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ABS2]tACT 

The i n f l u e n c e  of  v a r i o u s  c h l o r i n e  donors ,  s p e c i f i c a l l y  CC14, C12 
and HCIo on the f o r m a t i o n  and decay of the t r i m e r  Xe2CI* had bee~ 
s t u d i e d  e x p e r i m e n t a l l y  f o r  e l e c t r o n  b e a m - e x c i t e d  m i x t u r e s  of a rgon,  
xenon and v a r i o u s  ha logen  donors .  Quenching r a t e s  of the  t r l m e r  
f l u o r e s c e n c e  fo r  each donor have been de te rmined .  A r a d i a t i v e  l i f e -  
t ime fOr Xe2CI* of  210 _+ 25 na was measured.  

IN2RODUCTION 

Since the  f i r s t  o b s e r v a t i o n  and c h a r a c t e r i z a t i o n  of the t r i a -  
tomic e x e i p l e x e s  or t r i m e r s  [ 1 - 3 ] ,  s t u d i e s  to  improve t h e i r  l a s e r  
performance have been c a r r i e d  ou t .  Exper iments  have been d i r e c t e d  
towards  a b e t t e r  u n d e r s t a n d i n g  of the  p r o d u c t i o n  mechanism of the  
t r i m e r  Xe2CI* [ 4 - 6 ] .  So f a r  CC14 i s  the only  donor which has  
r e v e a l e d  ga in  fo r  Xe2CI* and showed l a s e r  a c t i o n  in  the a f t e r g l o w  
regime of e l e c t r o n  beam-pumped h igh  p r e s s u r e  r a r e  gas h a l i d e  m i x t u r e s  
[ 3 , 7 ] ,  whereas  C12 and HC1, which a re  e f f e c t i v e  donors  fo r  the d i a -  
tomic p r e c u r s o r  Xe-CI*, has not  shown any ga in .  I t  i s  the  purpose  of 
t h i s  paper  to  d i s c u s s  the  r o l e  of  v a r i o u s  donors  on the f o r m a t i o n  and 
quenching behav io r  of the  t r i a t o m i c  excimer Xe2CI* in  e l e c t r o n  beam- 
e x c i t e d  m i x t u r e s  of At, Xe and a p a r t i c u l a r  c h l o r i n e  donor .  

EXPERIMENTAL SET-UP 

Mixtures  of high p u r i t y  argon (6 atm),  xenon (300 Tor t )  and 
v a r i o u s  c h l o r i n e  donors  (O, l  Torr up to  10 Torr )  in  a s t a i n l e s s  s t e e l  
r e a c t i o n  c e l l  were t r a n s v e r s e l y  pumped by an e l e c t r o n  beam g e n e r a t e d  
by a Phys i c s  I n t e r n a t i o n a l  P u l s e r a d  110 a c c e l e r a t o r  (12MeV, 15 kA, 10 
n s ) .  The e l e c t r o n  beam c u r r e n t  d e n s i t y  was ~ 100 A/cm a t  the o p t i -  
c a l  a x i s  of  the  r e a c t i o n  c e l l .  D e t a i l s  of  the  a p p a r a t u s  and the  
oxpe r lmen t a l  t e chn iques  have been d e s c r i b e d  e l sewhere  [3 ] .  
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RESULTS 

I n  t h i s  work  the  c h l o r i n e  d o n o r s ,  CCI 4,  (~ICI3, CH2CI 2, CH~CI, 
HCI, end  CI 2 were  s t u d i e d .  The s e r i e s  CC14,-(~IC13,-CH2CI- 2, -CH3CI-was 
i n v e s t i g a t e d  i n  o r d e r  to  d e t e r m i n e  the  i n f l u e n c e  of  i n c r e a s i n g  donor  
c o m p l e x i t y  due t o  c h l o r i n e  s u b s t i t u t i o n  by h y d r o g e n .  The d o n o r s ,  HCI 
and CI 2,  were  chosen  b e c a u s e  of  t h e i r  s imple  c h e m i c a l  s t r u c t u r e  and 
b e c a u s e  of  t h e i r  w i d e s p r e a d  use  a s  dono r s  f o r  p r o d u c t i o n  o f  XeCI* i n  
e l e c t r i c a l l y  e x c i t e d  e x c i m e r  l a s e r s .  The d e t a i l e d  d i s c u s s i o n  o f  
e x p e r i m e n t a l  r e s u l t s  i s  l i m i t e d  t o  CCI 4, HCI, and C I r .  ~ i g u r e  I 
shows f o r  c o m p a r i s o n  t h e  f l u o r e s c e n c e  s p e c t r a  o f  e l ~ c t r o n  beam- 
e x c i t e d  m i x t u r e s  o f  a r g o n ,  xenon and t h e  v a r i o u s  h a l o g e n  d o n o r s .  
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F i g .  1 F l u o r e s c e n c e  s p e c t r a  of  na r rowband  XeCl* e m i s s i o n  a t  308 nm 

and b r o a d b a n d  t r i m e r  e m i s s i o n ,  c e n t e r e d  a t  500 nm ( s p e c t r a  
no t  c o r r e c t e d  f o r  0MA I v i d i c o n  s p e c t r a l  r e s p o n s e ) .  

The Xe2CIe f l u o r e s c e n c e  was found  t o  i n c r e a s e  m o n o t o n i c a l l y  w i t h  
i n c r e a s i n g  ~ionor p r e s s u r e  up t o  1 . 5 + 0 . 1  To r t  f o r  CCI a ,  3 . 0 + 1 . 0  To r t  
f o r  CI 2 and 4 . 0 + 1 . 0  T o r t  f o r  HCI, and s u b s e q u e n t l y  s l o w l y  d e c r e a s e s  
w i t h  i n c r e a s i n g  c h l o r i n e  donor  p r e s s u r e .  

S t e r n - V o l m e r  p l o t s  of  the  Xe2Cle f l u o r e s c e n c e  decay  u s i n g  CC1 a ,  
HC1, or  C1. f o r  donor  p r e s s u r e s  up t o  4 . 0  T o r t  r e s u l t e d  i n  t h e  f o I -  

Z 
lowing  q u e n c h i n g  r a t e s  o f  Xe2Cle:  

k(CC14) = ( 5 . 4 + 0 . 5 ) 1 0  - 1 0  cm3s -1  

k(HC1) = ( 4 . 3 + 0 . 4 ) 1 0  - 1 0  cm3s - I  

k(C12) = ( 2 . 2 + 0 . 2 ) 1 0  - 1 0  cm3s - I  
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Th~0qu~n_c~ing r a t e  f o r  CC1. i s  i n  c l o s e  a g r e e m e n t  w i t h  t h e  v a l u e  
6 . 0 . 1 0  cm s r e p o r t e d  i n  te~.. [4,8]_~ 0 T~e_~l 2 quench ing  r a t e  i s  
i n  s eed  a g r e e m e n t  w i t h  t he  v a l u e  2 . 6 . 1 0  cm s r e p o r t e d  i n  R e f .  9 
w h i l e  to  our  knowledge  t r i m e r - q u e n c h i n g  by HC1 has  n o t  y e t  been  
r e p o r t e d  i n  t he  l i t e r a t u r e .  

- 1  A decay  f r e q u e n c y  ~ = 7 MHz can be d e r i v e d  from a common 
i n t e r s e c t i o n  p o i n t  i n  t h e  S t e r n - V o l m e r  p l o t s .  The r a d i a t i v e  l i f e t i m e  
~ r a d  o f  Xe2CI* i s  r e l a t e d  t o  1 /~  by the  r e l a t i o n  

1/~ : 1 / ~ r a  d + k ( A r )  �9 [At]  + k(Xe) �9 [Xe] (1)  

Here k ( A r )  and k(Xe) d e n o t e  t h e  r e s p e c t i v e  q u e n c h i n g  r a t e s  and  
the  q u a n t i t i e s  i n  alitrac~k., s~_~ the  c o n c e n t r a t i o n s  of  a r g o n  and  xenon .  
With  k(Xe) ~ 6 . 1 0 -  ~ 1 7 6  a c c o r d i n g  t o  He r .  [ 9 ] ,  x e n o n - q u e n c h i n g  
even a t  a Xe p a r t i a l  p r e s s u r e  o f  300 Tor r  can be n e g l e c t e d .  The 
v a l u e  of  �9 = s t r o n g l y  depends  on t h e  m a g n i t u d e  and p r e c i s i o n  o f  

J~ $ �9 
t h e  A t - q u e n c h i n g  r a t e  f o r  Xe2C1 . R e - e v a l u a t z o n  o f  t h e  da t a  p o i n t s  
o f  Re f .  [9]  w i t h  i n c l u s i o n  o f  r e c q ~ t l ~  .~b ta ined  r e s u l t s  y i e l d s  a 
quench ing  r a t e  k ( A r )  = ( l . 5_+0 ,4 )10 -X~cm ' s  - ` ,  T h i s  g i v e s  a v a l u e  f o r  
t he  r a d i a t i v e  l i f e t i m e  o f  Xe.C1 $ o f  �9 _ = (210+25) n s .  Th i s  v a l u e  

Z r a  - -  
may be compared  t o  o t h e r  m e a s u r e m e n t s  ~n the  l i t e r a t u r e  t h a t  r a n g e  
from 185 ns [9]  t o  210 um [10] and 250 ns [ 1 1 ] .  

DISCUSSION 

The e s s e n t i a l  k i n e t i c  p a t h w a y s  l e a d i n g  t o  t h e  f o r m a t i o n  o f  t r i a -  
t omic  e x c i p l e x e s  have been  d i s c u s s e d  i n  a number o f  p a p e r s  [3 ]  and 
r e f e r e n c e s  t h e r e i n ) ,  i u  p a r t i c u l a r  t he  f o r m a t i o n  o f  Xe2CI* i n  R e f s .  
[ 4 o 6 , 9 - 1 1 ] .  T h r e e - b o d y  c o l l i e i o n a l  q u e n c h i n g  o f  t h e  d i ~ t o m i c  p r e c u r -  
so r  i s  t h e  m a j o r  k i n e t i c  pa thway  f o r  t h e  b u i l d - u p  o f  t r i m e r s ,  such as  
Xe2CI*'  Xe2Bre '  Xe'Fe'z K r . F e ,  and  Ar2Fe.  However,  d i s t i n c t  d i f f e r -  
e n c e s  o c c u r  i n  t he  f o r m a t i o n  of  the  p r e c u r s o r  e x c i m e r  d e p e n d i n g  on 
the  e l e c t r o n  d e n s i t y  and o t h e r  e x p e r i m e n t a l  c o n d i t i o n s  such a s  t h e  
s e l e c t e d  h a l o g e n  donor and i t s  e l e c t r o n  a t t a c h m e n t  r a t e  f o r  p r o d u c i n g  

w 

C1 . 

I t  h a s  been  shown i n  R e f .  [4]  t h a t  i n  h i g h - p r e s s u r e  & r - b u f f e r e d  
r a r e  gas  h a l i d e  s y s t e m s  t h r e e - b o d y  c o l l i s i o n a l  q u e n c h i n g  of  XeC1 s by 
a r g o n  and  xenon i s  t h e  p r i m a r y  pa thway  which  l e a d s  t o  Xe2CI*. The 
p r o d u c t i o n  v i a  c o l l i s i o n s  o f  XoC1 s w i t h  two Xe a toms  can b e - n e g l e c t e d  
due to  t h e  l a r g e  Ar/Xo p r e s s u r e  r a t i o .  The t ime  dependence  of  t h e  
Xe2CI* c o n c e n t r a t i o n  i s  g i v e n  by the  f o l l o w i n g  d i f f e r e n t i a l  e q u a t i o n :  

d-~t[Xe2Cle] = k ( A r , X e )  [At]  [Xe] [XeCI s]  - ~ [Xe2CI*] (2) 
~ e f f  

Here k ( A r , X e )  d e n o t e s  the  p r o d u c t i o n  r a t e  c o n s t a n t  f o r  the  t r i m e r  
Xe.C1 e, and t h e  e f f e c t i v e  l i f e t i m e  .~eff  i s  g i v e n  by eq.  (1)  w i t h  
a d d i t i o n a l  q u e n c h i n g  by t h e  h a l o g e n  RC1 c h a r a c t e r i z e d  by t h e  �9 O O n O r  

q u e n c h i n g  r a t e s  k(RC1) : 

1 / Z e f  f = 1 /~  + k(RC1) [RCl] (3)  
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The UV and v i s i b l e  f l u o r e s c e n c e  y i e l d s  may be d e f i n e d  by the  f o l l o w -  
i n s  i n t e g r a l s :  

~ [ X e C l * ] d t ,  ( 4a )  11 1 

l u v  -- Xrad(XeC1) eo 

~o 

(4b) 

S i n c e  the  Xe2CI* c o n c e n t r a t i o n  v a n i s h e s  f o r  t - )  =, i n t e g r a t i o n  o f  
eq.  (2)  y i e l d s  t h e  r a t i o  I u v / I v i s :  

Z~Y = Xrad(Xe2Cl)  . . . .  �9 I / x + ~ I R C I ) [ R C I  L (5)  

I v i  s Xrad(XeCl)  k ( A r ,  X e ) [ A r ] [ X e ]  

T h i s  r a t i o  d e c r e a s e s  w i t h  i n c r e a s i n g  a r g o n  and xenon p a r t i a l  p r e s s u r e  
u n t i l  a c o n s t a n t  v a l u e  i s  r e a c h e d  a s  d e t e r m i n e d  by two-body  q u e n c h i n g  
o f  t he  t r i m e r  by the  r a r e  g a s e s .  The i m p o r t a n t  q u a n t i t y  f o r  a donor  
c o m p a r i s o n  i s  the  p r o d u c t  k ( R C I ) [ R C I ] .  A c c o r d i n g  t o  eq .  ( 5 ) ,  t h e  
r a t i o  I n v / I  . i n c r e a s e s  w i t h  i n c r e a s i n g  q u e n c h i n g  r a t e  of  t h e  h a l o -  
gen donor  aV~Swith donor  p r e s s u r e .  The u s e f u l n e s s  o f  a h a l o g e n  donor  
f o r  o p t i m i z a t i o n  of  the  t r i m e r  f l u o r e s c e n c e  y i e l d  i s  t h e r e f o r e  d e t e r -  
mined  by two p r o p e r t i e s :  ( i )  i t s  e f f i c i e n c y  in  p r o d u c i n g  t h e  d i a -  
t omic  p r e c u r s o r  e x c i m e r ,  and ( i i )  i t s  r a t e  o f  q u e n c h i n g  t r i m e r  
f l u o r e  s c e n c e .  

No d e t a i l e d  s t u d i e s  o f  t h e  XeCI* p r e c u r s o r  p r o d u c t i o n  have  been  
c a r r i e d  o u t  i n  t h i s  work .  The e f f i c i e n c y  o f  CCI 4 i n  p r o d u c i n g  XeC1 e 
can be r e l a t e d  t o  i t s  h i g h e r  d i s s o c i a t i v e  a t t a c l ~ n t  r a t e  c o e f f i c i e n t  
a s  compared  t o  C I o  and HCI [ 1 2 , 1 3 ] ,  The dependence  o f  t he  y i e l d  
r a t i o  I / I  _ u p o n ' p a r t i a l  p r e s s u r e  o f  t h e  s e l e c t e d  c h l o r i n e  d o n o r s  
i s  showUVinV~g.  2 .  As p r e d i c t e d  by eq.  ( 5 ) ,  t he  r a t i o s  show a p p r o x -  
i m a t e l y  the  same h a l o g e n  donor  p r e s s u r e  d e pe nde nc e  a s  the  decay  r a t e s  
o f  Xe2CI*. The donor p r e s s u r e  r a n g e  h a s  a g a i n  been  l i m i t e d  t o  4 Tor r  
s i n c e - h i g h e r  donor  p r e s s u r e s  r e s u l t e d  i n  d i f f e r e n t  a p p a r e n t  q u e n c h i n g  
r a t e s  due t o  an  i n c r e a s i n g  i n f l u e n c e  of  s low p r e c u r s o r  f o r m a t i o n  
p r o c e s s e s  ( d e t a i l s  see  R e f .  [ 1 4 ] ) .  In  p r i n c i p l e  t he  i n t e r c e p t  a t  
z e r o  donor  p r e s s u r e  may be used  to  i n d e p e n d e n t l y  d e t e r m i n e  the  
t h r e e - b o d y  quench ing  r a t e  k ( A r , X e )  which  has  b e e n ~ e r ~ v _ e ~  from the  
b u f f e r  gas  dependence  i n  R e f .  [4]  to  be 1 . 5 " 1 0 - - o m - s - .  Such a 
d e t e r m i n a t i o n  b a s e d  upon an  e v a l u a t i o n  o f  F i g .  2 r e q u i r e s  an  a c c u r a t e  
knowledge  of  t he  a b s o l u t e  UV and v i s i b l e  f l u o r e s c e n c e  y i e l d s .  
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y i e l d s  upon donor p a r t i a l  p r e s s u r e .  The y i e l d  r a t i o s  a re  
o b t a i n e d  from t i m e - i n t e g r a t e d  OMA d a t a ,  u s i n g  c o n s e c u t i v e  
s h o t s  w i t h  a p p r o p r i a t e  UV and v i s i b l e  f i l t e r i n g .  

Due to  i t s  smal l  q u e n c h i n g  r a t e  fo r  the  Xe2Cl* f l u o r e s c e n c e ,  C12 
would be e x p e c t e d  to  be the b e s t  donor f o r  f o r m a t i o n  of t h i s  t r i m e r .  
However, c h l o r i n e  has  o n l y  a low p r o d u c t i o n  e f f i c i e n c y  for  the  XeCI* 
p r e c u r s o r  w i t h  the e x c i t a t i o n  c o n d i t i o n s  t h a t  e x i s t  i n  our  e x p e r i m e n -  
t a l  s e t - u p  as  compared to  the  o the r  don o r s .  The XeC1 f l u o r e s c e n c e  
p u l s e s  a lways  show decay t imes  t h a t  are  comparable  to  the decay t ime 
of  the  pumping p u l s e  when HC1 and CC14 a re  used  as  c h l o r i n e  dono r s .  
Th i s  r a p i d  p r o d u c t i o n  mechanism fo r  XeC1 i s  c h a r a c t e r i s t i c  of i o n i c  
r e a c t i o n s .  For low CI~ c o n c e n t r a t i o n s ,  however,  the  XeC1 f l u o r e s -  
cence  p u l s e s  show deca~  t imes  up to  120 ns  i n  the  l i m i t  of v a n i s h i n g  
C1~ p a r t i a l  p r e s s u r e .  Th i s  o b s e r v a t i o n  i n d i c a t e s  the e x i s t e n c e  of a 
lo~8 l i v i n g  s p e c i e s  which l e a d  to  XeC1 p r o d u c t i o n  because  the  r a d i a -  
t i v e  l i f e t i m e  of XeC1 i s  c o n s i d e r a b l y  s h o r t e r  t h a n  t h i s  o b s e r v e d  
decay t ime [ 5 ] .  Xe 2 and a tomic  C1(4P) s t a t e s  a r e  p o s s i b l e  c a n d i d a t e j  
fo r  t he se  slow p r e c u r s o r s  of XeC1. The o b s e r v a t i o n  of  the  Xe 2 
f l u o r e s c e n c e  a t  172 nm th rough  an  a p p r o p r i a t e  i n t e r f e r e n c e  f i l t e r  
save no c l e a r  e v i d e n c e  t h a t  Xe~ was a n o t h e r  p r e c u s s o r  of XeC1. By 
m o n i t o r i n g  the  decay t imes  of XeC1, Xe2C1, and Xe 2 as  a f u n c t i o n  of 
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the CI 2 p re s su re ,  i t  was found tha t  Xe~. i s  not a p recu r so r  of Xe2CI* 
becaus~ a t  CI~. p r e s su re s  of more th~n 2 Torr Xe~Cl e, decays i o r e  
r a p i d l y  than Xe" 2. This suppor ts  the simple model l~ading to  eq. (2) 
which c o n s i d e r s - o n l y  XeC1 �9 as a p recur so r  of Xe2Cle. 

Experiments using the more complex donors proved l e s s  succes s fu l  
wi th  r e s pec t  to the t r imer  f l uo re scence  y i e l d .  As is  i s  known from 
diatomic excimer format ion ,  the p roduc t ion  e f f i c i e n c y  decreases  wi th  
i n c r e a s i n g  complexi ty  of the donor s t r u c t u r e  [15] .  This has been 
exper imen ta l ly  e s t a b l i s h e d  by the experimental  r e s u l t s  ob ta ined  with 
the donor s e r i e s  CCI 4 . . .  (~3CI. 

In snmmary, i t  has been demonstrated tha t  the u se fu lnes s  of the 
ch lo r ine  donor, CC1 a, fo r  Xe~C1 �9 fo rmat ion  is  p r imar i l y  due to i t s  
high e f f i c i e n c y  in p~oducin8 t'he XeCI* p recu r so r  under the descr ibed  
e l e c t r o n  beam e x c i t a t i o n  cond i t i ons .  The e x c e l l e n t  agreement between 
theory  and experiment as dep ic ted  in Fig.  2 suppor ts  the k i n e t i c  
model tha t  de sc r ibe s  t r imer  bu i ld -up  in terms of a three-body c l u s -  
t e r i n g  r e a c t i o n  invo lv ing  the r a r e  gases Ar and Xe and the p recur so r  
XeCle. The high t r imer  quenching r a t e  for  CC14 l i m i t s  the donor par -  
t i a l  p ressure  to  1.5 Torr for  optimum Xe2CI* f l u o r e s c e n c e .  
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