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TRANSIENT RADIATION EFFECTS 
IN CAPACITORS AND U1k:IBCTRIC MATERIALS* 

11. W. Wicklein and R. H. Dickhaut 
The Boeing Cus~pnny 
Seattle, Washington 

Mea.s~~rements of dielectric leakage, 
capacitnnce, electric strength, and charge 
soatterin~ phenomena have been performed at 
the Kukla and Codivn I11 critj.ca1 nnsemblies 
for tantul urn und alllminum electrolytic, wax- 
and oil -in~prcg;nated paper, mylar, mica, and 
cernnlic cnpncitors, and for mylar and Vitamin 
Q- i lnpr~gnated paper. Leaka~e data indicate 
t.tint. (:nm~nn-induoed conductivity in capacitor 
0i.nloctric varies directly with y A ,  where ? 
is the &unma rudjation rate andA is 0.9 for 
my 1 nr, 0.7 for Vitamin Q-impregnated paper, 
and npproximately 1.0 for the other dielectrics. 
A ~mnll portion of the tantalum oxide conduc- 
tlvlly j ud~~ce~l by ~ m l a  radiatj on exhibits a 
rclcovc?ry time of approximntely 150 ps. Tran- 
sir!nt cnpaci tnnce chnrqes due to rndiation are 
non-c!xirrtt?nt within + 0.1 percent for mica and 
Vi l.rlmin ( 2  cnpnciloro. Transient charging of 
tnntnl~un capncitors was noted during irradi- ' 

nt.ion with no npnlied voltnge. No drastic 
chimaorl i n  electric rrtrerq;th were noted durin(; 
i rrndiation of mylnr nnd Vi tmin Q-impregnoted 
1lnI)er. 

Hnsl~lts are compared with a summary of 
dnto col1,ected by other investigators. The use 
of tn:~t daLa in parametric form ae a tool for 
predi.cting trannient radiation effects will be 
diecusnod. 

Introductj on 

The effects cauued in capaci.tors and 
dielectric n~aterials by short, hi~h-intensity 
bursts of nliclenr radiation have been studied 
by vnrious jnvestigators for the past five years. 
A n  understanding of the nature and extent of 
theoe effncto is essential in evaluating the 
vulnerability or reliability of various eleo- 
tronic circuits and systems whefi exposed to 
high-intensity radiation such as that from's 
nuolear weapon detonation. 

High-intenoity radiation causes ionization 
j.n materials due to scattering processes, photo 
effects, secondary emiseion, and other mech- 
anisms. One would expeot that the following 
capacitor properties, shown eleotrically in 
Figure 1, can be changed by the presence and 
distribution of the radiation-produced charge 
oarriers oaused by mechanisms mentioned above. 

1. DC leakage--a change in'shunt reeis- 
tanoe ( 1 1 ~ )  will be caused by inoreased 
conductivity in the dielectric material. Larpp 
conductivity changes are expeoted, in contrast 
to the usually low conductivity of dieleotrio 
materials in the aboence of radiation. 

2. Capacitance--a change in shunt capaoi- 
tance ( c ~ )  will be ca~l~ed by chawes in the 
effective dieleotric constant of the dielectrio 
material. Very small changes are predioted 
when the number of additional charge carriers 

. due to radiation is conoidered. 
3. Breakdown voltage--there is a possi- 

bility that a large increase in the number of 
condnction electrons can cause initiation of 
volta~e breakdown at lower applied fields. 

It. 'rEMF1' generation--an apparent current 
source (i ) is possible due to differential 

CH scattering or secondnry emission effeots between 
dieleotric and metal parts, and transport 
phenomena in the dieleotric and electrolyte. 

5. l%ong-timell effects--trapping phenomena 
and the uuually low conductivity of dieleotric 
materials are conducive to the enhancement of 
conductivity with an associated time constant 
after the rndiation burst. Trapped oharens in 
the dielectric CM oause polarization or Iwr- 
eistence in the dieleotric material 80 thnt 
subsequent radiation effeots differ from the 
initial irrndiation effect. Such effeots are 
dooe-dependent. In any radiation exposrzc there 
is a poseibility of acoumulating a sufficient 
radiation dose to cause permanent changes, but 
these permanent dam~ge effects will not be con- 
sidered in this paper. ai he total doses 
received by test samples are not large enough to 
cause appreciable permanent effeots in most 
capacitors and dieleotric materialu. ) 

The work at Boeing for the last year has 
been directed toward determining a quantitative 
description of the capacitor which oar1 be used 
to predict circuit response to high-intensity 
radiation pulses. In performing this work use 
wao made of exieting pulse radiation data which 
were available on most of the capacitor 
propertien mentioned above. In addition, 
exteneive work was performed by Fbeing in the 

PAGE 



meanurcni- 1 1 t  of DC l e a k w e ,  cnpnci Lance chanf:o:,, 
dirtlec t r i  c: hrcakdown, and ENP genernt ion.  The 
r e s u l t s  of Lhis work, plus ttlnt of  ol.11cr 
invent iga toro ,  has r e o r ~ l t e d  i n  n s l ~ c c e s n f u l  
c i r c u i t  represc!~~tatIon of' the  ~ a p n c i t o r .  

Radiat ion Source 

Tento hnve been performed n t  Lho Codiva I J I  
( ~ o s  Almos  S c i e n t i f i c  k b o r a t o r i c n )  and K&ln 
(Lnvrence Radiat jon Laborntory) pulsn reac tors .  
Tho two f a c i l i t i e s  provide s i m i l a r  mixed neutt.on- 
gmIIII0 r a d i a t i o n  prllsea of the shape shown i n  
Figure 2. Ave~~ago peak jiammo r n t e s  up to 
5 x 107 r / sec  a r e  obtained nnd a v c r w e  pulse 
widths at ha l f - in tonni ty  rnngc from 65 t o  100 ( 1 ~ .  
Tota l  rnd in t jon  dooes of 5000 r nnd 1 x 10 5 
neutrono/cn? (energy > 4 ~ e v )  a r e  obtained. The 
Gamma and neutron energ ies  o r e  equivnlent  t o  n 
f i s s i o n  speotrum. 

I n s  t n ~ m e n t n t i o n  

DC l e a k w e  meaauren~ents were performed 
with tho c i r c u i t  shown i n  Figure 3. 

AC cnpaci  Lance mensuremcnto wore performed 
by u s i w  constant-current  and c o n s t a n t - v o l t w e  
c i r c u i t s  t o  menours c h a w e s  i n  capacitive. 
reactrmce n t  50 ko. Tho maxinlum nensi L iv i ty  f o r  
t h e s e  measurements i s  + 0.5 porcent when R 

m ~ ( p i f l e d  oso i l loscope  t rnce  n~npl.itude is ttord. 
However, the moot nccura te  mennurerncmtn of 
oapacitanco werc performed with t h e  r e s o n ~ n t  
c i r c u i t  shown i n  Fifrure 3. lncluctanco valuon 
i n  t h e  range 10 t o  1000 )by wrre used a t  t e s t  
f requencies  from 50 t o  150 kc. The c i r c u i t  wns 
t ~ m e d  s l i g h t l y  o f r  reoonance p r i o r  Lo each t e s t .  
Cnpaci.tnnce chnnp;eo of _t 0.1 percent could be 
detected.  

A s p e c i a l  t e s t  f ixLurc,  shown i n  F i ~ l r e  4 ,  
was designed t o  measure e l e c t r i c  o t r e q t h  w j  th  
*000 V app l ied  nnd Lo metrotre conduc t iv i ty  i n  
t h i n  (1-5 mi l )  oamples of d . i e leo t r ic  ~nnte r io l s .  
The f i x t u r e  w a s  used i n  place of the cap3c i to r  
i n  t h e  l e a k w e  t e n t  c i rc r l i t .  The e l e c t r o d e s  
a r e  0.25 inches th ick  with rounded e*eo and 
p a r a l l e l  within 2 0.0001 inch. The micrometer 
a l lows adjustment f o r  sample th ickness  t o  within 
+ 0.0001 inch. The high vo l tage  (removable) - 
e lec t rode  is 1.0 inch diameter  and r i d e s  on n 
needle point4 i t  is  surrounded by a nylon r i n g  
t o  reduce ~ u r f a c e  brenkdown and a i r  i o n i z a t i o n  
e f f e c t s .  The d i e l e c t r i c  t e s t  samples extended 
at l e a s t  0.25 inch past  t h e  edges of the  1.5 
Inch diameter  low vol tage  e lec t rode .  A i r  i on j -  

I z a t i o n  e f f e c t s  a r e  reduced by t h e  long  
I conduction path compared with t h e  d i e l e c t r i c  1 thickness ,  nnd by the  c u r r e n t  flow from high- 

vol taac e lec t rode  t o  t h e  grounded frame r a t h e r  
than t o  the  low-v01tap;e e lec t rode .  The c i r c u i t  
connections were mRde s o  t h n t  only the cur ren t  
from tho  low-voltnge e l e c t r o d e  was measured. 

A l l  d a t a  were t ransmi t ted  over aonxia l  
cablea t o  h i ~ h - c n l n  osc i l loscope  channels with 
p h o t o g r ~ p l ~ i c  recording,  and t h e  cab les  were 
terminnted i n  t h e i r  c h a r a c t e r i s t i c  impedance (RJ. 
The shunt capaci tance from tho b a t t e r y  t o  e o u n d  
does not c r e a t e  a problem f o r  the pulse f r e -  
quencies involved. Capaci tor  sample e l e c t r i c a l  
connnctione were pot ted t o  reduce a i r  i o n i -  
z a t i o n  r f f e c t u .  

Dosimetry 

Cnmmn raLes were determined from t h e  cor re -  
l n t i o n  of pulse shape dntn with t h e  t o t a l   amm ma 
dose received hy chemical dosimeters  (+ 10.0 
percent  accuracy). The assumption ttna been t h a t  
all t h e  dose recorded by the  chemical dosimeters  
is d r ~ e  t o  Rnmm r a d i a t i o n ,  but t h i ~  he8 not been 
proven ao yct .  A l l  dosimeters  were mounted next 
t o  the  t e s t  npecimcns. 

Data and Analysis 

The r e s u l t s  of t h e  capncitnnce change 
experiment ind icn tn  t h a t  t h e r e  n r e  no c h q e s  i n  
capnci t n m e  within the monullrement accuracy of 
the t e s t  equipment. The a c t u a l  lower l i m i t  f o r  
t t ~ e  c ~ p a c i t o r o  measured a r e  + 0.1 percent  f o r  
Vitamin Q and s i l v e r  mica c a p a c i t o r s  at a gamma 
r a t e  of 1.0 x 107 r /spc,  + 0.5 percent f o r  
t a n t ~ l t l m  s o l i d  c a p a c i t o r  at 3 x 107 r / sec ,  + 1.0 
pert-ent f o r  oi 1-impregnated paper, (po la r ized)  
and (non-polarized) tantnlum f o i l  capaoi to rs  a t  
1 x 106 and 11.0 x 107 r /sec r e s p e c t i v e l y ,  nnd 

5.0 percent f o r  q y l a r  capacitors a t  2.0 x Bt r/sec. 

A v o l t a c e  breakdown t e s t  on 6 x cm 
thickness  of Vitamin-Q-impreencited pa r i n d i -  r c a t c d  t h a t  n r a d i a t i o n  T R ~ O  of 1 x 10 r / sec  
would not  induce breakdown when the  vo l tage  was 
wit;hin 25 percent  of the normal breakdown 
vol tage.  

A s j g n i f i c a n t  EI4F genernt ion s i p n l  was 
obtained only f o r  pcjlnrized e l e c t r o l y t i c  
cnpnci tors .  

EMF generat ion d a t a  were taken f o r  tantalum 
s o l i d ,  (po la r ized  and non-polnrized) p l a i n  f o i l  
and etched f o i l  tantalum, and etched f o i l  
aluminum cnpaci tors .  Snmple d a t a  a r e  ahown i n  
Figure 5 a s  a func t ion  of Gamma doee nnd time. 
The non-polarized c a p a c i t o r  ( d a t a  not shown) 
showed a very small e f f e c t  compared with t h e  
po la r ized  capnciloks. The EMF genera t ion  d a t a  
a r e  no t  suff iciant1.y accura te  f o r  d e t a i l e d  
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nnnlye i s ;  however, i t  .is ind ica led  Lhat an capac i to r  s i w a l  a s  shown j.n F i e l r e  7. I t  is  
l n tagrated e f f e c t  occllrn d ~ l r i n a  m g j d  dose o1)viou.s from Fi,qurc '1 that  a  s j z e a b l e  cab le  
accumulntion t o  the bulse penk, n11d t h a t  a  time n i @ a l  cnn chnngcr not only the amplitude, b ~ r t  
dcc:ly e f f e c t  occurs d l l r j n ~  the time f @ l l . o w i n ~  nlno the time dependence of the  s igna l .  
the  peak. A possihle  explanat ion i s  t h n t  the 
c h n r ~ e  c a r r i e r r ~  scn t te re t l  onto the wnotle n r e  It  i s  found thuk camma induced conduc t iv i ty  
c o l l e c t e d  immodiately, but t h a t  the  char@? i n  d i e l e c t r i c  mnter inls  fol lows t h e  r e l a t i o n s h i p  
c a r r i e r s  s c a t t e r e d  i n t o  the electrolyte cnthode 
requi re  a  time longer  t h m  the  time t o  the  pulne o - K t a  
peak f o r  the e l e c t r o n s  t o  d i f f u s e  In t h e  e lec -  

(1)  

t r o l y t e  and f o r  the d i s s o c i a t i o n  o r  equillibrilrm where t i n  g m a  r a t e  and A i s  0.7 f o r  Vitamin 
s t n t e  of the  e l e o t r o l y t e  t o  r e t u r n  t o  normal. Q-impregnated paper, 0.9 f o r  mylar, and approxi- 
This  meohaniam would. account f o r  tho obfierved mately 1.0 f a r  the  o t h e r  mate r ia l s  t es ted .  T h i ~  
e i p l o ,  i n c l u d i n ~  t h e  1.nck of s i g n n l  i n  the r e l a t i o n o h i p  i s  only npproximate t o  the  pet-& of 
non-polnrized cnptlcitor. E3IF generat ion should t h e  r a d i n t i o n  burnt f o r  tnntnlum-oxide and the  
not  appear i n  non-e lec t ro ly t ic  oapnci tors .  A oi l -hnth c a p a c i t o r  (Dykanol C: oil-impregnated 
t e s t  on one unchnrged 1.0 Vitamin Q cnpaoi to r  pnper). Thcee mn.terinlo do not  how immediate 
showed no signal within + 0.1 mv. EMF genernt ion recovery a f t e r  the r a d i ~ t j o l l  pulne. An e m p l e  
e f f e c t s  would not appear when vo l tage  i s  npqlied of th in  l o w  time e f f e c t  i s  ehown i n  Fippre 8 
t o  enhance d i f f u s i o n  of oca t te red  e l e c t r o n s  i n  

8 
f o r  TR 0 The conduct ivi ty  i n  t h e  o i l  bath 

t h e  cathode of the  e l e c t r o l y l i o  cnpacitoro. cnpaci$o?' exhihifed an exponential  time decay 

I with a timc c o n ~ t n n t  of 40-45 ma. 
The mnjor o f f e o t  i n  cnpnc i to rs  i n  tho 

reduct ion i n  len.ka(;e r e s i s t a n c e  due 1.0 t h o  An empiricnl r e l a t i o n s h i p  was developed f o r  
increase  i n  the d i e l e c t r i c  conduct ivi ly .  The t h e  TR 0 capnc l to r  usin[: experimrntal  da tn  
most extensive meas~~rements  hnve been r ~ r l e  on s imiln? 20 t h n t  shown i n  F i p r e  8.The conduo- 
capnc i tu r  DC 1eaknp;e rind d i e l e c l s i r ,  cond~ic t iv i ty .  t i v i l y  wcio s e l ~ r n t e d  i n t o  two parto:  ol i s  

proport ional  t o  the  ~:nnunik r a t e ;  a2 i a  propor- 
DC l e a k w e  teu tn  were performed on q y l s r ,  t ionn l  t o  the t o t n l  dose and n decay f n c t o r  

Vitnmin-Q-impregnated pnper, find o m p l e s  of  which i n  l o n ~  compnrod with the  dura t ion  
S i l a s t i o  RTV 001 potliing compo~md. DC l e n b e  of the burs t .  A l y p i c n l  nnpnratj.on of t h i s  type 

t o n t o  were mnde on ceramic, o i l - i m p r c p t e d  i a  show11 i n  F i w r a  9. Pjgure 10 ahown t h e  

pnpor, wax-impre(.;nated paper, o i l  bntli, s i l v e r  empir icnl  re la t ionsh ip .  Several  of the  more 

micn, Vitnmin Q, t ~ t a 1 1 1 m  sol.id, lantnlum accllrnte dn ln  wnrn .solved s j .mul t~neous ly  t o  

f o i l ,  t~.nd alumin~un f o i l  cnpnci loro i n  t h e  determine t h e  time decny oonstnnt (7 f o r  a 2 
rnnce from .O1 t o  15,000 11f. Snmple cnpac i to r  (nmutninc a l  n o y l i d b l e  a t  l o n ~  timeal.  Then 

l e n k q e  r k t a  a r e  shown i n  Fj,(?lre 6. Jn a 2 wns reconstructed t h r o u ~ h o u t  n t y p i c a l  pulse 

goneral ,  ornn.ller v c ~ l l ~ e a  of cnpncita~nce y i e l d  by i - t e rn t ion .  Dose propor t ionnl i ly  conntnnts 

s i g n a l s  which npproximate the  r n d i a t i o n  pulae. (k2) f o r  0% were found by m n t c h j n ~  the  recon- 

I x z r ~ e r  cnpnci.tors y i e l d  s i , y ~ n l o  which do not f 3 t r l l ~ t ~ d  curve 10 tile 10111: time port ions of t h e  

ext l ibi t  recovery durinp; the  t l ~ ~ r n t i o n  of tlir? '  dnl:~. The r n t n  constnnts  ( K  ) were then found 

huro t ,   id hnvn n tinlo decqy conntimt mnr'ked1.y f o r  a 1. by a ~ l b t n ~ c ~ l ~ ~ g  02, nna t , a k i n ~  l h e  s lope 

d i f f o r c n t  from the r n d i a t i o n  pulse s l ~ r ~ p e .  Thia of the o vt?rnr).s Y curve. A s ~ ~ m n n r y  of the  
i n  due t o  t h e  menorwomcnt c i  rcui  t 1in1c constnnt.  elnpiricni.ly dc1.r mi nc?d cons ten ts  nppearo i.n 

Fil?;r~rc, 10. The r n l e  nnd (loan cons tan ts  a r e  
1,eakn~e d a t a  tnknn with the  r! i e  1 e c t r i c  d i f f e r e n t  f o r  oo1.i d  and f o i l  type cn.p;tcl ln rn ,  

t e s t  f i x t u r e  were converted t o  conc1.u~ t i v i t y  hy apparc~nt.ly due t o  the nntc~re of t h e  e l e c t r o l y t e .  
u o i n ~  the p ? r n l l e l  p l a t e  m l a t j o n o h i p s  with the  There were no s i p j f i c n n t  d i f f e r e n c e s  between 
known fj.xlure p;anmet.ry c~nd d i o l e c t r i c  th.icknt?aoea [ ~ o l n r j z c d  irnd non-golnrized, o r  plnin nnd etoht?cl 
Cnpncitor d a t n  were convertc:d t o  1e:rkrqe r e n i s -  Coil typhs. 
tnnce 11,y using the dynn1n.i.c n i r c l ~ i t  eq l~ut ion  
given i n  Fifllrr? 6 .  These l e a k y e  re:;j.nlnnce blono of the  capnc i to r  dnt;r ind icn ted  
vtllues were then convnrtccl t o  conrh~c l iv i  1.y tlepcntience of ~ ~ n m t ~  j,nditced c a n d l ~ c t i v i t y  on 

'va luea  f o r  thr? d i e l e c t r i c  maler ialn by 11njn(: r ~ p p l i e d  c l . e c t r i c  fiel.d, d i e l e c t r i c  th ickness ,  
p ~ m l  J el. plal;e a:~numptiona ( f o r  t h i n  d i e l i ? c t r i  co) o r  cnpncl.t;mce vnl.ue. 
and the va lues  of cc~paci tance and d i e l e c t r i c  
conntnnt f o r  t h e  n p e c i f i c  cnpnci tor .  Slmwlary of Data 

I n  cnsen where t h e  corlx.Ln1 trnnsmission Tho experimental r e s u l t s  f o r  cnpacitnnce 
cnble a i p a l  i s  the  same order  of m a ~ i t u t l c  as rind 1eakw:e nrn cons in ten t  with dn ln  taken hy 
Lhe ohserved s i c a l ,  a  correctl.on m ~ l c t t  be made. o t h e r  i n v e a t i c a t o r s  nuch no In le rnn t iona l  
The cable  .si[pnl. must he s ~ r b t r a c t r d  from the  Husiness Machines Corp., ninmond Ordnnnce Fuze 
obselved o i ~ a l  i n  o rder  t o  obtnin t h e  t.nte Laborntory, nnd Sandir, Corp. F i p ~ r e  11 shows a 
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summay of DC l e n k w e  d a t a  i n  terms of contluc- 
t i v i t y  a s  a func t ion  of gmnma r a t e .  1UM d a t a  
have been oonverted n8 c l o s e l y  a s  poss ib le  t o  , .  
t h i s  represen ta t ion .  The d a t a  f o r  Ta 0 

2 5 capac i to rs  inoludes only al. The dose 
dependent por t ion  o2 j.8 ~~~~~~~~~y a f t e r  the  
r a d i a t i o n  peak. 

ApplicnLions 

The d a t a  f o r  t r a n s i e n t  r n d i a t i o n  e f f e c t s  
i n  capac i to rs  and d ie leoLr ic  mate r ia l s  can be 
used t o  p r e d i c t  t r a n s i e n t  r a d i a t i o n  e f f e c t s  i n  
e l e c t r o n i c  c i r c u i t s  and systen~s.  The e q r ~ i v a l e n t  
c i r c u i t  f o r  m i r r a d i a t e d  capnc i to r  i s  shown i n  
Figure 12. C i s  < + Q.001.C and iC,, is  n e g l i -  
g i b l e  when vo?kage i s  npplied. R can be 
cn lcu la ted  from the eqoati.on f o r  b a l l e l  p l a t e  
approximntion given i n  Figure I ? ,  where 
a - a1 + a2 is  the men~ured dependence on Emma. 
dose and r a t e .  The resu l t ing .  equivalent  c i r c u i t  
can be s u b s t i t u t e d  i n  t h e  c i r c u i t  of i n t e r e s t  i n  

, place of t h e  cnpncj toro,  nncl the t rsn.s ient  
e f f e o t  on t h e  0ircuj . t  can he cnlculntod. by an 
m n l o g  computer when the ~ p p r o p r i n t e  gammn d.ose 
and gamma r a t e  environment n r e  provided. 

* Work supported by U. S. A i r  Force con t rnc t s  
64~7)-209, AP jj(616)-7531, and 
616) -700'1. Contract hF 53 (616)-780lt 

sponsored by Advnnccd Research Projects 
Agency, Department of Defense. 
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@D.c. LEAKAGE TEST CIRCUIT 

A. C. CAPACITCINCE TEST CIRCUIT 
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* DC LEAKAGE DATA FOR % 

3yf Ta FOIL CAPACITOR 
4 
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(v-v) Rr 
RL - v-  &-dV 

dt  - 

' C A P A C ' .  
VOL7AGE , .. 

v - v  (VOLTS) 
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? 
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0 5 0  1 0 0  -150 200 300.350 
TIM€ (AS), 



TYPICAL CABILE EFFECT ON 
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PULSES FOR 3pf  Ta FOIL CAPACITOR 
* 

-40 10' - 

CONOK7/Y/TY 
I 8 

(n - CM)-# (R/sEc) 

10'" 106 

- 

m-12 I I I I - 105 
0 I20 240 360 480 

T/Mh f ~ s )  

I 



2 = 
0 0 
rn 

J-' 
4 
W 

@ CONDUCTIVITQ ANALYSIS FOR 
' 3 p f  Ta FOIL CAPACITOR 



RESULTS OF Ta205 a CONDUCTlVITY ANALYSIS 
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SUMMARY OF DC CONDUCTIVITY 
DATA - BOEING I IBM 

D I ELECTRIC K 
MYLAR 3 4.2 x 10-1' . 0.9 
YUAMIN Q /MPR!  PdP€@ I I 5.2 * 10"". 7 
TL~M~LUM. MIOE ~ P W U X )  25 1.2 %IO-" 1 .0 
A L W/IYt/M OX/U€ 7 2-95 *10-* 1.0 
GLASS -6.5 2-0*10'" 1.OEST 
O/t /MPR€cn/A7EP PAPEP a 7 7.4 % 10 '" 4 . 0  
7EFt O N  2 4.2 rlo-l* -1.0 
S/LAS~/C oc - 200 - -5.1 ~ 1 0 ~ ~ 5  m 1 . 0  
M /CA 6.8 - 4 . 0  JC 10 -17 1.0 EST 
CC'RAMIC =ZO -4.0 . 10 -I7 1.0 " 



EQUIVALENT CIRCUIT FOR 
@cAmcImQ D u m G  wuwIP;TIoN 
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