
S O M E  P R O B L E M S  OF P O L A R I Z A T I O N  S E N S O R  T H E O R Y  
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a n d  E .  Z .  N o v i t s k i i  

We examine the following problems:  the charge in a polarizat ion sensor  connected ac ross  a capaci-  
tive load; the relaxation processes  in the sensor  circui t  after  shock wave passage through the specimen; 
the polarizat ion cur ren t  through a sensor  in which two polarization mechanisms exist. The possibili ty is 
shown of determining all the unknown pa ramete r s  of the shock compressed  dielectr ic by means of m e a s u r e -  
ments in the c i rcui ts  of the shor t -c i rcu i t ed  polarization sensor  and a capacitively loaded sensor .  Account 
for the two polarizat ion mechanisms leads to a solution which descr ibes  qualitatively severa l  exper imen-  
tal facts.  In recent  yea r s  the polarization of die lectr ics  in shock waves (hereafter simply wave) has be-  
come the object of careful  study, which follows three  directions: broadening of the c lass  of substances 
studied, phenomenological descript ion of the experimental  resul ts ,  and clarif icat ion of the physical  nature 
of the observed phenomena. The existing phenomenological theories  [1-5] relate the cur ren t  density j in 
the meter ing c i rcui t  with the bulk res is t iv i ty  p, dielectr ic  permeabil i ty  e, specific polarizat ion P0, polar i -  
zation decay (mechanical relaxation) t ime T, and compress ion  6 of the mater ia l  behind the shock wave 
front. In the theor ies  it is assumed that there  is a single polarization mechanism and that the dielectr ic  
is isotropic.  The complexity of the result ing solutions makes it difficult to define uniquely P0, e, P, and T 
without r e c o u r s e t o  additional, specially conducted measurements  of, for example, p and (or) ~. The anoma-  
ly in the behavior of the relat ion P0(6) and the sign change of j in the process  of wave propagation through 
the mater ia l  (polarity reversal )  are  not amenable to mathemat ical  descript ion within the f ramework of the 
mentioned theories  and indicate the possibil i ty of the existence of severa l  polarization mechanisms with 
different values of P0 and •. In the present  paper we develop this approach for the case  of two mechanisms.  
General ly speaking, all the solutions examined here  can be obtained as a consequence of the Zaidel theory 
[5] under definite par t icular  assumptions.  However, in o rde r  to c lar i fy  the operations per formed it is ad- 
visable to use the representa t ion  of the polarizat ion sensor  as an equivalent e lectr ical  c i rcui t  [2, 4]. 

1. Polar izat ion Sensor with Capacitive Load. We shall solve the problem using the same p remises  
as in [4], namely the wave front t raveling with the wave velocity D separates  the dielectr ic  with initial 
thickness I 0 into two regions of compressed  and noncompressed  materfa l  (the corresponding c h a r a c t e r i s -  
t ics  are:  e2, P, 6, u is the mass  veloci ty ~l, Pl = o% u = 0); the mater ia l  behind and ahead of the wave front 
is isotropic; the dielectr ic  is polarized in the front to the magnitude P0 with or  against the direct ion of 
motion of the material ;  in view of the one-dimensional i ty  of the problem the wavefront is an equipotential 
surface,  as is any other  surface parallel  to the wave front. 

Problem Formulat ion.  We represen t  the dielectr ic  subjected to shock compress ion  by an e lect r ical  
c i rcui t  at the t ime t as shown in Fig. l a .  Following [4] we wri te  

~1 C 2 _  otl~r R z pDt 
C 1 - - T - - t '  t ' " 5 

(The arguments  are  made everywhere for unit surface of the shock wave front.) 

(1.1) 

el e25 T -  I0 5 -  D } 
c~1 4xD ' ~4~ e--~ D ' D ~ u  

Using these expressions,  we find the voltage V across  the load C o 
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Fig, 1 

q t (T C c = c q u T _ ~ )  
V Co (•  + ( i - - •  = - ~ o '  (1.2) 

Here Q is the magnitude of the total charge in the sys tem of Fig. 
l a ,  which must  be found, C is the capaci tance of the completely com-  
pressed  dielectr ic .  For  convenience we t r an s fo rmthe  circuit  of Fig, l a  
into the scheme of Fig. lb .  Then 

C~ = C1Co (C1 + Co) -1 

Problem Solution. As shown in Fig. lb,  the magnitude of the charge distributed, between C 2 and C3, 
is determined by the following p rocesses :  shock polarization, mechanical  relaxation (T), conductivity r e -  
laxation (0 = Pe2/4v). The charge  change dQ during the t ime dt can be taken f rom [4] [Eq. (14)] 

dQ / dt = t -1 [P0 exp (--t/z) - Q] - 0 -1 (Q --S) (1.3) 

Equality of the voltages on the condensors  C 2 and C 3 yields 

t (1.4) 
S = Q (u+~;)T + (  l _ •  

The initial differential equation (1.3) af ter  substituting (1.4) takes the form 

d Q_Q l (~+~) r - -~ t  1 ---- ~ e x p ( - -  +Q[++ o +) 
Its solution with the initial conditions Q = P0 and t = 0 leads to 

t 
Q ~--Po exp ( t /v)  ! exp (-- t /~ )  dt 

ti(x+~;)T+(t--z)t]~ o [ ( n + 7 )  T + ( t - - u ) t ] - o  (1.6) 
( IS--~ t0(l--• T ~+~  ) 

By the simple algebraic  operations used in [4] we can show that the sys tem charge in the shor t -  

c ircui ted polarizat ion sensor  c i rcui t  is 

f 
exp(t/v) :! exp(--t/D)dt Tz (1.7) 

Q = P o  ttzT-T(~--~)tl ~ [x r+( i_•162  ' ~P -- 0 (i -- x) ' 

This expression is a par t iou lar tcase  of (1.6) for C o >> C (Y >> 1, x ~ 1). If the conductivity of the 
mater ia l  behind the wave front is small ,  the quantity Q is the sys tem bound charge Qoo. It can be obtained 
by solving the differential equation (1.5) with 0 >> T 

Q _ P0t [ t - - e x p ( - - t ] ~ ) ]  (1.8) oo - -  - - ~  

Substituting (1.6) into (1.2) we obtain in the genera l  case  

t 
Po exp ( t /v)  ! exp (-- t /V)  dt (1.9) 

V ~  Go [ ( •  ~+1 i ( x + 7 )  T + ( l - - u ) t ]  -~ 

and in the absence of conductivity behind the wave front 

V =  Po~: i - - exp  ( - - t / I : )  (1.10) 
Co (u + T) T + (t - -  x) t 

2. Relaxation P r o c e s s e s  in Polar izat ion Sensor Circuit .  Let  us find the magnitude of the charge  in 
the sys tem of Fig. lb  for those cases  in which the wave leaves the tes t  mater ia l  at the meter ing electrode 
without reflection.  We shall  examine t imes t -> T. We denote t '  = t - T  and Qt=T = Q~ Obviously, Q~ equals 
Q for t '  = 0. 

All the pa ramete r s  of the c i rcui t  of Fig. lb  a re  constants.  Thus 

C2 = C = a,• B = pI06 -a, Ca = Co 

Only the charge Q remains  dependent on the t ime t ' ,  and this charge will decay as a resul t  of the ex- 
istence of the relaxational  p rocesses ,  and only a part  of the total charge,  the bound charge Qoo, will decay 
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w i th  t i m e  T, wh i l e  the  e n t i r e  s y s t e m  c h a r g e  Q d e c a y s  w i th  the  t i m e  0. 

The  m a g n i t u d e  of  the  bound c h a r g e  a t  the  t i m e  t '  = 0 (QE) is  found 

f r o m  (1.8) 

Q~o ~ = ~Po T-1  It - exp ( - -T  / T)] (2.1) 

Then  Q~ fo r  t ~ > 0 is  

Q ~  Q O e x p ( _ t , / ' 0  

and  the  c o r r e s p o n d i n g  d e c r e a s e  of  Q~ is 

dQ 1 = _ Q  O~_I exp ( - t '  / ~) dt '  (2.2) 

The  c h a r g e  d e c r e a s e  a s  a r e s u l t  of  c o n d u c t i v i t y  of  t he  m a t e r i a l  beh ind  the  wave  f ron t  is  

dQ~ = _ TT~ dt '  - -  Qdt" "rQdt" (2,3) 
(c+co) = - - d ( i + ~ )  

Summing  (2.2) and  (2.3), we  ob t a in  t he  d i f f e r e n t i a l  equa t ion  

dQ % _ 
at --'r" + Q o (t + 7) Q ~o~ -I exp ( - -  t '  /"0 

The  s o l u t i o n  of (2.4) w i th  the  i n i t i a l  cond i t i ons  

T 
Q O = P o T _  1 exp(T/v) ~ e x p ( - - t / p , ) d t  

[T( I+~)I  '~ ~ [ ( • 2 1 5  -'~ 

fo r  t '  = 0 y i e l d s  

(2.4) 

(2.5) 

Then  

m - -  t '  { 1  exp ~ 
Qco ~ 

v = Q (c  + Co) -1 

m 0 (C -F Co) 
= " c ) (2.6) 

L e t  us a n a l y z e  th i s  e x p r e s s i o n  b r i e f l y .  F o r  C O -*~o (which c o r r e s p o n d s  to the  s h o r t - c i r c u i t e d  c i r c u i t  
condi t ion)  and n o n z e r o  0, (2.6) i m p l i e s  

Q : Q~ - Q~~ [l - exp ( - t '  / ~)] (2.7) 

T h e  d e r i v a t i v e  of (2.7) w i th  r e s p e c t  to t '  y i e l d s  the  v a l u e  of the  r e l a x a t i o n  c u r r e n t  

]+ = - Q ~ ~  -1  exp ( - - t '  / ~), 

o r  a f t e r  s u b s t i t u t i o n  of QE f r o m  (2.1) 

] .  = - - P O T  -1 [1 - -  exp ( - - T  / ~)] exp ( - - t '  / z), (2.8) 

wh ich  a g r e e s  wi th  the  s o l u t i o n  of  [6], o b t a i n e d  wi th in  the  f r a m e w o r k  of t he  A l l i s o n  t h e o r y  [11, wh ich  does  
not  t a k e  into accoun t  the  c o n d u c t i v i t y  of the  m a t e r i a l  beh ind  the  wave  f ron t ;  and th i s  m e a n s  t ha t  t he  c u r r e n t  
d e c a y  in the  s h o r t - c i r c u i t e d  p o l a r i z a t i o n  s e n s o r  c i r c u i t  is  d e t e r m i n e d  on ly  by the  r e l a x a t i o n  t i m e  T. 

The  i n i t i a l  c u r r e n t  J0 a p p e a r i n g  a t  the  m o m e n t  t he  shock  wave  e n t e r s  the  t e s t  s p e c i m e n  is i ndependen t  
of  the  r e l a x a t i o n  p r o c e s s e s  [4] and is d e t e r m i n e d  by  the  e x p r e s s i o n  J0 = P0 (nT) -1. F o r  known k = J+/J0 we 
f ind  the  v a l u e  of  

• = k{[exp ( - - T  / T) - -  iI  exp ( - - t '  / T)} -1 (2.9) 

K T and ~ a r e  found us ing  (2.8) and (2.9) f r o m  e x p e r i m e n t s  in the  s h o r t - c i r c u i t e d  c i r c u i t ,  t hen  i t  is  
e a s y  to f ind the  v a l u e s  of  

Po = ]ouT,  C = a l •  -1  

and Q~ f r o m  (2.1). The  v o l t a g e  in the  s c h e m e  of  F i g .  l b  fo r  t '  = 0 (t = T) d e t e r m i n e d  the  c h a r g e  Q~ = 
V(C + Co) , e x p r e s s e d  by  (2.5). The  v o l t a g e  in th i s  s a m e  c i r c u i t  fo r  any  t '  > 0 m a k e s  it p o s s i b l e  to f ind 
f r o m  (2.6) the  one r e m a i n i n g  unknown m.  The  p a r a m e t e r s  >t and  m c on t a in  in t h e m s e l v e s  t he  unknowns 
e 2 and p.  
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3. Po l a r i z a t i on  C u r r e n t  in Sensor  in P r e s e n c e  of Two P o l a r i z a -  
t ion M e c h a n i s m s .  The fact  of anomalous  po la r i za t ion  in ionic c r y s t a l s ,  
and a l so  the change  in c e r t a i n  c a s e s  of  the  s ign of  the po la r i za t ion  c u r -  
r en t  in the  p r o c e s s  of  wave p a s s a g e  th rough  the spec imen ,  can be  ex-  
plained by the ex i s t ence  of at l eas t  two independent  po la r i za t ion  p r o c -  
e s s e s  with d i f fe ren t  s igns .  Each  of  t he se  p r o c e s s e s  m u s t  be c h a r a c -  
t e r i z e d  by its own va lues  of  T and P0. 

Le t  us examine  the s h o r t - c i r c u i t e d  ca se .  F o r  def in i teness  we 
a s s u m e  that  PI  1) is a lways  pos i t ive ,  while  p~2) can take  both pos i t ive  
and nega t ive  va lues .  In the fol lowing a r g u m e n t s  we follow [4]. 

C h a r g e  i n c r e a s e  in the s y s t e m  takes  p lace  only in C 2 (Fig.  la )  as  a r e s u l t  of  po l a r i za t ion  of addi-  
t iona l  d i e l ec t r i c  l a y e r s  

dQ~ = (P(~) 4-  P(o ~) -- Q) t -~ dt  

The c h a r g e  r educ t ion  dQ2 owing to m e c h a n i c a l  r e l axa t ion  is e x p r e s s e d  as  

dQ2 : - - t  -1  {P(o 1) [t - -  exp (-- t  / ~1)] + P(0 ~) [1 --  exp (-- t  / ~2)]}dt 

and the c h a r g e  d e c r e a s e  owing to conduc t iv i ty  is 

dQ3 = - -  (Q - S )  O -~ dt  

(3 .i) 

(3.2) 

(3.3) 

Here  S is the c h a r g e  flowing in the s h o r t - c i r c u i t e d  s e n s o r  c i r cu i t ,  whose  magni tude  m u s t  sa t i s fy  the 
vo l tage  equal i ty  condi t ion 

(Q - s )  c~ = sc~ 

Summing (3.1), (3.2), (3.3), we find 

d'--/- = ~ 4- Po (~) exp 

o r  in t e r m s  of  the  c h a r g e  S 

(3.4) 

dS [ '--~r i • ] pO(1)exp(--t/x,)4-po(2)exp(--t/T2) 
dt - 2cS zTi-(i--u) t ~-O-uT+(l-• = zT-}-(l--• (3.5) 

The solut ion (3.5) with z e r o  init ial  condi t ions  makes  it poss ib le  to wr i t e  the  t ime  dependence  of  the 
po la r i za t ion  c u r r e n t  dens i ty  

P~ exp (-- t/T1) i I 0-lrr (T- -  t) ~- (t --  • tt[xT+(t--•177 po(~)exp(-t/~:~) 
J =  x - - ~  (-i ---- • t [• ,4- (t --•  t] v exp ( t / lh)  ~ exp (t/Ix1) ~-T T ~-- - - -~  

o (3.6) 
t 

X {i u (T[• 8 -I(I ---5• v- ~) exp (t/~t~) I. [• -bexp (' ~-]~---~-- ~) tff-I dt~j 

which is in essence the superposition of two solutions [4]. 

Continuing the arguments, we find that the relaxation current is also the superposition of two solu- 

tions (2.8), i.e., 

All this  m a k e s  it poss ib l e  to eva lua te  in a new light both  the r e su l t s  of  T m e a s u r e m e n t s  o v e r  a wide 
r ange  of  p r e s s u r e s  and the  di f f icul t ies  which  a r i s e  in the  phenomeno log ica l  de sc r ip t i on  of the  expe r imen ta l  
c u r v e s  of  J(t) with the aid of  the exis t ing t h e o r i e s .  

F igu re  2 shows fo r  c o m p a r i s o n :  the expe r imen ta l  c u r v e  1 obta ined in an e x p e r i m e n t  with NaC1 with 
a p r e s s u r e  of 100 kba r  behind  the  wave  f ront ,  T = 0.825 sec;  the t h e o r e t i c a l  c u r v e  2, obtained by s u p e r -  
posing curve 2 (P0 = 4.12 �9 i0  -s C / c m  2, ~ = 2, T = 0 = 1.65 /~sec) and curve 4 (P0 = 1.24 �9 10 -7 C/cm2,~=2,  

T = 0.04 psec, 0 = 1.65 ;~sec). 
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F i g u r e  3 shows:  the  e x p e r i m e n t a l  c u r v e  1 ob ta ined  in e x p e r i m e n t s  wi th  K B r  wi th  a p r e s s u r e  of 78 

k b a r  at the  w a v e f r o n t ,  T = 1 .31 /~sec ,  the  c a l c u l a t e d  c u r v e  2 ob ta ined  by s u p e r p o s i n g  c u r v e  3 ((P0 =1.97 -10 -8 

C / c m  2, ~ = 2, r = 0.65 ~ s e c ,  0 = 6 .5 /~sec)  and c u r v e  4 (P0 = - 0 . 9 8  �9 10 -8 C / c m  2, ~4 = 2, T = 0 = 6.5 t~sec). 
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