTF F i l e s  (10) 
T e c h n i c a l  I n f o r m a t i o n  ( 5 )  
T e c h n i c a l  P u b l i c a t i o n s  (2)  


