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Abstract-The d c conductwlty resulting from electron pulse-irradiation of llqmd CC14 has been studied 
with a time resolution of approximately l0 ns At short times ( < 1/is) the transient conductivity is much 
larger than would be expected from free ions alone and a large contribution to the d.c. conductlwty (up 
to at least 5 times that of the free ions) from Ion pairs which eventually undergo geminate recombination 
is indicated 

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

AN INTERESTING question which has arisen in recent 
years is whether or not at is possible to detect 
geminate ion pairs using a d.c. conductivity technique 
and if so, what precise form the current transmnt 
would be expected to take af a d.c. conductwity 
experiment were carried out under condmons where 
a relatively large yield of  geminate ion pairs were 
formed 9 For  example, should the d.c. conductivity 
transient be simply proport ional  to the total concen- 
t rahon of  all mn-pmrs present at a gwen time as is 
expected to be the case for ultra high frequency, 
microwave conductivity measurements or should it 
be considerably less? 

That  the form of the d.c transient should be 
dtfferent to that obtained using microwaves would 
certainly be expected since it is well known that In the 
presence of  a continuous electric field the ion pair 
distribution can be sufficiently distorted as to result 
m a slgmficantly higher yield of  escaped ions The 
actual form of the survival probabdaty of  ion pairs 
begannmg w~th a gwen separation distance was in fact 
calculated both in the absence and presence of  an 
applied field some time ago by Hong and Noolanda. (~) 
It ~s only recently, however, that attempts have been 
made to theoretically and experimentally study how 
the field-perturbed motion of  these correlated ions as 
translated into a current ~mpulse in the external 
circuitry32 3) 

The mitml experimental attack on the problem was 
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made by Baxendale in 1981 (3) when he carried out 
measurements of  the d c conductivity of  liquid CC14 
using the 20ns, 10MeV electron pulse from the 
Manchester Linac However,  mainly because of  the 
recovery of  the detection system from overload by 
spurious signals due to the electron beam passing 
through the cell, the results were inconclusive Car- 
bon tetrachioride was specifically chosen for the 
experiments because of  the very rapid localisation of  
mobile primary charge carriers and the resulting large 
yield of  geminate ions on a nanosecond timescale as 
evidenced by microwave conductivity mea- 
surements.(4. 5) 

In this paper we present imtlal results on d.c 
conductivity transients in nanosecond pulse arra- 
diated CC14 obtained using the technique that has 
been developed at the Gray Laboratory (6) This sur- 
mounts many of  the "pick-up" problems associated 
with electron lrradlahon of  normal d.c. conductavlty 
cells. 

E X P E R I M E N T A L  
The d c conductivity cell used m the present expenments 

consisted of two parallel electrodes m an all metal container 
with Internal dimensions of 38.5 x 14 x 20 mm 3 The elec- 
tron transmission window was a 0 1 mm thick brass plate 
The rectangular, platinum-plated brass electrodes 
(8 x 35 mm 2) were 1 mm apart and positioned in the middle 
of the container, 1 4 mm from the electron window Each 
electrode was connected to a wire that was fed through the 
cell wall by a 50 f2 connector 

The technique used for measuring conductivity transients 
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was sm~llar to that described by Maughan et al (6)In which 
a passive device (wldeband balanced transformer) was used 
to eliminate the pick-up current which is caused by the high 
energy electrons stopping m or passing through the cell The 
rise time of  the techmque has been improved to 3 5 ns m 
the present experiments by replacing the balanced trans- 
t\)rmer by a 4 1 hybrid junctmn The hybrid junctmn is an 
electrical clrcmt lnvolwng four fernte loaded transmlssmn 
lines which m the present case correspond to two input hnes 
1~ and L connected to the electrodes of  the cell and two 
output hnes O, and 02 The four hnes are brought together 
and matched in such a way that in-phase (like polarity) 
signals in 1~ and 12 are transmitted only via one of  the 
output lines, x e O~ and out-of-phase components via the 
other, O, Optimum cancellatmn of the pink-up current at 
the output O 2 wdl be achmved for ~dentmal pink-up currents 
in both inputs In this way electron pulse interference was 
reduced by two orders of magmtude and conductlwty 
changes were able to be observed within a few ns after the 
electron pulse Further descrlptmns of hybrid junction 
design are to be found in Refs 7 9 and specific details of  
the cell and clrcmt used here are g~ven m Ref 10 

Because of  the 4 3 las fall-t~me of  the hybrid junctmn, for 
measurements at longer t~mes e~ther the hybrid junctmn was 
not used (Insert of Figs 1 and 2) or the signal decay was 
~.orrected by using a wrtual-earth amplifier (m) (current to 
voltage converter) whmh allowed observatmns to be made 
up around 100/~s, the rise time m th~s case is less than t0 ns 

A x 100 GPD-460 (Avantek L~m~ted) amphfier with a 
rise t~me of  1 ns and a decay time constant of  450#s was 
used during the observatmn of  low amphtude signals, the 
addition of  a filter to reduce the bandwidth to 0 7 MHz 
reduced the noise and permitted observatmns on a long 
tlmescale (Insert of Figs 1 and 2) The s~gnal was fed via a 
7A15 or 7A16P plug-in to a Tektromx 7612 D transient 
dlgmzer The dlgmzer was interfaced to a PDP 11 34 
computer which was used to carry out s~gnal averaging 

The cell was lrradmted w~th 3 5 MeV electrons from a 
Van de Graaff accelerator, using 10 and 30 ns pulses The 
dose per pulse, whmh ~s dependent on the degree of  de- 
focussing of  the beam, the beam current and the pulse 
length, was vaned from ~ 0  05 to 2 Gy 

The horizontal electron beam passed through the cell 
parallel to the electrodes and was carefully centered, so that 
pick-up currents on both plates of  the cell are identical All 
high energy electrons were stopped m the cell and return to 
the Van de Graaff ground wa a connectmn to the exit port 
of the accelerator In this way the electromc components 
connected to the cell were shmlded from h~gh frequency 
signals during the electron pulse 

The experimental results are the average of two transmnts, 
one transient acquired with a g~ven polarity of  polarizing 
voltage and plug-m, the other w~th the polarity of  plug-m 
and polarizing voltage reversed In th~s way any remamlng 
spurious transmnt signals are further &mm~shed 

The carbon tetrachlonde (BDH) was used as received 
Using a flushing system the sample in the cell was changed 
after a dose of  approximately 1000Gy 

R E S U L T S  A N D  D I S C U S S I O N  

In the  insert  to Fig  1 is s h o w n  the  t ime d e p e n d e n c e  
o f  the  conduc t iv i ty  in CC14, at  a field s t r eng th  o f  
l0 kV/cm,  resul t ing  f rom a 30 ns  pulse  (2 Gy) ,  on a 
t~mescale o f  several  tens  o f  m m r o s e c o n d s .  O n  this 
hmesca l e  by far  the  d o m i n a n t  c o n t n b u t m n  to the 

conduc t iv i ty  ts expec ted  to c o m e  f rom " 'free" ions 
since the "escape  h m e " ,  G, g~ven by ~ )  

(I)  r , , -  1 6 7 L :  D 

is less than  10 l~s for molecu la r  ions in CC14 (&ffus lon 
coefficmnt o f  runs, D - ~ 2 x  10 ~cm2V ~s '. On-  

sager  escape  &s tance ,  r, = 256/~)  The  escape t ime 
has been def ined ~t~ as the t ime fo l lowing the t\~i- 
ma t l on  o f  cor re la ted  ion-pa i r s  af ter  which the ion-  
pairs  r ema in ing  have  less than  a 10'),, p robab i l i ty  o f  

u n d e r g o i n g  gemina te  r e c o m b i n a t i o n  E q u a t i o n  (I)  Js 
based  on  express ion  (2) which has  been found  to give 
a g o o d  desc r ip t ion  o f  the 1on p m r  survival  p robabi l i ty  
for long t imes (4 ' '~) 

(2) G ( t ) / @ , -  [I + 0 6(r:, 'Dt) °~] 

In a c c o r d a n c e  with the free ion na tu re  ol the 

c o n d u c t t w t y  on  a t~mescale o f  tens o f  mic roseconds ,  
the decay rate Is found  to be reversely p r o p o r t i o n a l  
to the  dose  in the pulse  due  to the occurence  o f  
second  o rder  h o m o g e n e o u s  r e c o m b i n a t i o n  Ex t r apo-  
lat ion o f  this long-b rae  c o n d u c t l w t y  signal to zero 
t~me should  then  give a measu re  o f  the m a x i m u m  
c o n d u c t l v n y  signal to be expec ted  f rom free ions 
a lone  

In the mare  pa r t  o f  Fig 1 the  t r an smn t  conduc t iv i ty  
is s h o w n  on a m u c h  sho r t e r  t lmescale  but  using the 
same pulse  c o n & t l o n s  as for  the da t a  m the insert  
The  d a s h e d  hne  m the mare  figure represen ts  the free 
Ion c o n t r i b u t i o n  to the conduc t iv i ty  ob t a i ned  by back 

e x t r a p o l a t m n  o f  the long t~me da t a  as descr ibed  
above  It can  clear ly be seen that ,  at sho r t  t imes,  a 
subs tan t ia l ly  larger  c o n d u c t w l t y  is obse rved  than  can 
be ascr ibed  to free runs a lone  We are forced to 
conc lude ,  therefore ,  that  C o u l o m b - c o r r e l a t e d  pairs  o f  
ions,  which  eventual ly  will unde rgo  gemina te  re- 
c o m b i n a t i o n ,  can  c o n t r i b u t e  s lgmficant ly  to the d.c  
c o n d u c t l w t y  o f  the  m e d m m  dur ing  thmr hfe t lme This  
same c o n c l u s m n  has also been  reached  recent ly  by 
Klaus  Schml d t  (2~ on  the basis  o f  p r e h m m a r y  M o n t e -  
Car lo  ca lcu la tmns  o f  the pe r tu rbed  m o t m n  o f  gemi-  
na te  m n  pairs  in the  presence  o f  an electric field 

In o rde r  to ob ta in  abso lu te  yields (G-va lues )  f rom 
the  conduc t iv i ty  da t a  one  can make  use o f  the fact 
tha t  zero  field free tons  yields wi thin  the range 
0 095 4- 0.002(100 eV) ~ have been m e a s u r e d  pre-  
wous ly  <~ ~: TM The  free 1on ymld m the  p resen t  exper i -  
m e n t s  will m fact  be s o m e w h a t  h igher  than  this value 
due  to the  a p p h e d  field but ,  for  the  relatively low field 
s t reng ths  used,  G/~(E) can  be e s h m a t e d  using the low 
field hnear  r e l a h o n s h l p  (~4 ~5) 

(3) Gt,(E) = Gl,(o)(1 + E/E,I) 
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FIG 1 Time dependence of the conductwlty In CC14 at 20°C and 10 kV/cm following a 30 ns pulse of 
3 5 MeV electrons (total dose ~ 2 Gy). The dashed hne represents the conductlwty as denved from back 
extrapolating the zero Ume the conductivity transient observed on a t~mescale of 10 #s per division shown 

in the insert 

In (3), E d is the field strength reqmred to double the 
free ~on yield and is gwen by the expression 

8gEoE,k2T 2 
(4) Ee e3 

In (4), E0 is the permlttivxty of free space, E, IS the 
relative dielectric constant, k the Boitzmann con- 
stant, T the absolute temperature and e the electronic 
charge. For CC14 at room temperature E, = 2.23 hence 
Ea is expected to be 20 kV/cm. 

In order to check the value of E a under the present 
condmons, conductwlty measurements have been 
carried out at field strengths of 2.5 and 12.5 kV/cm 
for a low dose pulse (0.05 Gy). For this total dose the 
lifetime of free ions towards recombination should be 
approximately 1 ms and hence negligible decay 
should occur over a timescale of a few tens of 
microseconds. The conductiwty transients are shown 
m Fig 2 after being corrected for a slight droop due 
to the fall time of 450 #s of the circuit used for these 
measurements. The ratio of the plateau conductivity 
values for 12 5 and 2.5 kV/cm is found to be 1.42 
From this a value of Ea = 21 kV/cm can be estimated 
using equation (5) whach is readdy derived from 
equauon (3) and applies for measurements made at 
any two different values of the field strength E, and 

E2 

(5) 
LG~(E9 - G--~gJ 

Th~s value for Ed is m good agreement with that 

expected on the basis of equation (4) and is identical 
with the value found by Casanovas ('6) within the 
errors of the measurements 

Using this value Of Ed the actual G~(E) values at 2 5 
and 12.5kV/cm are determined to be 0.105 and 
0 152 (100 eV)- ' ,  respectively. The conducuvlty data 
in Fig. 2 are m fact presented in terms of G-values 
w~th the plateaus equal to the corresponding 
Gj~(E)-values. 

The extremely long tail of the geminate decay can 
be clearly seen during the first 10 #s in Fig. 2 for the 
lowest field strength. For comparison the txme de- 
pendence expected on the basis of equation (2) for 
zero apphed field is plotted m Fig 2. The form of the 
curves can be said to be in at least qualltatwe 
agreement with the predictions of the field strength 
effect on the survwal probability calculated by Hong 
and Noolandi. °) 

Finally in Fig. 3 are shown the fastest time reso- 
lution data that we have been able to measure 
using the present d.c technique. The results were 
obtained using a 10 ns pulse (0.7 Gy) The data are 
plotted as an effectwe G-value of ion pairs at a given 
time and for a given field strength, "G(Et)",  which is 
derived from the conductivity data using 

a(Et) 
(6) "G(Et)" = G~(E) 

o~(E) 

In (6) a~(E) is the conductlvlty which would result 
from the free ions in the absence of second order 
recombination and which can be obtained by back 
extrapolatmn of low dose, long-time data It is appar- 
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FIG 2 Effect of  the applied field on the time dependence of  the yield of ions m CC14 at 20~C A I0 ns 
pulse of  3 5 MeV electrons with a total dose of  approximately 0 05 Gy was used The dashed cur'm was 
calculated using the free ion yield of  0 095 (100 eV) I, (see Refs 5, 12, 13) and the t 06 relation which 
has been found to describe the ion pmr survival probability at long times (see Ret~ 4, 5) m the absence 

of an applied field 
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FIG 3 The time dependence of  the y~eld of  ions in CC14 at 20 'C following a 10 ns electron pulse The 
upper curves were obtained using the d c technique (total dose ~ 0 7 Gy) For the upper full curves the 
hybrid junction was used together with the virtual earth amplifier (tL0 90 ~ 10 ns), while for the upper 
dashed curves the hybrid alone was used (t~90 ~ 3 5 ns) The lower dashed curve was obtained with the 
microwave technique (total dose ~ 100 Gy, t)0-90 ~ 1 ns) (see Refs 4, 5) The horizontal dashed and full 

hnes at the right represent the free ion yield for zero field and 12 kV/cm, respectwely 

en t  t ha t  effective yields o f  a p p r o x i m a t e l y  one ,  cor re -  
s p o n d i n g  to six t imes  the  free ion  yield for  the  field 

s t r e n g t h  o f  12 5 k V / c m ,  c a n  be de t ec t ed  T h e  yields 
o b s e r v e d  u s i n g  the  d c c o n d u c t i v i t y  t e c h m q u e  a p p e a r  

m fact  to be  even  larger  t h a n  the  yields o b s e r v e d  a t  

sho r t  t imes  by m i c r o w a v e  m e a s u r e m e n t s  as  is s h o w n  
by  the  c o m p a r i s o n  wi th  the  m i c r o w a v e  t r a n s i e n t  (4' s) in 

Fig 3. It is the  i n t e n t i o n  to ca r ry  o u t  a m o r e  
t h o r o u g h  q u a n t i t a t i v e  ana lys i s  o f  the  d a t a  o b t a i n e d  

check  this  p o i n t  T h e  c o m p a r i s o n  In Fig 3 s h o u l d ,  

the re fore ,  be c o n s i d e r e d  to be p rov i s i ona l  and  on ly  

s e m l q u a n t l t a t l v e  a t  the  p r e sen t  t ime.  It is to be h o p e d  
t ha t  a m o r e  q u a n t i t a t i v e  c o m p a r i s o n  wi th  theore t ica l  

c a l cu l a t i ons  can  be p r e s e n t e d  in a f u t u r e  p u b l i c a t i o n  
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