
C H A P T E R  I I

PRINCIPLE OF LIQUID SCINTILLATION COUNTER

2 .1  P r in c ip le  o f  L iq u id  S c i n t i l l a t i o n  C ou n tin g . ( 1 8 ,1 9 ,2 0 ,2 1 ,2 2 ,2 3 ,2 4 ,2 5 ,2 6 ,2 7 )
S c i n t i l l a t i o n  co u n tin g  i s  one o f  th e  m ethods f o r  m easuring  

r a d ia t io n .  T h is method has been used  s in c e  1903 but in  a r a th e r  l im it e d  
form . Only a f t e r  th e  developm ent o f  p h o to m u lt ip l ie r  tu b e s  and th e  
d is c o v e r y  o f  o r g a n ic  s c i n t i l l a t o r s ,  th e  method has been w id e ly  a p p lie d .

O rganic s c i n t i l l a t o r s  a re  ch em ica l compounds w hich have th e  
p r o p e r ty  o f  a b so rb in g  r a d ia n t  en erg y . The a b so r p tio n  o f  t h i s  en erg y  by 
th e  s c i n t i l l a t o r  r e s u l t s  in  th e  fo rm a tio n  o f  e x c i t e d  atom s or  n u c l id e s  
w hich th e n  r e tu r n  r a p id ly  to  th e  norm al o r  ground s t a t e ; .  r e le a s in g  
p h oton s ( l i g h t  en e r g y ) and h e a t .  S c i n t i l l a t o r s  a re  tr a n sp a r e n t  t o  t h e i r  
e m itte d  l i g h t  w hich i s  in  th e  u l t r a v i o l e t  o r  v i s i b l e  r a n g e . The number 
o f  p h oton s e m itte d  i s  l i n e a r l y  r e la t e d  to  th e  ab sorb ed  r a d ia n t  en erg y .

The term  "L iquid  S c i n t i l l a t i o n  C ounting" i s  used  when th e  
s c i n t i l l a t o r  and th e  r a d io a c t iv e  m a te r ia l  t o  be a ssa y e d  a re  d is s o lv e d  
in  a s u i t a b le  s o lv e n t .

The en ergy  o f  th e  r a d ia t io n  e m itte d  from a r a d io a c t iv e  so u rce  
i s  f i r s t  absorbed  by th e  s o lv e n t  m o le c u le s ,  c a u s in g  them t o  become 
e x c i t e d .  T h is e x c i t a t io n  en ergy  i s  p rop agated  w ith in  th e  s o lv e n t  and 
t r a n s fe r r e d  to  th e  s o lu t e  ( s c i n t i l l a t o r ) ,  c a u s in g  th e  s c i n t i l l a t o r  
m o le c u le s  to  become e x c i t e d  and when th e y  r e tu r n  to  t h e i r  ground s t a t e s  
th e y  em it p h oton s ( l i g h t ) .

Two s c i n t i l l a t o r s  a re  o f t e n  used  t o g e t h e r .  The secon d ary



s c i n t i l l a t o r  i s  added in to  th e  prim ary s c i n t i l l a t o r  to  im prove th e  c o u n tin g  
e f f i c i e n c y .

A prim ary s c i n t i l l a t o r  sh ou ld  e x h ib i t  th e  f o l lo w in g  
c h a r a c t e r i s t i c s :  (a )  h igh  e f f i c i e n c y  o f  l i g h t  p ro d u ctio n  when a c t iv a t e d  
by r a d ia t io n ,  (b )  e m iss io n  o f  l i g h t  a t  a w a v elen g th  t h a t  i s  w ith in  th e  
r e g io n  o f  maximum s e n s i t i v i t y  o f  th e  p h o to m u lt ip l ie r  tu b e ,  ( c )  good  
s o l u b i l i t y  and s t a b i l i t y  under c o n d it io n s  im posed by th e  n a tu re  o f  th e  
sam ple and th e  w orking tem p eratu re  o f  th e  c o u n te r , (d )  no c o n c e n tr a t io n  
q u en ch in g , and ( e )  read y  a v a i la b le  and low  c o s t .

Good s c i n t i l l a t o r s  are compounds c o n ta in in g  co n ju g a ted  
aro m a tic  r in g s  combined in  a l in e a r  f a s h io n .  Of th e  many r in g - s t r u c t u r e s  
s t u d ie d ,  o x a z o le  and 1 ,3 ,4  o x a d ia z o le  have formed th e  b a s is  o f  th e  most 
w id e ly  u sed  s c i n t i l l a t o r s .

Among th e  m ost w id e ly  u sed  prim ary s c i n t i l l a t o r s  a r e ,  fo r  
exam ple: p -T erp h en yl {T P ), 2 ,5  -  D ip h en y lo x a zo le  (PPO), 2 p h e n y l-5 -  
(4 -b ip h e n y l)  - 1 , 3 , 4 -  o x a d ia z o le  (P3D) and 2 - ( 4 - t - B u t y lp h e n y l) - 5 -  
( 4 -b ip h e n y l)  - 1 ,3 ,4 - o x a d ia z o le  (B u ty l-P B D ).

The main fu n c t io n  o f  th e  secondary- s c i n t i l l a t o r  i s  t c  absorb' " 
th e  e m itte d  l i g h t  o f  th e  prim ary s c i n t i l l a t o r  and to  r e -e m it  i t  a t  a 
lo n g e r  w a v elen g th  corresp on d  t o  th e  maximal s e r s i t i v i t y  o f  the  
p h o to m u lt ip l ie r  tu b e . When p r e se n t  in  h ig h  c o n c e n tr a t io n , th e  secon d ary  
s c i n t i l l a t o r  may com pete w ith  quench in g a g e n ts  in  r e d u c in g  th e  
e f f i c i e n c y  o f  th e  prim ary s c i n t i l l a t o r .

The fo u r  commonly used  secon d ary  s c i n t i l l a t o r s  a re  1 , 4 - b i s -  
2 - (5 - p h e n y lo x a z o ly l )  benzene (POPOP), 1 ,4 -B is -2 - ( 4 - m e t h y l- 5 - p h e n y lo x a z o ly l  }
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b ers 1 ne (DtIPOPOP), P -B is  (0-m ethy.l s t y r y l )  b enzene (bis-M SB ) and 2-  
( 4 ' -B ip h e n y ly l) -6 -p h e n y lb e n z o x a z o le  ( PBBO) .

The req u irem en ts  fo r  a pood s o lv e n t  are a s  f o l lo w s :  (a )  
h ig h  s o l u b i l i t y  fo r  th e  s c i n t i l l a t o r ,  (b )  e f f i c i e n t  en erg y  t r a n s f e r  
from th e  r a d io a c t iv e  s o u r c e , ( c )  tra n sp a ren cy  t o  th e  p h oton s e m itte d  
by th e  s c i n t i l l a t i o n ,  (d )  a b i l i t y  to  d i s s o lv e  th e  r a d io a c t iv e  sam ple 
w ith  or w ith o u t th e  a id  o f  s o l u b i l i z i n g  a g e n ts ,  and ( e )  a b i l i t y  n o t to  
f r e e z e  a t  th e  w orking tem parature o f  th e  c o u n te r .

For many y e a r s ,  to lu e n e  has rem ained s o lv e n t  o f  th e  c h o ic e  
from th e  p o in t  o f  v iew  o f  r e l a t i v e l y  e f f i c i e n t  en erg y  t r a n s f e r ,  c o s t  
and a v a i l a b i l i t y .  O ther s o lv e n t s  are  d io x a n e  and h e x a flu o r o b e n z e n e .

The in t e r a c t io n  o f  th e  p a r t i c l e  r a d ia t io n  in  l iq u id  
s c i n t i l l a t o r s  i s  sum m arized by th e  fo l lo w in g  e q u a tio n s:

1. ร + E _-------- *. ธ* + en

2 . ร* + ร1 -------- -a s  * S1 + e n i
3. ธ* + ธ0----------ะ, ร . +S* + en„1 2 1 2  2
4 . ร* ---------- > ร2 + h ( l i g h t )
ร = S o lv e n t 5 ร* = e x c i t e d  s o lv e n t
E = r a d ia t io n  en erg y

^ = prim ary s c i n t i l l a t o r 5 ร^* = e x c i t e d  prim ary s c i n t i l l a t o r  
ร 2 = secon d ary  s c i n t l l l a t o r 5 ร^* :ะ e x c i t e d  secon d ary  s c i n t i l l a t o r  

e n , en , en2 = en ergy  r e le a s in g , (h e a t )

And che seq u en ce  o f  th e  in t e r a c t io n  in v o lv e s :
1 . th e  r e le a s e  o f  d i s in t e g r a t io n  e n e r g y ,
2 . th e  t r a n s f e r  o f  en ergy  to  th e  s o lv e n t  and th en  t o  th e

s c i n t i l l a t o r
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3. f lu o r e s c e n c e

2 .2  In stru m en ta tio n  o f  L iqu id  S c i n t i l l a t i o n  C ounter.
P hotons w hich a re  g en era ted  in  th e  s c i n t i l l a t i o n  p r o c e s s  are  

c o l l e c t e d  and co n v er ted  to  m easurab le e l e c t r i c a l  p u ls e s  in  a l iq u id  
s c i n t i l l a t i o n  c o u n te r . The im portant p a r ts  o f  th e  in stru m en t in c lu d e  
th e  p h o to m u lt ip l ie r  tu b e , th e  a m p l i f i e r ,  th e  p u ls e  h e ig h t  a n a ly z e r  and th e  s c a le r .
2 .2 .1  P h o to m u lt ip lie r  tu b e s .

The p h o to m u lt ip l ie r  i s  a vacuum tu b e which c o n v e r ts  p h oton s  
in to  e l e c t r i c a l  en e r g y . I t  c o n s i s t s  o f  a p h otocath od e and a s e r i e s  o f  
d yn od es. The p h otocath od e and th e  dynodes are  c o a te d  w ith  m a te r ia l  
th a t  have th e  p ro p er ty  o f  e m it t in g  p h o to e le c tr o n s  when exp osed  to  
p h o to n s . The p h o to e le c tr o n s  from th e  ca th od e a re  th en  a c c e le r a te d  by 
a p o s i t i v e  p o t e n t ia l  in to  th e  f i r s t  dynode. The im pact o f  each  
a c c e le r a te d  p h o to e le c tr o n  c a u se s  th e  p ro d u ctio n  o f  s e v e r a l  secon d ary  

e l e c t r o n s .  The e le c t r o n s  produced a t  th e  f i r s t  dynode a re  th en  
a c c e le r a te d  tow ard a second dynode. T h is p r o c e ss  i s  r e p e a te d  through  
a s e r i e s  o f  dynodes u n t i l  th e  secon d ary  e le t r o n s  omor>ging a t  th e  l a s t  
dynode rea ch  th e  c o l l e c t o r  (a n o d e) a s  an 3 v a ] anoh and r e s u l t  in  a
m easurab le e l e c t r i c a l  p u ls e .  One p h o to e le c tr o n  may g e n e r a te  a s  many 
a s a m i l l io n  secon d ary  e le c t r o n s .  The o v e r -r a il e le c t r o n  m u lt ip l i c a t io n  
can be c o n t r o l le d  by chan gin g  th e  p o s i t i v e  p o t e n t ia l  g r a d ie n t  a p p lie d  
to  th e  tu b e . A ga in , t h i s  i s  a n e a r - l in e a r  p r o c e s s ,  so  p r o p o r t io n a l  
c o u n tin g  i s  p o s s ib l e .

F a c to rs  a f f e c t i n g  th e  perform ance o f  p h o to m u lt ip l ie r  tu b e s
in c lu d e :
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(a )  S p e c tr a l  r e sp o n se
The p h o to m u lt ip l ie r  tu b es  used  fo r  l iq u id  s c i n t i l l a t i o n  

c o u n tin g  must have a h ig h  s e n s i t i v i t y  in  th e  b lu e  r e g io n  o f  l i g h t  b eca u se  
th e  l iq u id  s c i n t i l l a t o r s  have b lu e  e m is s io n . The s p e c t r a l  r e sp o n se  o f  th e  
p h o to m u lt ip l ie r  depends on th e  c c m p c s it io n  o f  th e  p h o to ca th o d e . 
P h o to m u lt ip lie r  tu b e s  u s in g  b i a l k a l i  c a th o d e s , such a s  cesiu m -a n tim o n y , 
s ilv e r -m a g n e s iu m -c e s iu m , have been found t o  be p a r t ic u la r ly  u s e f u l  
b eca u se  o f  t h e i r  e x c e l l e n t  s e n s i t i v i t y  in  th e  b lu e  r e g io n .
(b ) M agnetic F ie ld s

The perform ance o f  a l l  p h o to m u lt ip l ie r  tu b e may be in f lu e n c e d  
by th e  p r e se n c e  o f  a m agn etic  f i e l d  b eca u se  th e y  g e n e r a te  p h o to e le c tr o n s  

th a t  can be d e f le c t e d  by a m agn etic  f i e l d .  In a l iq u id  s c i n t i l l a t i o n  
c o u n te r , ca re  must be tak en  to  s h ie ld  th e  p h o to m u lt ip l ie r  tu b e from  
e x te r n a l  m agn etic  f i e l d s  t o 1 en su re  c o n s ta n t  reprcduc^-ule p erform an ce.
( c )  Tem perature e f f e c t s .

A c r i t i c a l  c h a r a c t e r i s t i c  o f  p h o to m u lt ip l ie r  tu b e s  i s  th e  
r a p id  in c r e a s e  o f  dark cu r r e n t w ith  in c r e a s in g  tem p era tu res a s  a r e s u l t  
o f  in c r e a s e d  th erm io n ic  e m iss io n  o f  e le c t r o n s  from th e  p h o to ca th o d e .
T his e x p r e s s e s  i t s e l f  a s  an in c r e a s e  in  background co u n ts  in  a 
s c i n t i l l a t i o n  c o u n te r .
2 .2 .2  The two tu b e  l iq u id  s c i n t i l l a t i o n  c o u n te r .

In a s in g le - t u b e  l iq u id  s c i n t i l l a t i o n  c o u n te r , th e  
p h o to e le c tr o n s  are m u lt ip l ie d  by th e  p h o to m u lt ip l ie r  tu b e  t o  produce  
a m easurable e l e c t r i c a l  p u ls e .  The r e s u l t a n t  p u ls e  i s  su b se q u e n tly  
a m p lif ie d  l i n e a r l y  by an a m p lif ie r  to  f a c i l i t a t e  p u ls e  h e ig h t  a n a ly s i s .
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The m ajor drawback o f  th e  s in g le - t u b e  l iq u id  s c i n t i l l a t i o n  c o u n te r  i s  
produced by th e  n o is e  c h a r a c t e r i s t i c s  o f  th e  p h o to m u lt ip l ie r  tube  
b eca u se  th e  p h otocath od e a l s o  em its  e le c t r o n s  sp o n ta n e o u s ly  (th erm a l 
e l e c t r o n s ) .  C on seq u en tly , th e  sp on tan eou s r e le a s e  o f  e le c t r o n s  would 
g iv e  in  a h ig h  background co u n t. I t  i s  e v id e n t  t h a t  th e  h ig h  backtround  
count co u ld  be red u ced  to  a t o le r a b le  l e v e l  by c o o l in g  and by th e  u se  o f  

two p h o to m u lt ip l ie r  tube w ith  a c o in c id e n c e  c i r c u i t .
A d ia g ra m a tic  r e p r e s e n ta t io n  o f  a l iq u id  s c i n t i l l a t i o n  

co u n ter  em ploying a c o in c id e n c e  c i r c u i t  i s  shown in  F ig u re  2 .1

F ig u re  2 .1  B lock  diagram  o f  a tw o -p h o to m u lt ip lie r  tu b e l iq u id  
s c i n t i l l a t i o n  co u n te r  w ith  a s in g le  a n a ly s i s  ch a n n e l.
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2 . 2 .2 .1  P u lse  h e ig h t  a n a ly se r
The p u ls e  h e ig h t  a n a ly s e r  i s  an e l e c t r o n ic  s o r t e r  th a t  can  

be a d ju s te d  to  a c c e p t e l e c t r i c a l  p u ls e  w ith in  a s e le c t e d  range o f  p u ls e  
h e ig h t s  and r e j e c t  a l l  o th e r s .  The p r in c ip le  o f  p u ls e  h e ig h t  a n a ly s i s  
i s  i l l u s t r a t e d  in  F igu re 2 .2

upper l i m i t

th r e s h o ld

F igu re 2 .2  P r in c ip le  o f  p u ls e  h e ig h t  a n a ly s i s .
The b ars A through G r e p r e s e n t  seven  p u ls e s  o f  v a ry in g  

e n e r g ie s  g e n era ted  by th e  p h o to m u lt ip l ie r  tu b e , th e  en erg y  b e in g  
d i r e c t l y  p r o p o r t io n a l to  th e  h e ig h t  o f  th e  b a r s ,  w hich a re  su b se q u e n tly  
a n a ly se d  by a p u ls e  h e ig h t  a n a ly s e r .  The p u ls e  h e ig h t  a n a ly s e r  i s  s e t  1 
by means o f  two d is c r im in a to r s  (lo w e r  and u p o er) th a t  d eterm in e th e  s i z e  
o f  th e  p u ls e s  to  be p a ssed  o r  and r e j e c t  a l l  o t h e r s .  In t h i s  exam p le , 
p u ls e s  A, c and E are r e j e c t e d  b eca u se  th e y  are  to o  sm a ll and p u ls e s  
B, F, G a re  r e j e c t e d  b ecau se  th e y  are  to o  la r g e .  Only p u ls e  D i s  p a ss  
on fo r  fu r th e r  p r o c e s s in g .
2 . 2 .2 .2  C o in c id en t c o u n tin g .

The two p h o to m u lt ip l ie r  t u b e s ,  w hich are  u sed  in  th e  two tube



1 3

l iq u id  s c i n t i l l a t i o n  c o u n te r , are s p e c i a l l y  s e le c t e d  fo r  lo w -n o is e  
c h a r a c t e r i s t i c s  and matched f o r  s p e c t r a l  r e sp o n se . These tu b es  a re  sc  
arranged  th a t  th e y  lo o k  a t  th e  same sam ple and are co n n ected  to  a 
c o in c id e n c e  c i r c u i t .  The c o in c id e n c e  c i r c u i t  i s  an e l e c t r o n ic  d e v ic e  
th a t  o n ly  p a s s e s  s ig n a ls  a r i s in g  s im u lta n e o u s ly  from b oth  p h o to m u lt ip l ie r  
tu b e s .

A ccord ing to  F ig u re  2 .1 ,  th e  second  p h o to m u lt ip l ie r  tu b e i s  
u sed  s im p ly  to  m on itor fo r  c o in c id e n c e . T h e r e fo r e , any s ig n a l  from  
th e  m onitor tube i s  a n a ly sed  o n ly  by a low er l e v e l  d is c r im in a to r  so  
th a t  a l l  s ig n a l s  above th e  minimum l e v e l  are p a ssed  on to  th e  
c o n ic id e n c e  c i r c u i t .  When th e  s ig n a l  from th e  m on itor tu b e a r r iv e s  a t  
th e  c o in c id e n c e  u n i t ,  an e l e c t r o n ic  g a te  i s  opened f o r  a f i n i t e  t im e ,  
and any s ig n a l  a r r iv in g  from th e  a n a ly se r  tu b e and t o  th e  p u ls e  h e ig h t  
a n a ly s e r  i s  a llo w e d  to  p a ss  on t o  th e  co u n ter  d u rin g  t h i s  t im e . Because  
p u ls e s  o r ig in a t in g  from a r a d io a c t iv e  so u rce  are  seen  s im u lta n e o u s ly  
by b oth  th e  m on itor and th e  a n a ly s e r  p h o to m u lt ip l ie r  t u b e s ,  th e s e  s ig n a l s  
a r r iv e  s im u lta n e o u s ly  a t  th e  c o in c id e n c e  g a te  and are  co u n ted . In 
c o n t r a s t ,  th e  random background p u ls e s  o r ig in a t io n  in  th e  a n a ly s e r  
tu b e do n o t p a ss  th e  c o in c id e n c e  u n i t ,  even  a t  v e r y  h ig h  background  
count r a t e s .
2 .3  S ou rces o f  Background C ounts.

In a l iq u id  s c i n t i l l a t i o n  c o u n te r , one o f  th e  so u r c e s  o f  
background i s  cosm ic r a y s , -which c o n s t i t u t e  th e  e x te r n a l  so u rce  o f  
background c o u n ts , Cosmic r a y s  a re  h ig h -e n e r g y  p a r t i c l e s  th a t  in t e r a c t  
w ith  m a tter  to  produce m eson s, e l e c t r o n s ,  gamma r a y s  and x -r a y  w h ich ,
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in  tu r n , ir r a d ia t e  th e  co u n ter  from a l l  d i r e c t io n s .  The co u n te r  i s  
p r o te c te d  from cosm ic r a y s  by s h ie ld in g  w ith  a h ig h  d e n s i t y  m a te r ia l  
b u t i t  i s  n o t p o s s ib le  to  e l im in a te  th e  background c o u n ts  c o m p le te ly .

A nother m ajor so u rce  o f  background c o u n ts  i s  th e  n a t u r a l ly  
o c c u r r in g  r a d io is o t o p e s  c o n ta in e d  in  th e  m a te r ia ls  u sed  in  th e  
m anufacture o f  th e  c o u n te r , th e  sam ple c o n ta in e r ,  and th e  sam ple i t s e l f .

An o b v io u s , though som etim es f o r g o t t e n ,  so u rce  o f  background  
i s  th e  lo c a t io n  o f  th e  co u n ter  n ear  such h ig h  en ergy  so u r c e s  as gamma 
i r r a d ia t o r s ,  n eu tron  g e n e r a to r s  and s im ila r  in s tr u m e n ts . A l iq u id  
s c i n t i l l a t i o n  c o u n te r  sh o u ld  th e r e fo r e  be i s o la t e d  from th e s e  i n s t a l l a t i o n s .

The background count r a te  i s  a lw ays s u b s tr a c te d  from th e  
sam ple count r a te  t o  o b ta in  th e  n e t  sam ple c o u n ts .
2 .4  F igu re o f  M erit.

In th e  f i e l d  o f  l iq u id  s c i n t i l l a t i o n  c o u n t in g , th e  perform ance  
o f  a g iv e n  co u n ter  i s  o f t e n  e x p r e sse d  in  term  o f  f ig u r e  o f  m er it  from  
w hich one co u ld  e s t im a te  th e  tim e needed  t o  cou n t a sam ple so' t h a t  a 
s t a t i s t i c a l l y  a c c e p ta b le  number o f  cou n t co u ld  be o b ta in e d . The tim e  
r e q u ir e d  to  a c h ie v e  a  s t a t i s t i c a l l y  a c c e p ta b le  number i s  a fu n c t io n  o f  
th e  e f f i c i e n c y  and o f  th e  background o f  th e  c o u n te r . The f ig u r e  o f  
m e r it  i s  E^/g ) where E i s  th e  e f f i c i e n c y  and B i s  th e  background in  
c o u n ts  p er m in u te . The h ig h e r  th e  f ig u r e  o f  m e r it ,  th e  l e s s  c o u n tin g  
tim e i s  r e q u ir e d  to  a c h ie v e  th e  s t a t i s t i c a l  a ccu ra cy  d e s ir e d .
2 . ร Quenching

The term  "quenching", i s  a p p lie d  t o  any f a c t o r  t h a t  red u ces  
th e  l i g h t  o u tp u t (p h o to  p r o d u c tio n ) in  th e  sy stem . Quenching can  
o ccu r  in  s e v e r a l  w ay, t h a t  i s
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( a )  The sam ple i t s e l f  may absorb  l i g h t  g iv e n  o f f  by th e  
s c i n t i l l a t o r  or some o f  i t s  own r a d ia t io n .

(b ) The s o lv e n t  may n o t t r a n s f e r  th e  en erg y  o f  th e  r a d io a c t iv e  
p a r t i c l e  e f f i c i e n t l y  t o  th e  s c i n t i l l a t o r .

( c )  The s c i n t i l l a t o r  i t s e l f  may absorb some o f  i t s  own 
f lu o r e s c e n c e .

(d )  C hem ical in t e r a c t io n  o f  th e  com ponents c o n ta in e d  in  th e  
co u n tin g  s o lu t io n  may r e s u l t  in  a red u ced  photon o u tp u t.
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