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Abstract

ABSTRACT

The F o rm atio n  o f  Excim er M o lecu les  In  M icrowave D isc h a rg e s

E x p e rim en ta l and t h e o r e t i c a l  a s p e c ts  o f  th e  fo rm a tio n  o f  excim er 

m o le c u le s  i n  gas  d is c h a r g e s  a r e  d e s c r ib e d .  E x p e rim en ta l s tu d i e s  a re  

o f  th e  e m iss io n  sp ec tru m  o f  r a r e - g a s  h a l id e  m o le c u le s , p roduced  i n  a 

m icrow ave d i s c h a r g e ,  and c o v e r  a s p e c ts  r e l e v a n t  to  r a r e - g a s  h a l id e  

l a s e r s  and to  th e  p o s s i b i l i t y  o f  pumping th e s e  l a s e r s  by m icrowave 

d is c h a r g e .  There i s  a  p a r t i c u l a r  em phasis on g as  l i f e t i m e  

r e c o r d in g .  The a p p a ra tu s  c o n s i s t s  o f  an  a d a p te d  3om r a d a r  s e t ,  

p ro d u c in g  50kW p u ls e s  o f  320ns d u r a t io n  a t  IIO O pps, a  h a lo g e n  

c o m p a tib le  gas h a n d lin g  sy s te m , and an  o p t i c a l  sp ec tru m  a n a ly s e r  w ith  

a  r e c o rd in g  f a c i l i t y .  T h is  p ro v id e s  a  v e ry  f l e x i b l e  system  w ith  

w id e sp re a d  p o t e n t i a l  f o r  s p e c t r a l  s t u d i e s .

R e a c tio n  k i n e t i c s  a r e  d e s c r ib e d  u s in g  r a t e  e q u a t io n s ,  and th e s e  

in v o lv e  com peting  fo rm a tio n  and l o s s  p r o c e s s e s .  The e q u a tio n s  a re  

e v a lu a te d  to  p ro v id e  up p er l i m i t s  f o r  th e  p a r t i a l  p r e s s u r e s  o f 

c o n s t i tu e n t  g a se s  u nder th e  c o n d i t io n  t h a t  fo rm a tio n  i s  dom inan t.

The l o s s  o f  f r e e  h a lo g e n s  by d i f f u s io n  i s  compared w ith  l o s s  by 

re c o m b in a tio n  and g iv e s  th e  d e l i n e a t i o n  o f  d i f f u s io n  and 

re c o m b in a tio n  dom inated  r e g io n s  o f  th e  o p e ra t in g  c o n d i t io n s .  I t  i s  

shown t h a t  th e  th r e s h o ld  pump power d e n s i ty  in  a  l a s e r  i s

p r o p o r t io n a l  to  l in e w id th /  and t h a t  f o r  a ty p ic a l  excim er l a s e r

t h i s  re q u ire m e n t i s  a t  l e a s t  lOkW cm
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D if fu s io n  l o s s  o f  h a lo g e n s  i n  • th e  e x p e r im e n ta l  a p p a ra tu s  i s  

e x p e c te d  to  be h ig h  due to  th e  u se  o f a  s m a ll  d ia m e te r ( 2mm) d is c h a r g e  

tu b e  and a s t r o n g  r e a c t i o n  be tw een  th e  tu b e  m a t e r i a l ( q u a r tz )  and f r e e  

h a lo g e n s . D e ta i le d  c a l c u l a t i o n s  o f  th e  l o s s  o f  h a lo g e n s  by d i f f u s i o n  

to  th e  tu b e  w a l l  u n d e r  th e  p u lse d  c 'o n d it io n s  o f  th e  e x p e rim e n t a r e  

p ro v id e d . The th e rm a l b e h a v io u r  i s  e v a lu a te d  and p e rm its  th e  u se  o f  

a  te m p e ra tu re  d ep en d en t d i f f u s i o n  c o e f f i c i e n t .  I t  i s  shown t h a t  th e  

e x c e s s  g as  te m p e ra tu re ,  a t  e q u i l ib r iu m , above th e  w a ll  te m p e ra tu re  i s  

in d e p e n d e n t o f th e  gas  p r e s s u r e ,  b u t t h a t  d i r e c t  p r o p o r t i o n a l i t y  to  

th e  d i f f u s i v i t y  means t h a t  t h i s  e x c e s s  te m p e ra tu re  i s  p r o p o r t io n a l  to  

th e  mean a b s o lu te  gas  te m p e ra tu re .  F o rced  c o n v e c t io n  c o o lin g  o f  th e  

o u ts id e  o f  th e  d is c h a rg e  tu b e  can  be v e ry  e f f e c t i v e  i n  c o o lin g  th e  

d is c h a rg e  gas w i th in .  At th e  e x p e r im e n ta l  p u ls e  r a t e ,  and f o r  th e  

lo w e s t  p r e s s u r e s  (0 .1  A t) th e  te m p e ra tu re  and c o n c e n t r a t io n  

c o n t r ib u t io n s  o f  a  p u ls e  d is a p p e a r  w e l l  b e fo r e  th e  end o f  th e  

i n t e r - p u l s e  p e r io d .  At th e  h ig h e s t  p r e s s u r e s  (2A t) th e  te m p e ra tu re  

and c o n c e n t r a t io n  f a l l  by ab o u t 25% i n  th e  i n t e r - p u l s e  p e r io d .  At 

e q u i l ib r iu m , th e  mean c o n c e n t r a t io n  o f  f r e e  h a lo g e n  t h a t  r e s u l t s  from  

e f f e c t i v e  c o o lin g  ( fo r c e d  c o n v e c tio n )  i s  a p p ro x im a te ly  tw ice  t h a t  

a c h ie v e d  w ith o u t e f f e c t i v e  c o o lin g  ( f r e e  c o n v e c t io n ) .

The d e s ig n  c r i t e r i a  f o r  s u i t a b l e  m icrow ave d is c h a rg e  c o u p le r s  

a r e  d ev e lo p ed  from  a  c o n s id e r a t io n  o f  m icrow ave d i s c h a r g e s ,  m icrow ave 

p ro p a g a t io n , and th e  a b s o r p t io n  s k in  d e p th . I t  i s  shown t h a t  

m u lt i - e le m e n t  d i r e c t i o n a l  c o u p le r s  may be p a r t i c u l a r l y  s u i t a b l e  i f  

th e  c o u p lin g  e le m e n ts  a r e  g rad e d  a lo n g  th e  c o u p lin g  r e g io n .  A 

c a l c u l a t i o n  scheme i s  d e r iv e d  f o r  th e  c o u p lin g  f a c t o r s  o f  each
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e le m en t n e c e s s a ry  to  g iv e  u n ifo rm  e x c i t a t i o n  o f  th e  d is c h a rg e  

volum e. T h is  ap p ro ach  i s  a p p l ie d  t o  a Schw inger d i r e c t i o n a l  c o u p le r ,  

ch o sen  b ecau se  i t  p e rm its  a  dem oun tab le  s t r u c t u r e ,  and d e t a i l s  o f 

c o n s t r u c t io n  and p e rfo rm an ce  a r e  p ro v id e d .

The e x p e r im e n ta l  work c o n s i s t s  m ain ly  o f  an e x te n s iv e  programme 

t e s t i n g  m ix tu re s  o f  a  r a r e - g a s  (Xe, K r, o r  Ar) w ith  a  h a lo g o n  donor 

(SFg, NFg, o r  HCl) and a b u f f e r  g as  (He, Ne, o r A r ) , The m a jo r i ty  o f  

work c o n c e rn s  KrF and XeF b u t some r e s u l t s  a r e  a l s o  p re s e n te d  f o r  

ArF, XeCl, and K rC l. The sp ec tru m  o f  XeO i s  o b s e rv e d . The m ain  

v a r i a b l e s  a r e  m ix tu re  r a t i o  and t o t a l  p r e s s u r e  and th e  p r in c i p a l  

m easurem ents a r e  a v a i l a b l e  e i t h e r  from  i n t e g r a t e d  s p e c t r a  o r from  

tem p o ra l r e c o rd s  o f  th e  i n t e n s i t y  a t  th e  sp ec tru m  p eak . The r e s u l t s  

form  an e m p ir ic a l  o p t im is a t io n  s tu d y .  One o f  t h e  aim s o f  t h i s  s tu d y

was to  f in d  th e  m ix tu re  r a t i o s  and t o t a l  p r e s s u r e s  f o r  w hich th e

f lu o r e s c e n t  e m is s io n , f o r  any g iv e n  exc im er sy s te m , was a  maximum. 

These r a t i o s  and p r e s s u r e s  c o u ld  th e n  be u sed  a s  a  s t a r t i n g  p o in t  i n  

a t te m p ts  to  o b ta in  l a s i n g .  C o n s id e ra b le  u se  was made o f  SFg a s  th e  

donor b ecau se  i t  i s  a  cheap  a l t e r n a t i v e  t o  NF^ and h a s  n o t  been  

s tu d ie d  i n  d e t a i l  a s  a  donor e ls e w h e re . R e s u l ts  a r e  e x t r a c te d  from  

th e  m ain body o f  r e s u l t s  i n  o r d e r  to  com pare th e  p e rfo rm an ce  o f  th e s e  

two d o n o rs  and to  com pare th e  pe rfo rm ance  o f  th e  t h r e e  b u f f e r s .  I t  

i s  shown c o n c lu s iv e ly  t h a t  g r e a t e r  l i f e t i m e s  a r e  o b ta in a b le  w ith  SFg 

b u t a t  th e  c o s t  o f  lo w er i n t e n s i t i e s .  I n  th e  b u f f e r  c o m p a ris io n  much 

lo w er f lu o r e s c e n t  e m is s io n  i s  o b se rv e d  when Ar i s  u se d , i n  b o th  XeF 

and KrF m ix tu re s ,  and t h a t  d is c h a r g e s  a r e  o n ly  form ed below ab o u t

lO O Torr. Below th e  optimum d i l u t i o n s  th e  r e s u l t s  f o r  He and Ne a r e

s i m i l a r .  However, a t  h ig h e r  d i l u t i o n s  i n  XeF and KrF m ix tu re s ,
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f lu o r e s c e n t  i n t e n s i t i e s  a r e  s i g n i f i c a n t l y  g r e a t e r ,  and d is c h a r g e s  may 

be o b ta in e d  a t  g r e a t e r  t o t a l  p r e s s u r e ,  w ith  Ne b u f f e r .  I n  XeF 

m ix tu re s  i t  i s  found  t h a t  gas l i v e s  a r e  4 to  8 t im e s  a s  lo n g  w ith  Ne 

b u f f e r  a s  th e y  a r e  w ith  He b u f f e r .

The tem p o ra l r e c o rd s  p ro v id e  g as  l i f e  in fo r m a t io n  on a s c a l e  

ra n g in g  from  300 to  10^ p u l s e s .  * To r e v e a l  b e h a v io u r  o v e r  few er 

p u ls e s  and w i th in  s in g l e  p u ls e s  a h ig h  speed  sy stem  ( 5ns re s p o n s e  

tim e )  was d ev e lo p ed  u s in g  a  m onochrom ator, f a s t  p h o to m u l t ip l i e r ,  and 

s to r a g e  o s c i l lo s c o p e .  B ecause o f  th e  v e ry  s m a ll  r a t i o  o f  th e  p u ls e  

w id th  to  th e  i n t e r - p u l s e  p e r io d  a b la n k in g  sy s tem  was d e v is e d  to  

rem ove th e  o v e r - b r ig h t  base  l i n e  o c c u r r in g  d u r in g  th e  i n t e r - p u l s e  

p e r io d .  The h ig h  r e p e t i t i o n  r a t e  o f IIOOpps and much re d u c e d  volum e 

e n a b le d  g a s  l i f e  s tu d i e s  t o  be c a r r i e d  o u t i n  t im e s  w hich a r e  o r d e r s  

o f  m agn itude  s m a l le r  th a n  th o s e  r e q u i r e d  u s in g  th e  lO pps o f  a  

c o n v e n tio n a l  exc im er l a s e r  system  w ith  much g r e a t e r  volum e.
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Chapter 1

Excim er l a s e r s  w ere f i r s t  in tro d u c e d  i n  1975 and s u b se q u e n t 

i n te n s e  i n t e r e s t  h as  b ro u g h t th e s e  l a s e r s  t o  th e  f o r e f r o n t  o f  th e  

l a s e r  f i e l d  when th e  re q u ire m e n t  i s  f o r  e f f i c i e n t  p ro d u c tio n  o f

p u lse d  r a d i a t i o n  i n  th e  ÜV sp ec tru m  a t  h ig h  p u ls e  pow ers and 

e n e r g ie s .  The f i r s t  s u g g e s t io n  f o r  a  l a s e r  system  u s in g  e m is s io n  

from  th e  bound -  f r e e  e l e c t r o n i c  t r a n s i t i o n  o f an  e x c im er m o le c u le  

was made i n  I960  by H outerm ans ( I 9 6 0 ) .  Of th e  many p o s s ib le  ex c im er 

sy s te m s , th e  r a r e - g a s  h a l id e s  a r e  o u ts ta n d in g  a s  e f f i c i e n t  e m i t t e r s  

o f  u -v  r a d i a t i o n .  T h is  was f i r s t  d e m o n s tra ted  w ith  ArCl by Golde and 

T hrush  (1974) and w ith  s e v e r a l  xenon m o n o h alid es  by V elazco  and 

S e t s e r  (1 9 7 5 ) . L a se r  a c t i o n  from  XeBr was d e m o n s tra te d  soon  a f t e r  

t h i s  by S e a r le s  and H a rt (1 9 7 4 ) , from  XeF, XeCl, and KrF by Ewing and 

B rau (1975) and B rau and Ewing (1975 a ) .  F o llo w in g  th e s e  e a r l y

e x p e rim e n ts  th e  deve lopm en t o f  ex c im er l a s e r s  h a s  b een  such  t h a t  

com m ercial sy s tem s a r e  now a v a i l a b l e  from  a t  l e a s t  se v e n  m ajo r 

m a n u fa c tu re r s ,  r e f l e c t i n g  th e  c u r r e n t  i n t e r e s t  i n  th e s e  w id e ly  

a p p l i c a b le  d e v ic e s .

The e a r l i e r  r a r e - g a s  h a l id e  l a s e r s  w ere pumped by h ig h  i n t e n s i t y  

r e l a t i v i s t i c  e l e c t r o n  beams b u t  now th e  m ost commonly u sed  m ethod i s  

th e  t r a n s v e r s e  DC d is c h a r g e .  A new and c h a l le n g in g  a l t e r n a t i v e  to  

th e s e  pumping m ethods e x i s t s  i n  th e  u t i l i s a t i o n  o f  a m icrow ave 

d i s c h a r g e .  M icrowave e x c i t a t i o n  h a s  been  a c h ie v e d  by M endelsohn e t .  

a l . (1981) f o r  a  XeCl l a s e r  and f u r t h e r  developm en t o f  th e  same sy stem  

i s  r e p o r te d  by W iso ff  e t .  a l . (1 9 8 2 ) . . M icrowave e x c i t a t i o n  i s  a l s o

r e p o r te d  by C h r is te n s e n  and W aynant (1982) f o r  a  XeF l a s e r .  These
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a re  th e  o u ts ta n d in g  r e p o r t s  o f  m icrow ave e x c i t a t i o n  o f  exc im er l a s e r s  

to  d a te .  I n  th e  d i s c u s s io n s  o f  C h a p te r  4 , i t  i s  s u g g e s te d  t h a t  many 

r e a l  a d v a n ta g e s  may r e s u l t  from  th e  u se  o f  t h i s  m ethod o f  

e x c i t a t i o n .  In  p a r t i c u l a r  th e  l a c k  o f  e l e c t r o d e s  i n  c o n ta c t  w ith  th e  

l a s e r  g a se s  may g iv e  much lo n g e r  l i f e t i m e s ,  th e  d is c h a rg e  a p p a ra tu s  

may be v e ry  com pact, and g r e a t e r  p u ls e  d u r a t io n s  and p u ls e  r e p e t i t i o n  

r a t e s  may be f e a s i b l e .  A c c o rd in g ly  t h i s  t h e s i s  c o n c e rn s  an  

i n v e s t i g a t i o n  o f  th e  fo rm a tio n  o f  r a r e - g a s  h a l id e  m o le c u le s  i n  a 

m icrow ave d is c h a rg e  and p e rm its  an  a s se s sm e n t o f  th e  m icrow ave 

d is c h a rg e  pumping schem e.

O u ts id e  th e  f i e l d  o f  ex c im er l a s e r s ,  th e  a p p l i c a t i o n s  f o r  

m icrow ave d is c h a r g e s  have b een  w id e sp re a d  and t h e i r  fu n d am en ta l 

p r o p e r t i e s  have been  in v e s t ig a t e d  i n  d e p th . I n t e r e s t  i n  m icrow ave 

d is c h a rg e s  d ev e lo p ed  a f t e r  1945 w ith  p io n e e r in g  work by P r o f e s s o r s  

8 . C.Brown and W .P .A ll is  a t  th e  M a ss a c h u s e tts  I n s t i t u t e  o f

T echno logy . The e a r l i e r  work was co n cern ed  m ain ly  w ith  th e  

c o n d i t io n s  f o r  th e  i n i t i a t i o n  o f  breakdow n and w ith  th e  i n t e r a c t i o n  

o f  low power m icrow aves w ith  g a s e s  io n is e d  by an  a l t e r n a t i v e  s o u rc e .  

Many t e x t s  a r e  a v a i l a b l e  c o v e r in g  th e s e  t o p i c s .  For exam ple, th e

breakdow n p ro c e s s  i s  d e s c r ib e d  i n  d e t a i l  by MacDonald (1966) and th e

i n t e r a c t i o n  o f  m icrow aves w ith  p lasm a i s  c o v e re d  by H eald  and

W harton (1 9 6 5 ). However, much c u r r e n t  i n t e r e s t  i n  m icrow ave 

d is c h a rg e s  c o n c e rn s  a p p l i c a t i o n s  such  as  sp ec tru m  s o u rc e s  and p lasm a 

c h e m is try  w here m a in ten an ce  o f  a  s t a b l e ,  u n ifo rm , d is c h a rg e  i s  th e  

re q u ire m e n t.
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I t  i s  shown i n  S e c t io n  2 .3  t h a t  to  a c h ie v e  th r e s h o ld  l a s i n g  

c o n d i t io n s  i n  t y p i c a l  r a r e - g a s  h a l id e  exc im er l a s e r s ,  pump power 

d e n s i t i e s  o f  a t  l e a s t  10kW cm a r e  r e q u i r e d  and t h a t  v a lu e s  o f  

around  1MW cmT^ would be d e s i r a b l e  f o r  a  m icrow ave a p p a ra tu s  o f  w ide 

ra n g in g  ex c im er l a s e r  a p p l i c a t i o n .  C le a r ly  o p e r a t io n  a t  th e s e  power 

l e v e l s  i s  l im i t e d  to  f a i r l y  s h o r t  p u ls e s  (p ro b a b ly  below  a 

m ic ro -s e c o n d ) , I t  i s  f o r t u n a t e  t h a t  p u lse d  m icrow ave s o u rc e s  o f  

s u f f i c i e n t  power have been  d ev e lo p ed  f o r  u se  i n  r a d a r  sy s te m s . T h is  

means t h a t  m agne trons c a p a b le  o f  p ro v id in g  th e  p u ls e  power n e c e s s a ry  

f o r  exc im er l a s e r  o p e r a t io n  a r e  co m m erc ia lly  a v a i l a b l e .  I n  a d d i t io n ,  

governm ent s u r p lu s  r a d a r  s e t s  may be a v a i l a b l e  a t  low c o s t .  For th e  

p u rp o se s  o f  th e  work o f  t h i s  t h e s i s  a  n a v a l X-band r a d a r  s e t  was

o b ta in e d  and a d a p te d  a s  d e s c r ib e d  i n  C h ap te r 5 .  W hile t h i s  p ro v id e d

an  a p p a ra tu s  t h a t  was c o n v e n ie n t,  r e l i a b l e  and c h e ap , th e  p u ls e  power 

o f  50kW proved  to  be i n s u f f i c i e n t  to  o b ta in  l a s i n g  from  any o f  th e  

ex c im er m o le c u le s  i n v e s t i g a t e d .

The h ig h  e f f i c i e n c y  o f  exc im er l a s e r s  d e r iv e s  from  th e  

u t i l i s a t i o n  o f  a  b o u n d - f re e  t r a n s i t i o n  and from  fa v o u r a b le  k i n e t i c s .  

T h is  i s  e x p la in e d  i n  C h a p te r  2 w here r a r e - g a s  h a l id e  m o le c u le s  a r e

d e s c r ib e d  i n  d e t a i l  and r e l a t e d  to  th e  m o le c u la r  sp e c tru m . F o rm a tio n

and quen ch in g  k i n e t i c s  a r e  a l s o  d is c u s s e d  and c o n t r a s te d .  The 

a v a i l a b l e  k i n e t i c  r a t e  c o n s ta n ts  e n a b le  l i m i t i n g  v a lu e s  f o r  th e  

p a r t i a l  p r e s s u r e s  o f  th e  g a s  com ponents to  be d e r iv e d  such  t h a t  th e  

quench ing  re m a in s  n e g l i g i b l e .
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A m ajo r problem  i n  th e  o p e r a t io n  o f  r a r e - g a s  h a l id e  l a s e r s  i s  

th e  l im i t e d  g a s  l i f e  t h a t  o c c u r s .  The g a se s  in v o lv e d  a r e  e x p e n s iv e  

and f l e x i b l e  g as  h a n d lin g  sy s te m s  a re  r e q u i r e d  to  e n a b le  g a s  

r e p la c e m e n t. The g r e a t  co n v en ien ce  a f fo rd e d  by a  s e a le d  sy stem  i s  a t  

p r e s e n t  im p r a c t ic a b le .  The l im i t e d  l i f e t i m e  i s  m a in ly  due to  th e  

l o s s  o f  th e  h a lo g e n  d o n o r. T h is  was e x p e c te d  to  be r a p id  i n  th e  

e x p e r im e n ta l  a p p a ra tu s  d e s c r ib e d  h e r e in  w here d is c h a r g e s  a r e  

e s t a b l i s h e d  i n  a  2mm d ia m e te r  q u a r tz  tu b e .  Thus a s t r o n g  w a l l  

r e a c t i o n  f o r  f r e e  h a lo g e n s  and a  s m a ll  l i f e t i m e  a g a in s t  w a l l  

c o l l i s i o n s  r e s u l t  i n  th e  r a p id  a c c u m u la tio n  o f  s t a b l e  h a l i d e s .  

C h a p te r  3 d i s c u s s e s  th e  d i f f u s i v e  t r a n s p o r t  o f  p a r t i c l e s  t o  th e  tu b e  

w a l l  and a llo w s  f o r  th e  te m p e ra tu re  dependency  o f  th e  d i f f u s i o n  

c o e f f i c i e n t .

M icrowave d is c h a r g e s  a r e  com pared w ith  DC d is c h a r g e s  i n  

C h a p te r  4 .  I t  i s  p o in te d  o u t  t h a t  th e  r a p id  f i e l d  r e v e r s a l  and l a c k  

o f  e le c t r o d e s  i n  th e  m icrow ave c a se  p re v e n t  th e  decay  i n to  h ig h ly  

io n is e d  and n o n -u n ifo rm  d is c h a r g e  modes t h a t  o c c u r i n  th e  l a t e r  

s ta g e s  o f  a  DC d is c h a rg e  p u l s e .  However, a  more p o w e rfu l argum en t i n  

fa v o u r  o f  m icrow ave d is c h a r g e s  a r i s e s  from  th e  v e ry  c o n v e n ie n t 

a p p a ra tu s  t h a t  w aveguide t r a n s m is s io n  a l lo w s .  The d is c h a rg e  i s  

o b ta in e d  by means o f  a  m icrow ave d is c h a rg e  c o u p le r .  The problem  o f  

c o u p le r  d e s ig n  r e p la c e s  th e  m u l t ip le  p rob lem , i n  DC d is c h a r g e s ,  o f  

d e s ig n in g  th e  e le c t r o d e  geom etry  and m a in ta in in g  v e ry  low im pedance 

lo o p s  i n  a  s t r u c t u r e  c o n ta in in g  a  l a r g e  h ig h  v o l ta g e  i n s u l a t o r .  

C h a p te r  4 c o n s id e r s  c o u p le r  d e s ig n  i n  d e t a i l  and i t  i s  shown t h a t  th e  

S chw inger d i r e c t i o n a l  c o u p le r ,  r e d e s ig n e d  w ith  g ra d e d  c o u p lin g
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e le m e n ts , p ro v id e s  an  a t t r a c t i v e  p o s s i b i l i t y  f o r  a  d is c h a rg e

c o u p le r .  D e ta i l s  o f  th e  c o n s t r u c t io n  and t e s t i n g  a r e  p ro v id e d .

The e x p e r im e n ta l  work d e s c r ib e d  i n  C h ap te r 7 in v o lv e d  th e  u se  o f  

an o p t i c a l  sp ec tru m  a n a ly s e r  (OSA), w hich i s  d e s c r ib e d  i n  C h a p te r  6 , 

to  g iv e  p l o t s  o f  e m is s io n  i n t e n s i t y  ’( a t  band c e n t r e )  a g a in s t  tim e  and 

to  p ro v id e  a  sp ec tru m  p l o t  o f  ex c im er e m is s io n . The OSA ran g e  o f  

o p e r a t io n  ex te n d e d  from  th e  UV to  th e  IR g iv in g  a re c o rd e d  sp ec tru m  

160^ i n  w id th . In  m ost c a s e s  a  spectrum  re c o rd  was o b ta in e d  by

c o l l e c t i n g  th e  o u tp u t  from  1000 p u l s e s .  I n  o r d e r  to  s tu d y  s in g l e  

p u ls e s  o r  th e  f i r s t  few p u ls e s  o f  a  b u r s t  o f  p u ls e s  f u r t h e r  a p p a ra tu s  

was d e v e lo p ed  and i s  d e s c r ib e d  i n  C h ap te r 5 .  The r a r e - g a s  h a l i d e s  

XeF^ XeCl, KrF, K rC l, and ArF w ere  s tu d ie d  d u r in g  th e  e x p e r im e n ta l  

work and XeO e m is s io n  was a l s o  o b se rv e d . The m o le c u le s  w ere form ed 

i n  d is c h a rg e s  i n  m ix tu re s  o f  th e  r a r e - g a s  (Xe, K r, o r  A r ) , a  h a lo g e n  

donor (NF^, SF^, o r  H C l), and a  b u f f e r  gas  (H e, Ne, o r  A r) ,. Excim er 

e m is s io n  i n t e n s i t i e s  w ere r e c o rd e d  f o r  th e  d i f f e r e n t  b u f f e r s  and

h a lo g e n  don o rs  o v e r  a  w ide ra n g e  o f  m ix tu re  r a t i o s .  W henever a

p a r t i c u l a r  g a s  m ix tu re  was b e in g  t e s t e d ,  s p e c t r a  and tim e  p l o t s  w ere  

re c o rd e d  f o r  each  o f  ab o u t 8 t o t a l  p r e s s u r e s  s u rro u n d in g  th e  p r e s s u r e  

a t  w hich maximum o u tp u t  o c c u r re d .

The raw d a ta  from  th e  e x p e r im e n ta l  work c o n s i s t e d  o f  o v e r  400 

s h e e t s  o f  g rap h  p a p e r  o b ta in e d  from  th e  OSA and c o u ld  n o t  be in c lu d e d  

d i r e c t l y  i n  th e  t h e s i s .  However, some o f  th e  d a ta  was c o p ie d  by 

t r a c in g  and p h o to -re d u c e d  t o  e n a b le  i t  to  be p r e s e n te d  i n  C h a p te r  8 . 

The t r e n d s  i n  i n t e n s i t y  and g a s  l i f e - t i m e  i n  re s p o n s e  to  changes i n  

th e  p r in c i p a l  v a r i a b le s  (g a s  ty p e ,  m ix tu re  r a t i o ,  and t o t a l  p r e s s u r e )
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a re  d is c u s s e d  i n  c o n ju n c t io n  w ith  th e  p r e s e n t a t io n  o f  th e  r e s u l t s .

The volume o f  d a ta  g e n e ra te d  by t h i s  work i s  an  i n d i c a t i o n  o f  

how u s e f u l  th e  m icrow ave a p p a ra tu s  c o u ld  be f o r  t h i s  k in d  o f  

i n v e s t i g a t i o n .  T h is  was a d i r e c t  r e s u l t  o f  th e  com pact and f l e x i b l e  

c o u p lin g  a rra n g e m e n t o f  th e  w aveguide and s m a ll  volume d is c h a r g e  

tu b e ,  and th e  u se  o f  th e  OSA. A no ther o u ts ta n d in g  f e a t u r e  i s  t h a t

th e  system  a llo w ed  g as  l i f e - t i m e  s tu d i e s  t o  be c a r r i e d  o u t i n  h a l f  a

m in u te  ( a t  1100 pps) w here many h o u rs  w ould be r e q u i r e d  i n  a  DC 

d is c h a rg e  pumped ex c im er l a s e r  w here p u lse  r a t e s  a r e  u s u a l ly  ab o u t 1 

p u ls e  p e r  seco n d . The m icrow ave a p p a ra tu s  p roved  to  be s im p le , s a f e ,  

and c o m p le te ly  r e l i a b l e  w ith  no p a r t i c u l a r  e n g in e e r in g  d i f f i c u l t i e s  

i n  c o n n e c tin g  th e  m icrow ave so u rc e  to  th e  d is c h a r g e  c o u p le r  o r  i n  

c o n s t r u c t io n  o f  th e  co m p le te  sy s te m . In  th e  l i g h t  o f  th e s e

o b s e r v a t io n s ,  th e  u se  o f  a  m icrow ave system  o f  th e  ty p e  d e s c r ib e d  can  

be h ig h ly  recommended f o r  c r e a t i o n  and s tu d i e s  o f  r a r e - g a s  h a l id e

m o le c u le s . The i n d ic a t i o n s  a r e  t h a t  e x p a n s io n  o f  th e  system  ( i n  

te rm s o f  power) c o u ld  in d e e d  p ro v id e  a v a lu a b le  a l t e r n a t i v e  a s  an  

e x c im er l a s e r  pump s o u rc e .
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2 RARE-GAS HALIDE EXCIMER LASERS

2 .1  M o le c u la r  S t r u c t u r e  and S p e c tro sc o p y

2 ,1 .1  E x c im er M o lecu les

The ex c im er m o le c u le  w i l l  be c o n s id e re d  h e r e  i n  te rm s  o f  

m o le c u la r  b in d in g  and  th e  c u rv e  o f  p o t e n t i a l  en e rg y  a g a in s t  n u c le a r  

s e p a r a t i o n .  M o le c u la r  p o t e n t i a l  e n e rg y  c o n s i s t s  o f  b o th  a  Coulom bic 

i n t e r a c t i o n  w ith  th e  n u c le i  a s  c h a rg e  c e n t r e s  and th e  e l e c t r o n i c  

p o t e n t i a l  e n e rg y  w hich i s  a  f u n c t io n  o f  th e  m o le c u la r  s t a t e s .  A 

c o n tin u o u s  a d i a b a t i c  Coulomb p o t e n t i a l  c u rv e  can  be draw n f o r  each  

m o le c u la r  s t a t e .  F ig u re  2 .1 ( a )  shows a  r e p r e s e n t a t i o n  o f  c u rv e s  f o r  

t h r e e  such  m o le c u la r  s t a t e s ,  th e  u p p er g iv in g  a  p u r e ly  r e p u l s iv e  

p o t e n t i a l  and th e  m id d le  and lo w er c u rv e s  g iv in g  weak and s t r o n g  

b in d in g  r e s p e c t i v e l y .  I t  i s  u s u a l  to  ta k e  th e  lo w e s t  p o in t  o f  th e  

lo w e s t  c u rv e  a s  z e ro  f o r  th e  p o t e n t i a l  en e rg y  o f  th e  system  and t h i s  

a l s o  g iv e s  th e  g round  s t a t e  e q u i l ib r iu m  i n t e r - n u c l e a r  s e p a r a t i o n .

A p o t e n t i a l  d iag ram  su ch  a s  t h a t  shown i n  F ig  2 .1 ( a )  i s  t y p i c a l  

o f  a  s t a b l e  m o le c u le  w here b in d in g  i s  s t r o n g  i n  th e  g round  a  s t a t e .  

I n  an  e x c i t e d  s t a t e ,  how ever, th e  m o le c u le  may be w eak ly  bound and 

d i s s o c i a t e  i n  c o l l i s i o n s  o r  may be .unbound. F or c e r t a i n  m o le c u le s
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th e  o r d e r in g  o f  th e  b in d in g  s t r e n g th s  may be r e v e r s e d  w ith  r e s p e c t  to  

th e  low er m o le c u la r  s t a t e s  g iv in g  a  p o t e n t i a l  d iag ram  o f  th e  ty p e  

shown i n  F ig  2 .1 ( b ) .  H ere th e  m o lecu le  i s  unbound i n  th e  g round  

s t a t e  b u t i s  s t r o n g ly  bound i n  an  e x c i te d  s t a t e .  M o lecu les  

e x h ib i t i n g  t h i s  k in d  o f  b e h a v io u r  have become w id e ly  known a s  

e x c im e rs . I n  th e  ch em ica l l i t e r a t u r 'e ,  how ever, th e  terra  'ex c im er*  i s  

r e s t r i c t e d  to  hom opolar m o le c u le s  ( a l s o  known a s  d im e rs)  w hereas th e  

terra  ’ e x ip le x *  i s  u sed  w here h e te r o p o la r  m o le c u le s  a r e  c o n c e rn e d . I t  

sh o u ld  a ls o  be n o ted  t h a t ,  i n  p r a c t i c e ,  *excim er* m o le c u le s  w i l l  be 

p r e s e n t  i f  low er l e v e l s  a r e  s u f f i c i e n t l y  w eakly bound to  e n s u re  r a p id  

c o l l i s i o n a l  rem oval w ith  th e  consequence  t h a t  th e  m o le c u la r  

p o p u la t io n  i s  p r im a r i ly  i n  th e  form  o f  th e  s t r o n g ly  bound e x c i te d  

s t a t e .  I t  i s  c l e a r  t h a t  e l e c t r o n i c  t r a n s i t i o n s  from  a  s t r o n g ly  bound

e x c i t e d  s t a t e  to  a  d i s s o c i a t i v e  ground s t a t e  p ro v id e  good c a n d id a te s
V

f o r  l a s e r s  s in c e  th e  problem  o f  a b s o rp t io n  by th e  r e v e r s e  t r a n s i t i o n  

i s  rem oved.

An i d e a l  exc im er m o le c u le  f o r  a  l a s e r  sy stem  would have  a 

s i n g l e ,  s t r o n g ly  bound e x c i t e d  s t a t e  t h a t  can  be pumped w ith  h ig h  

e f f i c i e n c y  and a  s i n g l e  e l e c t r o n i c  t r a n s i t i o n  to  a  r e p u l s iv e  g round  

s t a t e .  T h is  i d e a l  i s  m ost l i k e l y  to  be ap p ro ach ed  by a s im p le  

d ia to m ic  m o le c u le . U n fo r tu n a te ly  th e  m o le c u la r  b o u n d - f re e  e l e c t r o n i c  

t r a n s i t i o n  has  a  draw back f o r  l a s e r  o p e r a t io n  i n  t h a t  th e  sp o n ta n e o u s  

e m is s io n  bandw id th  i s  v e ry  wide due to  th e  r o t a t i o n a l - v i b r a t i o n a l  

m a n ifo ld  o f  th e  bound e x c i t e d  s t a t e .  T h is  w ide bandw id th  r e s u l t s  i n  

a  h ig h  th re s h o ld  pump power d e n s i ty  f o r  l a s i n g  ( a s  d e m o n s tra te d  by 

c a l c u l a t i o n  i n  S e c t io n  2 . 3 ) .  I n  th e  i d e a l  m o le c u le  r e l a x a t i o n  o f  

v i b r a t i o n a l  and r o t a t i o n a l  l e v e l s  ,to  t h e i r  g ro u n d  s t a t e s  m ust be
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p o s s ib le  on a t im e - s c a le  t h a t  i s  s h o r t  com pared w ith  th e  sp o n ta n e o u s  

e m is s io n  l i f e t i m e  and t h i s  a g a in  i s  p r e d i c t i v e  o f  s im p le  d ia to m ic  

m o le c u le s  a s  l i k e l y  l a s e r  c a n d id a te s .  The r a r e - g a s  m o n o h a lid e s , 

e s p e c i a l l y  XeF, XeCl, KrF, and K rC l, g iv e  a v e ry  n e a r  approach  to  th e  

i d e a l  m o lecu le  w ith  th e  r e s u l t  t h a t  r a r e - g a s  h a l id e  l a s e r s  a r e  th e  

ex c im er l a s e r s  t h a t  have  r e c e iv e d  th e  m ost w id e sp re a d  i n t e r e s t  and 

developm en t to  d a te .  The o th e r  r a r e - g a s  h a l id e s  w here l a s i n g  h a s  

been  p roduced  a r e  XeBr and ArF. F lu o re s c e n t  e m is s io n  h as  been  

o b se rv e d  from  NeF, A rC l, K rBr, and X el b u t n o t from  ArBr and K rI 

w here p r e d i s s o c i a t i o n  p ro b a b ly  ta k e s  p la c e .  I n  a l l  o f  th e  e x c im ers  

t h a t  have been  s tu d ie d  i n  r e l a t i o n s h i p  to  l a s e r  o p e r a t io n ,  r a d i a t i o n  

i s  by means o f  an  e l e c t r i c  d ip o le  t r a n s i t i o n  so  t h a t  t y p ic a l  e x c i t e d  

s t a t e  l i f e t i m e s  a r e  around  10 n s .  S in ce  th e  d i s s o c i a t i v e  ground 

s t a t e  l i f e t i m e  w i l l  be ab o u t one m o le c u la r  v i b r a t i o n  p e r io d  (a ro u n d  

lO’"^ n s ) ,  p o p u la t io n  in v e r s io n  i s  a s s u r e d .  For th e  c a se  o f  a  w eakly  

bound g round  s t a t e ,  c o l l i s i o n a l  d i s s o c i a t i o n  ta k e s  p la c e .  S in c e  

exc im er l a s e r s  a r e  g e n e r a l ly  o p e ra te d  a t  p r e s s u r e s  o f  w e l l  o y e r  1 

a tm o sp h e re , w here c o l l i s i o n  f r e q u e n c ie s  w i l l  be g r e a t e r  th a n  

10^^ s ” ^ , l i f e t i m e s  o f  around  ICT^ ns can be e x p e c te d  and p o p u la t io n  

i n v e r s io n  i s  s t i l l  m a in ta in e d . The n a tu r e  o f  th e  r a r e - g a s  h a l id e  

m o le c u le s , from w hich t h e i r  s u i t a b i l i t y  as  l a s e r  m edia  s tem , i s  

d e s c r ib e d  i n  th e  fo llo w in g  s u b s e c t io n s .
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2 ,1 .2  R are-G as H a lid e  M olecu les

The e l e c t r o n i c  t r a n s i t i o n  i n  r a r e - g a s  h a l i d e s  r e s p o n s ib le  f o r  

t h e i r  u t i l i s a t i o n  i n  l a s e r s  i s  c lo s e ly  a l l i e d  t o  th e  b e h a v io u r  o f  th e  

i s o l a t e d  r a r e - g a s  f ra g m e n t. I n  t h e i r  g round  s t a t e s ,  r a r e - g a s e s  a r e  

u n r e a c t iv e  due to  a  f u l l  o u te r  e l e c t r o n  s h e l l  C p^). The f i r s t  

e x c i t e d  s t a t e  o f  a  r a r e - g a s  atom h a s  an  o u te r  e l e c t r o n  c o n f ig u r a t io n
C  4

p 8 and , b ecau se  t h e r e  i s  a lw ays a  p a r t i c u l a r l y  la r g e  en erg y  

d i f f e r e n c e  betw een  a p s h e l l  and th e  n e x t s s h e l l ,  t h i s  e x c i t e d  s t a t e  

i s  c lo s e r  to  th e  i o n i s a t i o n  p o t e n t i a l  th a n  to  t h e  ground s t a t e .  I n  

a rg o n , f o r  exam ple, th e  f i r s t  e x c i te d  s t a t e  i s  11 .5  eV above th e  

ground  s t a t e  which i s  73? o f  th e  i o n i s a t i o n  e n e rg y . I o n i s a t i o n  o f  

th e  e x c i te d  a rg o n  atom  th e n  ta k e s  4 .3  eV, An im p o r ta n t  o b s e rv a t io n  

can  be made h e re  i n  t h a t  p o ta ss iu m , th e  n e x t e le m e n t i n  th e  p e r io d ic  

t a b l e ,  a l s o  has  an  i s o l a t e d ,  s i n g l e ,  o u te r  s  e l e c t r o n  and h a s  an  

i o n i s a t i o n  p o t e n t i a l  o f  4 .3  eV. I t  can  t h e r e f o r e  be e x p e c te d  t h a t  

e x c i t e d  a rg o n  atom s w i l l  behave l i k e  p o ta ss iu m  atom s e s p e c i a l l y  when 

fç rm in g  i o n ic  bonds w ith  o th e r  atom s to  form  m o le c u le s . Such a 

com parison  can  be made betw een each  r a r e - g a s  i n  i t s  f i r s t  e x c i t e d  

s t a t e  and th e  a lk a l i - m e t a l  t h a t  fo llo w s  i t  i n  t h e  p e r io d ic  t a b l e .  

S in c e  th e  a l k a l i - m e t a l s  form  s ta b l e  m o le c u le s  w i th  th e  h a lo g e n s  by 

io n ic  b in d in g , i t  i s  p o s s ib le  t o  g a in  u n d e rs ta n d in g  o f  r a r e - g a s  

h a l i d e s  and make p r e d i c t i o n s  f o r  t h e i r  b e h a v io u r  by co m p ariso n  w ith  

th e  c o rre s p o n d in g  a l k a l i - h a l i d e .  T h is  a n a lo g y  was u s e f u l ly  a p p l ie d  

by B rau and Ewing (1975 b) i n  e a r ly  s tu d i e s  o f  r a r e - g a s  h a l i d e s  and 

gave re a s o n a b ly  a c c u r a te  p r e d i c t i o n s  o f  r a r e - g a s  h a l id e  e m is s io n  

s p e c t r a .
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D e s p ite  th e  a p p a re n t  s im p l ic i ty ' o f  r a r e - g a s  h a l id e  m o le c u le s , a 

f u l l  u n d e rs ta n d in g  o f  t h e i r  e m is s io n  s p e c t r a  h a s  s t i l l  t o  be 

a c h ie v e d . One r e a s o n  f o r  t h i s  i s  th e  g e n e ra l  d i f f i c u l t y  o f  

q u a n t i f y in g  m o le c u la r  s p e c t r a  w here v i b r a t i o n a l  and r o t a t i o n a l  en e rg y  

s t a t e s  add to  th e  e l e c t r o n i c  s t a t e ,  ' In  g e n e r a l ,  th e s e  s t a t e s  c a n n o t 

be re g a rd e d  a s  in d e p e n d e n t.  For exam ple each  e l e c t r o n i c  s t a t e  h a s  

i t s  own p o t e n t i a l  c u rv e , a s  p r e v io u s ly  m en tio n ed , w ith  v a r io u s  

d e g re e s  o f  w e ll  d e p th  and w e l l  asym m etry. T h is  means t h a t  th e  

i n t e r v a l s  o f  th e  v i b r a t i o n a l  s t a t e s  v a ry  c o n s id e r a b ly  betw een  

e l e c t r o n i c  s t a t e s  and , w i th in  a  g iv e n  e l e c t r o n i c  s t a t e ,  th e  i n t e r v a l s  

w i l l  be u n eq u a l due to  th e  anharm on ic  v i b r a t i o n  o f  th e  atom s i n  th e  

asym m etric  p o t e n t i a l .  These v i b r a t i o n a l  and r o t a t i o n a l  f e a t u r e s  a r e  

d e s c r ib e d  i n  more d e t a i l  i n  S e c t io n  2 . 1 . 3 . A no ther d i f f i c u l t y  i n  

u n d e rs ta n d in g  r a r e - g a s  h a l id e  s p e c t r a  a r i s e s  from  th e  e x is te n c e  o f  

many e l e c t r o n i c  m o le c u la r  s t a t e s .  W hile a  good t h e o r e t i c a l  fram ew ork 

e x i s t s  f o r  th e  d e s c r i p t i o n  o f  m o le c u la r  s t a t e s ,  p rob lem s o f  

i d e n t i f i c a t i o n  and en e rg y  o r d e r in g  have  f r e q u e n t ly  a r i s e n .  The lo w er 

s t a t e s  i n  th e  bound-bound t r a n s i t i o n  o f  XeF and XeCl g iv e  exam ples 

w here th e s e  prob lem s have o c c u r re d .

C a lc u la t io n s  o f  th e  r a r e - g a s  h a l id e  e l e c t r o n i c  s t a t e s  have  been  

c a r r i e d  o u t by many a u th o r s  an d , i n  p a r t i c u l a r  d e t a i l ,  by Dunning and 

Hay ( 1978 ) and Hay, e t ,  a l ,  (1 9 7 9 ) . Rhodes (1979) a l s o  g iv e s  much 

in fo rm a t io n  on r a r e - g a s  h a l id e  m o le c u la r  s t a t e s  and c i t e s  many 

r e f e r e n c e s .  As r e f l e c t e d  i n  th e s e  w orks, th e  f i r s t  s te p  i n  a  f u l l  

d e s c r i p t i o n  o f  exc im er m o le c u le s  i s  t o  e s t a b l i s h  th e  e l e c t r o n i c  

c o n f ig u r a t io n  and term  sym bols f o r  th e  ground s t a t e  and th e  e x c i te d
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s t a t e s .  The n a tu r e  and s t r e n g th  o f  th e  b in d in g  i n  each  s t a t e  can  

th e n  be c h a r a c te r i s e d .  Though many prob lem s s t i l l  rem a in , i t  c o u ld  

be s a id  t h a t  th e  r a r e - g a s  h a l i d e s  have become w e l l  u n d e rs to o d  by 

u s in g  t h i s  g e n e ra l  a p p ro a c h . I n  th e  fo llo w in g  d e s c r i p t i o n  o f  

r a r e - g a s  h a l id e  m o le c u la r  s t a t e s ,  u se  i s  made o f  a  f o r t u i t o u s  

s i m p l i f i c a t i o n  t h a t  can  be a p p l ie d  i f  a c c u r a te  n u m e ric a l p r e d i c t i o n s  

a r e  n o t  r e q u i r e d .  The s i m p l i f i c a t i o n  i s  to  b ase  th e  a n a ly s i s  on th e  

p o s s ib le  s t a t e s  o f  th e  a to m ic  f ra g m e n ts  a t  i n f i n i t e  s e p a r a t i o n .  T h is  

i s  j u s t i f i e d  by th e  dom inan t r o l e  o f  th e  e x c i te d  r a r e - g a s  atom i n  th e  

m o le c u le  w ith  i t s  i n t e r a c t i v e  o u te r  e l e c t r o n  b e in g  w e l l  rem oved from  

th e  atom i t s e l f .

C o n s id e r  f i r s t  th e  c a se  w here s p i n - o r b i t  i n t e r a c t i o n s  a r e  n o t

ta k e n  i n t o  a c c o u n t . Ground s t a t e  r a r e - g a s e s  w ith  t h e i r  f u l l
1

s u b s h e l l s  have S=0 and L=0 g iv in g  th e  term  symbol S. (N o te , The

s p e c t r o s c o p ic  n o m e n c la tu re  fo llo w s  H erzberg  (1950) th ro u g h o u t .)

Ground s t a t e  h a lo g e n s  on th e  o th e r  hand have  8= 1 /2  and L=1 g iv in g
2

sym bols ^3 / 2  1/ 2 * p o s i t i v e  r a r e - g a s  and n e g a t iv e  h a lo g e n  io n s

th e s e  term  sym bols a r e  s im p ly  in te r c h a n g e d . I n  c lo s e  p ro x im ity , th e

n e u t r a l  g round  s t a t e  p a i r  w i l l  be s u b je c t  to  c o v a le n t  bond ing

( u s u a l ly  r e p u l s iv e )  w h ile  th e  i o n  p a i r  w i l l  be s u b je c t  to  s t r o n g  

i o n i c  b o n d in g . T h is  i o n i c  bond d e s c r i p t i o n  i s  d i r e c t l y  a p p l i c a b le  to  

th e  h a lo g e n - e x c i te d  r a r e - g a s  bond by v i r t u e  o f  th e  h ig h  en erg y  ( n e a r  

i o n i s a t i o n )  o f  th e  r a r e - g a s  e x c i t e d  s t a t e  and th e  h ig h  

e l e t r o n e g a t i v i t y  o f  th e  h a lo g e n . The p r o j e c t i o n  o f  th e  t o t a l  a n g u la r  

momentum v e c to r  on th e  m o le c u la r  a x is  ( A )  c a n  have  v a lu e s  0 to  L. 

T h e re fo re  t h e r e  a r e  two s t a t e s ,  A =0 and A=1 f o r  b o th  th e  u p p e r 

( i o n i c a l l y  bound) l e v e l  and th e  lo w e r ( c o v a l e n t ly  bound) l e v e l .
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These s t a t e s  a r e  l a b e l l e d ,  2^1'*^, 2^11, I^Z * , and l^ flj r e s p e c t iv e ly ,

S p in - o r b i t  e f f e c t s  a r e  p r im a r i ly  p r e s e n t  f o r  th e  h a lo g e n  i n  th e  

c o v a le n t  m a n ifo ld  and th e  r a r e - g a s  io n s  i n  th e  i o n ic  m a n ifo ld . The

l a r g e s t  e f f e c t ,  w here r a r e - g a s  h a l id e s  a r e  c o n c e rn e d , i s  due to  th e

2  2  4-  Pgyg -  s p l i t t i n g  i n  th e  h e a v ie r  o f  th e  r a r e - g a s  i o n s .  I n  Xe ,

f o r  exam ple, t h i s  s p l i t t i n g  am ounts to  1 ,3eV . In  th e  m o lecu le  t h i s

2 2r e s u l t s  i n  a  s p l i t t i n g  o f  th e  FI s t a t e  i n to  2 and 2 F^yg s t a t e s

w ith  an  en erg y  d i f f e r e n c e  t h a t  h as  been  g e n e r a l ly  shown to  be c lo s e  

2 2to  th e  Pgy2 -  P^yg s p l i t t i n g  o f  th e  r a r e - g a s  i o n  (e g , s e e  Rhodes 

1979» P .9 1 ) .  The c o rre s p o n d in g  s p l i t t i n g  due to  th e  n e u t r a l  h a lo g e n

i n  th e  c o v a le n t  bond i n c r e a s e s  w ith  th e  a to m ic  number o f  th e  h a lo g e n  

b u t i s  g e n e r a l ly  s m a l le r  th a n  th e  r a r e - g a s  c o n t r i b u t i o n  i n  th e  i o n ic  

bond. A ll  s i x  m o le c u la r  s t a t e s  a r e  shown s c h e m a tic a l ly  in  F ig  2 .2 .  

I t  sh o u ld  be n o te d  h e r e  t h a t  w h ile  th e  s im p le  i o n i c  u p p e r l e v e l  and 

c o v a le n t  low er l e v e l  bond ing  model s u c c e s s f u l ly  p r e d i c t s  th e  n e a r  

d e g e n e ra te  3 - f o ld  s p l i t t i n g  o f  th e  ground s t a t e  and f i r s t  e x c i t e d  

s t a t e  o f  th e  r a r e - g a s  h a l id e  m o le c u le , more d e t a i l e d  m odels o f  th e  

b in d in g  a r e  r e q u i r e d  to  c o r r e l a t e  o b s e rv a t io n s  w ith  th e  d e t a i l s  o f  

t h i s  s p l i t t i n g .  A c l e a r  exam ple o f  t h i s  i s  g iv e n  by th e  bound lo w e r 

l e v e l  i n  XeF w hich was n o t  p r e d ic te d  by e a r l i e r  th e o r y .  K rauss and 

L iu  (1976) found t h a t  th e  b in d in g  c o u ld  o n ly  be p r e d ic te d  i f  some 

i o n ic  bonding  was m ixed w ith  th e  lo w er c o v a le n t  bond i n  th e  p re se n c e  

o f  a  weak van  d e r  W aal’ s  a t t r a c t i o n .
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Of th e  n in e  c o n n e c t io n s  betw een  th e  th r e e  u p p er and t h r e e  low er 

s t a t e s  d e s c r ib e d  above , t h e r e  a r e  f i v e  t r a n s i t i o n s  a llo w ed  by th e  

AQ=0 r u l e ,  (Hay e t ,  a l ,  1.979). The s t a t e s  in v o lv e d  i n  o b se rv e d  

t r a n s i t i o n s  a r e  l a b e l l e d  i n  s p e c t r o s c o p ic  n o t a t io n  u s in g  X f o r  th e

lo w e s t s t a t e  and A, B, C e t c ,  f o r  th e  o th e r  s t a t e s  i n  a sc e n d in g
I

o r d e r  o f  e n e rg y . These a r e  shown i n  F ig  2 .2  w here th e  n e a r  
2

d e g e n e ra te  2 Z s t a t e s  a r e  in c lu d e d  i n  th e  s in g l e  A. s t a t e .  The

s t r o n g e s t  r a r e - g a s  h a l id e  ex c im er e m is s io n  i s  due to  th e  B -  X,

r  “ Z t r a n s i t i o n .  T h is  t r a n s i t i o n  a ls o  g iv e s  th e  n a rro w e s t e m is s io n

band and i s  c o n s e q u e n tly  o f  g r e a t e s t  i n t e r e s t  f o r  l a s e r  o p e r a t io n .

The r e a s o n  f o r  t h i s  narrow  band w id th  i s  t h a t  th e  lo w e r Z c u rv e  i s

r e l a t i v e l y  f l a t  a t  th e  i n t e r - n u c l e a r  s e p a r a t i o n  a t  w hich th e

t r a n s i t i o n  o c c u r s .  Thus when t r a n s i t i o n s  o c c u r  from  h ig h e r

v i b r a t i o n a l  l e v e l s  i n  th e  u p p er e l e c t r o n i c  s t a t e ,  and th e r e f o r e  from

a ran g e  i n  th e  i n t e r - n u c l e a r  s e p a r a t i o n ,  th e  te r m in a t in g  p o in t  (X

s t a t e )  i s  o f  more o r  l e s s  c o n s ta n t  e n e rg y  o v e r  th e  ra n g e  o f

i n t e r n u c l e a r  s e p a r a t io n s  in v o lv e d . The 0 -  A t r a n s i t i o n  h as  r e c e iv e d

c o n s id e r a b le  a t t e n t i o n  m ain ly  b e cau se  th e r e  i s  a  l a c k  o f  h ig h  power

l a s e r s  i n  th e  b lu e - g r e e n  sp e c tru m . However, t h i s  e m is s io n  band i s

v e ry  b ro a d , due to  a  s te e p  lo w e r p o t e n t i a l  c u rv e , w ith  th e  r e s u l t

t h a t  l a s i n g  h a s  been  a c h ie v e d  f o r  a  C -  A t r a n s i t i o n  in  XeF o n ly .

The re m a in in g  t r a n s i t i o n  o f  i n t e r e s t  i s  th e  D -  X band . Due to  th e

c lo s e n e s s  o f  th e  B and C s t a t e s ,  th e  D -  X band i s  s h o r t e r  i n

w av e len g th  th a n  th e  B -  X band by an am ount t h a t  c o rre sp o n d s
2

a p p ro x im a te ly  to  th e  s p i n - o r b i t  s p l i t t i n g  o f  th e  r a r e - g a s  P s t a t e .  

U n fo r tu n a te ly  t h i s  t r a n s i t i o n  i s  u n l ik e ly  to  be u s e f u l  f o r  l a s e r  

o p e r a t io n  a s  i t  a p p e a rs  t o  be r a t h e r  e a s i l y  quenched  (Rhodes 1979»
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P .9 2 ) ,

2 .1 .3  R are-G as H a lid e  B -  X E m iss io n  F e a tu re s

The f i n e r  d e t a i l s  o f  th e  B -  X r a r e - g a s  h a l id e  e m is s io n  bands 

a r e  e x p la in e d  i n  te rm s o f  m o le c u la r  v i b r a t i o n  and r o t a t i o n  i n  th e  B 

s t a t e  and a l s o  i n  th e  X s t a t e  f o r  th e  c a s e s  o f  a bound lo w er l e v e l .  

These f e a t u r e s  have  im p o r ta n t  conseq u en ces  f o r  l a s e r  o p e r a t io n .  

F i r s t l y ,  th e y  e f f e c t  th e  w id th  o f  th e  sp o n tan eo u s  e m is s io n  band and 

c o n s e q u e n tly  th e  th r e s h o ld  pump power d e n s i ty ,  and s e c o n d ly , th e y  

in f lu e n c e  th e  fre q u e n c y  d i s t r i b u t i o n  o f  th e  l a s e r  e m is s io n . To 

i l l u s t r a t e  th e  im p o r ta n t  d e t a i l s  i n  th e  B -  X e m is s io n  s p e c t r a ,  th e  

s p e c t r a  o f  a  few r e p r e s e n t a t i v e  c a se s  w i l l  be d e s c r ib e d .  (The 

s p e c t r a  shown below  w ere o b ta in e d  from  th e  e x p e r im e n ta l  work 

d e s c r ib e d  l a t e r  i n  th e  t h e s i s ) .

XeF The spectrum  o f  XeF i s  d i s t in g u is h e d  from  th e  o th e r  r a r e - g a s  

h a l i d e s  by h av in g  s h a rp  d e t a i l s  on  b o th  th e  b lu e  and re d  s id e s  o f  th e  

e m is s io n  peak . T h is  i s  due t o  th e  s i g n i f i c a n t  b in d in g  (1100 cm*'  ̂) i n  

th e  lo w er l e v e l ,  as  shown i n  th e  ap p ro x im ate  p o t e n t i a l  d iag ram  o f  F ig  

2 .3 ( a ) ,  The p o s i t i o n  o f  th e  c u rv e s  i s  such  t h a t  t r a n s i t i o n s  from  a l l  

th e  lo w er v i b r a t i o n  l e v e l s  o f  th e  u p p er s t a t e  te r m in a te  on a 

v i b r a t i o n a l  l e v e l  i n  th e  lo w er s t a t e  below th e  d i s s o c i a t i o n  l i m i t .  

I t  can  be s e e n  i n  F ig  2 .3 ( a )  t h a t  th e  lo w er c u rv e  d e p a r t s  s t r o n g ly  

from  th e  sym m etric  p a r a b o l ic  shape  o f  th e  u pper c u rv e . The m o le c u la r  

v i b r a t i o n  i n  th e  lo w er s t a t e  i s  t h e r e f o r e  anharm on ic  and th e  

v i b r a t i o n a l  i n t e r v a l s  g e t  c lo s e r  w ith  in c r e a s in g  v i b r a t i o n a l  e n e rg y .
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The r e s u l t  o f  t h i s  i s  t h a t  th e  s p a c in g  o f  th e  v i b r a t i o n a l  f e a t u r e s  i n  

th e  sp ec tru m  i s  somewhat c o m p lic a te d  a s  can  be s e e n  i n  th e  XeF B -  X 

sp e c tru m  o f  F ig  2 .4 .  T e l l in g h u is e n ,  J .  e t ,  a l .  (1978) have

a n a ly s e d  t h i s  sp ec tru m  and g iv e n  th e  v i b r a t i o n a l  a ss ig n m e n t shown i n  

F ig  2 .4 .  The a d d i t i o n a l  peaks and th e  b lu e  o r  r e d  ( o r  b o th )  

d e g ra d in g  o f  th e  a s s ig n e d  peaks a r i s e  from  m o le c u la r  r o t a t i o n .  The 

f i n e  s t r u c t u r e  o f  r o t a t i o n a l  bands i s  n o t  g e n e r a l ly  r e s o lv a b le  i n  

t h i s  sp ec tru m  due to  p r e s s u r e  and i s o t o p i c  b ro a d e n in g . However, 

r o t a t i o n a l  s t a t e s  a f f e c t  th e  sp ec tru m  m ark ed ly , th e  g r e a t e s t  

in f lu e n c e  b e in g  on th e  v i b r a t i o n a l  f r e q u e n c ie s  i n  th e  w eak ly  bound 

lo w e r  s t a t e  t h a t  a r e  a l t e r e d  by th e  'c e n t r i f u g a l  d i s t o r t i o n ’ o f  th e  

m o le c u la r  p o t e n t i a l .

G e n e ra l ly , th e  B s t a t e s  o f  th e  r a r e - g a s  h a l id e  w i l l  be form ed 

w ith  a  n o n -th e rm a l d i s t r i b u t i o n  o f  v i b r a t i o n a l  s t a t e s  due to  

c o n v e rs io n  o f  th e  e x c e s s  en e rg y  o f  th e  p r e c u r s o r s  t o  v i b r a t i o n a l  

e n e rg y . However, th e  r e l a t i v e  p r o b a b i l i t i e s  f o r  t r a n s i t i o n s  be tw een  

d i f f e r e n t  p a i r s  o f  v i b r a t i o n a l  s t a t e s  i n  th e  u p p e r and lo w er 

e l e c t r o n i c  l e v e l s ,  r e s p e c t i v e l y ,  a r e  shown, by e v a lu a t io n  o f  th e  

F rank-C ondon f a c t o r s  ( T e l l in g h u i s e n ,  P.O . e t .  a l .  1 9 7 8 ), to  be 

g r e a t e s t  f o r  t r a n s i t i o n s  from  th e  lo w e s t  v i b r a t i o n a l  l e v e l  o f  th e  

u p p e r s t a t e .  The e x te n t  to  w hich th e  g a in  f o r  t r a n s i t i o n s  from  t h i s  

l e v e l  i s  hom ogeneously b ro ad en ed  i s  a  d e te rm in a n t  o f th e  l a s i n g  

e f f i c i e n c y  and depends on  th e  e x te n t  t o  w hich h ig h  ly in g  v i b r a t i o n a l  

s t a t e s  can  r e l a x  t o  th e  lo w e s t  s t a t e .  Such r e l a x a t i o n  m ust be 

in d u c e d  by c o l l i s i o n  p r o c e s s e s  i f  i t  i s  t o  com pete w ith  sp o n ta n e o u s  

decay  from th e  B s t a t e .  C o n se q u e n tly  b o th  th e  sp o n ta n e o u s  e m is s io n  

sp ec tru m  and th e  l a s i n g  sp e c tru m  a r e  a f f e c t e d  by th e  p r e s s u r e  and
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te m p e ra tu re  o f  th e  g a s  m ix tu re  and th e  type  o f b u f f e r  g a s  u se d . F or 

exam ple, co m p le te  r e l a x a t i o n  to  a th e rm a l d i s t r i b u t i o n  i n  th e  B s t a t e  

i s  a c h ie v e d  a t  0 .5  atm w ith  Ar b u f f e r  and a t  a ^ o u t 3 atm w ith  He 

b u f f e r ,  (R okni 1 9 7 8 ). H s ia  e t ,  a l .  (1979) r e p o r t  r a i s e d  

te m p e ra tu re  e x p e rim e n ts  i n  a XeF l a s e r  and show a t r a n s i t i o n  from  th e  

3530 2 l a s in g  w av e len g th  ( 0 - 3 )  t o  th e  3510 2 l a s i n g  w av e len g th  

(0  •» 2 ,1  “ 4) f o r  a  te m p e ra tu re  change from  BOOK to  450K.

I f  th e  lo w er l a s e r  l e v e l  i n  XeF, nam ely th e  v "= 2 , 3 , and 4 

l e v e l s  o f  th e  X s t a t e ,  w ere n o t rem oved, l a s e r  a c t i o n  would be s e l f  

t e r m in a t in g .  However, th e  s h a llo w  w e l l  d e p th  o f  th e  X s t a t e  a llo w s

r a p id  d i s s o c i a t i o n  by c o l l i s i o n a l  p r o c e s s e s .  Fulgham e t ,  a l ,

(1980) have i n v e s t i g a t e d  th e  lo w er l e v e l  d i s s o c i a t i o n  and g iv e  a 

l i f e t i m e  o f  4 -  6 n s .a tm  w ith  He a s  b u f f e r .  S in c e  th e  u pper s t a t e

l i f e t i m e  i s  around  15 n s , some im provem ent may be e x p e c te d  by 

i n c r e a s in g  p r e s s u r e  above 1 atm and by in c r e a s in g  th e  gas  

te m p e ra tu re .  A b so rp tio n  e x p e r im e n ts  c a p a b le  o f  i n d i c a t i n g  th e  lo w er 

l e v e l  p o p u la t io n  w ere n o t c a r r i e d  o u t  i n  th e  e x p e r im e n ta l  work t o  be 

r e p o r t e d .  The f lu o r e s c e n t  s p e c t r a ,  how ever, w i l l  r e f l e c t  th e  

d i s t r i b u t i o n  i n  th e  u p p er l e v e l  v i b r a t i o n a l  m a n ifo ld .

XeDI. A sp ec tru m  o f  XeCl i s  shown F ig  2 ,5  w here th e  v i b r a t i o n a l

a ss ig n m e n ts  have been  ta k e n  from  T e l l in g h u is e n  e t ,  a l ,  (1 9 7 6 ) . The

p re s e n c e  o f  low er l e v e l  v i b r a t i o n a l  s t a t e s  i n d i c a t e s  lo w e r l e v e l

b in d in g  w hich i s  g iv e n  by T e l l in g h u is e n  e t ,  a l ,  (1976) a s  

“ 1255 cm . Thus XeCl j o in s  XeF i n  b e in g  th e  o n ly  e x c im ers  w ith  bound 

lo w er l e v e l s ,  though  i n  th e  c a se  o f  XeCl, th e  b in d in g  i s  so  weak t h a t  

u n d e r  u s u a l  o p e r a t in g  c o n d i t io n s  c o l l i s i o n a l  p r o c e s s e s  w i l l  keep  th e
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lo w er p o p u la t io n  n e g l ig ib ly  s m a l l .  The Frank-C ondon f a c t o r s  f o r  th e  

B “ X p o t e n t i a l  c u rv e s  o f  XeCl g iv e  th e  th r e e  s t r o n g e s t  t r a n s i s t i o n s  

a s  0 - 2 ,  0 "  1 , 0 “ 3 i n  o M è r  o f  s t r e n g th .  Under l a s i n g

c o n d i t io n s ,  w hich g e n e r a l ly  g iv e  l a s i n g  on a l l  t h r e e  t r a n s i t i o n s ,  

r a p id  v i b r a t i o n a l  t r a n s f e r  i s  r e q u i r e d  to  c h a n n e l th e  u p p er s t a t e  

p o p u la t io n  en e rg y  th ro u g h  th e  l a s e r  t r a n s i t i o n s .

KrCl and KrF The n a tu r e  o f  a  bound » f r e e  B -  X t r a n s i t i o n  sp ec tru m  

i s  shown c l e a r l y  i n  F ig s  2 .6  and 2 .7  f o r  KrF and KrCl r e s p e c t i v e ly .  

The u n d u la t io n s  due to  v i b r a t i o n a l  s t a t e s  i n  th e  u p p er e l e c t r o n i c  

s t a t e  a r e  sm oothed o u t  by th e  continuum  d e r iv in g  from  th e  r e p u l s iv e  

lo w er s t a t e .  The c o rre s p o n d in g  p o t e n t i a l  d iag ram  f o r  KrF i s  shown in  

F ig  2 .3 ( b ) .

ArF The ArF sp ec tru m  o f  F ig  2 .8  i s  in c lu d e d  h e r e  a s  an  exaittple o f

s p u r io u s  f e a t u r e s  i n  th e  sp e c tru m . I t  seem s l i k e l y  t h a t  a l l  th e

d e t a i l  o f  t h i s  sp ec tru m  i s  due to  s t r o n g  a b s o r p t io n .  Burnam and D jeu

( 1976 ) ,  f o r  exam ple, a t t r i b u t e  s im i la r  d e t a i l  i n  th e  ArF l a s i n g

sp ec tru m  to  th e  Schumann-Runge system  o f  0^ .
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2 .2  Excim er K in e t ic s

The h ig h  e f f i c i e n c y  o f  exc.im er l a s e r s  i s  due n o t  o n ly  to  th e  

b o u n d -f re e  n a tu r e  o f  th e  l a s i n g  t r a n s i t i o n  b u t a ls o  to  some 

p a r t i c u l a r l y  f a v o u ra b le  k i n e t i c  p ro c e s s e s  by which th e  ex c im er 

m o le c u le s  a r e  fo rm ed . Even s o , t h e r e  a r e  many l o s s  p ro c e s s e s  t h a t  

com pete w ith  th e  fo rm a tio n  r e a c t i o n  and re d u c e  th e  u p p er s t a t e  

p o p u la t io n .  I t  i s  th e  p u rp o se  o f  t h i s  c h a p te r  to  o u t l i n e  th e  

im p o r ta n t  fo rm a tio n  and l o s s  p r o c e s s e s  and t h e i r  dependency on 

p r e s s u r e ,  gas m ix tu re  r a t i o ,  and th e  k in d  o f  h a lo g e n  donor and b u f f e r  

g as  u se d .

2 .2 .1  F o rm a tio n  K in e t ic s

Gas m ix tu re s  f o r  r a r e - g a s  h a l id e  ex c im er l a s e r s  g e n e r a l l y  

c o n s i s t  o f th r e e  com ponents: a  h a lo g e n  b e a r in g  m o le c u le , th e  r a r e - g a s  

t h a t  form s th e  e x c im e r , and a  b u f f e r  g as  ( a l s o  a r a r e - g a s )  t h a t  

u s u a l ly  c o n s t i t u t e s  o v e r  95^ o f  th e  m ix tu re . The u se  o f  t r i p a r t i t e  

m ix tu re s  r e s u l t s  i n  q u i t e  c o m p lic a te d  k i n e t i c  p ro c e s s e s  i n  th e  

d is c h a rg e  w ith  th e  g e n e r a t io n  o f  a  l a r g e  v a r i e t y  o f  e x c i te d  and 

io n is e d  s p e c i e s .  T ab le  2 .1  show s, i n  g e n e ra l  te rm s , th e  s p e c ie s  and 

r e a c t i o n s  t h a t  a r e  c o n s id e re d  t o  be im p o r ta n t  i n  ex c im er l a s e r s .  The 

s p e c ie s  c o n s i s t  o f  m onatoraic and d ia to m ic  i o n is e d  and e x c i t e d  

r a r e - g a s e s ,  e x c i t e d  t r i a to m ic  s p e c ie s  w ith  a  h a lo g e n  com ponent, and 

v a r io u s  io n is e d  and e x c i t e d  s t a t e s  o f  th e  h a lo g e n  m o le c u le  and i t s  

d i s s o c i a t i o n  p ro d u c ts .  The r e a c t i o n s  i n  T ab le  2 ,1  a r e  shown i n  t h r e e  

p r in c i p a l  s e c t i o n s :  i n i t i a l  e l e c t r o n  im pact e x c i t a t i o n  and i o n i s a t i o n



REACTION INITIAL SPECIES BY INTERMEDIATE AND
SPECIES ELECTRON IMPACT 2ND. STEP REACTIONS
(1)R + 1, (1j2 )Ê+R R”+2 0 15.(2)B**+ R— B+R++0
(1 )R * 2 . (1) — . - " R ’Vs 16.(2) - “ BR'TE
(1 ) 3. (2)è+M(X)— H(X)“ 17. -»-R»+B 1
(1)R?* 4. ~®*M(X) 18.(12) R'" + e - -R +  + 2 e

BR + 5. ’NlXl'^X  ̂0 19.(1,2)R'+!f— (ÿ+R 4. e l
BR"* 6. —  N(X)+X" 2011,2)R*+R*|— R?+R + e

TRIATOMIC 7. -^N(X)+)#e 21(1,2)R? R^— R9+2R+e
R?>(* RARE-GAS HALIDE 22.(1)R'!i-R+R— Rf +R
BRX"" FORMATION 23.(1)R%R+R— R-; -f-R

HALIDE METASTABLE CHANNEL 24. R*+B+B-“ BR*4-B
M fX )- 8 . R“+M(X)— RX*4N(X) 25. R-^+B+B— BR-'+ B
M (X )-* 9, BR '̂+MIXI— RX^NM+B 26. B-̂  + R — R++2B

X 10. F?5 +M(Xh-RX%N(XkR 27.(1) R-̂ 7 + 0 -— RG + R
X 11. Xf+ R — RX5X HALIDE

IONIC CHANNEL 28. MIX)-""— M(X|-
12.R%X+M— RX-ÎM 29, —  N(X)“-^X

BX^' 13.Rf+XTM-"-RX%R+M 30.(1) M(X)+f?--“X+N(X)-R
EXCHANGE REACTION 31. M(X) + X*—  X*^

14. BX®+ R— RXlB 32. B'- + X ' — BX'-*
33. B**-i-M(X)— BX'4N(X)1
34. 4-X-— BX« +B
35. B X * ' — B + X ' '
36, BX*(-R — RfB+X

R -  rare -g a s , B -  buffer gas, M(X)and N(X) - halides,

X -  h a lo g e n ,M - th ird  body

(1 ) Reactions involving R or B. (2 ) Electron reactions 

Note s

1. B u ffe r  gas always l ig h te r  than excimer ra re  -  gas.

2 , Ionic reaction third body omitted in most cases.

3, NIX) usually subject to fu r th e r  dissociation.

4. Im p u r ity  reactions may be important.

Table 2.1 General formation reactions and reaction  species



Chapter 2 24

o f  th e  r a r e - g a s e s  and th e  h a lo g e n  donor and i t s  p ro d u c ts ,  th e  f i n a l  

r a r e - g a s  h a l id e  fo rm in g  r e a c t i o n ,  and th e  many in te r m e d ia te  r e a c t i o n s  

in c lu d in g  t r a n s f e r  o f  e x c i t a t i o n - a n d  ch a rg e  from  one com ponent t o  

a n o th e r .

The e f f i c i e n c y  o f  exc im er r e a c t i o n  k i n e t i c s  i s  d e te rm in e d  by th e  

quantum  e f f i c i e n c y ,  b ra n c h in g  i n  th e  r e a c t i o n  c h a in  and b ra n c h in g  

w i th in  s in g l e  r e a c t i o n s .  The quantum  e f f i c i e n c y ,  d e f in e d  a s  th e  

r a t i o  o f  th e  l a s e r  p h o to n  en e rg y  to  th e  i n i t i a l  p r e c u r s o r  e n e rg y , 

p lu s  any a d d i t io n a l  q u a n t i t i e s  to  a c c o u n t f o r  in te r m e d ia te  

e x c i t a t i o n s ,  can  be a s s e s s e d  from  th e  en erg y  v a lu e s  g iv e n  i n  T ab le  

2 .2 .  I t  can  be s e e n  t h a t  th e  u p p er l i m i t  f o r  quantum  e f f i c i e n c y  i s  

a ro u n d  50%, B ran ch in g  i n  th e  r e a c t i o n  c h a in  r e p r e s e n t s  a  l o s s ,  o r  

p a r t i a l  l o s s ,  o f  en e rg y  to  th e  system  and i s  p r e s e n t  i n  th e  s im p le s t  

and m ost e f f i c i e n t  r e a c t i o n  c h a in s  i n  th e  form  o f  q u en ch in g  

r e a c t i o n s .  The d e g re e  to  w hich any b ran ch  i s  fa v o u re d  w i l l  depend on 

p a r t i c l e  d e n s i t i e s  and r e a c t i o n  r a t e s .  Some im p o r ta n t  r a t e s  a r e  

g iv e n  i n  T ab le  2 .3  and i t  i s  n o tew o rth y  t h a t  th e s e  a r e  f a s t  r e a c t i o n s  

r e s u l t i n g  i n  f r e e  l i f e t i m e s ,  f o r  r e a c t a n t s  i n  t y p i c a l  l a s e r s ,  o f  l e s s  

th a n  10 n s . B ran ch in g  w i th in  a s in g l e  r e a c t i o n  i s  i n d ic a te d  by th e  

b ra n c h in g  r a t i o  w hich i s  th e  r a t i o  o f  th e  p r o b a b i l i t y  o f  p ro d u c in g  

th e  r a r e - g a s  h a l id e  to  th e  p r o b a b i l i t y  o f  an a l t e r n a t i v e  outcom e. I t  

i s  an  o u ts ta n d in g  f e a t u r e  o f  r a r e - g a s  h a l id e s  t h a t  th e  b ra n c h in g  

r a t i o s  f o r  th e  fo rm a tio n  r e a c t i o n s  ( 8  -  14 i n  T a b le  2 .1 )  can  be h ig h  

and a r e  e f f e c t i v e l y  u n i ty  f o r  XeFCF^ and NF^ d o n o r ) ,  K rFC F^), 

X e C lfC lg ), and X eB rfB r^ ). The o v e r a l l  l a s e r  e f f i c i e n c y  w i l l  be 

in f lu e n c e d  by th e s e  k i n e t i c  e f f i c i e n c i e s  and a l s o  by q u en ch in g  o f  th e  

r a r e - g a s  h a l i d e ,  d is c h a rg e  i n e f f i c i e n c y ,  and o p t i c a l  a b s o r p t io n  a t



Rare -Gases

Halogens

R R+ FT" R"* Rz Fg mass x10& "0 K d
He 24.6 19.8 2.47 2.55 4 36 0.18 14 2.0
Ne 21.6 41.1 16.7 1.16 0.5 20 67 0.90 0.49 2.3
Ar 15.8 27.6 11.5 123 068 40 281 1.79 0.21 2.9
Kr 14.0 24.6 9.9 1.15 84 427 3.76 115 3.2
Xe 12.1 212 8.3 1.03 131 702 5B6 0.08 3.5

REACTION ENERGY-eV
P 2 “ — S S » .  P E 1.6
F"—  F +  e 3.5
F F"  ̂ e 17,4

SF^—te- S Fg"̂ ' F 3.7
SF~—  SFf+ F 1,5
Sp6̂ ^  SF̂ "*" e 1.4
Sp5“̂  SF̂ '*' e 3.6
SF.— SF^ e 16.6
NFg— NF +̂ F 2.35
Cl2" ^  Cl ■** Cl 2.5

HCl —  H Cl 4.43

R j Rare-gas
R̂ f̂̂  met*astable 

state  
n - Refractive 

index at ST P 
T)-kg m** ât STP
K-DiffusivitycmV'^

1312(26)].
d - Diameter -A  

(Moore 1972)

Rare-gas
halides RX"" XA Ehv cr

Ne F 1080 11.5 2.6
ArCl 1750 7.1
ArF 1930 6.5 4 .2 3x10""̂ ^
KrCl 2220 5.6
KrF 2490 5.0 6.8 2x10"̂ ^
XeCl 3080 4.0 11.0 5x10“^̂
XeF 3510 3.5 15.0 4x10"̂ ^

X- B-X wavelength 
Efiy- Energy (eV)
T -  B state lifetime 
cr'-Stimulated emission 

cross section (cm?)

0,032eV Xstate bond 
0.14 eV .. I.

Üuantum
efficiency RX"" R" R"

NeF 0.53 0.69
ArCl 0.45 0.62
ArF 0.41 0.56
KrCl 0.40 0.57
KrF 0.36 0.51
XeCl 0.33 0.48
XeF 0.29 0.42

R"̂  -  Ionic channel 
“ Metastable channel

Table 2.2 Rare-Gas Halide Data



Metastable Channel

Reaction
Rate
crn̂ s"'’

Branching
ratio

X I  + F2 —  F 75x10-11 1
X? + NFa —  XeF^'NFz 9x10^" 1
XI + Ciz •— XeCftCl 72x10'i^ 1 1
Xe +HCI —^  XeCl’‘+ H 56x10“'̂
Kr + Fz —  KrF’^ F 6 6 x10 ”11
l(« + MP3 -^ K rF *4 N ft 8.9x10-11 0.6
K? + Clz —  KrCfiCl 73x1Q-il 0.9
A? + Fz -* -A rF « + F 75x10-11

(values from Rhodôs1979)

Ionic Channel

R 'i .  —  R X '^  + M

Rare
gas

Rate constant 
cm&s-1

Max.eff.2-body
constant.cm^s-i

Xe 6.7x10-2^ (<1 At.) 2.0x10-6(at1At]
Kr 8.9x10-26 ,, 2.5x10-5
Ar 1. 2 x IQ-25 ,, 3.4x10-5
Ne 5.6 X 1Q-2^(<2At.) 3.4x10-" (at 2 At)
He 6 .1x 10-26 ,, 6.9x10-5 , ,

(approximated from Flannery 1978)

Table 2.3 Excimer Formation Rates
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th e  l a s e r  w a v e le n g th .

Of th e  p o s s ib le  r a r e - g a s  h a l id e  fo rm a tio n  c h a n n e ls , th e  

fo llo w in g  i s  o u ts ta n d in g  i n  s im p l ic i t y  and e f f i c i e n c y : -  

e *{* R “ 4SK“ e R

R** 4. M(X) RX  ̂ + N(X)

w here R i s  th e  r a r e - g a s ,  M(X) and N(X) a r e  h a lo g e n  b e a r in g  m o le c u le s , 

and X i s  th e  h a lo g e n  atom . F or any g iv e n  r a r e - g a s  h a l.id e , th e

m e ta s ta b le  c h an n e l h as  th e  h ig h e s t  quantum  e f f i c i e n c y ,  th e  m e ta s ta b le  

r a r e - g a s  b e in g  th e  p r e c u r s o r  o f  lo w e s t  e n e rg y . I n  a d d i t io n  to  t h i s ,  

t h e  fo rm a tio n  r e a c t i o n  i s  f a s t ,  w ith  a  r a t e  c o e f f i c i e n t  i n  th e  ran g e  

to  10~^ cm^s^l a s  shown i n  T ab le  2 .3 »  T h is  i s  b e c au se  th e

e x c i t e d  r a r e - g a s  i s  n e a r  i o n i s a t i o n  and an  e l e c t r o n  can  t r a n s f e r  to  a

h a lo g e n  atom i n  th e  h a lo g e n  b e a r in g  m o le c u le  and ro n o v e  th e  atom to  

form  th e  i o n i c a l l y  bound r a r e - g a s  h a l i d e .  Such r e a c t i o n s  a r e

d e s c r ib e d  a s  'h a rp o o n in g *  due to  th e  q u i t e  l a r g e  s e p a r a t i o n s  

(5  “ 10 X) a t  w hich th e y  can  ta k e  p la c e .  I t  i s  c l e a r l y  d e s i r a b l e  bo 

d e s ig n  d is c h a rg e  pumped r a r e - g a s  h a l id e  l a s e r s  t o  prom ote t h i s  

fo rm a tio n  c h an n e l ( i f  i t  i s  p o s s ib le  to  s im u l ta n e o u s ly  m a in ta in  

d is c h a rg e  e f f i c i e n c y  and m in im ise  o p t i c a l  a b s o r p t io n  and e x c i t e d  

s t a t e  q u e n c h in g ) .

In  e le c tro n -b e a m  pumped d e v ic e s  th e  f r a c t i o n  o f  r a r e - g a s  h a l id e  

fo rm a tio n  t h a t  t a k e s  p la c e  th ro u g h  th e  m e ta s ta b le  ch a n n e l i s  

u n a v o id a b ly  s m a l l .  T h is  i s  b e c au se  th e  e l e c t r o n  beam e n e rg y  i s  

u s u a l ly  above 100 keV w ith  th e  r e s u l t  t h a t  h ig h  d e n s i t i e s  o f  i o n ic

s p e c ie s  a r e  p ro d u ced . A t y p i c a l  i o n ic  r e a c t i o n  c h a n n e l i s

e 4- R —«0— 2 e + R
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e 4* M(X) X 4* N(X)
4, „  iî

R *}• X + M «>=<s!E“ RX 4* M j 

where M i s  a  t h i r d  body, m ost p ro b a b ly  th e  b u f f e r  g a s .  The 

re c o m b in a tio n  o f  R̂  and X i n  t h i s  r e a c t i o n  can  o n ly  o c c u r i f  th e  

k i n e t i c  en erg y  g e n e ra te d  by th e  p a r t i c l e s ’ ap p ro ach  i s  rem oved. T h is  

happens when th e  o r b i t i n g  p a i r  c o l l i d e  w ith  a  n e u t r a l  background  gas  

atom (M ), T h e re fo re , a t  low p r e s s u r e ,  th e  th re e -b o d y  r a t e  c o n s ta n t  

can  be e x p re s s e d  a s  th e  p ro d u c t o f  a  tw o-body r a t e  c o n s ta n t  and th e  

th ird -b o d y  p a r t i c l e  d e n s i t y .  A t h ig h  p r e s s u r e ,  how ever, th e  ap p ro ach  

o f  th e  io n s  i s  im peded by th e  m o b i l i ty  o f  th e  io n s .  I n  t h i s  re g im e , 

th e  e f f e c t i v e  tw o-body r a t e  c o n s ta n t  w i l l  v a ry  in v e r s e ly  a s  th e  

th i r d -b o d y  p a r t i c l e  d e n s i t y .  T h e re fo re , i t  f o l lo w s  t h a t  t h e r e  w i l l  

be a  maximum i n  th e  e f f e c t i v e  tw o-body r a t e  c o n s ta n t  a t  an  

in te r m e d ia te  p r e s s u r e .  T h is  i s  d e m o n s tra te d  i n  th e  t h e o r e t i c a l  

c a l c u l a t i o n s  o f  F la n n e ry  and Yang (1978) f o r  ex c im er fo rm a tio n  i n  

m ix tu re s  o f  a  s i n g l e  r a r e - g a s  w ith  a  f l u o r in e  d o n o r. T h e ir  g r a p h ic a l  

r e s u l t s ,  show ing v a r i a t i o n  o f  th e  r a t e  c o n s ta n t  a g a in s t  background  

number d e n s i ty  (o n  two s c a l e  r a n g e s ) ,  a r e  shown i n  F ig  2 .9 .  

C o rresp o n d in g  a p p ro x im a te  r a t e  c o n s ta n ts  a r e  g iv e n  i n  T ab le  2 ,3 .

A lthough th e  i o n ic  fo rm a tio n  r e a c t i o n s  may have h ig h  b ra n c h in g  

r a t i o s  and f a s t  r a t e s ,  i n  th e  p re se n c e  o f  a d e q u a te  th ir d -b o d y  

p r e s s u r e ,  th e  a t t a i n a b l e  k i n e t i c  e f f i c i e n c i e s  a r e  lo w er th a n  i n  th e  

m e ta s ta b le  c h a n n e l. The en e rg y  l e v e l s  shown i n  T ab le  2 .2  i n d i c a t e  

t h a t  th e  i o n i c  quantum  e f f i c i e n c y  i s  l im i t e d  t o  a b o u t 70% o f  th e  

m e ta s ta b le  quantum  e f f i c i e n c y .  I n  a d d i t io n  a  much g r e a t e r  v a r i e t y  o f  

r e a c t i o n s  ta k e  p la c e  when th e  i n i t i a l  fo rm a tio n  i s  i o n i c  r a t h e r  th a n  

m e ta s ta b le  w ith  a  r e s u l t i n g  l o s s . o f  e n e rg y . D e s p ite  th e s e
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i n e f f i c i e n c i e s ,  e l e c t r o n  beam pumping s t i l l  y i e ld s  h ig h e r  

e f f i c i e n c i e s  th a n  does d is c h a rg e  pum ping. The re a s o n s  f o r  t h i s  stem  

l a r g e l y  from th e  d is c h a rg e  i n s t a b i l i t i e s  w hich d e v e lo p  i n  DC p u lse d  

d i s c h a r g e s .  H ig h e s t e f f i c i e n c i e s  f o r  exc im er l a s e r s  have been  

a c h ie v e d  by com bining  e-beam  and d is c h a r g e  pum ping.

The r o l e  o f  th e  h a lo g e n  donor and b u f f e r  g a s  i n  th e  k i n e t i c s  o f  

r a r e - g a s  h a l id e  l a s e r s  i s  im p o r ta n t  and c o m p lic a te d . T h e ir  q uench ing  

a c t i v i t y  w i l l  be a p p a re n t  i n  th e  fo llo w in g  s e c t i o n  and th e  rem a in in g  

d e t a i l s  o f  t h e i r  b e h a v io u r  i s  p r e s e n te d  i n  s e c t io n s  2 .2 .3  and 2 .2 ,4 .

2 .2 .2  Q uenching K in e t ic s

I n  r a r e - g a s  h a l id e  l a s e r s ,  v a r io u s  r e a c t i o n s  ta k e  p la c e  which 

rem ove th e  ex c im er m o le c u le  and a l s o  th e  i o n ic  and m e ta s ta b le  

p r e c u r s o r s  i n  d i r e c t  c o m p e t i t io n  w ith  fo rm a tio n  r e a c t i o n s .  Energy 

may c o n s e q u e n tly  be l o s t  v i a  a  r a d i a t i v e  t r a n s i t i o n .  Such r e a c t i o n s  

a r e  v e ry  im p o r ta n t  and p a r t l y  d e te rm in e  th e  p r e s s u r e  and r a t i o s  o f  

th e  c o n s t i tu e n t  g a s e s .  D e s p i te  t h i s ,  much o f  th e  n e c e s s a ry  

q u a n t i t a t i v e  in fo r m a t io n  on q u e n ch in g  r e a c t i o n s  i s  n o t  a v a i l a b l e ,  

m ost o f  th e  p u b lis h e d  d a ta  b e in g  c o n fin e d  to  XeF and KrF l a s e r s .

The g e n e ra l  r e a c t i o n s ,  w here p u b lis h e d  in fo r m a t io n  e x i s t s ,  a r e  

f o r  exc im er q u en ch in g  by tw o-body r e a c t i o n s ,

RX* + M(X)
*

RX + R
*

RX + B ,
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exc im er q u en ch in g  i n  th re e -b o d y  r e a c t i o n s ,

RX* +  B 4- B

ij
RX 4- R 4* R 

ÎÎ
RX 4- R 4* B

RX* 4. M (X ) -Î- R ,

m e ta s ta b le  q u en ch in g  i n  th re e -b o d y  r e a c t i o n s ,  
a

R 4* B 4- B

R 4- R 4" R

%
R 4* R 4- B , 

and io n  q u en ch in g  i n  th re e -b o d y  r e a c t i o n s ,

R 'I* B 4* B 

R* +  R +  R 

R ^ 4- R 4- B .

A c o l l e c t i o n  o f  q u en ch in g  r a t e  c o n s ta n ts  f o r  some p a r t i c u l a r  c a s e s  o f  

th e s e  r e a c t i o n s  i s  g iv e n  i n  T ab le  2 ,4  and a lth o u g h  t h i s  does n o t  

r e p r e s e n t  an  e x h a u s t iv e  summary o f  th e  l i t e r a t u r e  i t  i s  f a i r l y  

r e p r e s e n t a t i v e  o f  th e  f a c t  t h a t  q u en ch in g  s t u d i e s  have been  c a r r i e d  

o u t  f o r  o n ly  a  s m a ll  f r a c t i o n . o f  th e  gas c o m b in a tio n s  t h a t  have been  

u sed  f o r  exc im er l a s e r s .  I t  i s  n o te d , i n  p a r t i c u l a r ,  t h a t  no s tu d i e s  

have been  c a r r i e d  o u t u s in g  SF^, th e  donor u sed  i n  th e  m a jo r i ty  o f  

th e  e x p e r im e n ta l  work d e s c r ib e d  i n  t h i s  t h e s i s .  D e s p ite  th e s e  

r e s e r v a t io n s  th e  s ig n i f i c a n c e  o f  th e  a v a i l a b l e  d a ta  i s  c o n s id e r a b le  

and may be r e l a t e d  t o  th e  t r e n d s  d e m o n s tra te d  i n  th e  e x p e rim e n ts  

d e s c r ib e d  i n  C h a p te rs  7 and 8 .
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The n e t  fo rm a tio n  r a t e  o f  ex c im er m o le c u le s  v i a  th e  2 -body  

m e ta s ta b le  ch a n n e l w ith  l o s s  by sp o n ta n e o u s  decay  and 2-body 

q u en ch in g , and w ith  no o th e r  p ro c e s s  e f f e c t i v e ,  i s  g iv e n  by

d n ^ /d t  = k^ngRg -  k^n^n^ -  n ^ / t^  ' (1 )

w here th e  sym bols a r e  a s  fo l lo w s  :

“ 3n^ -  excim er number d e n s i ty  i n  cm

“ 3n^ -  m e ta s ta b le  r a r e - g a s  d e n s i ty  i n  cm

n^ -  donor m o lecu le  d e n s i ty  i n  cm” ^

“ quench ing  p a r t i c l e  d e n s i ty  i n  cm” ^

-  fo rm a tio n  (h a rp o o n  r e a c t i o n )  r a t e  c o n s ta n t  i n  cm s ”

kg -  2 -body q u en ch in g  r a t e  c o n s ta n t  i n  cm^s” ^

t^  -  excim er sp o n ta n e o u s  e m is s io n  l i f e t i m e  i n  s  .

Assum ing t h a t  th e  c o n s t i t u e n t  gas  d e n s i t i e s  s ta y  c o n s ta n t  on th e  

t i r a e s c a le  o f  i n t e r e s t  and t h a t  s t im u la te d  e m is s io n  i s  n e g l i g i b l e ,  th e  

s o lu t i o n  to  (1 ) i s

= k^n^n^d -  exptC-kgn^ -  1 / tg ) ) / (k g n ^  + l / t ^ )  . (2)

T h is  h a s  th e  maximum v a lu e

= k^n^n^/C k^n^ + 1 / t ^ )  (3 )

w ith  a  c h a r a c t e r i s t i c  r i s e  tim e  g iv e n  .by
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t ( r i s e )  = - ( l n ( 1  -  1 /e ) ) / ( k g i i^  + l / t ^ )  . (4 )

E q u a tio n  (4 ) h a s  a  maximum v a lu e  when th e  q u en ch in g  i s  s m a ll and f o r  

a  t y p i c a l  excim er l i f e - t i m e  o f  10 ns i s  ab o u t 5 n s . T h is  maximum 

r i s e  tim e  i s  s h o r t e r  th a n  th e  u s u a l  pumping p u ls e  d u r a t io n s  (50 n s) 

and much s h o r t e r  th a n  th e  m icrow ave p u ls e s  o f  th e  e x p e r im e n ta l  

a p p a ra tu s  (3 20  n s)  u sed  i n  t h i s  s tu d y  so  t h a t  th e  ex c im er d e n s i ty  

g iv e n  by (3 ) may be u sed  i n  m ost c a s e s .

For 2 -body  q u en ch in g  o f  th e  exc im er by th e  h a lo g e n  d o n o r, 

e q u a t io n  (3 ) becomes

n^ = k^ngUg/Ckgng + l / t ^ )  . (5 )

T h is  e x p re s s io n  h a s  a  maximum v a lu e ,  a t  h ig h  donor c o n c e n t r a t io n s ,  

g iv e n  by

> ( 6 )

w here we have assum ed t h a t  th e  m e ta s ta b le  d e n s i t y ,  n^ , re m a in s  

c o n s ta n t .  To a c h ie v e  say  90$ o f  t h i s  v a lu e ,  th e  r e q u i r e d  donor 

d e n s i ty  i s  g iv e n  by

“ 9 / bgkg « ( 7 )

T h is  v a lu e  c o u ld  be i n t e r p r e t e d  a s  th e  minimum donor d e n s i ty  r e q u i r e d  

f o r  th e  exc im er d e n s i ty  to  have  a  v a lu e  t h a t  i s  n o t  l im i t e d  by th e
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donor d e n s i ty .  On t h i s  b a s i s ,  th e  minimum p a r t i a l  p r e s s u r e s  f o r  Fg 

and NF^ c o rre s p o n d in g  to  th e  c o n s ta n ts  i n  T ab le  2 .4  a r e  0 .0 6  atm 

(F g ,X e F ), 0 ,0 9  atm (F g ,K rF ) , 0 .0 4  atm (F g ,A ^ F ), and 1 ,4  atm 

(NF ,X eF ).

I f  2-body q u en ch in g  by a r a r e - g a s  i s  c o n s id e re d , a  u s e f u l  

c r i t e r i o n  would be t h a t  th e  q u en ch in g  s h o u ld  be l e s s  th a n  th e  

sp o n ta n e o u s  l o s s  w hich i s  u n a v o id a b le . The q u en ch in g  l o s s  i s  e q u a l 

to  th e  sp o n ta n e o u s  l o s s  when th e  fo llo w in g  i s  s a t i s f i e d ;

^3^4 ~ » (8 )

w here n^ i s  th e  r a r e - g a s  number d e n s i ty  and i s  th e  q u en ch in g  r a t e

c o n s ta n t  f o r  th e  r a r e - g a s  a c t i n g  on th e  excim er m o le c u le . The number 

d e n s i ty  n̂  ̂ can  now be re g a rd e d  a s  th e  maximum r a r e - g a s  d e n s i ty  and 

c o n v e r te d  to  a  p a r t i a l  p r e s s u r e .  Maximum p a r t i a l .  p r e s s u r e s

c a lc u la t e d  on  t h i s  b a s i s  f o r  2 -body  r a r e - g a s  q u en ch in g  o f  e x c im ers  

a r e  shown i n  T ab le  2 . 5 ( a ) ,

Some v a lu e s  o f  th e  3 -body  q u en ch in g  r a t e  c o n s ta n ts  a r e  shown i n  

T ab le  2 ,4 ,  I f  3 -body  q u en ch in g  and sp o n ta n e o u s  decay  a r e  re g a rd e d  a s  

th e  o n ly  l o s s e s ,  e q u a t io n  (1 ) can  be w r i t t e n  to  g iv e

d n ^ /d t  = k^ngn^ -  k^n^n^n^ -  n ^ / t^  (9 )

w here k i s  th e  3 -body  q uench ing  r a t e  c o n s ta n t  and n_ and n , a r e  th e  
3 b o

r a r e - g a s  d e n s i t i e s .  I f  a  s in g l e  r a r e - g a s  i s  in v o lv e d , n^ and n^ w i l l  

be e q u a l to  th e  t o t a l  r a r e - g a s  d e n s i ty .  I n  t h i s  c a se  a  p a r t i a l



Quenchant XeF* K rF *
He 25
Ne 8.3
Kr 3 .4
Xe 0.086
Ar 1.9 3.2

Table 2.5 (a) 2 -body Excimer Quenching

Quenchant 
and 3rd.-body XeF* KrF* Product of 2 -body 

maximum pressures
Ne Ne 4.5
Ar + Ar 2.5 1.5
Kr 4» Kr 0.48
Xe 4- Xe 0,6
Xe + Ne 0.12 At2 0.71 At?
Xe 4* Ar 0.31 n 0.16
Xe + Fz 0.006 M 0.0006 ,1
Kr + Ar • 0.24At^ 11

Table 2.5(b)  3-body Excimer Quenching

Quenchant 
and 3 rd .-body

Kf'
(Fzl

Kr®
(NF3 )

Xe®
( F 2 )

Xe®
{NF3 }

Product of 2-body  
maximum pressures

Ar + Ar 4.5 8 14 23
K r + K r 2.5 4.7,
Xe + Xe 2 .2 3.6
Xe He 14Af2 38Af2 2 .2  At?
X e + Ar 9 .8 „ 27 „ 0.16 ,,

Table 2 ,5  (c )  3-body Hefastable Quenching

Table 2.5 Quenching-Maximum Partia l Pressures (At)
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p r e s s u r e  can  be found  f o r  th e  r a r e - g a s  w here th e  q u en ch in g  l o s s  and 

sp o n ta n e o u s  l o s s  o f  th e  exc im er a r e  e q u a l .  As b e f o r e ,  t h i s  p r e s s u r e  

c o u ld  be re g a rd e d  a s  a  u s e f u l  maximum and v a lu e s  f o r  c a s e s  w ith  r a t e  

c o n s ta n ts  i n  T ab le  2 .4  a r e  g iv e n  i n  T ab le  2 .5 ( b ) .  I f ,  how ever, th e  

3 -body  quench ing  i s  due to  two r a r e - g a s e s ,  a  maximum v a lu e  can  o n ly  

be found f o r  th e  p ro d u c t o f  th e  p a r t i a l  p r e s s u r e s  o f  th e  two g a s e s .  

Such v a lu e s  a r e  a l s o  shown i n  T ab le  2 .5 ( b )  a lo n g  w ith  v a lu e s  f o r  th e  

p ro d u c t o f th e  maximum p r e s s u r e s  o f  th e  two g a s e s  from  th e  2 -body  

q uench ing  d a ta  f o r  co m p ariso n .

Some d a ta  i s  a v a i l a b l e  on th e  q u en ch in g  o f  m e ta s ta b le  p r e c u r s o r s  

i n  2-body and 3-body r e a c t i o n s .  I n  th e  ab sen ce  o f  o th e r  e f f e c t s  th e

r a t e  o f  change o f  th e  m e ta s ta b le  d e n s i ty  i s  g iv e n  by

dU g/d t = M -  k^ngUg -  k^ngC^n^ , (10)

w here th e  sym bols r e t a i n  t h e i r  p re v io u s  m eaning and w here kĵ  i s  th e

3 -body  m e ta s ta b le  q u e n ch in g  r a t e  c o n s ta n t  and M i s  th e  m e ta s ta b le  

p ro d u c tio n  r a t e .  S in c e  i t  i s  d e s i r a b le  t h a t  q u en ch in g  s h o u ld  n o t  

com pete w ith  exc im er fo rm a tio n , maximum q u e n c h an t and th ir d -b o d y  

p a r t i a l  p r e s s u r e s  a r e  ta k e n  a s  th o s e  r e q u i r e d  t o  make th e  q u e n ch in g  

l o s s  r a t e  e q u a l to  th e  exc im er fo rm a tio n  r a t e  u s in g

= V 5 “ 6 • (11 )

V alu es  o f  maximum q u e n c h an t and th ir d -b o d y  p a r t i a l  p r e s s u r e s  can  be 

o b ta in e d  i f  a  v a lu e  f o r  n^ i s  assum ed . Minimum v a lu e s  f o r  n^ , th e  

donor d e n s i ty ,  w ere c a lc u la t e d  above ( i n  te rm s  o f  p a r t i a l  p r e s s u r e ) .
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By u s in g  th e s e  and m e ta s ta b le  q u e n c h in g  r a t e  c o n s ta n ts  from  T ab le  2 .4  

we g e t  th e  v a lu e s  shown i n  T ab le  2 . 5 ( c ) .  As b e fo r e ,  th e  c a s e s  o f  a  

s in g l e  r a r e - g a s  and two r a r  e -g a s e s  a r e  dea ].t w i th .

Q uenching o f  i o n ic  r a r e - g a s  p r e c u r s o r s  w i l l  be a n a lo g o u s  to  

m e ta s ta b le  q u e n c h in g . However, th e  co m p le x ity  o f  th e  i o n ic  f o rm a tio n  

r a t e  c o e f f i c i e n t  and l a c k  o f  know ledge o f  io n  d e n s i t i e s  mean t h a t  th e  

s im p l i f ie d  a n a ly s i s  o f  q u en ch in g  p r e s e n te d  above c a n n o t be a p p l ie d  

and no o th e r  a n a ly s i s  w i l l  be a t te m p te d  h e re .

2 .2 .3  H a lid e , K in e t ic s

The r o l e s  o f  th e  h a lo g e n  donor and i t s  p ro d u c ts  i n  d is c h a r g e s  i n  

r a r e - g a s  h a l id e  gas  m ix tu re s  a r e  v a r i e d  and c r u c i a l  in. d e te rm in in g  

th e  f lu o r e s c e n t  e f f i c i e n c y .  The e l e c t r o - n e g a t i v i t y  o f  th e  h a l id e s  

r e s u l t  i n  t h e i r  h a v in g  a  l a r g e  in f lu e n c e  on d is c h a rg e  s t a b i l i t y ;  th e y  

a l s o  have f a s t  r e a c t i o n  r a t e s  i n  b o th  fo rm a tio n  and q u e n c h in g  

r e a c t i o n s .  Of s p e c i a l  im p o rta n c e  i n  th e  p r e s e n t  s tu d y  i s  th e  

r e a c t i v e  n a tu r e  o f  th e  h a lo g e n s  w hich r e s u l t  i n  th e  e v e n tu a l  l o s s  o f  

u s a b le  donor m o le c u le s . As t h i s  h ap p e n s, th e  s t a b i l i s i n g  e f f e c t  o f  

th e  e l e c t r o n  a t t a c h in g  h a lo g e n s  i s  l o s t ,  r e s u l t i n g  i n  a  runaw ay 

d is c h a rg e  c u r r e n t  i n  DC d is c h a r g e s  o r  l a r g e  r e f l e c t i o n s  i n  m icrow ave 

d i s c h a r g e s .  The h a lo g e n s  a r e  l o s t  by th e  fo rm a tio n  o f  h ig h ly  s t a b l e  

compounds form ed from  th e  o r i g i n a l  donor c o n s t i t u e n t  atom s o r ,  more 

im p o r ta n t ly ,  by r e a c t i o n  w ith  w a l l  m a t e r i a l s .  I n  th e  p r e s e n t  s tu d y , 

d is c h a rg e  tu b e s  o f  s m a ll  d ia m e te r  w ere u sed  so  t h a t  th e  l o s s  o f  

h a lo g e n s  i n  w a l l  r e a c t i o n s  was f a s t ;  c o n s e q u e n tly , e f f e c t i v e  g as  l i f e
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m easurem ents c o n s t i t u t e d  a l a r g e  p r o p o r t io n  o f  th e  e x p e r im e n ta l  

w ork. In  a c t i v e  l a s e r s  th e  h a lo g e n  donor and i t s  p ro d u c ts  may re d u c e  

th e  l a s e r  pe rfo rm an ce  by a b s o rb in g  a t  th e  l a s e r  w a v e le n g th . T h is  and 

o th e r  c o n s id e r a t io n s  r e s u l t  i n  t h e r e  b e in g  v e ry  few h a lo g e n  compounds 

w hich a r e  s u i t a b l e  d o n o rs . The m ost f r e q u e n t ly  u sed  d o n o rs  a r e  th e  

d ia to m ic  h a lo g e n s , NF^, and HCl, I n  th e  p r e s e n t  work SF^ was used  

e x te n s iv e ly  b e c au se  i t  i s  ch eap , s t a b l e ,  and r e l a t i v e l y  u n s tu d ie d  i n  

an  ex c im er c o n te x t .  I n  a  few c a s e s  NF^ was u sed  f o r  com parison  w ith  

SFg. The donor u sed  f o r  XeCl and KrCl was HCl. I n  th e  fo llo w in g  

d i s c u s s io n ,  F^ i s  in c lu d e d  b e c au se  o f  i t s  w id e sp re a d  u se  and b e c au se  

i t  w i l l  be form ed when th e  o th e r  f l u o r i n e  d o n o rs , NF^ and SF^ 

d i s s o c i a t e  i n  th e  d i s c h a r g e .

F lu o r in e  M o le c u la r  f l u o r i n e  i s  p ro b a b ly  th e  b e s t  donor f o r  KrF and 

ArF l a s e r s  though  s l i g h t l y  i n f e r i o r  to  NF^ f o r  u se  i n  XeF l a s e r s .  I t  

g iv e s  r a p id  f o rm a tio n  r a t e s  b o th  by th e  m e ta s ta b le  c h a n n e l ( r e a c t i o n  

8 , T ab le  2 .1 )  and th e  i o n ic  c h a n n e l ( r e a c t i o n  12 , T ab le  2 . 1 ) .  The 

i o n i c  ch a n n e l fo rm a tio n  r a t e  i s  a c t u a l l y  d e te rm in e d  by th e  s lo w e r  

e l e c t r o n  d i s s o c i a t i v e  a tta c h m e n t  r a t e  which i s  a b o u t 7x10™^^ cm^s  ̂

f o r  5 eV th e rm a l e l e c t r o n s .  The r a p id  fo rm a tio n  r a t e s  w ith  a s  

donor a r e  m atched by r a p id  q u e n c h in g  o f  th e  ex c im er by F^ a s  shown i n  

T ab le  2 .4 ,  I f  donor c o n c e n t r a t io n s  a r e  h ig h  enough f o r  e q u a t io n  (6 ) 

o f  S e c t io n  2 .2 .2  to  a p p ly , th e  r a t i o  o f  th e  ex c im er d e n s i ty  to  th e  

m e ta s ta b le  d e n s i ty  i s  l im i t e d  t o  2 ,1  : 1 f o r  XeF, 1 .2  ; 1 f o r  E rF , 

and 0 .4  : 1 f o r  ArF.



Chapter 2 35

F o r each  r a r e - g a s  f l u o r id e  m o le c u le , two f l u o r i n e  atom s a r e  

g e n e ra te d  w ith  th e  r e s u l t  t h a t  th e  d e n s i ty  o f  f r e e  f l u o r i n e  i s

h ig h e s t  when i s  u sed  a s  th e  d o n o r. S in ce  f l u o r i n e ,  and th e  o th e r  

h a lo g e n s , a r e  e f f e c t i v e l y  l o s t  v i a  r e a c t i o n s  in v o lv in g  th e  f r e e

a to m s, th e  gas l i f e  w ith  F^ a s  donor i s  l i k e l y  t o  be p o o r. The m ajor 

c o n s id e r a t io n  c o n c e rn in g  gas  l i f e  i s  th e  co m p ariso n  o f  th e  w a l l  

c o l l i s i o n  r a t e  w ith  th e  F -r F re c o m b in a tio n  r a t e .  The re c o m b in a t io n  

r a t e  i s  q u i t e  s lo w . For exam ple, Johnson  and H u n te r (1980) g iv e  an 

e s t im a te d  v a lu e  o f  10 orn^s"^ f o r  th e  r e a c t i o n

F 4 F M — Fg + M ,

w here M i s  a  th i r d - b o d y .  The f l u o r i n e  l o s s  r a t e  w i l l  be tw ice  th e  

re c o m b in a t io n  r a t e  o f  fo rm a tio n  o f  F^ and i s  t h e r e f o r e  g iv e n  by

d n ^ /d t  = 2kg (n ^)^n g  , (1 )

w here n^(cm ^) i s  th e  f l u o r i n e  number d e n s i ty ,  n ^ ( cm"^) i s  th e  b u f f e r  

g a s  d e n s i ty ,  and k^ i s  th e  r a t e  c o n s ta n t .  S u b s t i t u t i o n  o f  th e  above 

v a lu e  f o r  k^ g iv e s

d n ^ /d t  = 2x10” ^ ^ (n ^ )^ n g  cm^^s"^ . (2 )

I f  i t  i s  assum ed t h a t  each  f l u o r i n e  atom t h a t  c o l l i d e s  w ith  th e  

c o n ta in e r  w a l l  i s  l o s t  t h e r e ,  th e  d i f f u s i o n  l o s s  r a t e  i s  g iv e n  by

Vp = Dn^/A^ , (3 )
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w here (om °^s” ‘ ) i s  th e  d i f f u s i o n  l o s s  r a t e ,  D th e  d i f f u s i o n  

c o e f f i c i e n t  and A th e  c h a r a c t e r i s t i c  d i f f u s io n  l e n g th .  F o r a  

c y l i n d r i c a l  volume w ith  n e g l i g ib l e  end a re a s  ( a  lo n g  t h i n  tu b e  f o r  

e x a m p le ) , A i s  g iv e n  by

l\ = ( r / 2 . 405)2 , (4)

w here r  i s  th e  tu b e  r a d iu s  and 2 .4 0 5  comes from  th e  B e s s e l  f u n c t io n .  

(The d e r iv a t io n s  o f  e q u a tio n s  (3 ) and (4 ) a r e  g iv e n  by M cDaniel and 

Mason 1 9 7 3 ). The d i f f u s i o n  c o e f f i c i e n t  f o r  f l u o r i n e  can  be found  

from  th e  e q u a t io n

D = 3(8kT/iTmg)"^^^/32nga2g , (5)

which i s  e q u a t io n  (28) o f  S e c t io n  3 .1 .1 .  H ere, n^ i s  th e  b u f f e r  g as  

d e n s i ty ,  ra  ̂ th e  b u f f e r  g as  m o le c u la r  m ass, and o.̂  ^ th e  b u f f e r  

g a s  -  h a lo g e n  c o l l i s i o n  d ia m e te r .  U sing v a lu e s  from  T ab le  3 .1  f o r  

f l u o r in e  w ith  h e liu m  as  b u f f e r  a t  300K g iv e s

D = 2.7x10^^/ng cra^s”  ̂ (6)

w ith  Ug i n  cm” ^ .  S u b s t i t u t i n g  e q u a t io n s  (4 ) and (6 ) i n t o  (3 ) g iv e s

Vjj = 1 .ô x IO ^ ^ n ^ /r^ n ^  cm^^s"^ , (7 )

“ 3w here r  i s  i n  cm and n.  ̂ i s  i n  cm . The d i f f u s i o n  l o s s  r a t e  can  now 

be com pared w ith  th e  r e c o m b in a t io n  l o s s  r a t e  by com paring  e q u a tio n s
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(7 ) and ( 2 ) .  E q u a tin g  th e s e  and u s in g  th e  e x p e r im e n ta l  tu b e  r a d iu s  

o f  0 .1  cm and c o n v e r t in g  to  p a r t i a l  p r e s s u r e  g iv e s

^He^F 4.1x10™^ atm^ (8 )

w here P„ and P_ a r e  th e  h e liu m  and f l u o r i n e  p a r t i a l  p r e s s u r e s  he  r

r e s p e c t i v e l y .  T h is  f u n c t io n  i s  p l o t t e d  i n  F ig  2 .1 0  w here th e  

s t r a i g h t  l i n e  d e l i n e a t e s  th e  r e c o m b in a t io n  and d i f f u s i o n  dom inated  

r e g io n s .  A lso  shown on t h i s  g rap h  i s  a  r e g io n  t h a t  c o v e rs  th e  ran g e  

o f  b u f f e r  gas  -  F^ m ix tu re  r a t i o s  commonly u sed  i n  ex c im er l a s e r s .

The e x p e r im e n ta l  work was co n d u c ted  o v e r  r a n g e s  o f  p r e s s u r e s  and 

m ix tu re s  t h a t  f a l l  i n  b o th  th e  re c o m b in a tio n  dom ina ted  and d i f f u s i o n  

dom ina ted  r e g io n s  o f  F ig  2 .1 0 .  However, i n  th e  lo n g  te rm , a f t e r  a 

l a r g e  number o f p u ls e s ,  th e  h a lo g e n  p o p u la t io n  w i l l  be d e p le te d  by 

d i f f u s io n  even  i f  th e  d i f f u s i o n  r a t e  i s  s lo w . The d e t a i l s  o f  th e  

d i f f u s i o n  p ro c e s s  i n  th e  s h o r t  te rm  a re  d is c u s s e d  i n  C h ap te r 3 .

N itro g e n  T r i f l u o r i d e  The rem oval o f  a  f l u o r i n e  atom from  NF^ ta k e s  

2 .5  eV com pared w ith  1 .6  eV f o r  F^ (T a b le  2 . 2 ) .  P o s s ib ly  a s  a r e s u l t  

o f  t h i s ,  th e  m e ta s ta b le  ex c im er fo rm a tio n  r e a c t i o n s  a r e  s lo w e r  f o r  

NFg a s  donor th a n  f o r  F ^ . However, f o r  XeF a t  l e a s t ,  th e  q u en ch in g  

by NF^ i s  a l s o  c o n s id e ra b ly  s lo w e r  th a n  q u e n c h in g  by F ^. Thus th e  

r a t i o  o f th e  ex c im er d e n s i ty  to  th e  m e ta s ta b le  d e n s i t y ,  c a lc u la t e d  

from  (6 ) o f  S e c t io n  2 . 2 . 2 ,  i s  5 .6  f o r  XeF w ith  NF^ donor com pared to  

th e  r a t i o  2 .1  w ith  F^ a s  d o n o r. T h is  p r e d i c t s  a  h ig h e r  fo rm a tio n  

e f f i c i e n c y  f o r  NF^ and i t  seem s l i k e l y  t h a t  t h i s  i s  th e  r e a s o n  f o r  

h ig h e r  l a s i n g  e f f i c i e n c i e s  t h a t  a r e  r e p o r te d  when i t  i s  u sed  to
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r e p l a c e  i n  XeF l a s e r s .

N i t ro g e n  t r i f l u o r i d e  has  been  used  i n  KrF l a s e r s ,  a s  w e l l  a s  XeF 

l a s e r s ,  and r e a c t i o n  k i n e t i c s  have  been  s t u d i e d  by Chow e t ,  a l ,

(1977)» Shaw and J o n e s  (1977)» Sm ith and H u e s t i s  (1 9 8 1 ) ,  and Tang 

e t .  a l ,  (1 9 8 1 ) .  I n  Chow (1977) i t  i s  s u g g e s te d  t h a t  th e  f o rm a t io n  

r e a c t i o n  o f  Kr w i th  NF^ i s  tw ic e  a s  f a s t  a s  t h e  r e a c t i o n  w i th  NF^ 

and t h a t  th e  i n c r e a s e  i n  l a s e r  o u tp u t  t h a t  o c c u rs  d u r in g  t h e  f i r s t  

100 s h o t s  i s  due t o  t h e  i n i t i a l  i n c r e a s e  i n  NF^ d e n s i t y .  From t h i s  

i t  f o l lo w s  t h a t  th e  r e c o m b in a t io n  r e a c t i o n

NP + NF NgFg

w i l l  be im p o r ta n t  a s  w e l l  a s  t h e  r e a c t i o n

NFg *s- F *}* M NF^ + M *

A lthough th e  r e a c t i o n  r a t e  f o r  NF 4- NF i s  n o t  known, i t  i s  s u g g e s te d

i n  Chow (1977) t h a t  t h e  above r e a c t i o n  i s  t h e  m ost l i k e l y  and rem oves

most o f  th e  NF be tw een  l a s e r  p u l s e s .  The 3 -body  r e c o m b in a t io n  r a t e

-31 5 -1has  been  found t o  be 2 .3x10  cm s  w i th  1 Atm o f  Ne as  b u f f e r  (Tang 

1981 ) ,  d e c r e a s in g  t o  a b o u t  h a l f  t h i s  v a lu e  w i th  4 Atm o f  Ne, T h is  i s  

a b o u t  200 t im e s  f a s t e r  th a n  t h e  F + F r e c o m b in a t io n  r a t e  w i th  t h e  

r e s u l t  t h a t  th e  f r e e  f l u o r i n e  d e n s i t y ,  and hence  t h e  d i f f u s i o n  l o s s  , 

w i l l  be l e s s  when NF^ i s  u se d  i n s t e a d  o f  F^ a s  t h e  d on o r .  T h is  

c o r r e l a t e s  w i th  t h e  i n c r e a s e d  g a s  l i v e s  t h a t  a r e  r e p o r t e d  f o r  NF^.

S u lphu r  H e x a f lu o r id e  S u lp h u r  h e x a f l u o r i d e  i s  seldom  used  a s  a



Chapter 2 39

f l u o r i n e  donor i n  exc im er  l a s e r s  and c o n s e q u e n t ly  t h e  k i n e t i c s  o f  SF^ 

i n  t h i s  c o n te x t  have r e c e iv e d  l i t t l e  a t t e n t i o n .  The s t a b i l i t y  o f  SF^ 

i s  g r e a t e r  th a n  t h a t  o f  NF^ ; e n e r g i e s  g r e a t e r  th a n  3 . 7  eV a r e  

r e q u i r e d  t o  remove a  f l u o r i n e  atom from SF^. For t h i s  r e a s o n  SF^ i s  

u n l i k e l y  to  g iv e  good b ra n c h in g  r a t i o s  f o r  exc im er  fo rm a t io n  i n  t h e  

m e t a s t a b l e  c h a n n e l .  The r e a c t i o n  r a t e  o f  Kr w i th  SF^, f o r  example, 

i s  shown by V elazco  e t ,  a l ,  (1976) t o  be n e g l i g i b l y  s m a l l .

However, s t r o n g  l a s i n g  w i th  SF^ as  a  donor has  been  o b se rv e d  by R othe 

and G ibson  (1977) w ith  t h e  i m p l i c a t i o n  t h a t  f o rm a t io n  must t a k e  p la c e  

v i a  i o n i c  s p e c i e s .  T h is  seems r e a s o n a b le  i n  view o f  th e  s t r o n g  

e l e c t r o n  a f f i n i t y  o f  S F ^ (1 ,4  eV) and F (3 .5  e V ) . E l e c t r i c a l  breakdown 

i n  SFg has  been  s tu d i e d  e x t e n s i v e l y  due to  i t s  u se  a s  an  e l e c t r i c a l  

i n s u l a t o r .  Im p o r ta n t  r e a c t i o n s  a r e  g iv e n  by

SF g 4- e SF g

«3» 8Fg 4- F ,

a s  d i s c u s s e d  by F e h s e n fe ld  (1 9 7 0 ) ,  and

4- M — SF— 4* F 4* M , o b

SF^ 4* M F 4" SFj  ̂ 4- M , 

F 4- SF^ — SF^ 4- F
D D

as  d i s c u s s e d  by McGeehan e t .  a l .  ( 1 9 7 5 ) .  These r e a c t i o n s ,  c o up led  

w i th  th e  o b s e r v a t i o n  t h a t  s i x  f l u o r i n e  atoms a r e  a v a i l a b l e  from each 

donor m o le c u le ,  s u g g e s t  t h a t  F and F d e n s i t i e s  w i l l  be h ig h  when SF^ 

i s  u sed  a s  a d o n o r .  G e n e r a l ly  however t h e r e  i s  l i t t l e  i n f o r m a t io n  

a v a i l a b l e  t o  s u g g e s t  w hich o f  t h e  p o s s i b l e  r e a c t i o n s  and s p e c i e s  w i l l
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be p r e s e n t  i n  r a r e - g a s  h a l i d e  g a s  d i s c h a r g e s  w i th  SF^ a s  dono r .

2 . 2 . 4  B u f f e r  Gas K i n e t i c s

B u f f e r  g a s e s  have g e n e r a l l y  been  found t o  be n e c e s s a ry  i n  

r a r e - g a s  h a l i d e  l a s e r  g a s  m ix tu re s  w i th  optimum q u a n t i t i e s  o f t e n  

e x c e e d in g  95^ o f  t h e  t o t a l  gas  c o n te n t .  The type  o f  b u f f e r  gas  (He, 

Ne o r  Ar) has  been  found  t o  be im p o r ta n t  f o r  d i s c h a r g e  s t a b i l i t y ,  

f lu o r e s c e n c e  e f f i c i e n c y ,  and l a s i n g  e f f i c i e n c y .  I n  t h e  f o l l o w in g  

d i s c u s s i o n  o f  t h e  im p o r ta n t  f u n c t i o n s  o f  t h e  b u f f e r  g a s ,  Xe and Kr 

w i l l  be i n c lu d e d  because  i n  some o f  t h e  e x p e r im e n ta l  work no b u f f e r  

g a s  was used  and , s i n c e  Xe o r  Kr a r e  th e n  th e  m a j o r i t y  g a s ,  th e y  must 

pe rfo rm  th e  f u n c t i o n s  o f  t h e  b u f f e r  g a s ,  A c o l l e c t i o n  o f  d a t a  f o r  

r a r e - g a s e s  i s  g iv e n  i n  T ab le  2 . 2 ,

E l e c t r o n  Energv D i s t r i b t i o n  The b u f f e r  g a s  ty p e  and i t s  p r e s s u r e  

d e te rm in e  t h e  E/N v a lu e  ( r a t i o  o f  e l e c t r i c  f i e l d  t o  number d e n s i t y )  

o f  t h e  d i s c h a r g e  which i s  a  d e te r m in a n t  o f  t h e  e l e c t r o n  en e rg y  

d i s t r i b u t i o n .  The d i s t r i b u t i o n  i n  t u r n  a f f e c t s  t h e  r a t e  a t  which th e  

v a r i o u s  e x c i t a t i o n s  and i o n i s a t i o n s  ta k e  p l a c e .  I n  t h e  e x p e r im e n ta l  

microwave a p p a r a tu s  t h e  p u l s e  power, P, was 50 kW and t h i s  i s  r e l a t e d  

t o  t h e  e l e c t r i c  f i e l d  a t  t h e  w aveguide c e n t r e ,  E, by

2 \ 1 / 2 , h , . .  \ 1 / 2
a - " 'P = B a b (1 -( f^ /f)^ )  /4 (p .,/E ,)

where a and b a r e  t h e  w aveguide d im e n s io n s ,  pLg and a r e  t h e  

p e r m e a b i l i t y  and p e r m i t i v i t y  o f  f r e e  s p a c e ,  f ^  i s  t h e  c u t - o f f
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f r e q u e n c y ,  and f  i s  t h e  g u id e  f re q u e n c y  ( s e e  Harvey 1963 ) .  Th is  

g i v e s  an  e l e c t r i c  f i e l d  o f  6 . 7kVcmT^ f o r  t h e  w aveguide (WG 16) used  

i n  ou r  e x p e r im e n ts .  The d i s c h a r g e  c o u p l in g  s t r u c t u r e  r e d u c e s  t h i s  

v a lu e  by a f a c t o r  o f  abou t 7 and t h e  p r e s s u r e  r a n g e  used  f o r  t h e  

m a j o r i t y  o f  e x p e r im e n ts  was 0 ,1  t o  2 a tm . The r e s u l t a n t  r a n g e  o f  E/N 

v a lu e s  was 1 ,8x10” *̂̂  t o  3,6x10*”^^ Vcm*" f o r  t h e  c a s e s  o f  good 

microwave to  d i s c h a r g e  c o u p l in g .  For c a s e s  o f  poor c o u p l in g ,  low er  

E/N v a lu e s  r e s u l t .  E l e c t r o n  ene rgy  d i s t r i b u t i o n  f o r  v a r i o u s  E/N 

v a lu e s  i n  d i s c h a r g e s  i n  h e l iu m , a rg o n ,  and neon a r e  g iv e n  by Sze 

(1979) and r e p ro d u c e d  i n  F ig  2 .1 1 ,  The m e t a s t a b l e  and io m .c  e n e r g i e s  

o f  t h e  r a r e - g a s e s  a r e  i n d i c a t e d  on t h i s  d iag ram  and t h i s  e n a b le s

c e r t a i n  q u a l i t a t i v e  o b s e r v a t io n s  t o  be made w i th  r e s p e c t  t o  d i s c h a r g e  1
I

s t a b i l t y  and m e t a s t a b l e  e x c i t a t i o n  e f f i c i e n c y .  D isc h a rg e  i n s t a b i l i t y  j

i n  t h e  form o f  a  runaway grow th  o f  e l e c t r o n  d e n s i t y  and c u r r e n t  i s  a  I

m ajor  l i m i t a t i o n  i n  exc im er  l a s e r  d i s c h a r g e s .  I n  DC d i s c h a r g e  

d e v ic e s ,  t h e  r e s u l t  i s  s e c o n d a ry  e m is s io n  a t  t h e  e l e c t r o d e s  

accom panied by a r c  f o r m a t io n  w hich r e s u l t s  i n  a  low impedance t h a t  i s  

n o t  m atched t o  t h e  su p p ly  n e tw o rk .  The decay  o f  t h e  d i s c h a r g e  to  

l o c a l i s e d  a r c s  b o th  t e r m i n a t e s  i t s  use  a s  a  medium g i v in g  u s e f u l  

o p t i c a l  g a in  and c a u se s  e l e c t r o d e  damage a t  t h e  a r c i n g  p o i n t s .  I n  a 

microwave d i s c h a r g e  t h i s  problem  i s  n o t  a s  s e v e r e  owing t o  t h e  

c o n ta in m e n t  o f  t h e  d i s c h a r g e  i n  a  d i e l e c t r i c  t u b e .  However, h ig h  

e l e c t r o n  d e n s i t i e s  a g a in  r e s u l t  i n  an  unmatched lo a d  w i th  t h e  r e s u l t  

t h a t  a  l a r g e  p r o p o r t i o n  o f  t h e  i n c i d e n t  m icrowave power i s  r e f l e c t e d  

back  from  a  d i s c h a r g e  t h a t  i s  l o c a l i s e d  w i t h i n  a  s m a l l  p o r t i o n  o f  t h e  

d i s c h a r g e  tu b e .  C l e a r l y ,  i f  t h e  h ig h  energy  wing o f  t h e  e l e c t r o n  

d i s t r i b u t i o n  i s  to o  f a r  p a s t  t h e  i o n i s a t i o n  en e rg y  o f  t h e  heavy 

r a r e - g a s  p r e s e n t ,  t h e n  th e  ten d e n c y  to  i o n i s a t i o n  i n s t a b i l i t y  w i l l  be
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i n c r e a s e d .  I n  p r a c t i c e ,  how ever, t h e  p re se n c e  o f  a t t a c h i n g  s p e c i e s ,  

namely h a lo g e n s ,  o r  e a s i l y  i o n i s e d  i m p u r i t i e s  w i l l  a l t e r  t h e  

r e l a t i o n s h i p  be tw een  E/N and th e  o n s e t  of  i n s t a b i l i t y .  Under th e s e  

c i r c u m s ta n c e s  t h e  c u rv e s  o f  F ig  2 .11 may n o t  be v e ry  r e l e v a n t  and a 

more d e t a i l e d  a n a l y s i s ,  l i k e  t h a t  g iv e n  i n  J o h n s o n ( 1980) f o r  exam ple, 

may be r e q u i r e d .

Thermal E f f e c t s  The h ig h  pump powers used  i n  exc im er  l a s e r s  mean 

t h a t  h ig h  gas  t e m p e r a tu r e s  a r e  p o s s i b l e .  I n  p r a c t i c e ,  t e m p e ra tu re  

r i s e s  a r e  l i m i t e d  by s h o r t  p u l s e  o p e r a t i o n ,  low p u l s e  r e p e t i t i o n  

r a t e s ,  and , i n  some c a s e s ,  f a s t  g a s  c i r c u l a t i o n .  A lthough m odera te  

t e m p e ra tu re  r i s e s  may be f a v o u r a b le  i n  some c a s e s ,  l a r g e  r i s e s  w i l l  

u l t i m a t e l y  g iv e  unwanted th e rm a l  p o p u l a t i o n s .  A lso ,  l a r g e  

t e m p e ra tu re  r i s e s  d u r in g  t h e  d i s c h a r g e  w i l l  d i s t u r b  t h e  r e f r a c t i v e  

in d e x  i n  t h e  o p t i c a l  p a th  and a f f e c t  t h e  beam q u a l i t y .

Gas h e a t i n g  o c c u rs  th ro u g h  e l a s t i c  c o l l i s i o n s  be tw een  e n e r g e t i c  

e l e c t r o n s  and n e u t r a l s .  The r e l a x a t i o n  t im e ,  t ^ ,  f o r  e l e c t r o n s  ( s e e  

Haydon 1964) i s  g iv e n  by th e  a p p ro x im a t io n

t  = M / 2 m v  , e 0

where M i s  t h e  m o le c u la r  mass o f  t h e  background  g a s ,  m i s  t h e  

e l e c t r o n  m ass, and t h e  e l e c t r o n  -  background  g a s  c o l l i s i o n

fre q u e n c y  p e r  e l e c t r o n .  T h is  g i v e s  t h e  c h a r a c t e r i s t i c  t im e  f o r  

e l e c t r o n s  t o  come t o  th e rm a l  e q u i l i b r i u m  w i th  t h e  background gas  i n  

t h e  ab sen ce  o f  an e x t e r n a l  f i e l d .  The mean c o l l i s i o n  f re q u e n c y  can  

be found from th e  r e l a t i o n
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Vq = NQV ,

where N i s  t h e  background gas  p a r t i c l e  d e n s i t y ,  Q i s  t h e

e l e c t r o n  -  background  g a s  atom c o l l i s i o n  c r o s s  ~ s e c t i o n ,  and V i s

t h e  mean e l e c t r o n  sp e e d .  To o b t a i n  an  o r d e r  o f  m agn itude  e s t i m a t e

f o r  t h e  v a lu e  o f  t ^ ,  a  c r o s s  -  s e c t i o n  o f  3 x 1 ra  ̂ i s  u sed  (Haydon

1964) w i th  an  e l e c t r o n  en e rg y  o f  5 eV. With 1 atm o f  b u f f e r  g a s ,

t h i s  g i v e s  t h e  f o l l o w in g  v a lu e s ;

-9f o r  h e lium  t ^  = 3x 10 s e c  ,

»8f o r  neon t  = 2x 10 s e c  , ande
-8f o r  a rg o n  t ^  = 3x 10 s e c  .

T h is  i n d i c a t e s  t h a t  g a s  h e a t i n g ,  w i th  a  c o n s e q u e n t i a l  l o s s  o f  

e f f i c i e n c y ,  may ta k e  p l a c e  even  d u r in g  a  s h o r t  d i s c h a r g e  p u l s e ,  

p a r t i c u l a r l y  w i th  h e lium  as  b u f f e r .  I n  a d d i t i o n ,  i t  seems l i k e l y  

t h a t  lo n g  p u l s e s  (>100  n s )  w i l l  r e s u l t  i n  o p t i c a l  d i s t u r b a n c e s  cau sed  

by s p a t i a l  i r r e g u l a r i t i e s  o f  g as  h e a t i n g  which r e s u l t  i n  

i r r e g u l a r i t i e s  i n  r e f r a c t i v e  in d e x .  For a  gas  t h e  d e n s i t y  i s  r e l a t e d  

t o  t h e  r e f r a c t i v e  in d e x  by th e  G la d s to n e -D a le  law

n - 1 / p  = c o n s t a n t  = An/Ap .

S in c e  f o r  a  s m a l l  h e a t i n g  i r r e g u l a r i t y  th e  change i n  d e n s i t y  w i l l  be 

p r o p o r t i o n a l  t o  t h e  d e n s i t y  i t s e l f ,  t h e  r e s u l t a n t  change i n  

r e f r a c t i v e  in d e x  w i l l  be p r o p o r t i o n a l  t o  (n  ~ 1 ) ,  V a lues  o f  (n  ~ 1) 

a r e  shown i n  T ab le  2 ,2  and i n d i c a t e  t h a t  o p t i c a l  d i s t u r b a n c e s  may be 

e x p e c te d  t o  i n c r e a s e  w i th  i n c r e a s i n g  r a r e - g a s  a to m ic  m ass .
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The v a lu e s  o f  d i f f u s i v i t y  f o r  r a r e - g a s e s  a r e  g iv e n  i n  T ab le  2 ,2  

and e x h i b i t  c o n s id e r a b l e  v a r i a t i o n .  S ince  t h e  d i f f u s i v i t y  g i v e s  t h e  

r a t e  o f  h e a t  t r a n s p o r t  p e r  u n i t  t e m p e ra tu re  g r a d i e n t ,  i t  i n d i c a t e s  

th e  r a t e  a t  which h e a t i n g  i r r e g u l a r i t i e s  w i l l  d i s a p p e a r .  The h ig h  

v a lu e  f o r  h e lium  may be b e n e f i c i a l  f o r  two r e a s o n s .  F i r s t l y ,  i t  w i l l  

add t o  t h e  a d v a n ta g e  t h a t  he lium  a l r e a d y  has f o r  m a i n ta i n in g  beam 

q u a l i t y  i n  a lo n g  d i s c h a r g e  p u l s e .  S econd ly ,  u se  o f  t h i s  gas  w i l l  

a id  i n t e r - p u l s e  c o o l in g .  T h is  i s  p a r t i c u l a r l y  im p o r ta n t  i n  th e  

e x p e r im e n ts  d e s c r ib e d  i n  t h i s  t h e s i s  because  o f  th e  s m a l l  tube  

d ia m e te r s  and th e  h ig h  r e p e t i t i o n  r a t e s  used  (110 0  p p s ) .

R e d i s t r i b u t i o n  o f  V i b r a t i o n a l  L e v e ls  As has  been  d e s c r i b e d  i n  S e c t i o n  

2 . 1 . 3 , t h e  l a s i n g  e f f i c i e n c y  o f  exc im er  l a s e r s  w i l l  have some 

dependence on th e  r a t e  o f  r e d i s t r i b u t i o n  o f  v i b r a t i o n a l  s t a t e s  i n  t h e  

u p p e r  s t a t e  m a n i f o ld .  I t  i s  r e q u i r e d  t h a t  t h i s  p r o c e s s  be f a s t  

enough t o  p r e v e n t  a  n o n - e q u i l ib r iu m  d i s t r i b u t i o n  w i th  a  d e f i c i e n c y  i n  

t h e  u p p e r  l a s e r  l e v e l .  I n  XeF, r a p i d  rem oval o f  t h e  bound lo w er  

l e v e l  i s  a l s o  r e q u i r e d .  Both o f  th e s e  p r o c e s s  a r e  promoted by 

c o l l i s i o n s  betw een  t h e  exc im er  m o le c u le  and b u f f e r  gas  a tom s. The 

c o l l i s i o n  f re q u e n c y  p e r  exc im er  m o le c u le  ( u s i n g  t h e  ap p ro x im a te  

th e o r y  g iv e n  i n  Moore 1972) i s  g iv e n  by

? 1/0 
z = NTtd ( 8k T /( i l l )  ^  ,

where z i s  t h e  c o l l i s i o n  f r e q u e n c y ,  N i s  t h e  b u f f e r  gas  number 

d e n s i t y ,  d i s  t h e  c o l l i s i o n  d ia m e te r ,  and p. t h e  re d u c e d  m ass . For 

1 atm o f  b u f f e r  g a s  a t  300K, and u s in g  3S f o r  d ,  and t h e  b u f f e r  g a s
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atoDiic mass f o r  |i  a s  rough  a p p ro x im a t io n s ,  t h e  c o l l i s i o n  f r e q u e n c i e s  

f o r  He, Ne, and Ar b u f f e r s  a r e  9 «5x10^^ , 4 . 3 x 1 0 ^ and 3 .0x10^^  s ’"^ , 

r e s p e c t i v e l y .  These c o r re s p o n d  t o  l i f e t i m e s  betw een c o l l i s i o n s  t h a t  

a r e  50 t im e s  l e s s  th a n  exc im er  sp o n ta n e o u s  decay l i f e t i m e s .  However, 

th e  c o l l i s i o n  r a t e  j u s t  g iv e n  w i l l  be l a r g e r  th a n  t h e  v i b r a t i o n a l  

t r a n s i t i o n  r a t e  in d u c e d .  T h is  i s  b e c au se  th e  exc im er  v i b r a t i o n a l  

energy  l e v e l s  a r e  s e p a r a te d  by 0 .0 3 7  eV i n  XeF, 0 .0 5  eY i n  KrF, and

0.026 eV i n  XeCl, w h i le  t h e  c h a r a c t e r i s t i c  e n e rg y  a t  300K i s  

0 .026  eV. W hile th e s e  d a t a  c o u ld  be used  t o  p r e d i c t  t h e  b u f f e r  

p r e s s u r e s  r e q u i r e d  f o r  a d e q u a te  uppe r  s t a t e  r e l a x a t i o n ,  t h e r e  a r e  

o u t s t a n d in g  u n c e r t a i n t i e s  i n  t h e  c o l l i s i o n  p r o c e s s .  An example o f  

t h i s  i s  t h e  f a s t  r e l a x a t i o n  r e p o r t e d  f o r  Ar b u f f e r  on XeF (H s ia  1979)

which i s  th o u g h t  t o  be due t o  t h e  f o r m a t io n  o f  t h e  i n t e r m e d i a t e

s p e c i e  ArXeF .

Quenching A c t i v i t y  I n f o r m a t io n  on  t h e  q uench ing  a c t i v i t y  o f  t h e  

r a r e - g a s  i s  g iv e n  i n  T ab le  2 .4  which h a s  been  used  t o  c a l c u l a t e  t h e  

p a r t i a l  p r e s s u r e  l i m i t s  shown i n  T ab le  2 . 5 .  For 2 -body  q u e n c h in g ,  He 

and Ne a p p a r e n t l y  pose no prob lem s b u t  Ar may quench XeF, and KrF t o

a l e s s e r  e x t e n t .  The h ig h  q u e n c h in g  r a t e  o f  Xe on XeF i n d i c a t e s  t h a t

Xe p r e s s u r e  has  t o  be c o n s id e r a b l y  l e s s  t h a n  0.1 atm f o r  a  low 

q uench ing  r a t e .  I n  g a s  m ix tu r e s  w i th  no b u f f e r  g a s ,  t h i s  becomes t h e  

t o t a l  g a s  p r e s s u r e  l i m i t .  Quenching o f  KrF by Kr i s  v e ry  much

s lo w e r ,  however, and t h e r e f o r e  KrF o p e r a t i o n  w i l l  n o t  have  t h e  same

l i m i t a t i o n s  imposed by q uench ing  t h a t  XeF h a s .
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From th e  i n f o r m a t io n  on 3-body q u ench ing , o n ly  two exam ples

o c c u r  g iv in g  more s t r i n g e n t  c o n d i t i o n s  th a n  t h e  2 -body  l i m i t a t i o n s .

F i r s t l y ,  Kr p a r t i a l  p r e s s u r e  i n  a  KrF m ix tu re  h a s  t o  be l e s s  th a n

0 .4 8  atm f o r  low q u e n c h in g .  S e c o n d ly ,  i f  Ne b u f f e r  i s  u sed  w i th  XeF

m ix tu r e s ,  th e  p ro d u c t  o f  t h e  Xe and Ne p a r t i a l  p r e s s u r e  must be l e s s  

2
t h a n  0 .1 2  atm , For exam ple, i f  t h e  Ne p r e s s u r e  i s  1 atm t h e  Xe 

p r e s s u r e  l i m i t  i s  a b o u t  t h e  same a s  t h a t  r e q u i r e d  by th e  2 -body  

q uench ing  l i m i t ;  i e .  i t  m ust be below abou t  0 .1  a tm .

2 .3  L a se r  O p e ra t io n

The pump power d e n s i t y  r e q u i r e d  t o  o b t a i n  e x c im er  f l u o r e s c e n t  

e m is s io n  h a s  m ere ly  t o  be s u f f i c i e n t  t o  m a in ta in  t h e  d i s c h a r g e  w i th  

an  E/N v a lu e  h ig h  enough f o r  m e t a s ta b le  p r o d u c t io n .  For l a s e r  

o p e r a t i o n ,  however, t h e  p o p u l a t i o n  i n v e r s i o n  h a s  t o  be s u f f i c i e n t  t o  

g iv e  a sm a l l  s i g n a l  g a in  t h a t  w i l l  g iv e  a n e t  g a in  a g a i n s t  t h e  

o p t i c a l  l o s s e s  due t o  a b s o r p t i o n  i n  t h e  l a s e r  g as  and r e f l e c t i o n  and 

t r a n s m i s s i o n  l o s s e s  a t  t h e  m i r r o r s  a n d /o r  windows. I t  i s  shown below 

t h a t  th e  r e l a t i v e l y  h ig h  o p t i c a l  l o s s ,  c o u p le d  w i th  t h e  s h o r t  

w a v e len g th ,  and b road  band e m is s io n  o f  r a r e - g a s  h a l i d e  e x c im e rs ,  

r e s u l t s  i n  a  v e ry  h ig h  t h r e s h o l d  v a lu e  f o r  t h e  pump power d e n s i t y  

which w i l l  r e s u l t  i n  l a s e r  o s c i l l a t i o n .  T h is  h ig h  power r e q u i r e m e n t  

h a s  im p o r ta n t  consequences  f o r  t h e  d e s ig n  o f  t h e  pumping sy s tem .
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The im p o r ta n t  a b s o r p t i o n  p r o c e s s e s  i n  r a r e - g a s  h a l i d e  l a s e r s  a r e  

p ro b a b ly  p h o t o d i s s o c i a t i o n  o f  h a l i d e s  and r a r e - g a s  d im er p o s i t i v e  

i o n s ,  ph o to d e tach m en t o f  n e g a t iv e  h a lo g e n  i o n s ,  and p h o t o i o n i s a t i o n  

o f  e x c i t e d  r a r e - g a s  atoms and m o le c u le s  (Rhodes 1 9 7 9 )« Due t o  t h e  

d i f f i c u l t y  i n  d e t e c t i n g  a b s o rb in g  s p e c i e s  and m ea su r in g  a b s o r p t i o n  

d u r in g  s h o r t  h ig h  power p u l s e s  t h e r e  i s  c o n s id e r a b l e  u n c e r t a i n t y  and 

l a c k  o f  i n f o r m a t io n  c o n c e rn in g  a b s o r p t i o n .  B r a u ( in  Rhodes 1979) 

g i v e s  a  summary o f  p h o to a b s o r p t io n  c r o s s  s e c t i o n s  t h a t  have been  

found from e x p e r im e n ta l  work o r  c a l c u l a t e d  on t h e o r e t i c a l  g ro u n d s .  

Gower e t ,  a l .  (1978) g i v e s  v a lu e s  o f  1 -  2% cm  ̂ f o r  t r a n s i e n t  

a b s o r p t i o n  i n  a  XeF l a s e r  u s in g  F^ as  donor and He as  b u f f e r .  

A lthough a c a r e f u l  s e l e c t i o n  o f  donor and r a r e - g a s e s  and t h e i r  

p r e s s u r e s  can l e a d  t o  much s m a l l e r  a b s o r p t io n  (Rhodes 1 9 7 9 ) î t h e  

k i n e t i c  e f f i c i e n c y  i s  r e d u c e d .  I t  seems l i k e l y ,  t h e r e f o r e ,  t h a t  a  

v a lu e  o f  1^ em"^ a b s o r p t i o n  w i l l  be a  u s e f u l  lo w er  l i m i t  t o  a p p ly .  

For a  common exc im er  l a s e r  o f  ab o u t  1m le n g th  t h i s  g i v e s  a round  t r i p  

l o s s  o f  200%. T h is  c l e a r l y  i s  much g r e a t e r  t h a n  any r e a s o n a b le  

m i r r o r  l o s s e s  which would t h e r e f o r e  have a s u b o r d i n a t e  r o l e  i n  t h i s  

c a s e .  I n  t h e  d i s c h a r g e  tu b e  o f  t h i s  work, t h e  d i s c h a r g e  l e n g t h  was 

a round 10 cm so  t h a t  a  round  t r i p  a b s o r p t i o n  l o s s  o f  2 0% m igh t  be 

e x p e c te d .  By u s in g  a  s m a l l  o u tp u t  c o u p l in g  f r a c t i o n ,  m i r r o r  l o s s e s  

a r e  k e p t  w e l l  below t h i s  l o s s  v a lu e  and may s t i l l  be ignored*

T h re sh o ld  l a s i n g  may be a p p ro ach ed  by i n c r e a s i n g  t h e  pump power 

and hence  bo th  th e  u p p e r  s t a t e  p o p u la t io n  and t h e  sp o n ta n e o u s  

e m is s io n  i n t e n s i t y .  L a se r  o s c i l l a t i o n  b e g in s  when th e  s p o n ta n e o u s  

e m is s io n  i n t e n s i t y  a lo n g  t h e  c a v i t y  a x i s  c a u se s  s u f f i c i e n t  s t i m u la t e d
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e m is s io n  t o  com pensate  f o r  t h e  o p t i c a l  l o s s e s .  The f r a c t i o n  o f  t h e  

sp o n ta n e o u s  e m is s io n  t h a t  t r a v e l s  s u f f i c i e n t l y  p a r a l l e l  t o  t h e  

o p t i c a l  a x i s  t o  com ple te  a round  t r i p  o f  t h e  c a v i t y  i s  v e ry  s m a l l .  

The s t i m u la t e d  e m is s io n  a t  t h r e s h o l d  i s  a l s o  v e ry  s m a l l  a s  t h i s  

m ere ly  r e p l a c e s  t h e  f r a c t i o n  o f  t h e  sp o n ta n e o u s  i n t e n s i t y  l o s t  i n  a 

round  t r i p  o f  t h e  c a v i t y .  T h e r e f o r e ,  t h e  t h r e s h o l d  pump power i s  

t h a t  r e q u i r e d  t o  f e e d  t h e  t o t a l  sp o n ta n e o u s  e m is s io n  t h a t  o c c u rs  when 

t h e  round  t r i p  l o s s  from th e  c a v i t y  i s  equa l  t o  t h e  round t r i p  g a i n .  

R egard ing  th e  low er  l a s e r  p o p u l a t i o n  a s  e f f e c t i v e l y  z e r o ,  t h e  s m a l l  

s i g n a l  g a i n  c o e f f i c i e n t  i s  g iv e n  by

Y^(V) = N0(V) ,

where Y^(v) i s  t h e  f re q u e n c y  d e p e n d en t  s m a l l  s i g n a l  g a in  c o e f f i c i e n t ,  

N i s  t h e  upper  s t a t e  p o p u l a t i o n  d e n s i t y  and o ( v )  i s  t h e  f re q u e n c y  

d e penden t  s t i m u l a t e d  e m is s io n  c r o s s - s e c t i o n .  E q u a t in g  t h e  s m a l l  

s i g n a l  g a in  t o  t h e  l o s s ,  l ( v ) , g i v e s  t h e  t h r e s h o l d  p o p u l a t i o n

N = 1 ( V ) / 0 ( V )  .

T h is  p o p u l a t i o n  i s  l o s t  t o  s p o n ta n e o u s  e m is s io n  a t  t h e  r a t e

d N / d t  = l ( v ) / t o ( v )

where t  i s  t h e  uppe r  s t a t e  l i f e t i m e .
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I f  t h e  pump power i s  c o n v e r te d  t o  s p o n ta n e o u s  e m is s io n  w i th  an 

e f f i c i e n c y  e ,  t h e  t h r e s h o l d  pump power d e n s i t y  i s  g iv e n  by

P = ( d N / d t ) h v / e  = h v l ( v ) / e t o ( v )  (1)

where hv  i s  t h e  pho ton  e n e rg y .  V alues  o f  t h e  p ro d u c t  t o ( v )  have been  

m easured  f o r  some o f  t h e  e x c im e rs .  For example, v a lu e s  f o r  XeF, KrF,

and XeCl a r e  g iv e n  i n  Rhodes(1979) a s  64, 17, and 50 S ^ n s

r e s p e c t i v e l y .  A l t e r n a t i v e l y ,  o t  v a lu e s  may be c a l c u l a t e d  i n  t h e  

f o l lo w in g  way. The s t i m u l a t e d  e m is s io n  r a t e  may be e x p re s s e d  i n  

te rm s  o f  th e  s t i m u l a t e d  e m is s io n  c r o s s - s e c t i o n  o r  i n  te rras  o f  t h e  

E i n s t e i n  B c o e f f i c i e n t  ( t h e  s t i m u l a t e d  e m is s io n  r a t e  c o e f f i c i e n t ) .

T h is  y i e l d s  t h e  r e l a t i o n s h i p

B = 0 ( v ) c / h v g ( v )

where g (v )  i s  t h e  l i n e  shape  f u n c t i o n .  The B c o e f f i c i e n t  i s  r e l a t e d  

t o  t h e  A c o e f f i c i e n t  ( sp o n ta n e o u s  e m is s io n  r a t e  c o e f f i c i e n t )  by

A = B8 iChv^/c^ ,

( s e e  f o r  example V erdeyen  198 1 ) .  S in c e  t h e  A c o e f f i c i e n t  i s  t h e  

r e c i p r o c a l  o f  t h e  s p o n ta n e o u s  e m is s io n  l i f e t i m e ,  t h e s e  two e q u a t i o n s  

can  be combined t o  g iv e

o ( v ) t  = X \ ( v ) / 8 tc .
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The ap p ro x im a te  l in e v / id th  i s  g iv e n  by

Av= 1/g (v)  = cAX/??

which g iv e s

o (v ) t=  X^/SncAX . ( 2 )

S u b s t i t u t i o n  i n  (1) y i e l d s

P = 8n l (v )h c^ A X /eX ^  . (3)

The l i n e w i d th  f o r  XeF i s  d i f f i c u l t  t o  a s s e s s  b u t  t h e  s p e c t r a  o f  F ig s  

2 .6  and 2 .5  f o r  KrF and XeCl i n d i c a t e  FWHM l in e w i d t h s  o f  a b o u t  3 oS 

and 2oS r e s p e c t i v e l y .  T h is  g i v e s  v a lu e s  f o r  Ot o f  1?S^ns f o r  KrF and 

6o2^ns f o r  XeCl which compare w e l l  w i th  t h e  v a lu e s  above . The 

h i g h e s t  pump power d e n s i t y  r e q u i r e d  i s  f o r  ArF( o t=  IpS^ns)  w h i le  t h e  

lo w e s t  i s  f o r  XeF( o t=  64% ^ns). Using t h e s e  v a lu e s  i n  (1) w i th  

cm”  ̂ l o s s  g i v e s  t h r e s h o l d  pump power d e n s i t i e s  o f  8 . 8x 1G^/e Wm” ^
0 «9

and 8 .5x10  / e  Wm f o r  XeF and ArF r e s p e c t i v e l y .

The e f f i c i e n c y  used  above i s  t h e  p ro d u c t  o f  t h e  e f f i c i e n c y  o f  

m e t a s t a b l e  p r e c u r s o r  p r o d u c t i o n  by th e  d i s c h a r g e  and t h e  quantum 

e f f i c i e n c y ,  i f  p e r f e c t  exc im er  f o rm a t io n  k i n e t i c s  a r e  assum ed. For 

XeF th e  quantum e f f i c i e n c y  i s  0 .4 2  and m e t a s t a b l e s  may be p roduced  

w i th  an e f f i c i e n c y  o f  a round  20% (Rhodes 1 9 7 9 ) .  T h is  g i v e s  a 

t h r e s h o l d  pump power d e n s i t y  f o r  XeF o f  a round  10^^ Wm” ^ (lOkWcm™^) 

a s  a  minimum v a l u e ,  A p r a c t i c a l  l a s e r  d e s ig n  would need  t o  a l lo w  f o r
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h ig h  o u tp u t  c o u p l in g  and th e  l i k e l y  o c c u r r e n c e  o f  n on-op tiaum  

c o n d i t i o n s  such  as  h ig h  o p t i c a l  a b s o r p t i o n  i n  impulse g a s e s .  A pump 

power d e n s i t y  o f  p e rh a p s  lOOkWcm may th e n  be r e q u i r e d .  I f ,  i n  

a d d i t i o n ,  o p e r a t i o n  w i th  a  s h o r t  w a v e le n g th  e x c im e r ,  su c h  a s  ArF, was 

a d e s i r e d  o p t i o n ,  pump power d e n s i t i e s  a  f a c t o r  o f  10 l a r g e r  

(IMI'/cm would be d e s i r a b l e .  Thus w h i le  c o n t in u o u s  o p e r a t i o n  o f  

exc im er  l a s e r s  i s  n o t  p r e c lu d e d  by any i n t r i n s i c  p r o p e r t y ,  i t  i s  

c l e a r l y  p r e v e n te d  by th e  power r e q u i r e m e n t  and t h e  a t t e n d a n t  h e a t  

d i s p o s a l  p rob lem .

To sum m arise , i t  h a s  been  shown above t h a t  th e  l a s e r  pump power 

r e q u i r e m e n t  i s  a  f u n c t i o n  o f  t h e  l i n e w i d t h / X ^ . T h is  i n d i c a t e s  t h e  

d r a m a t i c  i n c r e a s e  i n  d i f f i c u l t y  o f  l a s e r  o p e r a t i o n  t h a t  accom pan ies  

t h e  deve lopm en t o f  ,s h o r t  w a v e le n g th  l a s e r s .  I n  a d d i t i o n ,  b ro ad  

l i n e w i d t h  and h ig h  o p t i c a l  a b s o r p t i o n  o f  exc im er  e m is s io n  r e s u l t s  i n  

h ig h  pump power d e n s i t y  r e q u i r e n e n t s  o f  a t  l e a s t  lOkWcra*"^. I t  

f o l l o w s  t h a t  deve lopm en t o f  sy s te m s  w i th  s m a l l e r  power s u p p ly  

r e q u i r e m e n ts  would i n v o lv e  e f f o r t s  t o  g iv e  h ig h  e f f i c i e n c i e s  i n  v e ry  

s m a l l  a c t i v e  vo lum es.
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3 HALOGEN LOSS. BY DIFFUSION TO THE WALL

I n  th e  microwave d i s c h a r g e  a p p a r a tu s  a  s m a l l  b o re  tu b e ,  2 mm 

i n t e r n a l  d i a m e te r ,  was u se d  t o  c o n ta i n  t h e  d i s c h a r g e  volum e. S in c e  a 

s t r o n g  r e a c t i o n  i s  to  be e x p e c te d  be tw een  a  f r e e  h a lo g e n  atom and 

s i l i c o n  from th e  q u a r t z  t u b e ,  i t  i s  im p o r ta n t  t o  c o n s id e r  t h e  l o s s  o f  

h a lo g e n  r e s u l t i n g  from  d i f f u s i o n  t o  th e  w a l l .  T h is  d i f f u s i o n  i s  

d e s c r i b e d  i n  t h e  f o l l o w in g  w i th  t h e  d i f f u s a n t  p roduced  i n  r e p e t i t i v e  

s h o r t  p u l s e s  accom panied by h e a t  p r o d u c t io n .  The th e rm a l  b e h a v io u r  

i s  t r e a t e d  f i r s t  t o  a l lo w  c a l c u l a t i o n  o f  t e m p e r a tu r e  d e p e n d e n t  

d i f f u s i o n .

3 .1 D e r i v a t i o n  o f  t h e  C a l c u l a t i o n  Method

The p r im a ry  s i m p l i f i c a t i o n s  a r e  t h a t  t h e  p u l s e  d u r a t i o n  i s  

assumed t o  be n e g l i g i b l e  compared w i th  th e  p e r io d  betw een  t h e  p u l s e s ,  

and t h a t  th e  th e rm a l  c a p a c i t y  o f  t h e  c o n ta i n in g  tu b e  i s  much g r e a t e r  

th a n  t h a t  o f  t h e  g a s .  The l a t t e r  s i m p l i f i c a t i o n  p e r m i t s  t h e  tu b e  

h e a t i n g  t o  be t r e a t e d  s e p a r a t e l y  from th e  gas  h e a t i n g .

Two h e a t  l o s s  p r o c e s s e s  a r e  d e s c r i b e d ;  f r e e  c o n v e c t io n  and 

f o r c e d  c o n v e c t io n .  Under f r e e  c o n v e c t io n ,  h e a t  i s  l o s t  from th e  o u t e r
5/ ii

s u r f a c e  o f  th e  tu b e  a t  a  r a t e  p r o p o r t i o n a l  t o  T , w h i le  f o r c e d  

c o n v e c t io n  i s  r e g a r d e d  as  h o ld in g  t h e  o u t e r  s u r f a c e  o f  t h e  tu b e  a t  

room t e m p e r a tu r e .
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3 .1 .1  B a s ic  E q u a t io n s

The fu n d am e n ta l  e q u a t io n s  g o v e rn in g  d i f f u s i o n  i n  i s o t r o p i c  m edia

a r e

f  = -D g rad  C ' (1)

and

a c / a t  = d iv(D  g ra d  C ) , (2 )

where C i s  t h e  p a r t i c l e  c o n c e n t r a t i o n ,  D th e  d i f f u s i o n  c o e f f i c i e n t  

and f  th e  normal p a r t i c l e  f lo w  i n  number p e r  u n i t  t im e  p e r  un j.t  

a r e a .  For h e a t  t r a n s p o r t  by c o n d u c t io n  i n  b o th  t h e  g as  and t h e  tu b e  

w a l l  we can w r i t e

C = phT ,

and

D = K/ph ,

where T i s  t h e  t e m p e r a tu r e ,  p th e  d e n s i t y ,  h t h e  s p e c i f i c  h e a t  

c a p a c i t y ,  and K t h e  th e rm a l  c o n d u c t i v i t y  o f  t h e  g a s  ( o r  t h e  w a l l ) . 

I t  i s  u s u a l  t o  w r i t e

k = K/ph
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where k i s  known as  t h e  d i f f u s i v i t y .  The s o l u t i o n  o f  t h e  d i f f u s i o n  

e q u a t i o n  (2) i s  d i s c u s s e d  i n  d e p th  by Crank (1956) and , f o r  h e a t  

c o n d u c t io n ,  by C ars law  and J a e g e r  (1 9 5 9 ) .

The p a r t i c u l a r  s o l u t i o n  o f  (2 )  r e q u i r e d  h e r e  i s  f o r  c y l i n d r i c a l  

geom etry  w i th  v a r i a t i o n  f o r  t h e  r a d i a l  c o o r d i n a t e  o n ly .  The 

te m p e ra tu re  dependence  o f  th e  d i f f u s i o n  and d i f f u s i v i t y  w i l l  be 

t r e a t e d  by s e p a r a t i n g  th e  t im e  b e h a v io u r  i n t o  s m a l l  e le m e n ts  w i th  

c o n s t a n t  d i f f u s i o n  and d i f f u s i v i t y .  The n e c e s s a r y  changes  due t o  

t e m p e ra tu re  w i l l  be i n  s t e p s  p r o v id in g  an a v e ra g e  v a lu e  t o  a s s i g n  t o  

each  tim e e le m e n t .  T h is  means t h a t  a  s o l u t i o n  o f  (2 )  f o r  c o n s t a n t  

d i f f u s i o n  c o e f f i c i e n t  can  be u se d ,  th u s  a v o id in g  c o n s id e rab le -  

m a th e m a t ic a l  c o m p le x i ty .

F or t h e  c a s e  o f  a  c o n s t a n t  d i f f u s i o n  c o e f f i c i e n t  and by u s in g  

c y l i n d r i c a l  c o o r d i n a t e s  w i th  r a d i a l  v a r i a t i o n  o n ly ,  e q u a t i o n  ( 2 ) 

becomes

a c / a t  = D (ô^C/ôr^  ( 1 / r ) ô C / a r )  , (3 )

I t  w i l l  be u s e f u l  t o  u se  t h e  fo l lo w in g  d im e n s io n le s s  v a r i a b l e s  i n  

t h i s  e q u a t io n ;

r  = r / a

t  = D t / a ^ ,  C =,C /C q f o r  d i f f u s i o n ,  and

2
t  = k t / a  and T = T/T^ f o r  h e a t  t r a n s p o r t ,
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where a i s  t h e  i n n e r  tube  w a l l  r a d i u s ,  0^ i s  t h e  c o n c e n t r a t i o n  of* 

d i f f u s a n t  r e s u l t i n g  from a  s i n g l e  e x c i t a t i o n  p u l s e ,  and i s  t h e  

room te m p e ra tu re  (293K ).

3 . 1 . 2  H eat T r a n s p o r t

The a p p r o p r i a t e  d im e n s io n le s s  form o f  (3 )  i s

ô f / ô t  = Ô^T/ôr^ + ( 1 / r ) Ô T /ô r  . (4 )

For t y p i c a l  boundary  c o n d i t i o n s  t h e  a n a l y t i c  s o l u t i o n  o f  t h i s  

e q u a t i o n  in v o lv e s  l e n g th y  sum m ations. S o l u t i o n s  a r e  t h e r e f o r e  

o b t a in e d  u s in g  th e  f i n i t e  d i f f e r e n c e  method (C rank  1956) w i th  r  

d iv id e d  i n t o  a  number o f  i n t e r v a l s .  I n  t h e  f o l l o w i n g ,  t h e  i n t e g e r  

v a r i a b l e s  i  and j  g iv e  t h e  number o f  s p a t i a l  in c r e m e n t s ,  5 r ,  and 

tem p o ra l  in c r e m e n ts ,  5 t ,  r e s p e c t i v e l y .  The f i n i t e  d i f f e r e n c e  

r e p r e s e n t a t i o n s  o f  t h e  d e r i v a t i v e s  ap p ro x im a te  t o  t h e  f o l l o w in g ,

(a^T/apZ) = (T - 2T, . + T .)/(5r)^ , (5)
1 + 1 ,  J 1 - I , j

= ( V l . j  -  . (G)

( a î / a ? ) , _ j  = -  T , ^ j ) / 5 t  . (7 )

A lso ,  we have
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r  = i 5 r  , ( 8 )

S u b s t i t u t i n g  t h e s e  i n t o  (5) g i v e s

T, . , = T. . + 5tt(2i+l)T. , . - ItiT. , + (2i-1)T. , .]/2i(5r)^ .
1 ; J + 1  I j J  1 + 1 , 0  1 , 0  1™1, 0

. . . . ( 9 )

T h is  e q u a t io n  g i v e s  a  fo rm u la  whereby th e  r a d i a l  d i s t r i b u t i o n  o f  t h e  

d im e n s io n le s s  t e m p e ra tu re  can  be c a l c u l a t e d  f o r  s u c c e s s iv e  tim e  

i n t e r v a l s  s t a r t i n g  from  an i n i t i a l  d i s t r i b u t i o n .  I t  can be s e e n  t h a t  

th e  v a lu e  o f  th e  m ain  v a r i a b l e  a t  a  g iv e n  p o i n t  i s  c a l c u l a t e d  from 

t h r e e  s p a t i a l  v a lu e s  one tim e in c re m e n t  p r e v i o u s l y .  These t h r e e  

s p a t i a l  p o i n t s  a r e  t h e  c u r r e n t  p o i n t  and i t s  n e ig h b o u rs  a t  s m a l l e r  

and l a r g e r  r a d i u s .  T h is  fo rm u la  c a n n o t  be u s e d ,  t h e r e f o r e ,  f o r  th e  

two end p o i n t s  o f  t h e  r a d i u s  v a r i a b l e .  I n  a d d i t i o n ,  t h e s e  end p o i n t s  

may be i n  c o n ta c t  w i th  h e a t  s o u r c e s , o r  s i n k s .  S in c e ,  i n  g e n e ra l . ,  a  

g r e a t  v a r i e t y  o f  c o n d i t i o n s  may o c c u r ,  i t  w i l l  be n e c e s s a ry  t o  

e l a b o r a t e  t h e  model u sed  h e r e  t o  p e rm i t  c a l c u l a t i o n  o f  t h e s e  t e r m in a l  

v a lu e s .

For th e  tu b e ,  t h e  l a r g e  th e rm a l  c a p a c i ty  means t h a t  c o n d i t i o n s  

i n  t h e  gas  w i l l  have s t a b i l i s e d  b e f o r e  t h e  tu b e  t e m p e ra tu re  s t a r t s  to  

r i s e .  As a co n seq u en ce ,  t h e  h e a t  f lo w in g  i n t o  t h e  i n n e r  tube  w a l l  

can  be r e g a rd e d  a s  c o n s t a n t ,  sm ooth , and e q u a l  t o  t h e  a v e ra g e  r a t e  a t  

which th e  gas  i s  h e a te d .  For t h e  p r e s e n t  c i r c u m s ta n c e s  e q u a t i o n  (1) 

can be w r i t t e n
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£  = -.DôC/ôr ;

which i n  d im e n s io n le s s  v a r i a b l e s  o f  h e a t  t r a n s p o r t  i s

q = (-KT / a ) a T / 6 r  , (10)

where q i s  energy  p e r  u n i t  a r e a  p e r  u n i t  t im e .  The f i n i t e  d i f f e r e n c e  

r e p r e s e n t a t i o n  o f  (10)  i s

= -aq/KTo • (11)

For th e  i n n e r  tu b e  w a l l ,  t h e  term  T. , i n  (11) and (9) w i l l  be
3.“  I

f i c t i t i o u s  and m ust be e l i m i n a t e d  from (9 )  and (11) t o  g iv e

T, . , = T. , + (25t/(5r)^)CI. , . - T. . + (2i-1)5raq/2iKT.] .
1 ,  J+1 J 1 +  ‘ , J ^I  J u

 ( 12)

For th e  o u t e r  tube  w a l l ,  q i s  t h e  h e a t  l o s s  r a t e  and T^^^ i s  

e l i m i n a t e d  t o  g iv e

T. = T. . + (25t/(5r)^)[T - T. , -  (21+1)6raq/2iK?n] ■1 , J + |  ; J  1 , J  U

..(13)

Under f o rc e d  c o n v e c t io n ,  t h e  o u t e r  w a l l  t e m p e ra tu re  i s  c o n s t a n t  a t  T^ 

and (13) i s  n o t  u s e d .  For f r e e  c o n v e c t io n  from a  h o r i z o n t a l  tu b e  o f  

d ia m e te r  d, q i s  g iv e n  by
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q = , (14)

where AT i s  t h e  d i f f e r e n c e  be tw een  th e  s u r f a c e  t e m p e ra tu re  and room

•“2te m p e ra tu re  and H i s  a  c o n s t a n t .  I f  d i s  i n  cm and q i s  i n  Worn th e  

v a lu e  o f  H, g iv e n  by Zemansky (1 9 5 7 ) ,  i s  4 .2x10  I n  (13) we can

now r e p l a c e  q u s in g  (14) and t h e n  by w r i t i n g

AT=T._.  -To ,

we g e t

(2 i+ 1)0 raH T ^^^(T  . -  1 )^'^^10” \d * ^ ' '^ ]  . (15)
U I f  J

I f  f a i r l y  h ig h  te m p e ra tu re s  a r e  e x p e c te d  on th e  tub e  s u r f a c e ,  

r a d i a t i v e  h e a t  l o s s  w i l l  become im p o r ta n t .  I n  t h a t  c a s e  t h e

S te fa n -B o l tz m a n n  r a d i a t i o n  law

q = OE(T^ -  Tq)

w i l l  r e p l a c e  e q u a t io n  (14) o r ,  f o r  i n t e r m e d i a t e  t e m p e r a tu r e s ,  be 

added t o  i t .
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We now c o n s id e r  t h e  th e rm a l  b e h a v io u r  o f  t h e  g a s .  I n i t i a l l y  th e  

gas  c o o l in g  betw een  p u l s e s  i s  l e s s  th a n  th e  t e m p e ra tu re  r i s e  cau sed  

by th e  p u l s e s .  The mean t e m p e ra tu re  t h e r e f o r e  r i s e s  up t o  a  c o n s t a n t  

v a lu e  where th e  i n t e r - p u l s e  c o o l in g  and th e  p u l s e  h e a t i n g  a r e  e q u a l .  

I t  i s  assumed t h a t ,  due t o  t h e  l a r g e  th e rm a l  c a p a c i ty  o f  t h e  tu b e ,  

th e  t e m p e ra tu re  r i s e  o f  t h e  tu b e  i s  n e g l i g i b l e  i n  t h e  t im e  t a k e n  f o r  

t h e  mean t e m p e ra tu re  t o  become c o n s t a n t .  T h e r e f o r e ,  i n  t h e  s h o r t  

te rm , t h e  gas  t e m p e r a tu r e  a t  t h e  i n n e r  tube  w a l l  i s  c o n s t a n t  and

e q u a l  to  room t e m p e r a tu r e .  I n  t h e  lo n g  te rm , t h e  e q u i l i b r i u m  gas  

t e m p e ra tu re  b e h a v io u r  can  s im p ly  be superim posed  on t h e  s lo w ly  r i s i n g  

w a l l  t e m p e r a tu r e .  However, f o r  l a r g e  r i s e s  i n  t e m p e r a tu r e ,  

p a r t i c u l a r l y  when c o o l in g  i s  by f r e e  c o n v e c t io n ,  t h e  change i n  

d i f f u s i v i t y  w i th  t e m p e ra tu re  w i l l  a l t e r  t h e  e q u i l i b r i u m  b e h a v io u r  o f  

t h e  g a s .  T h is  can  be t a k e n  i n t o  a c c o u n t  by r e c a l c u l a t i n g  t h e  

e q u i l i b r i u m  b e h a v io u r  a t  a  few d i s c r e t e  i n t e r v a l s  d u r in g  th e  

te m p e ra tu re  r i s e  o f  t h e  tu b e .

By symmetry, t h e  t e m p e ra tu re  g r a d i e n t  a t  t h e  tu b e  a x i s  i s  z e ro  

so  t h e  term  ( 1 / r ) ô T / ô r  i n  e q u a t i o n  (4) i s  i n d e t e r m i n a t e .  The f i n i t e  

d i f f e r e n c e  r e p r e s e n t a t i o n  on t h e  a x i s  i s  g iv e n  by Crank(1956) b u t  

w i th o u t  a  d e r i v a t i o n ;  we s h a l l  now d e r i v e  i t . T h e  t e m p e ra tu re  g r a d i e n t  

i s  r e p r e s e n t e d  by T a y l o r ’ s  s e r i e s  as

(ÔÎ/Ô?)- = (bT/d?)^ + rCa^ï/aÿZ) + ............ etc  . (16)
I  cUvJUo c iX JL o

For s m a l l  r , ,ôT /ôr = 0 and (16) a p p ro x im a te s  t o
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From (17) and (4) we g e t

ôT/bb = z a ^ T /a p f  (18)

when r  i s  s m a l l .  Using i  = 0 on  t h e  a x i s ,  t h e  f i n i t e  d i f f e r e n c e  

r e p r e s e n t a t i o n s  (4 )  and (6) g iv e  , a f t e r  r e a r r a n g i n g ,

I f  d e t a i l e d  t im e  b e h a v io u r  i s  n o t  r e q u i r e d  f o r  t h e  t u b e ,  a  

s im p le  e q u i l ib r i u m  a n a l y s i s  can  be used  by s e t t i n g

ÔT/Ôt = 0

i n  e q u a t io n  (4) t o  g e t

Ô^T/Ôr^ + ( 1 / r ) Ô T /ô r  = 0 . (20 )

T h is  e q u a t io n  has  t h e  g e n e r a l  s o l u t i o n

T = A 4- B ln r

Using T = T^, r  = b / a  a t  t h e  o u t e r  w a l l , a n d  e q u a t i o n  ( 1 0 ) ,  t h e  r a d i a l  

v a r i a t i o n  o f  f  a t  e q u i l i b r i u m  i s  g iv e n  by

T = T̂  ̂ « (q a /K T Q ) ln ( ra /b )  . (21)
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The e q u i l ib r iu m  t e m p e ra tu re  d i f f e r e n c e  betw een  t h e  i n n e r  and o u t e r  

tu b e  w a l l  i s  th e n  g iv e n  by

T^ -  T^ = - ( q a / K T o ) ln ( a /b )  . (22)

A l t e r n a t i v e l y ,  we can  c a l c u l a t e  th e  v a r i a t i o n  o f  tu b e  

t e m p e ra tu re  w i th  t im e  by t r e a t i n g  th e  tube  a s  a  mass w i th  u n ifo rm  

t e m p e ra tu re .  T h is  a p p ro x im a t io n  i s  a p p r o p r i a t e  when th e  r i s e  i n  mean 

te m p e ra tu re  i s  l a r g e  compared w i th  th e  t e m p e ra tu re  d ro p  a c r o s s  t h e  

tu b e  w a l l .  The r a t e  a t  which th e  mean tu b e  t e m p e ra tu re  r i s e s  i s  

g iv e n  by

d T y d t  = (P -  A^q)/mo , (23)

where P i s  t h e  h e a t  s u p p ly  r a t e ,  Â  ̂ i s  t h e  tu b e  o u t e r  s u r f a c e  a r e a ,  q 

i s  t h e  h e a t  l o s s  r a t e  g iv e n  by ( 1 4 ) ,  m i s  th e  tu b e  m ass, and c i s  t h e  

s p e c i f i c  h e a t  c a p a c i ty  o f  t h e  tu b e  m a t e r i a l .  S u b s t i t u t i n g  f o r  q from 

(14) w i th  At = T^ -  Tq and s e p a r a t i n g  th e  v a r i a b l e s  g iv e s

‘t
d t  =

0
^ [m o d 1 /* /(P d 1 /*  -  A^H(T^ -  TQ )5 /4)]  . (24)

T h is  i n t e g r a l  can  be e v a lu a t e d  u s in g  s t a n d a r d  i n t e g r a l  t a b l e s .  

However, h a v in g  r e g a r d  t o  t h e  a p p ro x im a t io n s  in v o lv e d  i n  d e r i v i n g  t h e  

e q u a t io n ,  n u m e r ic a l  i n t e g r a t i o n  o f  (24) i s  a d e q u a te .
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The v a r i a t i o n  o f  d i f f u s i v i t y  w i th  t e m p e ra tu re  w i l l  be c o n s id e r e d

f o r  t h e  c a se  o f  p r e s s u r e  b e in g  in d e p e n d e n t  o f  t e m p e ra tu re  which i s

th e  a p p r o p r i a t e  a p p ro x im a t io n  f o r  a  tube  o f  gas  c o n n e c te d  t o  a

r e s e r v o i r .  The th e rm a l  c o n d u c t i v i t y  o f  a  g a s  v a r i e s  w i th  t h e  mean

1/2m o le c u la r  speed  and i s  t h e r e f o r e  p r o p o r t i o n a l  t o  T . The g as  

d e n s i t y  i s  p r o p o r t i o n a l  t o  P/T and t h e r e f o r e  t h e  d i f f u s i v i t y  i s  g iv e n  

by

q / p

k = K/pc = c o n s t a n t  x T /P  . (25)

From g a s  k i n e t i c  t h e o r y  (Moore 1 9 7 2 ) ,  we have

K = mcCp/8^'^^TCd^ , and

j  /  l i
Bc = (8k^T/p:m ) ,

where m i s  th e  p a r t i c l e  m ass, c i s  t h e  mean th e rm a l  s p e e d ,  Cp i s  t h e  

s p e c i f i c  h e a t  c a p a c i t y ,  d i s  t h e  c o l l i s i o n  d ia m e te r ,  k^ i s

B o ltzm ann’ s c o n s t a n t ,  and T th e  a b s o lu t e  t e m p e r a tu r e .  I n  a d d i t i o n ,  

t h e  d e n s i t y  o f  a  g as  i s  g iv e n  by

p= N^mP273/T ,

where i s  L o sc h m id t’ s  number and P th e  p r e s s u r e  i n  a tm o sp h e res .

Combining t h e s e  e q u a t i o n s ,  (25 )  becomes
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As s t a t e d  p r e v i o u s ly ,  t h e  t e m p e ra tu re  used  i n  t h i s  e q u a t i o n  w i l l  be a 

mean v a lu e  and s u b j e c t  t o  p i e c e - w is e  v a r i a t i o n  o n ly .  I t  i s  im p o r ta n t  

to  n o te  t h a t  th e  d i f f u s i v i t y  and th e  t e m p e ra tu re  r i s e  due t o  a  s i n g l e  

h e a t i n g  p u l s e  a r e  b o th  i n v e r s e l y  p r o p o r t i o n a l  t o  p r e s s u r e .  S in ce  

t h e s e  d e te rm in e  th e  h e a t  g a in  and l o s s  r a t e s  f o r  t h e  g a s ,  t h e  

e q u i l i b r i u m  mean g a s  t e m p e ra tu re  w i l l  be in d e p e n d e n t  o f  p r e s s u r e .  

T h is  i s  d e m o n s t ra te d  i n  e q u a t io n  (37) be low .

3 . 1 . 3  D i f f u s i o n

I n  o b t a i n i n g  s o l u t i o n s  t o  t h e  d i f f u s i o n  problem  t h r e e  

s i m p l i f i c a t i o n s  a r e  made: ( a )  each  e x c i t a t i o n  p u l s e  adds a  c o n s t a n t

q u a n t i t y  t o  th e  d i f f u s a n t  p a r t i c l e  c o n c e n t r a t i o n ,  (b )  t h e  d i f f u s a n t  

c o n c e n t r a t i o n  i s  z e ro  a t  th e  w a l l  due t o  a  s t r o n g  w a l l  r e a c t i o n ,  and 

(c )  th e  w a l l  r e a c t i o n  i s  t h e  o n ly  l o s s  p r o c e s s .  The d i f f u s i o n  

p r o c e s s  i s  th e n  d e s c r ib e d  by e q u a t io n s  (9 )  and (19) w i th  c r e p l a c i n g  

f  and w i th

2t  = D t / a

An ap p ro x im a te  e x p r e s s io n  f o r  t h e  d i f f u s i o n  c o e f f i c i e n t  D can  be 

d e r iv e d  u s in g  k i n e t i c  t h e o r y ,  J o s t ( 1 9 5 2 )  g i v e s

D = (3 /3 2 (n ^  + ng)o^g)(8kT /T t} i) '^^^  , (27)

where n^ and n^ a r e  t h e  number . d e n s i t i e s  o f  t h e  d i f f u s a n t  and



Chapter 3 64

background g a s ,  i s  t h e  c o l l i s i o n  d ia m e te r  , f o r  t h e  two gas

s p e c i e s  and p i s  th e  red u c e d  mass d e f in e d  by

When th e  d i f f u s a n t  i s  i n  s m a l l  c o n o ë n t r a t i o n s  and t h e  background gas  

i s  l i g h t  such  t h a t  U g»n^  and m2 <<m  ̂ e q u a t io n  ( 2.7 ) becomes

D = ( 3 / 320^ 0 ^2 ) ( 8 k T / n  * 2 ) 1 / 2   ̂ ( 2 8 )

T his  e q u a t i o n  can be r e w r i t t e n  i n  more conveni.en t form u s in g

Hg = n^P273/T ,

where n^ i s  L o sc h m id t’ s  number, and s u b s t i t u t i n g  th e  v a lu e  f o r  

B oltzm ann’ s c o n s t a n t  u s in g  MKS u n i t s .  We g e t

D = ( T ^ / Z / p ) ( 7 . 6 x 1 0 - 4 1 / 0 2 ^ ^ 1 / 2 )  ^2^ -1   ̂ ( 2 9 )

The e q u iv a le n c e  o f  p a r t i c l e  and th e rm a l  d i f f u s i o n  a l lo w s  e q u a t io n  

( 2 6 ) f o r  th e  d i f f u s i v i t y ,  o b t a in e d  f o l lo w in g  M oore(1972), t o  be 

compared w i th  ( 2 9 ) .  S u b s t i t u t i n g  v a lu e s  f o r  n^ and k^ i n  (26) g i v e s  

t h e  e x p r e s s io n

k = ( T 3 / 2 / p ) ( g . 1x10*41 /42^1 /2 )  ^^2^-1 ^

which compares f a v o u r a b ly  w i th  ( 2 9 ) .  E q u a t io n  (29) w i l l ,  t h e r e f o r e ,  

be used  t o  c a l c u l a t e  D f o r  t h e  c a se  .of f l u o r i n e  d i f f u s i n g  i n  h e lium
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t h a t  i s  c o n s id e r e d  i n  S e c t i o n  3 . 2 . 2 .

3 .2  A p p l i c a t i o n  t o  t h e  E x p e r im e n ta l  S i t u a t i o n

3 .2 .1  H eat T r a n s p o r t

The tu b e  used  i n  t h e  e x p e r im e n ta l  work was o f  f u s e d  q u a r t z  and 

T ab le  3 .1  g i v e s  t h e  d a t a  r e q u i r e d  by th e  c a l c u l a t i o n  t o  f o l l o w .  The 

m icrowave a p p a r a tu s  d e l i v e r e d  17.6 ¥  a v e ra g e  power. The power 

a b so rb e d  by t h e  g a s  i s  e s t i m a t e d  t o  be a t  l e a s t  10 W so  t h i s  i s  t h e  

v a lu e  we s h a l l  u s e .

For  f o r c e d  c o n v e c t io n ,  e q u a t i o n s  (9 )  and (12 )  a r e  r e q u i r e d .  The 

i n i t i a l  d im e n s io n le s s  t e m p e r a tu r e  a t  t h e s e  p o i n t s  i s  1 and th e  

t e m p e r a tu r e  a t  i  = 20 re m a in s  a t  1 , The v a lu e  o f  5 r  i s  0 .1  and i t  

was found t h a t  t h e  c a l c u l a t i o n  was s t a b l e  when Ô t / ( Ô r ) ^  was 0 .4  

w hich l e a d s  t o  4 ,0x10*^  f o r  6 t .  I n  e q u a t i o n  (12) t h e  v a lu e  o f  t h e  

terra

( ( 2 i  -  1 ) /2 i ) (6 ra q /K T Q )

-3becomes 1.716x10 when i  = 10 . The t e m p e r a tu r e  d i s t r i b u t i o n  can  now 

be found a t  s u c c e s s iv e  t im e  i n t e r v a l s ,  e ach  c o r r e s p o n d in g  t o  a 

c e r t a i n  number o f  t im e  in c r e m e n t s ,  j .  D im e n s io n le s s  t im e  i s  

c o n v e r te d  t o  a c t u a l  t im e  by u s in g



Microwave Pulses

Pulse duration 320ns

Pulse interval 0.909ms

Pulse power 50 kW

Mean power 17.6 W

Pulse energy 16.0 mJ

Tube (fused quartz)

I D 2.0 mm

OD 4.0mm

Length 200mm

Inner wall area 12.6 cm?

Outer wall area 25.1 cm^

Volume 0.628 cm^

Quartz volume 1.89cm^

Mass 4.15 g

Density 2204 kg

Thermal conductivity 1.SWm~i{<~i

Specific heat capacity 780Jkg-iK"i

Diffusivity 8.7% 10""^m^s"i

Helium

Collision diameter [from Moore 1972] 0,2 nm 

Mass 6.68x10"^*^ kg

Specific heat capacity (Cp) 5254 J kg~i K'“i

Density (STP) 0.179 kgm-3

Fluorine

Collision diameter '^0.23nm

Mass 1117x10-2* kg

Table 3.1 Values for diffusion calculation
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t  = k t / a ^  = 0 . 8 7 t

and t e m p e ra tu re  i n  d e g re e s  K e lv in  i s  o b ta in e d  from  th e  e q u a t io n

T = TTq

T his  c a l c u l a t i o n  and a l l  e n s u in g  c a l c u l a t i o n s  w ere  com ple ted  u s in g  a 

H e w le t t -P a c k a rd  HP41CV programmable c a l c u l a t o r .  The r e s u l t s  f o r  

v a r i o u s  tim e  i n t e r v a l s  and i n  t h e  lo n g  term  l i m i t  a r e  shown i n  F ig

3 . 1 ( a ) .  , "The t e m p e ra tu re  d rop  a c r o s s  t h e  tu b e  i s  3«7^C a t

e q u i l i b r i u m .  A p l o t  o f  t h e  i n n e r  w a l l  t e m p e ra tu re  a g a i n s t  t im e  i s  

shown i n  F ig  3 .2 ( a )  which shows t h a t  90^ o f  t h e  t o t a l  r i s e  t a k e s

p l a c e  i n  0 . 7 s  (7 70  m icrowave p u l s e s ) .

When th e  tu b e  i s  c o o le d  by f r e e  c o n v e c t io n ,  e q u a t i o n  (15) m ust 

be used  when i  z 2 0 .  The l a s t  te rm  i n  t h i s  e q u a t i o n  h a s  t h e

c o e f f i c i e n t ,

( ( 2 i  + 1 ) /2 i ) ( 5 r a H T j / 4 / K d ‘*/4.jQ“ 4

which has  t h e  v a lu e  1 .49x10 ^ . The t e m p e ra tu re  d i s t r i b u t i o n s  a t  

v a r i o u s  tim e  i n t e r v a l s ,  and t h e  e q u i l i b r i u m  d i s t r i b u t i o n ,  a r e  shown 

i n  F ig  3 .1 ( b ) ( w i t h  d i s c o n t i n u i t i e s  i n  t h e  t e m p e r a tu r e  a x i s ) .  The 

te m p e ra tu re  d rop  a c r o s s  t h e  tu b e  a t  e q u i l i b r i u m  i s  s t i l l  3.7*^C. The 

f i n i t e  d i f f e r e n c e  method i s  q u i t e  s low  f o r  t h i s  c a l c u l a t i o n  so  

i n s t e a d  o f  c a l c u l a t i n g  th e  d e t a i l e d  tim e b e h a v io u r  o f  t h e  whole 

s p a t i a l  t e m p e ra tu re  d i s t r i b u t i o n  th e  .time b e h a v io u r  o f  th e  s p a t i a l
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Figure 3.1(a) Tube temperature - forced convection
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mean t e m p e ra tu re  i s  found from  (23) and ( 2 4 ) .  The r e s u l t s  a r e  shown 

i n  F ig  3 .2 ( b )  which shows t h a t  90‘S o f  th e  t o t a l  r i s e  o f  200^0 t a k e s  

p la c e  i n  130 s e c o n d s .  I n  o r d e r  t o  d e m o n s t ra te  t h a t  t h e  c a l c u l a t i o n  

b ased  on s p a t i a l  mean t e m p e ra tu re  i s  a d e q u a te ,  c a l c u l a t i o n s  u s in g  th e  

f i n i t e  d i f f e r e n c e  method f o r  t h e  i n n e r  and o u t e r  w a l l  t e m p e ra tu re s  a t  

t h r e e  r e p r e s e n t a t i v e  t im e s  a r e  a l s o  ’shown i n  F ig  3 « 2 ( b ) .

To sum m arise , t h e  t e m p e ra tu re  o f  t h e  i n n e r  w a l l  r i s e s  by 3*7^0

t o  e q u i l i b r i u m  i n  a b o u t  1 seco n d  w i th  fo rc e d  c o n v e c t io n  c o o l in g  and

by 200^0  t o  e q u i l i b r i u m  i n  a b o u t  200  seco n d s  w i th  f r e e  c o n v e c t io n

c o o l in g  when th e  h e a t  i n p u t  i s  10 W.

I n  th e  e x p e r im e n ta l  work, g a s  m ix tu re s  w ere  most f r e q u e n t l y  

d i l u t e d  w i th  h e l iu m , t h i s  g a s  o f t e n  c o n s t i t u t i n g  o v e r  90^ o f  t h e  

m ix tu r e .  C o n se q u e n t ly ,  a  r e a s o n a b le  a p p ro x im a t io n  i s  t o  c o n s id e r  t h e  

th e rm a l  b e h a v io u r  t o  be t h a t  o f  p u re  h e l iu m . F o r  an  a v e ra g e  a b so rb e d  

power o f  10 W, each  p u l s e  d e p o s i t s  9*1x10"^J i n t o  t h e  h e l iu m . I n  t h e  

f o l l o w in g ,  r e s u l t s  w i l l  be o b t a in e d  f o r  2 a tm , 1 a tm , 0 . 5  a tm , and

0.1 atm t o t a l  p r e s s u r e .  The t e m p e ra tu re  r i s e  f o r  a  s i n g l e  microwave 

p u l s e  a t  each  o f  t h e s e  p r e s s u r e s  i s  8 .3 °C , 16 .5^C , 33«1°C, and 165°C, 

r e s p e c t i v e l y .  D uring  t h e  h e a t i n g  p u l s e ,  gas  w i l l  be l o s t  from  t h a t  

p a r t  o f  t h e  tube  i n  w hich th e  d i s c h a r g e  o c c u rs  by e x p a n s io n  and w i l l  

r e t u r n  d u r in g  th e  i n t e r - p u l s e  c o o l i n g .  T h is  e f f e c t  i s  ig n o re d  h e r e  

b ecau se  o f  t h e  d i f f i c u l t y  i n  d e te r m in in g  th e  th e rm a l  h i s t o r y  o f  t h e  

g a s  t h a t  l e a v e s  and r e t u r n s  t o  t h e  tu b e  d u r in g  a  p u l s e  c y c l e .  

C o n se q u e n tly ,  t h e  c a l c u l a t i o n  f o r  t h e  low er  p r e s s u r e s ,  p a r t i c u l a r l y  

a t  0 .1  a tm , w i l l  p ro b a b ly  u n d e r e s t im a te  t h e  r e s u l t i n g  t e m p e r a t u r e s .
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I n  c a l c u l a t i n g  th e  g a s  t e m p e ra tu re  r e s u l t i n g  from a p u l s e  

s e q u e n c e ,  we use  t h e  s u p e r p o s i t i o n  p r i n c i p l e .  The t e m p e r a tu r e  

b e h a v io u r  o v e r  many p u l s e s  can be found by ad d in g  s e c t i o n s  o f  t h e  

b e h a v io u r  t h a t  would f o l lo w  a s i n g l e  p u l s e  as  d e s c r i b e d  below . A lso ,  

t h e  r e s u l t s  a t  a  g iv e n  p r e s s u r e  can  be r e s c a l e d  t o  g iv e  t h e  r e s u l t s  

a t  o t h e r  p r e s s u r e s  and t o  a l lo w  f o r  changes  i n  d i f f u s i v i t y  and 

d e n s i t y .

R e s u l t s  u s in g  e q u a t i o n s  ( 9 ) and (19) a r e  o b t a in e d  w i th  a

c o n s t a n t  i n n e r  tu b e  w a l l  t e m p e r a tu r e  o f  293K (w hich  i s  1 . 0  i n
/

d im e n s io n le s s  f o r m ) , a  s i n g l e  h e a t i n g  p u l s e  which g i v e s  an  i n i t i a l  

un ifo rm  d i s t r i b u t i o n  o f  2 . 0  ( d im e n s io n le s s  t e m p e ra tu re )  , and w i th  

5 t / ( 5 r ) ^  z 0 .2 5 .  The d i s t r i b u t i o n  i s  c a l c u l a t e d  f o r  a  t o t a l  o f  400 

in c re m e n ts  and r e s u l t s  e x t r a c t e d  a t  a  s e l e c t i o n  o f  i n t e r m e d i a t e  

v a lu e s  a r e  shown i n  F ig  3*3 . Fo r  each  d i s t r i b u t i o n  s e l e c t e d  from  t h e  

c a l c u l a t i o n  s e q u en c e ,  t h e  s p a t i a l  mean t e m p e ra tu re  T^ i s  found by 

a p p ly in g  S im p so n 's  Rule  t o  t h e  s p a t i a l  d i s t r i b u t i o n .  These v a lu e s  

a r e  p l o t t e d  i n  F ig  3 .4  which p r o v id e s  t h e  b a s i c  t e m p e r a tu r e  b e h a v io u r  

t h a t  w i l l  be used  i n  ou r  s u b s e q u e n t  d i s c u s s i o n s  and c a l c u l a t i o n s .  

The ' l e a s t  s q u a r e s '  b e s t  a p p ro x im a t io n  t o  an e x p o n e n t i a l  cu rv e  f o r  

t h i s  d a t a  i s

\  = 0 . 9 7 3 e r ° ' ° 1 * 5 j  ( 3 0 )

where T^ i s  t h e  d im e n s io n le s s  s p a t i a l  mean t e m p e r a tu r e  on t h e  s c a l e  

o f  0 t o  1 , and j  i s  t h e  number o f  in c r e m e n ts  o f  d im e n s io n le s s  t im e .  

C a l c u l a t i o n s  u s in g  t h i s  e q u a t i o n  d e v i a t e  by no more th a n  2.5% from



initial temperature

RADIUS

Fjgure 3.3 Gas temperature vs Radius. Time intervals in 25 
_  . calculation increment steps. _ „ .i.



T 3aniva3dW3i



Chapter 3 ^9

th e  d a t a  i n  F ig  3 . 4 .  By th e  s u p e r p o s i t i o n  p r i n c i p l e ,  t h e  mean 

te m p e ra tu re  a f t e r  many p u l s e s  (T^) can  be r e g a r d e d  a s  t h e  sum o f  t h e  

r e s i d u a l  t e m p e ra tu re s  o f  each i n d i v i d u a l  p u l s e .  T h is  i s  o b t a in e d  

from th e  a r e a  u n d e r  th e  cu rve  i n  F ig  3 ,4  (by i n t e g r a t i o n  o f  ( 3 0 ) )  

d i v id e d  by th e  number o f  c a l c u l a t i o n  in c r e m e n ts ,  n, i n  a  microwave 

i n t e r » p u l s e  p e r io d ;  we g e t

= 67.1(1 -  . (31)

Here th e  t e m p e ra tu re  i s  an  a v e ra g e  bo th  s p a t i a l l y  and t e m p o r a l ly  i n  

t h e  s e n se  t h a t  th e  p u l s e  e f f e c t s  have been  smoothed o u t .  A lso  i t  i s  

n o ted  t h a t  t h i s  i s  a  d im e n s io n le s s  v a lu e  on a  s c a l e  o f  0 t o  1 w here 1 

r e p r e s e n t s  t h e  t e m p e ra tu re  r i s e  p e r  p u l s e .  For l a r g e  v a lu e s  o f  j  

t h i s  becomes th e  e q u i l i b r i u m  v a l u e ,  g iv e n  by

= 6 7 .1 /n  . (32)

The te m p e ra tu re  r i s e ,  Tp, due to  a  microwave p u l s e  o f  ene rgy  E i s

Tp = EK/vpCp . (33)

For h e lium  we g e t

p = 0.179X273P/T ,

and u s in g  d a t a  from T ab le  3 ,1  we g e t

Tp = 5 .64 x10"^T/P , (34)



Chapter 3 70

where T i s  t h e  mean a b s o l u t e  t e m p e r a tu r e .  V alues  f o r  Tp, a t  a  r a n g e  

o f  p r e s s u r e s ,  w i th  T = 293K a r e  shown i n  T ab le  3 . 2 .  R e c a l l i n g  

p r e v io u s  e q u a t io n s

Ôt = a ^ 5 t / k ,  5 t  = 2.5x10*"^, and

k = 2 .7 8 X 10"^T ^^^/P ,

( e q u a t i o n  (26) w i th  v a lu e s  from  T ab le  3 .1 )  t h e  t im e  p e r  c a l c u l a t i o n  

in c re m e n t  i s  g iv e n  by

Ôt = 0 .090P /T ^^^  8 . \

The in c r e m e n ts  i n  a  microwave i n t e r ~ p u l s e  p e r io d  a r e  t h e n  g iv e n  by

n = 1 .0 1 x 1 0 "^T 3 /2 /p   ̂ (35)

and v a lu e s  f o r  a  mean t e m p e r a tu r e  o f  293K a r e  g iv e n  i n  T ab le  3 . 2 ,  

Combining (35) and (32) g i v e s

T^ = 6 .6 4 x 1 o 3 p /T 3 /2  , (36)

To c o n v e r t  t h i s  t e m p e r a tu r e  T^ to  t e m p e ra tu re  i n  d e g re e s  c e n t i g r a d e  

above th e  w a l l  t e m p e r a tu r e  we u se  (34)  t o  g e t

T^ = 375/T^^^ °C . (37)



Pressure (Atmospheres)
mean
gas
tempera

ture -K

wail
tempera-
ture-K

cooling
lonvGction
type0.1 0.5 1.0 2.0

Mean gas temperature rise per pulse Tp (K )  
from equation (34)

165 33.1 16.5 8.3 2! 93 2 93 forced
177 35.4 17.7 8.9 314 293

232 46.4 23.3 11.6 411.5 393
free

287 57.5 2 8 J 14.4 509.6 493

Gas temperature calculation increments -  n 

from equation (3 5 )

507 101 50.7 25.3 293 293 forced
562 112 56.2 28.1 314 293

843 169 84.3 42.2 411.5 393 free
1160 232 116 58.1 509.6 493

Diffusion calculation increments per pulse. *- n 

from equation (42)

366 73.2 36.6 18.3 293 293 forced
406 81.2 40.6 20.3 314 293

609 1 2 2 60.9 30.5 411.5 393
free

840 168 84.0 4 2 4 509.6 493

Equilibrium mean concentration Ce/Co (=EJ 
from equation (43)

0.17 0.83 1.65 3.31 314 293 forced

0.11 0.55 1.10 2 .2 0 411.5 393 free
0,08 0.40 080 1.60 509.6 493

Table 3.2 Summary of temperature and diffusion calculation results
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T his  im p o r ta n t  r e s u l t  shows t h a t  t h e  t e m p e ra tu re  o f  t h e  gas  a t  

e q u i l i b r i u m  ( w i th  s p a t i a l  a v e ra g in g  and te m p o ra l  sm ooth ing) i s  

in d e p e n d e n t  o f  t h e  gas  p r e s s u r e  b u t  d ep en d en t  on t h e  mean a b s o l u t e  

t e m p e ra tu re  o f  t h e  g a s .  For a w a l l  t e m p e ra tu re  o f  293K> t h i s  

e q u a t i o n  i s  s a t i s f i e d  by th e  v a lu e

Tg = 21°C .

U sing a  new v a lu e  f o r  t h e  mean t e m p e ra tu re  o f  314K, new v a lu e s  from 

e q u a t io n s  (34) and (35) a r e  found and a p p e a r  i n  T ab le  3 . 2 ,

E q u a t io n  (31) can  be u s e d ,  w i th  v a lu e s  o f  n and Tp from 

T ab le  3 . 2 ,  t o  p l o t  th e  s p a t i a l - t e m p o r a l ,  mean t e m p e ra tu re  a g a i n s t  t im e  

( o r  number o f  microwave p u l s e s )  and t h e s e  r e s u l t s  a r e  shown i n  F ig  

3 . 5 .  F ig u r e  3 ,4  can  be a d a p te d  t o  g iv e  t h e  t e m p e r a tu r e  b e h a v io u r  i n  

a  s i n g l e  i n t e r - p u l s e  p e r i o d  a f t e r  e q u i l ib r i u m  and t h i s  i s  shown i n  

F ig  3 . 6 .  To o b t a i n  t h e  lo n g  te rm  f o rc e d  c o n v e c t io n  b e h a v io u r ,  t h e  

e q u i l i b r i u m  te m p e ra tu re  r i s e  o f  21^0 has  t o  be added t o  t h e  cu rv e  o f  

F ig  3 .2 ( a )  f o r  t h e  i n n e r  tu b e  w a l l  t e m p e ra tu re  and g i v e s  t h e  cu rv e  

shown i n  F ig  3 . 7 ( a ) .  The c o r r e c t i o n  r e q u i r e d  f o r  t h e  a d d i t i o n a l  

3 .7°C  due t o  t h e  w a l l  t e m p e ra tu re  i s  n e g l i g i b l e .

Under c o n d i t i o n s  o f  f r e e  c o n v e c t io n ,  w here t h e  i n n e r  w a l l  

t e m p e ra tu re  r i s e s  t o  493K, c o r r e c t i o n s  w i l l  be s u b s t a n t i a l .  U sing an 

i n t e r m e d i a t e  t e m p e ra tu re  o f  393K, e q u a t io n  (37) i s  s a t i s f i e d  by th e  

v a lu e

T^ = 18.5^C ,
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w h i le  f o r  M93K i t  i s  s a t i s f i e d  by

T = 16 .6^0  e

The mean a b s o lu t e  t e m p e r a tu r e s  o f  t h e  gas  a t  w a l l  t e m p e r a tu r e s  o f  

393K and 493K a r e  411.5K and 5 0 9 .6K, r e s p e c t i v e l y .  These v a lu e s  can  

now be used  i n  (34) and (35) t o  p ro v id e  f u r t h e r  v a lu e s  o f  n and Tp 

f o r  T ab le  3 . 2 ,  The t e m p e ra tu re  b e h a v io u r  i n  a  s i n g l e  i n t e r - p u l s e  

p e r io d  w i th  a  w a l l  t e m p e r a tu r e  o f  493 i s  shown F ig  3 . 8 .  F i n a l l y ,  by 

ad d in g  21°C, 1 8 .5 °  C, and 16.6°C t o  t h e  cu rv e  o f  F ig  3 .2 ( b )  a t  293%,

393%, and 493%, r e s p e c t i v e l y ,  t h e  cu rve  f o r  t h e  mean gas  t e m p e r a tu r e ,  

i n  t h e  lo n g  te rm , w i th  f r e e  c o n v e c t io n  c o o l in g  i s , o b t a i n e d  i n  F ig  

3 . 7 ( b ) .

The gas  t e m p e r a tu r e  b e h a v io u r  can  now be sum m arised . The 

d i f f e r e n c e  i n  th e rm a l  c a p a c i t y  be tw een  th e  tu b e  and th e  gas  i t  

c o n ta i n s  means t h a t  th e  g a s  r e a c h e s  a  q u a s i - e q u i l i b r i u m  i n  t h e  s h o r t  

te rm  d u r in g  which th e  tu b e  t e m p e ra tu re  r e m a in s  a p p ro x im a te ly  

c o n s t a n t .  For  room t e m p e ra tu re  g as  t h e  t e m p e r a tu r e  r i s e  t o  

e q u i l i b r i u m  i s  a b o u t  21^0 w h i le  g as  a t  200^0 r i s e s  by o n ly  16 .5°C  t o  

e q u i l i b r i u m .  The number o f  microwave p u l s e s  t o  r e a c h  e q u i l i b r i u m  

goes  from 1 to  10 a s  t h e  p r e s s u r e  i n c r e a s e s  from 0 ,1  atm to  2 atm . 

The t e m p e ra tu re  r i s e  p e r  p u l s e  and t h e  r a t e  o f  c o o l in g  be tw een  

p u l s e s  i s  g r e a t e r  f o r  b o th  lo w er  p r e s s u r e s  and h i g h e r  t e m p e r a tu r e s .  

With f o r c e d  c o n v e c t io n  t h e  i n n e r  tube  w a l l  t e m p e ra tu re  r i s e s  by.., 

a b o u t  40°C t o  e q u i l i b r i u m  i n  a b o u t  1 second  w h i le  u n d e r  f r e e  

c o n v e c t io n  th e  r i s e  t o  e q u i l i b r i u m  i s  a b o u t  216°C and t h i s  t a k e s
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ab o u t  200 seconds» T h e r e f o r e  t h e  f i n a l  mean gas  t e m p e r a tu r e s  a r e  

a b o u t  25^0 and 235^0 f o r  f o r c e d  and f r e e  c o n v e c t io n  c o o l in g  

r e s p e c t i v e l y .  F i n a l l y ,  t h e  h e a t  l o s s  by r a d i a t i o n  a t  235°C from  th e  

tu b e  o u t e r  w a l l  i s ,  by S t e f a n * s  Law, abou t  0.3W and i s  t h e r e f o r e  n o t  

an im p o r ta n t  l o s s  p r o c e s s  i n  t h i s  c a s e .

3 . 2 . 2  D i f f u s i o n

Having d e te rm in e d  t h e  t e m p e ra tu re  c o n d i t i o n s  p r e v a i l i n g  i n  t h e  

sys tem  we can  now c o n s id e r  t h e  d i f f u s i o n  o f  f l u o r i n e ,  th ro u g h  th e  

h e l iu m ~ f lu o r in e  donor m ix tu re ,  t o  t h e  tube  w a l l s .  I t  w i l l  be assumed 

t h a t  each microwave p u l s e  c o n t r i b u t e s  a  c o n s t a n t  c o n c e n t r a t i o n  0^ o f  

f l u o r i n e  by d i s s o c i a t i o n  o f  a  donor m o le c u le .  The t im e  b e h a v io u r  o f  

t h e  s p a t i a l  d i s t r i b u t i o n  f o l lo w in g  a s i n g l e  microwave p u l s e  i s  g iv e n  

d i r e c t l y  by e q u a t io n s  (9 )  and (19) a s  shown i n  B’i g  3 . 3  where t h e  

t e m p e ra tu re  s c a l e  (1 ~ 2) i s  r e p l a c e d  by th e  c o n c e n t r a t i o n  s c a l e  

0 -  Cq, S i m i l a r l y ,  F ig  3 .4  g i v e s  t h e  s p a t i a l  mean c o n c e n t r a t i o n  

a g a i n s t  d im e n s io n le s s  t im e  on a  s c a l e  0 -  f o l l o w in g  à  s i n g l e  

p u l s e .  The mean c o n c e n t r a t i o n  a f t e r  many p u l s e s  i s  found by 

r e - w r i t i n g  (31) i n  t h e  form

= 6 7 .1 (1  “ , (38)

The e q u i l i b r i u m  v a lu e  from  (32) i s

= 6 7 . 1/ n  . (39)
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E q u a t io n  (29) f o r  t h e  d i f f u s i o n  c o e f f i c i e n t  i s  e v a lu a t e d  w i th  as  

th e  h e lium  a tom ic  mass and t h e  mean f l u o r i n e - h e l i u m  d ia m e te r ,

u s in g  v a lu e s  from  T ab le  3 , 1 ,  t o  g iv e

D = 2 .01x10"^T ^^^ /P  mfs°1 , (40)

Using 6 t  = 2,5x10**^, we g e t

5 t  = a^Ôt/D = 0 .1 2 P /T 3 /2  s   ̂ (41)

and t h e  number o f  c a l c u l a t i o n  in c re m e n ts  p e r  microwave i n t e r - p u l s e  

p e r io d  becomes

n = 7 .3 X10” ^T^'^^/P . (42)

V alues  o f  n when T = 293K a r e  g iv e n  i n  Tab le  3 . 2 ,  Combining (39) and 

(42) g i v e s  th e  e q u i l i b r i u m  c o n c e n t r a t i o n  as

c^ = g u P x io ^ p /T ^ /z  , (43)

The e q u i l i b r i u m  te m p e ra tu re  r i s e  when th e  w a l l  t e m p e ra tu re  i s  293% i s  

21°C. Using T = 314K i n  (43) a t  t h e  f o u r  p r e s s u r e s  o f  i n t e r e s t  g i v e s  

t h e  e q u i l i b r i u m  c o n c e n t r a t i o n s  f o r  t h e  293K w a l l  t e m p e r a tu r e .  These 

a p p e a r  i n  T ab le  3 . 2 .  To o b t a i n  t h e  t e m p o r a l - s p a t i a l  mean 

c o n c e n t r a t i o n  i n c r e a s e  w i th  p u l s e  number, a  mean t e m p e ra tu re  o f  314K 

i s  u sed  i n  (42) ( t h e  c o r r e s p o n d in g  v a lu e s  o f  n a r e  g iv e n  i n  Tab le  

3 .2 )  and e q u a t i o n  ( 3 8 ) i s  t h e n  u s e d .  These r e s u l t s  a r e  p l o t t e d  i n  

F ig  3*9» With f o r c e d  c o n v e c t io n ,  th e  e q u i l i b r i u m  mean gas
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t e m p e ra tu re  r i s e s  by a f u r t h e r  3 .7 °C .  The e f f e c t  o f  t h i s  r i s e  on th e  

d i f f u s i o n  i s  s m a l l  and c o n s e q u e n t ly  i t  i s  n e g l e c t e d .  Under f r e e  

c o n v e c t io n ,  however, t h e  mean gas  t e m p e ra tu re  r i s e s  t o  5 0 9 .6K which 

has  a  c o n s id e r a b l e  e f f e c t  on th e  d i f f u s i o n .  The c a l c u l a t i o n  

in c r e m e n ts  p e r  microwave i n t e r - p u l s e  p e r io d  and th e  lo n g  terra 

e q u i l i b r i u m  mean c o n c e n t r a t i o n  a r e  c a l c u l a t e d  f o r  t h i s  t e m p e r a tu r e ,  

and th e  i n t e r m e d i a t e  t e m p e ra tu re  411.5K, and r e c o r d e d  i n  T ab le  3 . 2 .  

The (mean) c o n c e n t r a t i o n  b e h a v io u r  i n  a  s i n g l e  i n t e r - p u l s e  p e r io d  

a f t e r  lo n g  te rm  e q u i l i b r i u m  i s  shown f o r  f o r c e d  and f r e e  c o n v e c t io n  

c o o l in g  i n  F ig  3 ,1 0 .  F i n a l l y ,  F ig  3.11 shows t h e  mean c o n c e n t r a t i o n ,  

i n  th e  lo n g  te rm , a g a i n s t  t im e  f o r  f r e e  and f o r c e d  c o n v e c t iv e  

c o o l in g .

3 . 2 .3  -C-O-aclusiong.

I n  t h e  p re c e d in g  s e c t i o n s ,  d i f f u s i o n  th e o r y  i s  a p p l i e d  t o  a 

s p e c i f i c  e x p e r im e n ta l  s i t u a t i o n  u n d e r  v a r i o u s  a p p ro x im a t io n s  and 

l i m i t a t i o n s .  W ith in  t h i s  c o n te x t  s e v e r a l  c l e a r  t r e n d s  emerge and 

t h e s e  a r e  l i s t e d  below .

1 .  F o rced  c o n v e c t io n  c o o l in g  o f  t h e  o u t e r  w a l l  o f  t h e  d i s c h a r g e  tu b e  

can  be v e ry  e f f e c t i v e  i n  k e e p in g  t h e  t e m p e ra tu re  o f  t h e  gas  w i t h i n  

t h e  tu b e  low.

2 .  The mean g as  t e m p e ra tu re  a f t e r  lo n g  te rm  e q u i l i b r i u m  h as  been  

e s t a b l i s h e d  i s  i n s e n s i t i v e  t o  p r e s s u r e s  w i t h i n  t h e  ra n g e  c o n s id e r e d .  

T h is  i s  d e m o n s t ra te d  by e q u a t i o n  ( 3 7 ) ,  d e r iv e d  a bove , which i n d i c a t e s  

t h a t  t h e  e q u i l i b r i u m  mean t e m p e ra tu re  o f  t h e  gas  above t h e  mean w a l l
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t e m p e ra tu re  i s  d e p e n d en t  o n ly  on th e  mean a b s o lu t e  t e m p e ra tu re  o f  t h e  

g a s .

3 ,  The te m p e ra tu re  and p a r t i c l e  c o n c e n t r a t i o n s  show a marked 

d i f f e r e n c e  betw een  th e  b e h a v io u r  a t  0.1 atm and t h e  b e h a v io u r  a t  

2 atm du i 'ing  t h e  i n t e r ^ p u l s e  p e r i o d .  I n  p a r t i c u l a r ,  a t  0 .1  atm th e  

mean t e m p e ra tu re  and c o n c e n t r a t i o n  in c re m e n ts  im p a r te d  by each p u l s e  

have been  removed by th e  end o f  t h e  i n t e r - p u l s e  p e r i o d .  However, a t  

2 atm th e  mean t e m p e ra tu re  and c o n c e n t r a t i o n  o n ly  f a l l  by ab o u t  25% 

d u r in g  th e  i n t e r - p u l s e  p e r i o d .  T h is  a s p e c t  i s  shown i n  F ig s  3 . 6 ,  

3 . 8 ,  and 3 .1 0 .

4 .  The , mean e q u i l i b r i u m  c o n c e n t r a t i o n  depends s t r o n g l y  on p r e s s u r e  

and t e m p e ra tu re  and i s  t h e r e f o r e  d e p e n d en t  on c o o l in g .  T h is  i s  shown 

c l e a r l y  i n  F ig  3 .11 w here t h e  mean c o n c e n t r a t i o n  a t  2 atm i s  20 t im e s  

t h e  mean c o n c e n t r a t i o n  a t  0 .1  atm f o r  b o th  f o rc e d  c o n v e c t io n  

( c o o l i n g )  and f r e e  c o n v e c t io n  (no  c o o l i n g ) .  At a l l  p r e s s u r e s ,  t h e  

mean c o n c e n t r a t i o n  w i th  f o r c e d  c o n v e c t io n  i s  a p p ro x im a te ly  tw ic e  t h e  

mean c o n c e n t r a t i o n  t h a t  o c c u rs  a f t e r  th e rm a l  e q u i l ib r i u m  i s  

e s t a b l i s h e d  w i th  f r e e  c o n v e c t io n .
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4 MICROWAVE DISCHARGE EXCITATION

Microwave d i s c h a r g e s  i n  g a s e s  have found w id e s p re a d  u se  i n  such  

a p p l i c a t i o n s  a s  t h e  e x c i t a t i o n  o f  s p e c t r a l  s o u rc e s  and chem ica l  

r e a c t i o n  cham bers . However, t h e  microwave d i s c h a r g e  r e p r e s e n t s  a 

r a d i c a l  d e p a r t u r e  from th e  more u s u a l  m ethods ( su c h  as  e-beam o r  f a s t  

d i s c h a r g e )  u sed  t o  pump r a r e - g a s  h a l i d e  exc im er  l a s e r s .  P r e v io u s  

r e p o r t s  o f  gas  l a s e r s  e x c i t e d  by microwave d i s c h a r g e  i n c l u d e  00^ 

(Handy and B r a n d e l ik  1978), Ar ( P a ik  and Creedon 19 7 8 ) ,  He -  Me 

(Ahmed and Kocher 1 9 6 4 ) ,  CS^ and 0^ ( S u a r t  e t .  a l ,  1972 ) ,  B r, C, 

C l ,  S, S i  ( B r a n d e l ik  and Sm ith 198 0 ) ,  and microwave d r iv e n  

d i s s o c i a t i o n  o f  t h e  f l u o r i n e  donor i n  t h e  chem ica l  HP l a s e r ( B e r t r a n d  

e t .  a l ,  197 8 ) .  The f i r s t  s u c c e s s f u l  a p p l i c a t i o n  o f  a  microwave 

d i s c h a r g e  t o  pump an exc im er  l a s e r  (XeCl) was a c h ie v e d  i n  1981 by 

M endelsohn e t .  a l ,  ( 1 9 8 1 ) .  The a d v a n ta g e s  and d i s a d v a n ta g e s  o f  

m icrowaves f o r  p r o v id in g  th e  h ig h  pump power d e n s i t y  r e q u i r e d  f o r  

exc im er  l a s e r s  a r e  d i s c u s s e d  below .
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4,1 Comparison o f  Microwave and DC D is c h a rg e s

4 .1 .1

I n  pumping by DC p u l s e s ,  a  c a p a c i t o r  bank i s  d i s c h a r g e d  r a p i d l y  

th ro u g h  th e  a c t i v e  medium. T h is  i s  c u r r e n t l y  t h e  m ost f r e q u e n t l y  

u sed  method f o r  pumping exc im er  l a s e r s ,  E le c t ro n -b e a m  and 

e le c t r o n - b e a m  s t a b i l i s e d  DC d i s c h a r g e  sys tem s  a r e  l a r g e r ,  and more 

e x p e n s iv e .  However, even  though DC d i s c h a r g e  sy s tem s  a r e  p r e f e r r e d  

f o r  s m a l l  s c a l e  e x p e r im e n ts ,  such  l a s e r s  s t i l l  have c o n s id e r a b l e

d e s ig n  p roblem s which l a r g e l y  stem  from th e  h ig h  pump power d e n s i t i e s  

r e q u i r e d  ( a b o u t  IMV/cm ^ ) ,  The p lasm a impedance d u r in g  th e  u n ifo rm  

glow phase  o f  a  h ig h  power p u ls e d  d i s c h a r g e  i s  a round  0 . 5 Q ,  Thus,
o o

f o r  t y p i c a l  l a s e r  a c t i v e  volumes (a b o u t  10 cm ) v o l t a g e s  o f  a round

20kV a r e  r e q u i r e d .  ( T y p ic a l  v a lu e s  o f  E/N o f  r a r e - g a s  h a l i d e  l a s e r s  

“ 5 2a r e  ab o u t  10 Vcm ) .  I t  h a s  been  been  found t h a t ,  b e c au se  o f  t h e

h ig h  p r e s s u r e s  in v o lv e d ,  t h e  s p a t i a l  and tem p o ra l  u n i f o r m i ty  r e q u i r e d

f o r  e f f i c i e n t  l a s e r  e x c i t a t i o n  can o n ly  be a c h ie v e d  u n d e r  c a r e f u l l y

c o n t r o l l e d  and r a t h e r  l i m i t e d  c i r c u m s ta n c e s .  The p roblem s o f  

d i s c h a r g e  u n i f o r m i ty  and s t a b i l i t y  a r e  d i s c u s s e d  i n  d e t a i l  by 

L e v a t t e r  and L in  (1980) where t h e  r e q u i r e m e n ts  f o r  v e ry  s h o r t  v o l t a g e  

r i s e  t im e s  and homogeneous p r e i o n i s a t i o n  a r e  e m phas ised . The 

f o r m a t io n  o f  a  f i l a m e n t a r y  ( s t r e a m e r )  d i s c h a r g e  f o l lo w in g  th e  

a p p l i c a t i o n  o f  a  h ig h  v o l t a g e  p u l s e  i s  a  n a t u r a l  consequence  o f  th e  

low d e n s i t y  o f  s e ed  e l e c t r o n s  and th e  low l e v e l  o f  d i f f u s i v e  

s p re a d in g  t h a t  r e s u l t s  from  th e  h ig h  gas  p r e s s u r e .  I n  t h e  e l e c t r o n
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a v a la n c h e s  t h a t  f o l lo w  th e  a p p l i c a t i o n  o f  an e l e c t r i c  f i e l d  a t  h ig h  

E/N v a lu e s  a  p o i n t  i s  r e a c h e d  w here th e  m agnitude  o f  t h e  space  ch a rg e  

f i e l d  a t  t h e  head  o f  th e  a v a la n c h e  ap p ro a c h e s  t h e  m agnitude  o f  t h e  

a p p l i e d  f i e l d  ( ’B a e th e r  c r i t e r i o n ’ , s e e  R a e th e r  194 0 ) .  T h is  

sp a c e c h a rg e  f i e l d  a c c e l e r a t e s  t h e  deve lopm ent o f  t h e  a v a la n c h e  so  

t h a t  s t r e a m e r  f o rm a t io n  t im e s  a r e  Very much l e s s  th a n  th e  tim e  f o r  a 

s i n g l e  e l e c t r o n  t o  t r a v e l  a c r o s s  t h e  i n t e r e l e c t r o d e  gap ( t r a n s i t  

t i m e ) .  I n  He a t  la tm  and a t y p i c a l  E/N v a lu e  o f  1 .5x1C"’^^Vcm^ th e  

e l e c t r o n  d r i f t  v e l o c i t y  i s  a b o u t  2x10^cm s   ̂ g i v in g  a t r a n s i t  t im e  o f  

1|ls f o r  a  2 cm g ap . S t re a m e r  f o rm a t io n ,  however, may t a k e  p l a c e  i n  

t im es  as  s h o r t  as  10 s .  T h is  s u g g e s t s  t h a t  s h o r t  v o l t a g e  r i s e  t im es  

w i l l  be r e q u i r e d  i f  th e  d i s c h a r g e  i s  t o  be u n ifo rm  a t  h ig h  p r e s s u r e .  

E x p e r ie n c e  has  shown t h a t  a  u n ifo rm  glow d i s c h a r g e  can  o n ly  be 

o b t a in e d  a t  h ig h  p r e s s u r e  i f  p r e i o n i s a t i o n  p ro d u ces  a d e q u a te ,  u n ifo rm  

se ed  e l e c t r o n  d e n s i t i e s  and o n ly  i f  t h e  v o l t a g e  r i s e t i m e  i s  l e s s  th a n  

a b o u t  20ns .

U n less  th e  v o l t a g e  p u l s e  i s  k e p t  d e l i b e r a t e l y  s h o r t  (< 5 0 n s ) ,  

d i s c h a r g e  i n s t a b i l i t y  w i l l  o n ly  be f o r e s t a l l e d  by t h e  p r e c e d in g  

m ea su res .  Thus, a  r e l a t i v e l y  s t a b l e  d i s c h a r g e  w i l l  e v e n t u a l l y  decay  

by runaway c u r r e n t  g ro w th ,  a  f a l l  i n  p lasm a impedance and hence  a 

f a l l  i n  t h e  E/N v a lu e .  U l t im a t e ly ,  a r c s  w i l l  form which w i l l  c au se  

e l e c t r o d e  damage. C u r r e n t  s t a b i l i t y  on t h e s e  s h o r t  t im e  s c a l e s  i s  

due a lm o s t  e n t i r e l y  t o  b a la n c e  be tw een  e l e c t r o n  p r o d u c t io n  by 

i o n i s a t i o n  and e l e c t r o n  l o s s  by a t t a c h m e n t .  T h e r e f o r e ,  t h e  c u i ' r e n t  

grow th  accom panies a  f a l l  i n  t h e  a t ta c h m e n t  r a t e  due ,  f o r  exam ple, t o  

a f a l l  i n  d e n s i t y .  I n  a d d i t i o n  t o  c u r r e n t  i n s t a b i l i t y ,  s l i g h t  

s p a t i a l  i r r e g u l a r i t i e s  w i l l  c au se  h e a t i n g  i r r e g u l a r i t i e s  w hich w i l l
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e v e n t u a l l y  cause  t h e  s p a t i a l  hom ogeneity  t o  be l o s t ,  t h u s  e n c o u ra g in g  

th e  deve lopm ent o f  a r c s .  Thermal i n s t a b i l i t y  i s  d i s c u s s e d  by Jacob  

and Mani (1975) who g iv e  r e f e r e n c e s  t o  o t h e r  a s p e c t s  o f  h ig h  p r e s s u r e  

d i s c h a r g e  i n s t a b i l i t i e s .

To sum m arise , DC d i s c h a r g e  pumping o f  exc im er  l a s e r s  r e q u i r e s  

homogeneous p r e i o n i s a t i o n  and v o l t a g e  p u l s e s  i n  e x c e s s  o f  20kV w i th  

r i s e t i m e s  below a b o u t  20ns and d u r a t i o n s  o f  l e s s  t h a n  a b o u t  100ns, 

I n  a d d i t i o n  t o  t h i s ,  g a s  m ix tu re  r a t i o s  m ust be l i m i t e d  t o  t h e  

p r o p o r t i o n s  t h a t  p e rm i t  an  e l e c t r o n  a v a la n c h e  y e t  g iv e  a t t a c h m e n t  

c o n t r o l l e d  s t a b i l i t y .  I t  s h o u ld  be n o te d  however t h a t  improvement i n  

one o f  th e s e  c o n d i t i o n s  may a l lo w  a r e l a x a t i o n  i n  a n o th e r .

4 , 1 . 2  Microwave D is c h a rg e  E x c i t a t i o n

As w i th  DC d i s c h a r g e  e x c i t a t i o n ,  microwave e x c i t a t i o n  has  to  

pe rfo rm  th e  d u a l  t a s k  o f  d r i v i n g  e l e c t r o n  a v a la n c h e s  and m a i n ta i n in g  

t h e  e l e c t r o n  t e m p e ra tu re  w h i le  i n e l a s t i c  c o l l i s i o n s  ( p a r t i c u l a r l y  

m e t a s ta b le  p ro d u c t io n )  a r e  t a k i n g  p l a c e .  The p rob lem s o f  m a in ta in in g  

t h e  b e s t  E/N v a lu e  f o r  m e t a s t a b l e  p r o d u c t io n  w h i le  m a in ta in in g  

s t a b i l i t y ,  u n i f o r m i ty  and e f f i c i e n c y  a r e  s t i l l  p r e s e n t  b u t  t h e r e  a r e  

im p o r ta n t  d i f f e r e n c e s  which w i l l  be d i s c u s s e d  be low . However, i t  

w i l l  be u s e f u l  f i r s t  t o  c o n s id e r  w h e th e r  a  microwave sys tem  can  

p r o v id e  th e  E/N v a lu e s  and power d e n s i t y  r e q u i r e d  f o r  exc im er  l a s e r  

pumping. The power w hich can be t r a n s m i t t e d  by a w aveguide i s  

l i m i t e d  by breakdown o f  t h e  g a s  w i t h i n  t h e  w avegu ide .  I n  t h e  TE^^ 

mode o f  a  r e c t a n g u l a r  g u i d e ,  t h e  e l e c t r i c  f i e l d  i s  p a r a l l e l  t o  t h e
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narrow w a l l  and i s  maximum a t  th e  g u id e  c e n t r e .  I t  i s  g e n e r a l l y

recommended t h a t  waveguide e l e c t r i c  f i e l d s  a r e  l i m i t e d  t o  a  q u a r t e r

o f  t h a t  v a lu e  a t  which breakdown o c c u rs  i n  a i r  a t  STP, However,

g r e a t e r  f i e l d s  a r e  o b ta in e d  i f  t h e  waveguide s u r f a c e  i s  smooth and i f

t h e  g u id e  i s  p r e s s u r i s e d .  Adding g a s e s  such  a s  SF^ t o  t h e  gas  o f  t h e

waveguide a l s o  g iv e s  i n c r e a s e d  breakdown f i e l d s .  Thus t h e  breakdown

” 1f i e l d  f o r  a i r  OOkVcm ) may be app roached  o r  ex c ee d e d .  F i e l d  v a lu e s  

“ 1o f  around lOkVcra a r e  t y p i c a l  i n  DC sys tem s  b u t  such  a v a lu e  w i l l  be 

d i f f i c u l t  to  a c h ie v e  u s in g  m icrow aves . T h is  i s  be c au se  t h e  g u id e  

e l e c t r i c  f i e l d  i s  re d u c e d  by t h e  c o u p l in g  s t r u c t u r e  which d i s t r i b u t e s  

t h e  f i e l d  o v e r  t h e  l e n g t h  o f  t h e  d i s c h a r g e  t u b e .  Fo r  a  d i s c h a r g e  

tu b e  o f  l e n g t h  20.cm and X-band (3cm) m icrow aves, t h e  r e d u c t i o n  i n  

f i e l d  i s  a t  l e a s t  a f a c t o r  o f  10 . I t  t h e r e f o r e  seems t h a t  s u c c e s s f u l  

l a s i n g  can o n ly  be a c h ie v e d  when t h e  waveguide has  i t s  power h a n d l in g  

c a p a b i l i t y  im proved .

I t  w i l l  be r e c a l l e d  t h a t  a  pump power d e n s i t y  o f  2MlVcm ^ i s  a 

r e a l i s t i c  aim f o r  an e x c im er  l a s e r .  T h e r e f o r e ,  s i n c e  i t  i s  u n l i k e l y  

t h a t  d i s c h a r g e  tu b e  volumes w i l l  be much below 1 cm , t h e  m agne tron  

power w i l l  have t o  be lOkW i n  t h e  m ost o p t i m i s t i c  c a se  and p ro b a b ly  

IMlf more r e a l i s t i c a l l y .  M agnetrons o p e r a t i n g  a t  X-band f r e q u e n c i e s  

a r e  a v a i l a b l e  up t o  600kW w i th  SF^ i n t e r n a l  i n s u l a t i o n .  H igher  

powers can be o b ta in e d  a t  lo w er  f r e q u e n c ie s  b u t  h e r e  t h e  b e n e f i t s  o f  

a  l a r g e r  w aveguide w i l l  have t o  be weighed a g a i n s t  th e  c h e a p e r  and 

more compact X-band s y s te m s .
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The o b v ious  d i f f e r e n c e  betw een a  microwave and a  DC d i s c h a r g e  i s

t h a t  th e  e l e c t r i c  f i e l d  o f  t h e  l a t t e r  i s  m odu la ted  a t  h ig h  f re q u e n c y

i n  t h e  fo rm e r .  An im m edia te  and m ost s i g n i f i c a n t  r e s u l t  o f  t h i s  i s

t h a t  th e  s t r e a m e r  breakdown which i s  so  d i f f i c u l t  t o  p r e v e n t  i n  h ig h

power DC d i s c h a r g e s  c a n n o t  occu r  i n  t h e  e q u i v a l e n t  microwave

“ 10d i s c h a r g e .  T h is  i s  b e c au se  th e  f i e l d  r e v e r s a l  t im e  (a b o u t  10 s )  i s  

much l e s s  th a n  th e  s t r e a m e r  f o r m a t io n  tim e (<10 ^ s ) . T h is  removes 

th e  s t r i n g e n t  demands f o r  s h o r t  p u l s e  r i s e  t im e s  and homogeneous 

p r e i o n i s a t i o n .  However, i t  w i l l  rem a in  n e c e s s a r y  t o  e x p e c t  f a i r l y  

s h o r t  r i s e t i m e s  s in c e  t h e  o v e r a l l  p u ls e  w i l l  be o f  s h o r t  d u r a t i o n .  

I n  a d d i t i o n  some l e v e l  o f  p r e i o n i s a t i o n  may be d e s i r a b l e  f o r  r e a s o n s  

g iv e n  below. A no ther  r e s u l t  o f  t h e  h ig h  f re q u e n c y  m o d u la t io n  i s  t h a t  

th e  d i s c h a r g e  may be c o n ta in e d  i n  a  d i e l e c t r i c  t u b e .  This  p r e v e n t s  

t h e  lo n g  term  decay  i n t o  a r c s  t h a t  o c c u rs  i n  a  DC d i s c h a r g e  and may 

l e a d  t o  low er  l e v e l s  o f  c o n ta m in a t io n .

The main d i f f i c u l t i e s  o f  o p e r a t i n g  a  microwave d i s c h a r g e  f o r  

l a s e r  e x c i t a t i o n  a t  h ig h  p r e s s u r e  a r e  th o s e  o f  o b t a i n i n g  a u n ifo rm  

d i s c h a r g e  o f  s u f f i c i e n t  l e n g t h  w i th  e f f i c i e n t  c o u p l in g  o f  t h e  

microwave power i n t o  t h e  d i s c h a r g e .  A f u r t h e r  problem  a r i s e s  i n  t h a t  

t h e  optimum e x c i t a t i o n  c o n d i t i o n s  f o r  r e l i a b l e  i n i t i a t i o n  o f  th e  

d i s c h a r g e .  An i n s i g h t  i n t o  t h e s e  d i f f i c u l t i e s  can be g a in e d  by a  

s i m p l i f i e d  c o n s i d e r a t i o n  o f  t h e  p r o p a g a t io n  o f  m icrow aves i n  a  p lasm a 

i n  te rm s  o f  e l e c t r o n  d e n s i t y ,  e l e c t r o n  -  atom c o l l i s i o n  f re q u e n c y  and 

th e  microwave f re q u e n c y .
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The microwave f i e l d  can  be r e p r e s e n t e d  as  a  p la n e  

e le c t r o m a g n e t i c  wave t r a v e l l i n g  i n  t h e  z - d i r e c t i o n  a s

where y  i s  t h e  complex p r o p a g a t io n  c o e f f i c i e n t  and i s  g iv e n  by 

Y = a  + j(3

where a  and (3 a r e  t h e  a t t e n u a t i o n  and phase  c o e f f i c i e n t s .  These can  

be e x p re s s e d  i n  te rm s  o f  t h e  a t t e n u a t i o n  in d e x  and r e f r a c t i v e  in d e x ,  

Xand |i ,by

a  = x w /o

and

P = M-tO/c .

I n  t h e  absence  o f  c o l l i s i o n s ,  f r e e  e l e c t r o n s  o s c i l l a t e  a t  a phase  o f  

90^ t o  th e  a p p l i e d  f i e l d  and t h e r e f o r e  do n o t  g a in  en e rg y  i n  th e  

s t e a d y  s t a t e .  When c o l l i s i o n s  do o c c u r  t h e  e l e c t r o n  m o tio n  i s

random ised  by th e  c o l l i s i o n s  and t h e  e l e c t r o n s  g a in  k i n e t i c  en e rg y  

c o n t in u o u s ly .  As th e  c o l l i s i o n  f re q u e n c y  i n c r e a s e s  t h e  e l e c t r o n  

o s c i l l a t i o n  i n  t h e  d r i v i n g  f i e l d  i s  i n c r e a s i n g l y  damped a s  t h e  

i n - p h a s e  d r i f t  v e l o c i t y  i n c r e a s e s .  The e q u a t i o n  o f  m o tio n  f o r  an

e l e c t r o n  i n  t h e  d r i v i n g  f i e l d  E w i th  o o l l i s i o n a l  damping i s
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mx = -eE  “ vmx

where x i s  t h e  d i s p la c e m e n t ,  Vmx th e  damping te rm  and v i s  t h e  

c o l l i s i o n  f re q u e n c y  f o r  momentum t r a n s f e r .  This  has  t h e  s te a d y  s t a t e  

s o l u t i o n

X = eE/DK0(C0 -  jv )  (1 )

where t h e  s u b s t i t u t i o n  o f  jW f o r  ô / ô t  has  been  u s e d .  The complex 

c o n d u c t i v i t y  i s  t h e n  g iv e n  by

G = J /E  = -n e x /E  = n e ^ (v  -  jU J)/m (w ^  -fV ^) (2 )

where J  i s  t h e  c u r r e n t  d e n s i t y  and n t h e  e l e c t r o n  d e n s i t y .  The 

f re q u e n c y  o f  o s c i l l a t i o n  o f  f r e e  e l e c t r o n s  i n  a  p lasm a , t h e  plasm a 

f re q u e n c y  Wp, i s  g iv e n  by

(The e l e c t r o n  d e n s i t y  o b t a in e d  from  t h i s  e q u a t i o n  i s  t h e  c r i t i c a l  o r  

p lasm a d e n s i t y ) .  S u b s t i t u t i o n  i n  (2) t h e n  g iv e s

o  = e jjL)p( V “• jw ) /(w ^  + v ^ )  . (4 )
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I t  i s  shown i n  Heald and W harton (1965) t h a t  t h e  c o n d u c t i v i t y  

and d i e l e c t r i c  c o n s t a n t  may be combined i n  a s i n g l e  complex 

c o n d u c t i v i t y  o r  a  complex d i e l e c t r i c  c o n s t a n t .  The same p r o c e s s  may 

a l s o  be a p p l i e d  t o  t h e  r e f r a c t i v e  in d e x  and a b s o r p t i o n  in d e x .  By a  

p r o c e s s  o f  s u b s t i t u t i o n  and e x t r a c t i o n  o f  r e a l  and im a g in a ry  p a r t s  

( n o t  r e p e a te d  h e re )  t h e  r e f r a c t i v e  in d e x  and a t t e n u a t i o n  in d ex  can  be 

e x p re s s e d  a s  f o l l o w s :

Si
W

1
1 n w 2 \2 a)p2 V

' )  7w 4 0)
(5)

X =
COL
W ! ( ’

0)
W

1
2

OJ/ W(?
I l l

V

0)4v2 0)
( 6 )

The a t t e n u a t i o n  c o e f f i c i e n t  can  be u sed  t o  g iv e  a  s k in  d e p th  

d e f in e d  a s  th e  d i s t a n c e  t r a v e l l e d  i n  t h e  p lasm a f o r  a  1 / e  r e d u c t i o n  

i n  t h e  e l e c t r i c  f i e l d  s t r e n g t h  by

5 = 1 / a  = c/xco (7)

T h is  e q u a t io n  i s  a p p l i c a b l e  f o r  m icrowaves i n c i d e n t  on a w e l l  d e f in e d  

p lasm a boundary and f o r  a  homogeneous e l e c t r o n  d e n s i t y  w i t h i n  t h e  

p lasm a . Under t h e s e  c o n d i t i o n s  t h e  power r e f l e c t i o n  and t r a n s m i s s i o n  

c o e f f i c i e n t s  a r e

r = ( (1 - n ) ^  +X^) /C(1 ( 8)

and
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t  = 1 -  r  = 4 p / ( ( 1  4- | l ) ^  + X ^ )  (9 )

r e s p e c t i v e l y .  F i n a l l y ,  t h e  power a b s o r p t i o n  i s  g iv e n  by

P = (10)

where i s  t h e  r e a l  p a r t  o f  t h e  c o n d u c t i v i t y  and i s  t h e  l o c a l

f i e l d  a m p l i tu d e .

E q u a t io n s  (7) -  (10)  can  now be e v a lu a te d  u s in g  t y p i c a l  v a lu e s  

o f  Wp ( o r  e l e c t r o n  d e n s i t y )  and w i th  a  microwave f re q u e n c y  o f  

9x10^ Hz ( 5 .7 x 1 0 ^ ^ ra d  s ” ^ ) ,  To e s t i m a t e  th e  e x p e r im e n ta l  ran g e  o f  

c o l l i s i o n  f re q u e n c y  v t h e  ra n g e  o f  E/N v a lu e s  has  t o  be fo u n d .  The 

f i e l d  a t  th e  waveguide c e n t r e  can  be found from  th e  f i e l d - p o w e r  

r e l a t i o n  f o r  a  waveguide (H arvey 1963) which i s

2 1 / 2  
P = E ^ a b d  -  f g / f )  /1510

where P i s  t h e  t r a n s m i t t e d  power, E^ i s  t h e  s p a t i a l  maximum o f  t h e  

f i e l d  a m p l i tu d e  i n  t h e  TE^^ mode, a  and b a r e  t h e  g u id e  d im e n s io n s ,  

f ^  i s  th e  c u t o f f  f r e q u e n c y ,  and f  i s  t h e  t r a n s m i s s i o n  f re q u e n c y .  

T h is  g i v e s  ab o u t  7kVcm*^ f o r  E^ i n  t h e  a p p a r a tu s  which w i l l  be 

r e d u c e d  by th e  c o u p le r  t o  p e rh a p s  0.7kVcm” ^ ,  For  t h e  e x p e r im e n ta l  

p r e s s u r e  ra n g e  0 .01  -  2 .0  atm th e  r a n g e  o f  E/N v a lu e s  w i l l  t h e n  be 

2 .6x10  ^^ -  1 ,3x10  ^^Vom ^ . Mean e l e c t r o n  e n e r g i e s  a t  t h e s e  E/N 

v a lu e s  can  be gauged from  t h e  e l e c t r o n  d i s t r i b u t i o n s  g iv e n  i n  F ig  

2 .1 1 .  These ran g e  from a b o u t  2eV (He) t o  abou t  12eV (N e ) ,  Curves o f
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c o l l i s i o n  f re q u e n c y  a g a i n s t  e l e c t r o n  e n e rg y  a r e  g iv e n  by 

MacDonald(1966) and re p ro d u c e d  i n  F ig  4 . 1 ,  Taking th e  r e q u i r e d  

c o l l i s i o n  f re q u e n c y  f o r  momentum t r a n s f e r  t o  be r e a s o n a b ly  n e a r  t h e

t o t a l  c o l l i s i o n  f re q u e n c y  g iv e n  i n  P ig  4 .1 ,  t h e  r a n g e  c o r r e s p o n d in g

11 1 3 - 1t o  th e  above e l e c t r o n  en e rg y  ra n g e  i s  7x10 -  1x10 ' s

Taking  i n t e r v a l s  o f  v i n  powers o f  10 , v a lu e s  o f  X> |1* and 5 a r e  

p l o t t e d  a g a i n s t  e l e c t r o n  d e n s i t y  i n  F ig  4 .2  u s in g  l o g a r i t h m ic  

s c a l e s .  The r e f l e c t i o n  c o e f f i c i e n t  r  i s  p l o t t e d  i n  F ig  4 . 3 ( a ) .

F ig u r e  4 .3 ( b )  shows a p l o t  o f  p., X » and r  f o r  t h e  p a r t i c u l a r  c a se

V = 5.7x10^ ^ s“  ̂ which i s  t h e  microwave f re q u e n c y  i n  r a d  s*”^ . On a l l  

o f  t h e s e  g ra p h s  a dashed  l i n e  i s  drawn t o  i n d i c a t e  th e  e l e c t r o n  

d e n s i t y  a t  which th e  p lasm a f re q u e n c y  i s  e q u a l  t o  t h e  microwave

f re q u e n c y .

I n s p e c t i o n  o f  t h e  g ra p h s  and p r e c e d in g  e q u a t i o n s  r e v e a l s  t h e  

change i n  th e  p r o p a g a t io n  c h a r a c t e r i s t i c s  t h a t  o c c u r  when e i t h e r  th e  

c o l l i s i o n  f re q u e n c y  o r  t h e  p lasm a f re q u e n c y  p a s s e s  th ro u g h  th e  

microwave f re q u e n c y .  I n  p a r t i c u l a r  i t  can  be s e e n  t h a t  f o r  any g iv e n  

c o l l i s i o n  f re q u e n c y  above th e  microwave f r e q u e n c y ,  as  t h e  e l e c t r o n  

d e n s i t y  i n c r e a s e s  t h e  p lasm a changes from b e in g  r e l a t i v e l y  

t r a n s p a r e n t  t o  b e in g  opaque w i th  h ig h  r e f l e c t i o n  and s m a l l  s k in  

d e p th .  These changes a r e  more a b r u p t  a t  o r  below th e  c o l l i s i o n

f re q u e n c y  which i s  e q u a l  t o  t h e  microwave f re q u e n c y .  I f  t h e  c a s e  i s  

c o n s id e r e d  where a  s t r o n g  microwave f i e l d  i s  i n c i d e n t  on a g a s  and 

c a u se s  t h e  g as  t o  breakdown, i t  can  be s e e n  t h a t  t h e  d i s c h a r g e  w i l l  

be l o c a l i s e d  i n  a  s h a l lo w  s k in  d e p th  where t h e  m icrowaves m eet t h e  

gas  and t h a t  t h e  r e m a in in g  volume w i l l  be s h i e l d e d .  Even i f  t h e



25“

20 “

15-

I
u
Qjto

a\
IO

CL

7>

ELECTRON ENERGY (eV)

Figure 4.1 Ratio of electron collision 
elect ron energy m rare

pressure vs 
lnqhuisen_1_9l6.l



-1 -

-  -  refractive index {jj )

—  attenuation index ( x )r

Wp =W collision frequency v~s 

skin-depth 5 -cm

t o

Figure 4.2 Refractive index ()j ),  attenuation index (%), and skin-depth ( 5 ) 
vs electron density IOe-cnr^ ).Microwave frequency 96Hz.



0 "

Figure A»..3 (a) Reflection coefficient vs electron density

- I "

Figure 4.3 (b) j j , x , 5 , à n d r  vs Pe . ‘V = (J-5.7xlO'*^



Chapter 4 88

a b s o r p t i o n  was l i n e a r  t h e r e  would s t i l l  be an e x p o n e n t i a l  decay i n  

t h e  e l e c t r o n  d e n s i t y  i n  t h e  microwave p r o p a g a t io n  d i r e c t i o n .  I t  i s  

i n t e r e s t i n g  t o  n o te  t h a t  i n  t h e  above c o n te x t  t h e  e l e c t r o n  d e n s i t y  

w i l l  a u to m a t i c a l l y  be n e a r  t h e  c r i t i c a l  v a lu e ,  i n  t h e  d i s c h a r g e  

r e g i o n ,  f o r  low c o l l i s i o n  f r e q u e n c i e s  (v<CO), For t h e  X-band r a d a r  

f re q u e n c y  t h i s  g i v e s  n^ as  around  4x10^^cm ^ , At h ig h  c o l l i s i o n  

f r e q u e n c ie s  ( V>W) t h e  e l e c t r o n  d e n s i t y  w i l l  s t a b i l i s e  where th e  

r e f l e c t i o n  c o e f f i c i e n t  a p p ro a c h e s  u n i t y .  T h is  o c c u r s  when

u)p - vw

a s  can be s e e n  from e q u a t io n s  (5 )  and ( 6 ) .  For an e l e c t r o n  ene rgy  o f

10eV and a gas  p r e s s u r e  o f  1 atm th e  c o l l i s i o n  f re q u e n c y  i s  a b o u t

2x10 8 f o r  He and Ne and a b o u t  1x10 “ s i n  Ar. The e l e c t r o n

d e n s i t y  v a lu e  w i l l  t h e r e f o r e  be a p p ro x im a te ly  1,5x10^^cm~^ i n  He and

Ne and TxlO^^om*^ i n  Ar.

The p r e c e d in g  p a ra g r a p h s  c l e a r l y  d e m o n s t ra te  t h e  fundam en ta l  

d i f f i c u l t y  o f  u s in g  m icrowaves t o  g e n e r a t e  a  lo n g  u n ifo rm  d i s c h a r g e  

s u i t a b l e  f o r  l a s e r  e x c i t a t i o n .  The m a n i f e s t a t i o n  o f  t h e s e  

d i f f i c u l t i e s  i n  p r a c t i c a l  c o u p l in g  s t r u c t u r e s  a r e  now d i s c u s s e d  

fo l lo w e d  by some s p e c i f i c  d e t a i l s  o f  c o u p le r  d e s ig n .
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4 .2  Microwave P i s c h a rg e  C o u p le rs

4 ,2 .1  The C oupling  Problem

The microwave d i s c h a r g e  c o u p le r  has  t o  p r o v id e  e f f i c i e n t  and 

u n ifo rm  c o u p l in g  o f  t h e  m icrowave power t o  t h e  d i s c h a r g e .  I n  

a d d i t i o n  t o  t h i s  t h e  d i s c h a r g e  must be i n i t i a t e d  and t h i s  r a t h e r  

s e p a r a t e  problem  i s  d i s c u s s e d  f i r s t .  The problem  e x i s t s  becau se  o f  

t h e  d i f f e r e n c e  betw een  th e  e l e c t r i c  f i e l d  r e q u i r e d  t o  cause  breakdown 

and t h a t  r e q u i r e d  t o  m a in ta in  i t ,  t h e  l a t t e r  b e in g  th e  s m a l l e r .  The 

r e a s o n  f o r  t h e  d i f f e r e n c e  i s  t h a t  a t  h ig h  e l e c t r o n  d e n s i t i e s  (above  

10™  ̂ t im e s  th e  c r i t i c a l  d e n s i t y  ( s e e  MacDonald 1966)) a m b ip o la r  

d i f f u s i o n  dom ina te s  and r e d u c e s  t h e  e l e c t r o n  d i f f u s i o n  and t h e r e f o r e  

t h e  e l e c t r o n  l o s s  r a t e .  I n  t h e  ab sen c e  o f  s u f f i c i e n t  se ed  e l e c t r o n s  

t h e  breakdown f i e l d  w i l l  become v e ry  h ig h ,  t h e r e  w i l l  be s t a t i s t i c a l  

d e la y s  i n  t h e  o c c u r r e n c e  o f  breakdown, s p a t i a l ,  u n i f o r m i ty  may d e v e lo p  

s lo w ly ,  and th e  g row th  o f  e l e c t r o n  d e n s i t y  w i l l  be s low . These 

prob lem s w i l l  be p a r t i c u l a r l y  im p o r ta n t  where s h o r t  r e p e t i t i v e  p u l s e s  

a r e  u se d ,  a s  i n  th e  c a se  u n d e r  c o n s i d e r a t i o n  h e r e .  I t  was e x p la in e d  

i n  S e c t i o n  4 . 1 . 2  t h a t  t h e  u l t i m a t e  u n i f o r m i ty  o f  a  p u lse d  microwave 

d i s c h a r g e  i s  s e l f  e s t a b l i s h i n g  and n o t  d e p e n d en t  on p r e i o n i s a t i o n .  

However even i f  f i e l d s  w e l l  above th e  m ain ten an ce  f i e l d s  a r e  u s e d ,  

p r e i o n i s a t i o n  w i l l  s t i l l  be o f  v a lu e  i n  rem oving s t a t i s t i c a l  p u l s e  

v a r i a t i o n s  and lo w e r in g  th e  d i s c h a r g e  f o rm a t io n  t im e .  The l a t t e r  

improvement s h o u ld  i n c r e a s e  t h e  e f f i c i e n c y  s i n c e  t h e r e  w i l l  be l e s s  

w a s ted  ene rgy  i n  t h e  e a r l y  p a r t  o f  t h e  p u l s e .  S y s te m a t ic  s t u d i e s  o f
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t h e  u se  o f  p r e i o n i s a t i o n  i n  a  h ig h  power microwave d i s c h a r g e  have n o t  

been  c a r r i e d  o u t  a l th o u g h  M endelsohn e t .  a l .  (1981) r e p o r t e d  

g r e a t e r  s t a b i l i t y  and r e p r o d u c i b l i t y  w i th  i t s  u s e .  I t  i s  d i f f i c u l t ,  

t h e r e f o r e ,  to  be c o n c lu s iv e  a b o u t  t h e  l e v e l  and u n i f o r m i ty  o f  

p r e i o n i s a t i o n  r e q u i r e d .  I n  a d d i t i o n  i t  i s  n o te d  t h a t  f o r  t h e  r a p i d  

r e p e t i t i v e  p u l s e s  o f  t h e  e x p e r im e n ta l  work t h e  i o n i s a t i o n  s u r v i v i n g  

t h e  i n t e r - p u l s e  p e r io d  may be s i g n i f i c a n t .  T h e r e f o r e  p r e i o n i s a t i o n  

may be much more e f f e c t i v e  f o r  t h e  f i r s t  p u ls e  th a n  f o r  th e  f o l lo w in g  

p u l s e s .  P r a c t i c a l  s u g g e s t i o n s  f o r  p r e i o n i s a t i o n  methods a r e  g iv e n  i n  

t h e  n e x t  s e c t i o n .

The d i f f i c u l t i e s  o f  u s in g  a microwave sys tem  t o  e x c i t e  a  l a s e r  

d i s c h a r g e  stem  from th e  n o n - l i n e a r  a b s o r p t io n  e f f e c t s  d e s c r ib e d  above 

and th e  f a c t  t h a t  th e  microwave r a d i a t i o n  i s  d e l i v e r e d  by a  waveguide 

o f  s m a l l  dimensions(23rara x 10mm, X-band) w h i le  t h e  a c t i v e  l a s e r  

volume needs t o  be long(>200mm) The f i r s t  o b s e r v a t i o n  t o  make i s  t h a t  

t h e  waveguide m ust ,  i n  e f f e c t ,  have o n ly  a  s m a l l  f r a c t i o n  o f  i t s  

a p e r t u r e  f i l l e d  by th e  p lasm a . T h is  i s  to  p r e v e n t  t h e  o c c u r r e n c e  o f  

a  s h o r t ,  h ig h  d e n s i t y ,  one s k i n  d e p th  p lasm a , l o c a l i s e d  a t  t h e  

microwave s o u rc e  end o f  t h e  gas  volume and c r e a t i n g  a  w aveguide 

s h o r t - c i r c u i t  w i th  h ig h  r e f l e c t i o n .  Such a  r e q u i r e m e n t  i s  n o t  

p a r t i c u l a r l y  in c o n v e n ie n t  s i n c e ,  as  has  been  shown, s m a l l  d i s c h a r g e  

volumes a r e  r e q u i r e d  i n  o r d e r  t o  o b t a i n  h ig h  pump power d e n s i t i e s .  

T h e re fo re  p r a c t i c a l  d i s c h a r g e  tu b e  d im e n s io n s  w i l l  p ro b a b ly  be 

1 " 5mm i n  d ia m e te r  and 200 -  400mm i n  l e n g t h  and t h e  d i s c h a r g e  tu b e  

can  be c o n v e n ie n t ly  p la c e d  w i t h i n  t h e  waveguide o r  i n  some k in d  o f  

waveguide s t r u c t u r e .  C l e a r l y  t h e n  th e  s k in  d e p th  does  n o t  have t o  be 

g r e a t e r  th a n  th e  tu b e  l e n g t h  b u t  m ust be r a t h e r  g r e a t e r  t h a n  th e  tu b e
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d ia m e te r  to  e n s u re  t r a n s v e r s e  u n i f o r m i t y .  I t  w i l l  be u s e f u l  t o  r e f e r  

t o  a  l o n g i t u d i n a l  s k i n  d e p th ,  i n  t h e  f o l l o w in g ,  as  t h e  c h a r a c t e r i s t i c  

a b s o r p t i o n  l e n g t h  a lo n g  t h e  d i s c h a r g e  tu b e .  T h is  l e n g t h  w i l l  be 

r e l a t e d  t o  t h e  o r d in a r y  s k i n  d e p th  by a f u n c t i o n  i n v o lv i n g  th e  r a t i o  

o f  th e  d i s c h a r g e  c r o s s - s e c t i o n a l  a r e a  t o  t h e  waveguide 

c r o s s - s e c t i o n a l  a r e a .  A f u r t h e r  e x p la n a t i o n  i s  g iv e n  i n  F ig  4 .4  

which p ro v id e s  a d i a g r a m a t ic  r e p r e s e n t a t i o n  o f  t h e  l o n g i t u d i n a l  s k in  

d e p th .

I n  te rm s  o f  microwave e n g in e e r i n g  th e  d i s c h a r g e  has  t o  a c t  a s  a 

m atched lo a d .  T ha t i s  i t  m ust behave as a l o s s y  d i e l e c t r i c  o f  

s u f f i c i e n t  e x t e n t  t o  g iv e  t o t a l  a b s o r p t i o n  and i t  m ust n o t  un d u ly  

a l t e r  th e  waveguide im pedance , o th e r w is e  r e f l e c t i o n s  w i l l  o c c u r .  

Such a  lo a d  would c o n s i s t  o f  a  w a l l  o f  r e s i s t i v e  m a t e r i a l  p la c e d  

a c r o s s  t h e  waveguide i n t e r i o r .  I n  o r d e r  t o  o b t a i n  impedance 

m a tc h in g ,  th e  w a l l  must be i n c l i n e d  t o  l i e  a t  a  s m a l l  a n g le  t o  t h e  

g u id e  a x i s .  A d i s c h a r g e  tu b e  w i t h i n  t h e  g u id e  would have  t o  be 

i n c l i n e d  t o  t h e  a x i s  f o r  th e  same r e a s o n .

C o n s id e r  now a w aveguide t e r m in a te d  by a  p la n e  end w a l l  

p e r p e n d i c u l a r  to  th e  a x i s  w i th  a  d i s c h a r g e  tu b e  e n t e r i n g  t h e  g u id e  

th ro u g h  a  h o le  i n  t h e  end w a l l  c e n t r e  and l e a v i n g  t h e  g u id e  th ro u g h  

th e  s id e  w a l l  some d i s t a n c e  away a lo n g  th e  g u id e .  The RMS f i e l d  ( i n  

th e  ab sen ce  o f  a  d i s c h a r g e  and w i th o u t  r e f l e c t i o n  from th e  end w a l l )  

a lo n g  t h e  tu b e  a x i s  w i l l  v a ry  as  a  q u a r t e r  s in e -w a v e  w i th  a  maximum 

a t  t h e  end w a l l  and a minimum a t  t h e  s h o r t  w a l l .  T h is  i s  s im p ly  th e  

p r o j e c t i o n  o f  th e  t r a n s v e r s e  f i e l d  p r o f i l e  i n  t h e  g u id e  f o r  t h e  TE^^ 

mode. I n  t h i s  c o n f i g u r a t i o n  th e  d e c re a s e  i n  power a lo n g  t h e  g u id e ,
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Skin depth (6 ) in a plasma fi l led waveguide , cross-section A

Skin depth (D) in a plasma filled t u b e , cross-section a 

D = f (5,a/A)

Figure 4.4 Longitudinal skin depth (D) in a partially filled waveguide
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due to  a b s o r p t io n  by th e  d i s c h a r g e ,  may be compensated by th e  e f f e c t  

o f  th e  i n c l i n a t i o n  o f  t h e  tube  tow ards  a p o s i t i o n  o f  h ig h e r  f i e l d .  

I n  a  p r a c t i c a l  d e v ic e  th e  d i s c h a r g e  tube  e n t r y  p o i n t s  may be more 

c o n v e n ie n t ly  p la c e d  a t  waveguide bends ( a s  i n  th e  d e v ic e  used d u r in g  

th e  e x p e r im e n ta l  work) so  t h a t  unabso rbed  ene rgy  may p a s s  t o  a 

m atched lo a d  and th u s  p r e v e n t  t h e  o c c u r re n c e  o f  r e f l e c t i o n  and 

s t a n d in g  waves. There  w i l l  most c e r t a i n l y  be a r e g io n  o f  r e l a t i v e l y  

low p r e s s u r e  (< 0 ,5  atm) where t h i s  a rrangem en t w i l l  g iv e  good 

u n i f o r m i ty ,  p e rh a p s  a t  th e  expense  o f  e f f i c i e n t  a b s o r p t io n .  At 

h ig h e r  p r e s s u r e s ,  however, i t  can be e x p e c te d  t h a t  decay to  a 

l o c a l i s e d  h ig h  d e n s i t y  p lasm a w i l l  s t i l l  o c c u r .

I t  would be d e s i r a b l e  to  f i n d  an  a l t e r n a t i v e  to  t h e  *tube i n  

guide* c o u p l in g  s t r u c t u r e  so t h a t  un ifo rm  h ig h  p r e s s u r e  d i s c h a r g e s  

may be o b ta in e d .  An i d e a l  s t r u c t u r e  would d i s t r i b u t e  t h e  microwave 

power i n  such a way t h a t  t h e  f i e l d  i n  th e  a c t i v e  d i s c h a r g e  was 

c o n s t a n t  a t  a l l  p o i n t s ,  and would g iv e  e f f i c i e n t  c o u p l in g ,  o v e r  a 

ra n g e  p f  plasm a c o n d i t i o n s .  One approach  t o  such a sy s tem , t h a t  o f  

p l a c in g  th e  d i s c h a r g e  tube  i n  an a u x i l i a r y  g u id e  and c o u p l in g  v i a  

d i s c r e t e  e le m en ts  g raded  so  as  t o  g iv e  c o n s ta n t  power c o u p l in g  

th ro u g h  each e le m e n t ,  i s  d e s c r ib e d  i n  d e t a i l  i n  t h e  n e x t  s e c t i o n .  Of 

th e  rem a in in g  p o s s i b i l i t i e s ,  slow-wave s t r u c t u r e s  a r e  p e rh a p s  th e  

most p ro m is in g .  The o t h e r  m ajor  c o u p l in g  method i s  t o  u t i l i s e  a  

r e s o n a n t  s t r u c t u r e ,  a  method f r e q u e n t l y  e n c o u n te re d  i n  th e  

l i t e r a t u r e .  T h is  method i s  g iv e n  no f u r t h e r  a t t e n t i o n  h e re  a s  t h e  

i n d i c a t i o n s  i n  t h e  l i t e r a t u r e  s u g g e s t  t h a t  t h e s e  d e v ic e s  a r e  b e s t  

s u i t e d  t o  low d e n s i t i e s  and s h o r t  tube  l e n g t h s ,  and a r e  r a t h e r  

s e n s i t i v e  to  d i s c h a r g e  c o n d i t i o n s .



Chapter 4 93

There  a r e  two k in d s  o f  slow™wave s t r u c t u r e  t h a t  may be o f  

i n t e r e s t  f o r  th e  p r e s e n t  a p p l i c a t i o n ;  open p e r i o d i c  a r r a y s  and th e  

h e l i c a l  s t r u c t u r e  t h a t  i s  u sed  i n  t r a v e l l i n g ^ w a v e - tu b e  a m p l i f i e r s .  

Open slow™wave s t r u c t u r e s ,  such  a s  t h e  l i n e a r  s t r a p p e d  b a r  d e s c r ib e d  

by B o s is io (1 9 ? 2 )  and th e  meander l i n e  used  by G o ld sb o ro u g h (1965) 

p r o v id e  a  s t r o n g  f r i n g e  f i e l d  a d j a c e n t  t o  t h e  s t r u c t u r e .  The 

d i s c h a r g e  tube  can be p la c e d  i n  t h i s  f i e l d  w i th  s u i t a b l e  i n c l i n a t i o n  

t o  im prove u n i f o r m i ty ,  B o s i s i o ( 1972) u sed  two s t r u c t u r e s  i n  p a r a ] . l e i  

b u t  w i th  opposed p r o p a g a t io n  d i r e c t i o n s  t o  g iv e  im proved u n i f o r m i ty .  

The t rave ll ing™ w av6“ tu b e  h e l i x  c o n s i s t s  o f  a  h e l i c a l  w ire  suspended  

w i t h i n  a c o n d u c t in g  tu b e .  The d e v ic e  i s  open-ended  a l lo w in g  a 

d i s c h a r g e  tube  to  be p la c e d  a x i a l l y  w i th in  i t .  U n f o r tu n a t e ly  th e  

r a d i a l  f i e l d  v a r i a t i o n  i s  q u i t e  c o m p l ic a te d  and i n c l i n i n g  th e  tube  t o  

t h e  h e l i x  a x i s  may n o t  be a  p a r t i c u l a r l y  s u c c e s s f u l  way t o  o b t a i n  a 

u n ifo rm  d i s c h a r g e .  An i n t e r e s t i n g  p o s s i b i l i t y  w i th  t h e s e  slow-wave 

s t r u c t u r e s  would be to  v a ry  a s u i t a b l e  d im e n s io n  o f  t h e  s t r u c t u r e  

g r a d u a l l y  a long  i t s  l e n g t h  i n  o r d e r  t o  g iv e  a u n ifo rm  d i s c h a r g e .  

T h is  co u ld  be a c h ie v e d  m ost r e a d i l y  i n  t h e  h e l i x  sy s tem  by a g r a d u a l  

r e d u c t i o n  i n  th e  h e l i x  p i t c h  o r  d ia m e te r .  A f i n a l  o b s e r v a t i o n  

c o n c e rn in g  t h e s e  two ty p e s  o f  s low -w ave s t r u c t u r e s  i s  t h a t  w h i le  t h e  

'open* system  may r e q u i r e  s h i e l d i n g  i n  h ig h  power work, i t  does  

p ro v id e  an  e x c e l l e n t  system  f o r  e x p e r im e n ta l  work w i th  e a se  o f  a c c e s s  

and an  unimpeded view o f  t h e  d i s c h a r g e .
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4 . 2 . 2  Microwave D is c h a rg e  C o u p le r  D esign

I n  t h i s  s e c t i o n  t h e  d e s ig n  d e t a i l s  a r e  d e r iv e d  f o r  a  c o u p le r  i n  

which th e  d i s c h a r g e  tu b e  i s  p la c e d  i n  an  a u x i l i a r y  g u id e  co u p led  by 

a p e r t u r e s  to  t h e  p r im a ry  g u id e ,  ( I t  i s  p o in te d  o u t  t h a t  t h i s  c o u p le r  

was d e s ig n e d  and c o n s t r u c t e d  to w ard s  t h e  end o f  t h e  e x p e r im e n ta l  work 

and was used  f o r  a  s m a l l  number o f  t h e  e x p e r im e n ts  o n l y . )  The b a s i c  

c o n c e p t  b eh in d  t h i s  d e s ig n  i s  t h a t  th e  f r a c t i o n  o f  t h e  main waveguide 

power co u p led  by each  s u c c e s s i v e  a p e r t u r e  can  be made t o  i n c r e a s e  so  

t h a t  e q u a l  powers a r e  co u p led  by each  e le m e n t .  Thus t h e  d i s c h a r g e  

w i l l  be e x c i t e d  by e q u a l  i n t e n s i t i e s  a t  a  s e r i e s  o f  p o i n t s  a lo n g  i t s  

l e n g t h .  I f  t h e s e  p o i n t s  a r e  c l o s e ,  compared w i th  t h e  l o n g i t u d i n a l  

s k in  d e p th ,  a  h ig h  d e g re e  o f  u n i f o r m i ty  may be a c h ie v e d .  T h is  can  be 

e x p re s s e d  i n  a  d i f f e r e n t  way. I f  t h e  d i s c h a r g e  tu b e  i s  s im p ly  p la c e d  

a x i a l l y  i n  t h e  main w avegu ide ,  u n i f o r m i ty  can o n ly  be app roached  f o r  

l o n g i t u d i n a l  s k in  d e p th s  somewhat g r e a t e r  th a n  t h e  tu b e  l e n g t h .  I f ,  

how ever, th e  power i s  d i v id e d  and t h e  tube  e x c i t e d  i n  many s h o r t  

s e c t i o n s  t h e  l o n g i t u d i n a l  s k i n  d e p th  need o n ly  be g r e a t e r  th a n  t h e  

s p a c in g  o f  t h e s e  s e c t i o n s .  A no the r  a s p e c t  o f  t h i s  d e s ig n  i s  t h a t  

b e c au se  t h e  power i s  d iv id e d  t h e  d i s c h a r g e  c a n n o t  decay t o  t h e  

c o n d i t i o n  where a l l  t h e  power i n t e r a c t s  w i th  a  v e ry  s m a l l  h ig h  

d e n s i t y  p lasm a . The c o n d i t i o n s  w here  t h i s  decay  does  o c c u r  i n  each 

s e c t i o n  w i l l  be th o s e  o f  h i g h e r  power a n d /o r  p r e s s u r e  compared w i th  

th e  s im p le  t u b e - i n - g u i d e  s t r u c t u r e .
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A s c h e m a tic  d iagram  o f  t h e  c o u p l in g  d e v ic e  i s  shown i n  F ig  

4 .5 ( a )  and th e  t h r e e  ways i n  which th e  main and a u x i l i a r y  g u id e s  may 

be j o in e d  i s  shown i n  F ig  4 . 5 ( b ) .  I t  can be shown t h a t  where a 

c o u p l in g  e le m en t  be tw een  g u id e s  i s  p e r f e c t l y  m atched (no r e f l e c t i o n  

t a k e s  p la c e )  t h e  r a d i a t i o n  i n t o  t h e  a u x i l i a r y  g u id e  i s  p u r e ly  

d i r e c t i o n a l  (Harvey 196 3 ) .  T h e r e f o r e ,  s i n c e  good m atch ing  i s  

r e q u i r e d ,  th e  c o u p l in g  d e v ic e  i s  s im p ly  a  m u l t i - e l e m e n t  d i r e c t i o n a l  

c o u p le r .  Many d e s ig n s  e x i s t  f o r  such  d i r e c t i o n a l  c o u p le r s  b u t  w i th  

e q u a l  s i z e d  e le m e n ts  r a t h e r  th a n  t h e  g rad e d  s i z e d  e le m e n ts  req u ired ,  

h e r e .  C oupling  e le m e n ts  a r e  u s u a l l y  round h o l e s  o r  s l o t s ,  t h e  l a t t e r  

h a v in g  b r o a d e r  f re q u e n c y  c h a r a c t e r i s t i c s .  S l o t s  w ere  t h e r e f o r e  

ch o sen  f o r  t h e  c o u p l in g  e le m e n ts  b ecause  th ey  would be l e s s  s e n s i t i v e  

t o  d im e n s io n a l  i r r e g u l a r i t i e s .  The waveguide c o n f i g u r a t i o n  chosen  

was t h a t  o f  F ig  4 . 5 ( b ) ( i i i ) .  T h is  i s  t h e  form  o f  t h e  Sohw inger 

r e v e r s e  d i r e c t i o n a l  c o u p le r  f o r  which d e s ig n  i n f o r m a t io n  i s  r e a d i l y  

a v a i l a b l e  ( ’The Microwave E ng ineers*  Handbook’ 1 9 6 2 ) .  A u s e f u l  

f e a t u r e  o f  t h i s  d e s ig n  i s  t h a t  t h e  a u x i l i a r y  g u id e  may be c o n s t r u c t e d  

i n  two h a lv e s  a l lo w in g  s im p le  d i sa s s e m b ly  and a c c e s s  t o  t h e  d i s c h a r g e  

tu b e .  This  p o s s i b i l i t y  a r i s e s  b e c au se  i n  t h e  TE^^ mode t h e  w a l l  

c u r r e n t s  i n  t h e  b road  w a l l  do n o t  c r o s s  t h e  l o n g i t u d i n a l  c e n t r e  l i n e  

and r a d i a t i o n  w i l l  n o t  o c c u r  a t  a  j o i n t  a lo n g  t h i s  l i n e .  S in c e  t h i s  

j o i n t  i s  a d j a c e n t  t o  t h e  d i s c h a r g e  tu b e ,  a s  shown i n  F ig  4 . 5 ( b ) ( i i i ) ,  

s m a l l  s p a c e r s  i n  t h e  j o i n t  w i l l  a l lo w  th e  a c t i v e  d i s c h a r g e  t o  be 

o b se rv e d  w i th  o n ly  s l i g h t  r a d i a t i o n  le a k a g e .
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I n  m u l t i - e l e m e n t  d i r e c t i o n a l  c o u p le r s  t h e  e le m e n ts  have t o  be 

spaced  by an odd number o f  q u a r t e r - w a v e le n g th s  f o r  t h e  a r r a y  t o  be 

d i r e c t i o n a l  and w e l l  m atched . The e le m e n ts  i n  t h e  Schw inger c o u p le r  

a r e  l o n g i t u d i n a l  s l o t  p a i r s  and t h e  c o u p l in g  f a c t o r  i s  r e l a t e d  t o  t h e  

l e n g t h  by d e s ig n  c u rv e s  g iv e n  i n  *The Microwave E n g i n e e r s ’ Handbook’ 

( 19 62 ) and re p ro d u c e d  i n  F ig  4.6 which a l s o  c o n ta i n s  a l l  t h e  

r e m a in in g  d e s ig n  d e t a i l s ,

A fo rm u la  i s  now d e r iv e d  which w i l l  e n a b le  t h e  c o u p l in g  f a c t o r  

f o r  each  e le m en t  t o  be c a l c u l a t e d .  The f o l lo w in g  l i s t  d e f i n e s  t h e  

q u a n t i t i e s  and sym bols t o  be u sed ;

F -  c o u p l in g  f a c t o r  -  co u p le d  pow er/uncoup led  power

“ in p u t  power, r e s i d u a l  power, r e s p e c t i v e l y  (m ain  g u id e )  

p -  power coup led  by each  e le m en t

r , n , T  “ s u b s c r i p t s  d e n o t in g  r - t h  and n - t h  e le m e n ts  and t o t a l

The h i g h e s t  c o u p l in g  f a c t o r ,  t h a t  o f  t h e  l a s t  e le m e n t ,  i s  l i m i t e d  by 

th e  l o n g e s t  s l o t  t h a t  can  be accommodated and c a n n o t  be i n f i n i t e .  

T h e re fo re  t h e r e  i s  a l i m i t  t o  t h e  t o t a l  co u p led  power s in c e  t h e r e  

w i l l  be an u n a v o id a b le  r e s i d u a l  power i n  t h e  main g u id e .  Using th e  

above d e f i n i t i o n s  we can w r i t e

Fn = P/F% and

F t  = np/Pj^



SCHWINGER REVERSED DIRECTIONAL COUPLER 

ASPECT RATIO 2 : 1

'0

0
Z
5
D
8

• ia .

-i-i 1-
J - J . i x t r

.44.

50
-UU

—  r
U - 4 .

. l_ j  .1--t-t-
45

!•->•

"U
:VtT -I'T40

L-U

4i-tit - r o.ns

a - l . i_u:iir
0.040

TERMINATED
END H-H

30 tow 4--»

HIGH

:l D .

COUPLED
SAMPLE

M AIN
GUIDE

20

0,50.40.30,20 0.1

Figure 4.6 Coupler design data (from The Mkrov/ave Engineer; 
Handbook 1962)



Chapter 4

which g iv e  th e  r e l a t i o n

= nF^ (1)

The c o u p l in g  f a c t o r  o f  t h e  r ~ th  e le m en t  i s  g iv e n  by

F^ = P/CP^ “ rp )

U sing

P j  = np -  Pj,

and th e  f i r s t  e q u a t i o n  above g i v e s

F̂  = F/(F^(n -  r) - 1) . (2)

E q u a t io n s  (1 )  and (2 )  g iv e  t h e  b a s i s  o f  th e  d e s ig n  p r o c e d u r e .  T hat 

i s ,  t h e  t o t a l  c o u p l in g  f a c t o r  can be s e t  by c o n s i d e r a t i o n  o f  t h e  

c o u p l in g  f a c t o r  o f  t h e  l a s t  e le m e n t ,  t h e  number o f  e le m e n ts  

a p p r o p r i a t e  t o  t h e  d i s c h a r g e  tu b e  l e n g t h ,  and t h e  e le m en t  s p a c in g .  

The c o u p l in g  f a c t o r s  o f  t h e  r e m a in in g  e le m e n ts  a r e  found u s in g  

e q u a t i o n  ( 2 ) .  These e q u a t io n s  can be a p p l i e d  to  any k in d  o f  

m u l t i - e l e m e n t  d i r e c t i o n a l  c o u p le r .  The ap p ro x im a te  c o n d i t i o n s  f o r  

u n i f o r m i ty  a r e  t h a t  t h e  e le m en t  s p a c in g  be somewhat l e s s  th a n  th e  

t o t a l  l e n g t h .  The u n ab so rb ed  power i n  bo th  g u id e s  sh o u ld  be c a r r i e d  

t o  m atched lo a d s  t o  p r e v e n t  r e f l e c t i o n  and s t a n d i n g  waves o c c u r r in g .  

The p h y s ic a l  d im e n s io n s  o f  t h e  Schw inger r e v e r s e  d i r e c t i o n a l  c o u p le r  

t h a t  was c o n s t r u c t e d  d u r in g  e x p e r im e n ta l  work a r e  g iv e n  w i th  i t s  

c o n s t r u c t i o n a l  d e t a i l s  i n  S e c t i o n  5 . 3 .
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4 .2 ,3  P r e i o n i s a t i o n  Methods

I t  has  been  p o in te d  o u t  i n  s e c t i o n  4 .2 .1  t h a t  p r e i o n i s a t i o n  i n  

t h e  h ig h  p r e s s u r e  m icrowave d i s c h a r g e s  o f  i n t e r e s t  may l e a d  t o  

g r e a t e r  p u l s e  t o  p u l s e  u n i f o r m i ty  and improve th e  s p a t i a l  u n i f o r m i ty  

o f  t h e  d i s c h a r g e .  I n  a d d i t i o n  t o  t h i s  th e  d i s c h a r g e  f o rm a t io n  t im e  

may be red u c e d  l e a d i n g  t o  improved e f f i c i e n c y .  S in c e  t h e  d e t a i l e d  

l e v e l  and u n i f o r m i ty  o f  p r e i o n i s a t i o n  a r e  u n l i k e l y  t o  be c r i t i c a l ,

s im p le  methods need o n ly  be c o n s id e r e d .  Methods r e q u i r i n g  e l e c t r o d e s  

i n  th e  d i s c h a r g e  volume o r  u t i l i s i n g  s e p a r a t e  d i s c h a r g e  c i r c u i t r y  a r e  

t h e r e f o r e  n o t  d i s c u s s e d .  Thus an  a u x i l i a r y  low power d i s c h a r g e  

d r i v e n  by th e  microwave p u l s e  i s  l i k e l y  t o  p ro v id e  t h e  most u s e f u l

method a l th o u g h  th e  use  o f  a  r a d i o - a c t i v e  s o u rc e  may a l s o  be o f  

i n t e r e s t .

The u t i l i s a t i o n  o f  a  r a d i o - a c t i v e  s o u rc e  h a s  c e r t a i n  c l e a r  

a t t r a c t i o n s .  I n  p a r t i c u l a r ,  s i n c e  th e  s o u rc e  s t r e n g t h  can  be 

a c c u r a t e l y  m easured  and i t s  i r r a d i a n c e  o f  t h e  d i s c h a r g e  tu b e

c a r e f u l l y  c o n t r o l l e d ,  i t  c o u ld  be v e ry  u s e f u l  i n  e x p e r im e n ta l

i n v e s t i g a t i o n s .  I n  a d d i t i o n  t o  t h i s  t h e  prob lem  o f  t im in g  t h e  

p r e i o n i s a t i o n  r e l a t i v e  t o  t h e  microwave p u l s e  i s  c o m p le te ly  a b s e n t .  

C l e a r l y  t h e s e  a t t r a c t i o n s  have t o  be weighed a g a i n s t  t h e  h a n d l in g  and 

management p roblem s o f  u s in g  r a d i o - a c t i v e  s o u r c e s .  The m ajor  

p r a c t i c a l  p rob lem s a r e  t h e  d i f f i c u l t y  o f  p r e v e n t in g  th e  o c c u r r e n c e  o f  

a  d i s c h a r g e  w i t h i n  t h e  w avegu ide ,  e x t e r n a l  t o  t h e  d i s c h a r g e  t u b e ,  and 

o f  p l a c in g  th e  so u rc e  so  t h a t  i t  does  n o t  p e r t u r b  t h e  th e  microwave 

t r a n s m i s s io n .
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An a u x i l i a r y  d i s c h a r g e  o b ta in e d  i n  a q u a r t z  tu b e  a d j a c e n t  to  t h e  

main tu b e  can be s im p ly  p r o v id e d .  T h is  d i s c h a r g e  w i l l  have t o  cause  

l i t t l e  p e r t u r b a t i o n  i n  t h e  g u id e  and ab so rb  a s m a l l  amount o f  power 

so  t h a t  o v e r a l l  e f f i c i e n c y  i s  n o t  undu ly  r e d u c e d .  I n  a d d i t i o n  t h e  UV 

p r o d u c t io n  e f f i c i e n c y  w i l l  need t o  be h ig h .  A s m a l l  b o re  (< 1mm) 

q u a r t z  tube  c o n ta i n in g  xenon a t  low p r e s s u r e  w i l l  p ro v id e  

c o n s id e r a b l e  UV r a d i a t i o n .  The b e s t  p r e s s u r e  f o r  r a p i d  breakdown and 

t h e  most f a v o u r a b le  l o c a t i o n  f o r  th e  tu b e  may be found 

e x p e r i m e n t a l l y .  I f  th e  tube  i s  s h o r t e r  th a n  th e  main d i s c h a r g e  tu b e

and p la c e d  a t  t h e  end o p p o s i t e  t o  t h a t  a t  which th e  microwave 

r a d i a t i o n  i s  i n c i d e n t  i t  i s  p o s s i b l e  t h a t  t h e  a u x i l i a r y  d i s c h a r g e  

w i l l  e x t i n g u i s h  as  t h e  main d i s c h a r g e  becomes f u l l y  d e v e lo p e d .  T ha t  

i s  t h e  a b s o r p t io n  o f  t h e  microwave power by th e  main d i s c h a r g e  may 

r e s u l t  i n  a  f i e l d  i n  th e  v i c i n i t y  o f  t h e  a u x i l i a r y  tu b e  t h a t  i s  below 

i t s  m a in ten an ce  t h r e s h o l d .  Under t h e s e  c i r c u m s ta n c e s  a h i g h e r  power 

a b s o r p t i o n  by th e  a u x i l i a r y  d i s c h a r g e  may be p e r m i t t e d  s in c e  i t  w i l l  

be a c t i v e  on ly  b r i e f l y .

The n o t io n  o f  a p r im in g  d i s c h a r g e  t h a t  becomes s c re e n e d  by t h e  

main d i s c h a r g e  l e a d s  t o  a  p r e i o n i s e r  d e s ig n  o f  g r e a t  s i m p l i c i t y  where 

t h e  a u x i l i a r y  d i s c h a r g e  t a k e s  p la c e  a c r o s s  t h e  waveguide i n t e r i o r .  

The fo rm a t io n  o f  t h i s  d i s c h a r g e  i s  s t i m u la t e d  by p l a c i n g  a s p ik e  o r  

s e r i e s  o f  s p i k e s ,  i n s i d e  t h e  w avegu ide , t h a t  c au se  a d i s c h a r g e  t o  

form  betw een a  w aveguide b road  w a l l  and th e  s p ik e s  and p a s s  o v e r  t h e  

s u r f a c e  o f  t h e  d i s c h a r g e  tu b e .  T h is  d i s c h a r g e  would have  to  be 

l o c a t e d  w e l l  away from th e  microwave in p u t  end so  t h a t  s u b s e q u e n t  

e x t i n c t i o n  would be e n s u re d .  T h is  method and t h e  method u t i l i s i n g  an
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a u x i l i a r y  d i s c h a r g e  tu b e  w ere  used  i n  t h e  e x p e r im e n ta l  work a l th o u g h  

s y s t e m a t i c  e v a l u a t i o n s  w ere  n o t  c a r r i e d  o u t .  D e t a i l s  o f  t h e  p h y s ic a l  

c o n s t r u c t i o n  o f  t h e  p r e i o n i s e r s  a p p e a r  i n  S e c t i o n  5 , 3 ,

4 ,3  Comparison o f  Microwave and DC D isc h arg e  A p p ara tu s

As a c o n c lu s io n  t o  t h e  p r e s e n t  c h a p te r  th e  d i f f e r e n c e s  be tw een  a 

microwave d i s c h a r g e  a p p a r a tu s  and a DC d i s c h a r g e  a p p a r a tu s ,  s u i t a b l e  

f o r  pumping exc im er  l a s e r s ,  a r e  h i g h l i g h t e d .  For c o n v en ien ce  t h e  

a p p a r a tu s  w i l l  be d iv id e d  i n t o  f i v e  s e c t i o n s .  These a r e  t h e  power 

s u p p ly  and p u l s e  fo rm ing  c i r c u i t ,  t h e  p u ls e  t r a n s m i s s i o n  sy s tem , th e  

d i s c h a r g e  c o n t a i n e r ,  t h e  o p t i c a l  components, and t h e  g a s  h a n d l in g  

sy s tem .

There  i s  no p a r t i c u l a r  d i s t i n c t i o n  t o  be made be tw een  th e  power 

s u p p l i e s  f o r  t h e  two s y s te m s .  However, i t  has  been  p o in te d  o u t  t h a t  

p u l s e  r i s e  t im e s  have  to  be v e ry  s h o r t  (<10ns) i n  DC sy s tem s  w hereas  

t h e  absence  o f  t h e  ten d e n c y  t o  form f i l a m e n t s  i n  a  microwave 

d i s c h a r g e  means t h a t  r i s e  t im e s  o f  around 50ns w i l l  be a d e q u a te .  

T h is  d i f f e r e n c e  i s  c r i t i c a l  s i n c e  t h e  s w i tc h in g  t im e  o f  s im p le  gas  

d i s c h a r g e  ' s w i tc h e s  i s  l i m i t e d  t o  around 15ns . T h e r e f o r e  f o r  

e f f i c i e n t  DC sys tem s  r a i l - g a p  s w i tc h e s  o r  hyd rogen  t h y r a t r o n s  have t o  

be u sed  f o r  s w i tc h in g .  The impedance o f  t h e  p u l s e  fo rm ing  ne tw ork  

h as  to  match t h a t  o f  t h e  d i s c h a r g e  i n  DC sys tem s  o r  th e  m agne tron  i n  

microwave sy s te m s ,  t h e  l a t t e r  b e in g  a b o u t  an  o r d e r  o f  m agnitude  

l a r g e r  th a n  th e  fo rm e r .  The e x i s t e n c e  o f  t h e  s w i tc h in g  e le m en t  i n  

t h i s  impedance adds c o n s id e r a b l y  t o  th e  d e s ig n  d i f f i c u l t i e s  i n  DC
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s y s te m s .

C o n n e c t io n s  be tw een  th e  p u l s e  fo rm ing  ne tw ork  and th e  d i s c h a r g e  

e l e c t r o d e s  i n  DC sy s tem s  have t o  m a in ta in  t h e  low s o u rc e  im pedance . 

I n  p a r t i c u l a r ,  t h e  t r a n s m i s s i o n  system  (and s w i tc h )  have t o  be o f  a 

low in d u c ta n c e  t o  p e rm i t  r a p i d  c u r r e n t  r i s e  t im e s .  . T h is  r e q u i r e s  

t h a t  c u r r e n t  lo o p  a r e a s  be as  s m a l l  a s  p o s s i b l e .  However, t h e  u s e  o f  

h ig h  v o l t a g e s  and h ig h  gas  p r e s s u r e s  means t h a t  th e  e l e c t r o d e s  i n  t h e  

d i s c h a r g e  head have  t o  be s e p a r a t e d  by s u b s t a n t i a l  i n s u l a t o r s  so  t h a t  

th e  r e q u i r e m e n t  f o r  s m a l l  c u r r e n t  lo o p s  has  t o  be compromised. These 

d i f f i c u l t i e s  a r e  c o m p le te ly  a b s e n t  i n  a  microwave sys tem  where th e  

h ig h  f re q u e n c y  m o d u la t io n  a l lo w s  th e  use  o f  s im p le  and cheap 

waveguide t r a n s m i s s i o n  s y s te m s .  I t  i s  an o u t s t a n d in g  f e a t u r e  o f  a 

microwave system  t h a t  t h e  u se  o f  waveguide a l lo w s  g r e a t  f l e x i b i l i t y  

i n  t h e  p l a c i n g  o f  t h e  d i s c h a r g e  r e l a t i v e  t o  t h e  power s u p p ly  and 

p u l s e  fo rm ing  n e tw ork . I n  DC sys tem s  th e  p u l s e  fo rm ing  ne tw ork  and 

l a s e r  head a r e  i n t i m a t e l y  c o n n e c te d  fo rm ing  a  r e l a t i v e l y  imm obile 

s t r u c t u r e .

I t  i s  p o s s i b l e  t h a t  t h e  u l t i m a t e  ad v an tag e  i n  u s in g  a microwave 

d i s c h a r g e  f o r  pumping an  exc im er  l a s e r  w i l l  d e r i v e  from th e  u se  o f  a  

d i e l e c t r i c  tu b e  f o r  t h e  c o n ta in m e n t  o f  t h e  d i s c h a r g e .  Thus a low 

l e v e l  o f  c o n ta m in a t io n  may be r e a l i s e d  and w i th  i n c r e a s e d  e f f e c t i v e  

gas  l i f e  t h e  c o s t  o f  gas  r e p la c e m e n t  r e d u c e d .  I t  s h o u ld  be n o ted  

t h a t  t h i s  p o s s i b i l i t y  h as  n o t  been  i n v e s t i g a t e d  i n  d e p th  though th e  

work o f  t h i s  t h e s i s  a l lo w s  c e r t a i n  l i m i t e d  c o n c lu s i o n s  t o  be drawn 

f o r  a  q u a r t z  d i s c h a r g e  t u b e .  I n  DC sys tem s  t h e  c o n ta m in a t io n  due t o  

t h e  e l e c t r o d e s  and i n s u l a t i n g  m a t e r i a l  t h a t  form  th e  d i s c h a r g e
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chamber may re d u c e  t h e  gas  l i f e  t o  j u s t  a  few p u l s e s .  To combat t h i s  

d i f f i c u l t y  s p e c i a l  m a t e r i a l s  a r e  r e q u i r e d  such  as  monel f o r  th e  

e l e c t r o d e s  and PTFE f o r  t h e  i n s u l a t o r .  Both o f  t h e s e  m a t e r i a l s  a r e  

e x p e n s iv e .  I n  o r d e r  t o  g iv e  lo n g  t r a c k i n g  d i s t a n c e s  t h e  i n s u l a t o r  

has  t o  be l a r g e .  I n  a d d i t i o n  t o  t h i s  th e  e l e c t r o d e s  and i n s u l a t o r  

have to  be s e c u r e l y  b o l t e d  t o g e t h e r  a g a i n s t  t h e  g as  p r e s s u r e  w i th  no 

p o s s i b i l i t y  o f  l e a k s .  The f i n a l  s t r u c t u r e  i s  t h u s  i n e v i t a b l y  bu lky  

and e x p e n s iv e  i n  m a t e r i a l s  and m a n u fa c tu r in g  c o s t s .

The o p t i c a l  components and g a s  h a n d l in g  sy s te m s  w i j l  be s i m i l a r  

i n  t h e  two sy s tem s  e x c e p t  t h a t  when f a s t  gas  f lo w s  a r e  r e q u i r e d  th e  

s m a l l  b o re  o f  t h e  d i s c h a r g e  tu b e  i n  t h e  microwave a p p a r a tu s  w i l l  

c r e a t e  a  s e v e r e  l i m i t a t i o n .  One f i n a l  p o i n t  o f  c o m par ison  i s  t h a t  

t h e  e x p o su re  o f  t h e  l a s e r  head  i n  a  DC sys tem  compared w i th  t h e  w e l l  

c o n ta in e d  tu b e  i n  t h e  microwave sys tem  means t h a t  i n  t h e  fo rm er  t h e r e  

i s  a  h a z a rd  due t o  t h e  p re s e n c e  o f  h ig h  v o l t a g e s  and t h a t  h ig h  l e v e l s  

o f  r a d i a t e d  r a d i o  n o i s e  w i l l  be e m i t t e d .  The l a s e r  head and i t s  

a t t a c h e d  c i r c u i t r y  have t h e r e f o r e  to  be c o n ta in e d  i n  a  l a r g e  m e ta l  

box a dd ing  c o n s id e r a b l y  t o  t h e  b u lk  and in c o n v e n ie n c e  o f  th e  

s t r u c t u r e .

To sum m arise , i f  i t  can  be shown t h a t  a  microwave d i s c h a r g e  can 

d r i v e  an exc im er  l a s e r  s u c c e s s f u l l y ,  t h e  u se  o f  a  s m a l l  d i s c h a r g e  

tu b e  w i t h in  a waveguide o f f e r s  an  a p p a r a tu s  which i s  o u t s t a n d i n g l y  

compact and s im p le  compared w i th  a  DC sy s tem . The a d d i t i o n a l  

p o s s i b i l i t y  o f  low c o n ta m in a t io n  adds much t o  t h e  im p o r ta n c e  o f  

i n v e s t i g a t i n g  microwave d i s c h a r g e  pumping f o r  e x c im e r s .  I n  a d d i t i o n  

t o  t h i s  t h e  h ig h  u n i f o r m i ty  p o s s i b l e  w i th  a  microwave d i s c h a r g e
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sh o u ld  g iv e  h ig h  beam q u a l i t y  and may t h e r e f o r e  make th e  sys tem  

u s e f u l  as an  o s c i l l a t o r  p ro d u c in g  r a d i a t i o n  f o r  a m p l i f i c a t i o n  i n  by 

c o n v e n t io n a l  DC p u ls e d  d i s c h a r g e s .  The a d d i t i o n a l  c o s t  t h a t  has  t o  

be c o n s id e r e d  f o r  a microwave sys tem  i s  t h a t  o f  t h e  magnetron, and o f  

p r o v id in g  a  p r e s s u r i s e d  w avegu ide .  F i n a l l y  i t  i s  p o in te d  o u t  t h a t  

n o tw i th s t a n d in g  th e  s u c c e s s  o r  f a i l u r e  o f  t h e  m icrowave sys tem  i n  

r e l a t i o n  t o  exc im er  l a s e r  pumping, t h e  a d v a n ta g e s  o f  t h e  microwave 

a p p a r a tu s  make i t  a  s t r o n g  c o n te n d e r  f o r  u s e  i n  a  wide v a r i e t y  o f  

h ig h  power gas  d i s c h a r g e  a p p l i c a t i o n s .  I n  p a r t i c u l a r  such  a sys tem  

would be h ig h ly  s u i t a b l e  f o r  u se  as  a  s p e c t r a l  s o u rc e  p r o v id in g  h ig h  

ene rgy  p u l s e s  a t  h ig h  r e p e t i t i o n  r a t e s .
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5 MICROWAVE APPARATUS

5.1 The R adar S e t

5 .1 .1  i2enej£al^l}asiy2J4>J^^^

The r a d a r  s e t  t h a t  was s u b s e q u e n t ly  a d a p te d  f o r  th e  g e n e r a t i o n  

o f  microwave d i s c h a r g e s  was o b ta in e d  from t h e  Royal Navy 

(A8WE “ P o rtsm ou th )  a s  r e d u n d a n t  equ ipm en t. I t  had been used  f o r  

in d o o r  l a b o r a t o r y  t e s t i n g  o n ly  and was b ro u g h t  i n t o  s e r v i c e  i n  a b o u t  

1964. (The d e s ig n  o f  t h i s  model may p re c e d e  t h i s  d a t e  

c o n s i d e r a b l y ) . I t  o p e r a t e s  i n  th e  X -  band o f  f re q u e n c y  and was 

i n te n d e d  as  a n a v i g a t i o n  a id  f o r  s m a l l  s h i p s  w i th  an u l t i m a t e  ran g e  

o f  48 m i le s  f o r  l a r g e  f e a t u r e s .  S e v e ra l  m anuals w ere  o b ta in e d  w i th  

th e  s e t  b u t  t h e s e  were m a in ly  concerned  w i th  o p e r a t i o n a l  

i n s t r u c t i o n s ,  i n s t a l l a t i o n  i n s t r u c t i o n s ,  and p a r t s  l i s t s .  The b r i e f  

s e c t i o n  d e s c r i b i n g  th e  i n t e r n a l  o p e r a t i o n  o f  t h e  system  c o n ta in e d  no 

d iag ram s o f  p a r t s  o r  w i r in g .  I t  seems l i k e l y  t h a t  d e t a i l e d  

i n f o r m a t io n  would r e s i d e  w i th  th e  m a n u f a c tu r e r s  (Hughes) b u t  w h e th e r  

th ey  would p ro v id e  such  in f o r m a t io n  was n o t  i n v e s t i g a t e d .  G ene ra l  

s p e c i f i c a t i o n s  o f  t h e  s e t  a r e  g iv e n  i n  T ab le  5 .1  which i n c l u d e s  some 

d im en s io n s  to  g iv e  an  i n d i c a t i o n  o f  t h e  s i z e  o f  t h e  sy s tem .



F r e quency/Wavelengt'h 9410MHz /  3.186cm

Power Output 50kW (peak)

Puise Repetit ion ra te 1100 Hz

Puise Length 17 0 o r 320  ns

Intermediate  Frequency 60 MHz

Receiver Bandwidth. 12MHz

Power Requirement 220V  D C , 2kW

Components

Transmitter -  Receiver 40x46x23  (cm) , 42 kg

Azimuth -  Range Indicator 56 X43 x69 , 50

Indicator Control Unit 4 3 X 3 6 x 1 9  , 2 0

Power Supply 36 X 31 X 13 , 1 0

Motor Generator 30 x 30 x 9 0  , 132

Aerial 2 0 0  cm long , 51

Motor S tarte r 40 X 35 X 20 j 16

Interconnecting Cables

Table 5.1 Radar set  spec i f ication
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The components o f  th e  system  a r e  i n t e r c o n n e c t e d  w i th  heavy ,

s c re e n e d ,  m u l t i - w i r e  c a b le s  p l u s  some c o a x ia l  s i g n a l  c a b l e .  The 

c o n n e c t in g  a r ra n g e m e n ts  f o r  t h e  f u l l y  o p e r a t i o n a l  sy s tem  a r e  shown i n  

F ig  5 . 1 .  The f u n c t i o n s  o f  each component a r e  a s  f o l lo w s

T r a n s m i t t e r  -  R e c e iv e r  G e n e ra te s  microwave pu3.ses which a r e  f e d  t o

th e  w aveguide . C o n ta in s  a h ig h  v o l t a g e  g e n e r a t o r ,  p u l s e  g e n e r a t o r ,  

m agnetron , t r a n s m i t  -  r e c e i v e  c e l l ,  and d e t e c t i o n  sy s tem ,

Azjj&uth. r .  R.angLe I n d i c a t o r  R adar d i s p l a y  w i th  r a d i a l l y  sw ept s i g n a l

l i n e ,

. I n d ic a to r  C o n tro l  U n i t  A c ts  a s  a  c e n tra ] ,  t e r m in a l  b lo c k  and h a s  a

f a c i l i t y  f o r  s w i tc h in g  betw een  two d i s p l a y  u n i t s .

Power Supplv  P ro v id e s  n e a r l y  a l l  o f  th e  DC v o l t a g e  r e q u i r e m e n ts  o f  

t h e  system  and i s  an  i n t e r c o n n e c t i o n  p o i n t  be tw een  th e  i n d i c a t o r  

c o n t r o l  and t h e  d i s p l a y .  The o p e r a t i o n a l  s w i tc h e s  a r e  i n s t a l l e d  on 

t h i s  u n i t ,

Mo_tor G e n e ra to r  T h is  i s  a  220V DC m otor i n  tandem w i th  an  AC 

g e n e r a t o r  and c o n v e r t s  t h e  DC s u p p ly  t o  180V, 1100Hz, AC.

Mo-tor B t a r t e r  Three  o p e r a t i o n a l  u n i t s  a r e  housed  w i t h i n  t h i s  u n i t ;

( a )  a  s w i tc h in g  sys tem  to  p r e v e n t  t h e  DC power su p p ly  b e in g  p r e s e n te d  

w i th  a  v e ry  low impedance when s w i tc h in g  on, (b )  s w i tc h in g  which 

p r e v e n t s  t h e  o u tp u t  AC from  b e in g  c o n n e c te d  t o  t h e  r a d a r  lo a d  u n t i l  

t h e  m otor g e n e r a t o r  has  r e a c h e d  a t  l e a s t  h a l f  s p e e d ,  and ( c )  a 

r e g u l a t o r  f o r  th e  AC o u t p u t ,

AÊJCiâX. Com prises a  s i x  f o o t  e n d - f e d  s h u n t  s l o t t e d  waveguide i n  a  

p e rs p e x  h o u s in g ,  a e r i a l  r o t a t i o n  m o to r ,  a c t i v i t y  s e n s o r ,  and a r o t a r y  

waveguide j o i n t .



250V AC

I—  
I____

MOTOR
STARTER

AERIALAZIMUTH-RANGE
INDICATOR

POWER
SUPPLY

TRANSMITTER
/RECEIVER

220 V DC 
SUPPLY

MOTOR
GENERATOR

INDICATOR CONTROL U N IT

50 Ohm coaxial cable 

MulLi -  wire harness

Wave guide

Figure 5.1 Connection diagram
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The r e c t i f i e r  f o r  c o n v e r t in g  s i n g l e  phase  m ains  t o  220V DC was 

n o t  p a r t  o f  t h e  s u p p l i e d  sy s tem . The 220V DC su p p ly  has  t o  p ro v id e  a

9A r u n n in g  c u r r e n t  and 21A d m 'ing  th e  m otor g e n e r a t o r  s t a r t i n g

p e r i o d .  A DC su p p ly  ( S e r v i c e  T ra d in g  Co. London) was used  w i th  a 

c u r r e n t  c a p a c i ty  o f  10A. I t  was a type  o f  v a r i a b l e  s u p p ly  t h a t  has  

t o  be i n c r e a s e d  from  z e ro  t o  t h e  o p e r a t in g  v o l t a g e  a f t e r  c o n n e c t io n

t o  th e  lo a d ;  t h e  r e v e r s e  p ro c e d u re  b e in g  fo l lo w e d  when s w i tc h in g

o f f .  I t  was found  t h a t  by c a r r y i n g  o u t  t h i s  p ro c e d u re  s lo w ly  th e  

su p p ly  c u r r e n t  d u r in g  t h e  s t a r t i n g  p e r io d  o f  t h e  m otor g e n e r a t o r  

co u ld  be k e p t  below IDA,

As a p r e l i m i n a r y  t o  a d a p t in g  t h e  r a d a r  s e t  t o  t h e  f u n c t i o n  o f  

d r i v i n g  a d i s c h a r g e  t h e  system  was s e t  up and t e s t e d  f o r  norm al 

f u n c t i o n i n g .  The s e t  was found t o  be i n  good w ork ing  o r d e r  w i th  th e  

e x c e p t io n  o f  a  s i n g l e  f a u l t .  T h is  was found t o  be due t o  f a u l t y  

o p e r a t i o n  o f  th e  i n d i c a t o r  s e l e c t i o n  sw i tc h  and, a l th o u g h  th e  f a u l t  

was t r i v i a l ,  c o n s id e r a b l e  d i f f i c u l t y  was e n c o u n te re d  i n  t r a c i n g  i t .  

Had c i r c u i t  d iag ram s been  a v a i l a b l e  t h i s  t a s k ,  and th e  p roblem s o f  

u n d e r s t a n d in g  th e  o p e r a t i o n  o f  t h e  sy s tem , would have  been  s i m p l i f i e d  

c o n s id e r a b l y .  The t e s t i n g  showed t h a t  th e  whole sys tem  w a s .q u i t e  

cumbersome and n o i s y ,  and g e n e r a te d  h e a t  t o  t h e  e x t e n t  t h a t  o p e r a t i o n  

i n  a  s m a l l  l a b o r a t o r y  was q u i t e  u n p l e a s a n t .  I t  t h e r e f o r e  seemed 

d e s i r a b l e  t o  remove a s  much o f  t h e  unwanted p a r t s  o f  t h e  system  as  

p o s s i b l e  a s  d e s c r ib e d  i n  S e c t i o n  5 .2  below .
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5 .1 .2  S a f e t y

I n  w orking  i n  c l o s e  p ro x im i ty  t o  microwave r a d i a t i o n  c a r e f u l  

a t t e n t i o n  has  t o  be p a id  t o  th e  h a z a r d s  o f  t h e  r a d i a t i o n .  The h a z a rd  

w arn in g s  c o n ta in e d  i n  t h e  r a d a r  s e t  m anuals were v e ry  b r i e f ,  

c o n s i s t i n g  o f  th e  f o l lo w in g  two s e n t e n c e s : -

R a d i a t i o n  h a z a rd s  may r e s u l t  from e x p o su re  t o  t h e  main 

beam o f  t h e  r a d a r  a e r i a l  a t  a  d i s t a n c e  o f  s i x  

i n c h e s ( 1 5.24cm) o r  l e s s  from th e  c e n t r a l  f r o n t  p e rsp e x  f a c e  

o f  th e  a e r i a l .

Never lo o k  down a w aveguide from which power i s  b e in g  

r a d i a t e d .

S in c e  a lo n g  p e r io d  o f  w ork ing  i n  c lo s e  p r o x im i ty  w i th  th e

a p p a r a tu s  was e n v is a g e d ,  more d e t a i l e d  i n f o r m a t i o n  on microwave

r a d i a t i o n  h a z a r d s  was s o u g h t ,  Harvey(1963) d i s c u s s e s  microwave

r a d i a t i o n  h a z a r d s  and g i v e s  many r e f e r e n c e s .  The s t a n d a r d s  ad o p ted

i n  t h e  USSR a r e  q u i t e  d e t a i l e d ,  g i v in g  c o n s i d e r a t i o n  t o  f re q u e n c y

band and e x p o s u re  t im e .  At 9410MHz th e  l i m i t s  a r e  10p.W/cm^

( c o n t in u o u s  e x p o su re  d u r in g  an  av e ra g e  w orking d a y ) ,  100j.iW/cra^ ( f o r  2
2

h o u rs  e x p o su re  p e r  d a y ) ,  and ImW/cm (15 -  20 m in u te  e x p o su re  p e r

d a y ) .  T hese , t o g e t h e r  w i th  t h e  w id e ly  a c c e p te d  s h o r t  p e r io d  maximum
2

o f  1OmW/cm , were ad o p ted  a s  t h e  maximum v a lu e s  d u r in g  e x p e r im e n ta l  

work.
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The microwave r a d i a t i o n  was c o m p le te ly  c o n ta in e d  i n  a  waveguide

s t r u c t u r e  e x c e p t  a t  th e  two a p e r t u r e s  t h a t  c a r r i e d  t h e  d i s c h a r g e

tu b e .  I n  o r d e r  to  check  f o r  l e a k s  a t  waveguide j o i n t s  and t o  m easure

th e  e x t e n t  t o  which a d i s c h a r g e  co u ld  co u p le  r a d i a t i o n  o u t  th ro u g h

th e  tu b e  a p e r t u r e s  a  microwave d e t e c t i o n  d io d e  i n  a  q u a r t e r

w av e len g th  s h o r t - c i r c u i t  mount was u t i l i s e d .  No l e a k s  a t  any j o i n t

co u ld  be d e t e c t e d  g i v in g  more th a n  a th o u s a n d th  o f  t h e  power

i n t e n s i t y  w i t h in  t h e  w aveguide. However, i t  was found  t h a t  a t  low

p r e s s u r e  (< 10T orr)  t h e  lum inous  g as  d i s c h a r g e  e x te n d e d  a few

c e n t im e t r e s  a lo n g  th e  d i s c h a r g e  tu b e  o u t s id e  t h e  w aveguide . Under

t h e s e  c o n d i t i o n s  t h e  maximum d e te c t e d  i n t e n s i t y  c lo s e  t o  t h e

d i s c h a r g e  was a b o u t  a  t w e n t i e th  o f  t h e  waveguide i n t e n s i t y .  Using

th e  mean microwave o u tp u t  power o f  7W and th e  i n v e r s e  s q u a re  law , t h e
2

minimum s a f e  d i s t a n c e  f o r  a  r a d i a t i o n  i n t e n s i t y  o f  10 Wom ( t h e  

c o n t in u o u s  e x p o su re  l i m i t )  i s  53cm,

I n  p r a c t i c e ,  s a f e  c o n d i t i o n s  w ere  a s s u re d  d u r in g  e x p e r im e n ta l  

ru n n in g  f o r  two r e a s o n s .  F i r s t l y ,  t h e  o p e r a to r  was a b le  t o  c o n t r o l  

th e  a p p a r a tu s  and t a k e  m easurem ents  a t  a  d i s t a n c e  o f  o v e r  2m from th e  

d i s c h a r g e  tu b e .  S eco n d ly ,  i n  a l l  e x p e r im e n ts  th e  microwave power was 

used  i n  s h o r t  b u r s t s  ( o f t e n  1 second )  w i th  lo n g  p e r i o d s  ( a b o u t  1 

m inu te )  be tw een  b u r s t s .  D uring  t h e  few e x p e r im e n ts  when l o n g e r  'o n '  

t im es  were used  th e  a u to m a t ic  r e c o r d in g  f a c i l i t y  e n a b le d  th e  o p e r a t o r  

t o  s ta n d  5m from th e  a p p a r a tu s  o r  l e a v e  th e  room.
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5 .1 .3  D e t a i l s  o f  t h e  M agnetron C i r c u i t r y

The p a r t s  o f  t h e  r a d a r  s e t  o f  p r i n c i p a l  i n t e r e s t  f o r  th e  

microwave d i s c h a r g e  a p p l i c a t i o n  were th e  m agne tron  and th e  

s u r ro u n d in g  c i r c u i t r y .  The f o l lo w in g  d e s c r i p t i o n  o f  t h e s e  and t h e i r  

o p e r a t i o n  i s  d e r iv e d  from th e  s c a n t , d e t a i l s  g iv e n  i n  t h e  m anuals  and 

may t h e r e f o r e  be i n a c c u r a t e  i n  c e r t a i n  d e t a i l s .  However, t h e  b a s i c  

p r i n c i p l e s  a r e  c l e a r  and cou ld  be a p p l i e d  t o  a  s e p a r a t e  pu rpose  b u i l t  

sy s tem ,

A l i k e l y  a r ra n g e m e n t  f o r  th e  m agnetron  c i r c u i t  and th e  waveforms 

a t  v a r i o u s  p o i n t s  i n  i t  a r e  shown i n  F ig  5 .2 .  The 180V RMS s u p p ly ,  

a f t e r  p a s s in g  a  f i l t e r ,  p o t e n t io m e te r ,  and t r a n s f o r m e r  i s  r e c t i f i e d  

t o  g iv e  ” 8 .2kV. T h is  c h a rg e s  one s e c t i o n  ( s h o r t  p u l s e )  o r  two 

s e c t i o n s  ( lo n g  p u l s e )  o f  a  d e la y  l i n e .  The 180V s u p p ly  i s  a l s o  f e d  

t o  a  p u l s e  g e n e r a t i n g  c i r c u i t .  D uring  t h e  e a r l y  p a r t  o f  th e  p o s i t i v e  

h a l f  c y c le  th e  s a t u r a b l e  r e a c t o r  e x h i b i t s  a  h ig h  impedance and a l lo w s  

t h e  c a p a c i t o r  t o  be c h a rg e d .  Vihen th e  r e a c t o r  c u r r e n t  r e a c h e s  a  

c r i t i c a l  v a lu e  th e  r e a c t o r  im pedance d ro p s  and t h e  c a p a c i t o r  i s  

d i s c h a r g e d  th ro u g h  th e  t r a n s f o r m e r  p r im a ry .  The h ig h  v o l t a g e  p u l s e  

a p p e a r in g  on  th e  t r a n s f o r m e r  seco n d a ry  a c t s  a s  t h e  t r i g g e r  p u l s e  f o r  

t h e  t r i g a t r o n  v a lv e  which t h e n  d i s c h a r g e s  th e  d e la y  l i n e  th ro u g h  a 

p u l s e  t r a n s f o r m e r  g e n e r a t i n g  17kV a t  th e  m agnetron  c a th o d e .  C harg ing  

o f  t h e  d e la y  l i n e  talces p la c e  i n  t h e  n e g a t iv e  h a l f  c y c le  o f  t h e  

s u p p ly  d u r in g  which c i r c u i t  o p e r a t i o n  i s  p r e v e n te d  by th e  d io d e  i n  

t h e  p u l s e  c i r c u i t .  The m agnetron  h e a t e r  c u r r e n t  i s  s u p p l i e d  v i a  th e  

b i f i l a r  se co n d a ry  o f  t h e  p u l s e  t r a n s f o r m e r .
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I n  p r o v id in g  a h ig h  r e p e t i t i o n  r a t e  t h i s  sy s tem  e n a b le d  th e

i n v e s t i g a t i o n s  o f  g a s  l i f e - t i m e s  t o  be c a r r i e d  o u t  i n  s h o r t  p e r io d s

o f  t im e .  I n  a d d i t i o n  th e  i o n i s a t i o n  s u r v i v i n g  t h e  i n t e r - p u l s e  p e r io d  

a t  a  h ig h  r e p e t i t i o n  r a t e  i s  s u f f i c i e n t  t o  g iv e  e f f e c t i v e  p u l s e  

p r e i o n i s a t i o n .  However, i f  g r e a t e r  f l e x i b i l i t y  o f  p u l s e  t im in g  i s  

r e q u i r e d  t h e r e  a r e  t h r e e  main ways i n  which th e  p r e s e n t  system  co u ld  

be a d a p te d ;

( a )  The m agnetron  cou ld  be d r i v e n  from a s e p a r a t e  sys tem  e n t i r e l y .

(b )  The d e la y  l i n e  cou ld  be ch a rg ed  from a n e g a t i v e  DC s u p p ly  

c o n n e c te d  t o  p o i n t  C i n  F ig  5 , 2 ,  The p u l s e  c i r c u i t  co u ld  be fe d  w i th  

a  p o s i t i v e  ( p e rh a p s  s lo w ly  r i s i n g )  p u l s e  a t  i t s  i n p u t ,

( c )  The 180V i n p u t ,  o r  p e rh a p s  j u s t  th e  i n p u t  to  t h e  t r i g g e r  p u l s e  

g e n e r a t o r ,  c o u ld  be i n t e r r u p t e d  by c i r c u i t r y  t h a t  would e n a b le

c o n n e c t io n  t o  be made f o r  s i n g l e  whole c y c l e s .  T h is  would be

a c h ie v e d  u s in g  t h y r i s t o r s  ( o r  a  t r i a c )  and an  i n t e g r a t e d  c i r c u i t  z e r o  

v o l t a g e  s w i tc h .

The advan tage  o f  u s in g  (c )  would be t h a t  a  minimum o f  a d d i t i o n a l  

equipm ent would be r e q u i r e d  w h i le  (b )  would e n a b le  t h e  system  t o  be 

o p e r a t e d  w i th o u t  t h e  encumberance o f  th e  r a d a r  power g e n e r a t i n g  

sys tem  and th e  o t h e r  p a r t s  and c a b le s  r e q u i r e d  f o r  i n t e r c o n n e c t i o n .
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5 .2  JRa d a r  S e t  A d a p ta t io n

5 ,2 .1  A l t e r a t i o n s  and A d d i t io n s

The r a d a r  a e r i a l  was n o t  r e q u i r e d  f o r  e x p e r im e n ta l  work and was 

t h e r e f o r e  d i s c o n n e c te d  a t  t h e  f i r s t  waveguide j o i n t  on th e  o u t s id e  o f  

t h e  t r a n s m i t t e r  u n i t .  The e l e c t r i c a l  c o n n e c t io n s  t o  t h e  a e r i a l  

c o n s i s t e d  o f  th e  m otor s u p p ly ,  c o n n e c t io n s  f o r  t h e  r a d a r  a c t i v i t y  

d e t e c t o r  and a d i r e c t i o n  s e n s o r ,  and an  e l e c t r i c a l  o u tp u t  from th e  

a e r i a l  m otor . T h is  o u t p u t ,  o b t a i n e d  from an a d d i t i o n a l  w ind ing  on 

th e  m otor a rm a tu re ,  vzas o f  115V, 3 - p h a s e ,  50Hz and was used  t o  d r iv e  

t h e  d i s p l a y  sweep i n  synchron ism  w i th  t h e  a e r i a l  and t o  f e e d  a 

c o o l in g  f a n  i n  t h e  t r a n s m i t t e r  u n i t .  I n  o r d e r  t o  m a in ta in  th e  

o p e r a t i o n  o f  t h i s  f a n  th e  m otor was e x t r a c t e d  from  th e  a e r i a l  

assem bly  and a l lo w e d  t o  r u n  d u r in g  o p e r a t i o n  o f  t h e  sys tem . 

D is c o n n e c t io n  o f  t h e  r e m a in in g  w i r in g  had no d e l e t e r i o u s  e f f e c t  on  

th e  f u n c t i o n in g  o f  t h e  sy s tem .

The r a d a r  d i s p l a y  was a l s o  n o t  r e q u i r e d  and was r e a o v e d .  

D is c o n n e c t io n  o f  th e  w i r in g  h a r n e s s  c o n n e c t in g  i t  t o  t h e  system  had 

no u n d e s i r e d  e f f e c t  on th e  g e n e r a t i o n  o f  r a d a r  p u l s e s .  However, t h e  

d i s p l a y  u n i t  housed  th e  range  change s w i tc h  which gave  a c h o ic e  o f  

microwave p u l s e  l e n g t h s  o f  170ns o r  32 n s ,  S in c e  i t  was d e s i r a b l e  t o  

r e t a i n  th e s e  two p o s s i b l e  p u l s e  l e n g t h s  th e  w i r in g  f o r  th e  s w i tc h in g  

was t r a c e d .  I t  was found t h a t  s w i tc h in g  took  p l a c e  by momentary 

c o n t a c t  o f  a  l i v e  w ire  t o  one o f  two o t h e r  w i r e s  depend ing  on th e
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p u l s e  l e n g t h  r e q u i r e d .  T e rm in a ls  f o r  t h e s e  t h r e e  w i r e s  were found i n  

th e  power s u p p ly  u n i t  and a  s e p a r a t e  n o n - l a t c h i n g ,  s i n g l e  p o le  

c h a n g e -o v e r  s w itc h  was co n n ec ted  t o  them t o  r e p l a c e  t h e  sw i tc h  on  th e  

d i s p l a y  u n i t .

A f t e r  rem oval o f  th e  a e r i a l  and th e  d i s p l a y ,  t h e  t r a n s m i t t e r  was 

a t t a c h e d  t o  a  r o b u s t  b u t  movable t a b l e .  T h is  e n a b le d  t h e  d i s c h a r g e  

a p p a r a tu s  t o  be o p e r a te d  i n  a  rem o te  and v a r i a b l e  p o s i t i o n  r e l a t i v e  

t o  t h e  r em a in in g  r a d a r  equ ipm en t.  To com ple te  t h i s  f l e x i b i l i t y  i t  

was d e s i r a b l e  t o  a l lo w  th e  o p e r a t o r  t o  sw i tc h  t h e  microwave power on 

and o f f  from anywhere i n  t h e  v i c i n i t y  o f  t h e  a p p a r a tu s .  The 

o p e r a t i o n a l  s w i tc h e s  were housed  on th e  power s u p p ly  u n i t  and were 

u sed  w i th  t h e  220V DC s u p p ly  in  t h e  f o l lo w in g  way. The r u n / s t o p  

s w i tc h  on th e  power s u p p ly  was l e f t  p e rm a n en t ly  i n  t h e  ’ run* p o s i t i o n  

and t h e  o p e r a t i o n  o f  th e  sys tem  i n i t i a t e d  by t u r n i n g  t h e  DC s u p p ly  

s lo w ly  up t o  220V a s  d e s c r i b e d  i n  S e c t i o n  5 . 1 . 1 .  A f t e r  t h i s ,  

g e n e r a t i o n  o f  microwave p u l s e s  i s  i n h i b i t e d  f o r  two m in u te s  u n t i l  th e  

o n /s ta n d b y  s w i tc h  on th e  power s u p p ly  becomes e f f e c t i v e  and a l lo w s  

t h e  microwave p u l s e  g e n e r a t i o n  t o  be sw i tc h e d  on and o f f  a t  w i l l .  

Thus i t  was r e q u i r e d  to  c o n n e c t  a  sw i tc h  i n  p a r a l l e l  t o  t h e  s ta n d b y  

s w i tc h  a t  t h e  end o f  a  lo n g  c a b le  so  t h a t  rem ote  s w i tc h in g  would be 

p e r m i t t e d .  I n  a d d i t i o n  t o  t h i s  i t  was r e q u i r e d  t h a t  t h e  microwave 

p u l s e s  cou ld  be s w i tc h e d  on f o r  b u r s t s  o f  a  c o n s t a n t  d u r a t i o n  o f  

a b o u t  1 s e co n d .  T h is  was a c h ie v e d  by use  o f  a  m o n ostab le  c i r c u i t  

t h a t  cou ld  be t r i g g e r e d  by a  p u s h - b u t t o n  s w i tc h ,  a l s o  a t  t h e  end o f  a 

lo n g  c a b le ,  A com ple te  d iag ram  o f  t h i s  s w i tc h in g  a r ra n g e m e n t  i s  

shown i n  F ig  5 . 3 .
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5 . 2 . 2

The r a d a r  t r a n s m i t t e r  o u tp u t  waveguide was c o n n e c te d  t o  t h e  

microwave d i s c h a r g e  c o u p l in g  d e v ic e  w i th  a  waveguide s t r u c t u r e  t h a t  

i n c o r p o r a t e d  s e v e r a l  components i n t e r c o n n e c t e d  w i th  s t a n d a r d  

waveguide type  WG16 ( i n t e r n a l  d im e n s io n s  0 .9 x 0 .4  i n c h e s ) .  The whole 

assem bly  i s  shown s c h e m a t i c a l l y  i n  F ig  5 .4 ,  m is s in g  o u t  t h e  bends and 

t w i s t s  r e q u i r e d  t o  p la c e  t h e  c o u p le r  and d i s c h a r g e  tu b e  i n  a 

c o n v e n ie n t  p o s i t i o n .

The i s o l a t o r  was u se d  i n  t h i s  assem bly  t o  p r e v e n t  l a r g e  

r e f l e c t e d  s i g n a l s  r e t u r n i n g  t o  t h e  m agne tron . Any r e s i d u a l  r e t u r n i n g  

s i g n a l  co u ld  be d e t e c t e d  a t  d e t e c t o r  1 and ronoved by a d ju s tm e n t  o f  

E -  H t u n e r  1 . R e f l e c t i o n  from th e  c o u p le r ,  whose m agnitude  cou ld  be 

used  t o  judge  th e  d e g re e  t o  which microwave power was b e in g  a b so rb e d  

i n  t h e  d i s c h a r g e ,  was i n d i c a t e d  by d e t e c t o r  2 a f t e r  r e d u c t i o n  by th e  

a t t e n u a t o r  p re c e d in g  i t .  The r e f l e c t i o n  from th e  d i s c h a r g e  co u ld  be 

m in im ised  by a d ju s tm e n t  o f  E -  H t u n e r  2 o r  by t h e  a d j u s t a b l e  s h o r t  

c i r c u i t .

5 .3  M icnow ave .D ischarge  C o u p le rs

Three  microwave d i s c h a r g e  c o u p le r s  w ere  used  d u r in g  e x p e r im e n ta l  

work. D uring  p r e l i m i n a r y  t r i a l s  and developm ent o f  t h e  a p p a r a tu s  a 

t r a n s v e r s e - t u b e  c o u p le r  was used  w h i le  t h e  main body o f  e x p e r im e n ta l  

work used  a l o n g i t u d i n a l - t u b e  c o u p le r ,F o r  some o f  t h e  c o n c lu d in g  

e x p e r im e n ta l  work a c o u p le r  based  on  th e  Schw inger  r e v e r s e
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d i r e c t i o n a l  c o u p le r  was u s e d .  S in c e  th e  t h e o r e t i c a l  a s p e c t s  o f  

c o u p le r  d e s ig n  w ere  d i s c u s s e d  i n  C h a p te r  4 above, t h e  d e s c r i p t i o n s  

below w i l l  be l i m i t e d  t o  th e  p h y s i c a l  a s p e c t s  w i th  a  b r i e f  summary o f  

th e  perfo rm ance  o f  each d e v ic e .

5 .3 .1  T ra n sv e rse -T u b e  C oup le r

A c r o s s - s e c t i o n a l  view o f  t h i s  c o u p le r  i s  shown i n  F ig  5 . 5 ( a ) ,  

The q u a r t z  d i s c h a r g e  tube  p a s s e s  c e n t r a l l y  th ro u g h  th e  narrow w a l l s  

o f  th e  w aveguide, p e r p e n d i c u l a r  to  th e  waveguide a x i s .  S o ld e re d  o n to  

th e  waveguide a r e  two s c r e e n in g  tu b e s  th rough  which th e  d i s c h a r g e  

tu b e  p a s s e s .  The 2mm ID d i s c h a r g e  tube  c a r r i e d  two s tu b s  f o r  g as  

c o n n e c t io n  and had two rough  windows formed on t h e  e n d s .  C om pletion  

o f  t h e  tube  had t o  ta k e  p la c e  w i th  t h e  tu b e  i n  p l a c e  i n  t h e  

w aveguide. The c o u p le r  was c o n n e c te d  t o  t h e  assem b ly  shown i n  P ig  

5 .4 .

The p h y s i c a l  c o n s t r u c t i o n  o f  t h i s  c o u p le r ,  though q u i t e  

s t r a i g h t f o r w a r d ,  caused  two main d i f f i c u l t i e s .  F i r s t l y ,  t h e  assem bly  

i n  s i t u  o f  t h e  q u a r t z  g la s s w a r e  was q u i t e  d i f f i c u l t .  A dem ountable  

waveguide a l lo w in g  e a sy  re p la c e m e n t  and i n s p e c t i o n  would have been  

p r e f e r a b l e .  S e c o n d ly ,  t h e  tu b e  was co n n e c te d  t o  t h e  h a lo g e n  

co m p a t ib le  gas  h a n d l in g  sy s tem  by l e n g th s  o f  v i t o n  ( a  h a lo g e n  

co m p a t ib le  e la s to m e r )  tu b e  which i n  q u i t e  s t i f f .  T h is  meant t h a t  

g r e a t  c a re  had t o  be t a k e n  t o  p r e v e n t  th e  d i s c h a r g e  tu b e  from b e in g  

b ro k en  e i t h e r  d u r in g  c o n n e c t io n  o f  t h e  v i t o n  tu b e  o r  by some movement 

o f  th e  v i t o n  tu b e  a t  a  l a t e r  d a t e .
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T h is  d i s c h a r g e  tu b e  a r ra n g e m e n t  was n o t  employed f o r  t h e  

p r i n c i p a l  e x p e r im e n ts ,  f o r  th e  r e a s o n s  g iv e n  below, b u t  i t  d id

p ro v id e  th e  f i r s t  d e m o n s t r a t io n  t h a t  exc im er  s p e c t r a  c o u ld  be 

o b t a in e d  w i th  microwave p u l s e s  o b t a i n e d  from th e  a d a p te d  r a d a r  s e t .  

The i n t e n s i t y  o f  e m is s io n  and i t s  t im e  behavioui'* e n a b le d  th e  s e t t i n g  

up o f  t h e  o p t i c a l  r e c o r d in g  sy s tem  and t h e  f o r m u la t io n  o f  

e x p e r im e n ta l  p r o c e d u r e s .  A lso  t h e  f u l l  r e q u i r e m e n ts  f o r  th e  gas  

h a n d l in g  sys tem  were e s t a b l i s h e d  and t h e  a p p a r a tu s  d ev e lo p ed

a c c o r d in g ly .

I n  te rm s  o f  d i s c h a r g e  pe rfo rm ance  th e  t r a n s v e r s e  tube  c o u p le r  

was i n f e r i o r  t o  l a t e r  d e s ig n s  i n  a lm o s t  a l l  r e s p e c t s .  I t  was m ost 

n o t i c e a b l e  t h a t  a  d i s c h a r g e  o c c u r r e d  s p o n ta n e o u s ly  f o r  j u s t  a  narrow  

ran g e  o f  m ix tu re s  and p r e s s u r e s .  However, t h e  d i s c h a r g e  co u ld  o f t e n  

be i n i t i a t e d  by means o f  a  T e s la  c o i l .  The ran g e  o f  c o n d i t i o n s  w here 

t h i s  method was s u c c e s s f u l  was w id e r  th a n  th o s e  f o r  s p o n ta n e o u s  

breakdown i n i t i a t i o n ,  i n d i c a t i n g  t h a t  s u f f i c i e n t  i o n i s a t i o n  can

s u r v i v e  th e  i n t e r - p u l s e  p e r io d  t o  a l lo w  sp o n ta n e o u s  breakdown t o

o c c u r .

O b s e rv a t io n s  o f  t h e  o u tp u t  o f  t h e  r e f l e c t i o n  d e t e c t o r  ( d e t e c t o r  

2 i n  P ig  5 .4 )  were used  t o  i n d i c a t e  th e  a b s o r p t i o n  pe rfo rm an ce  o f  t h e  

d i s c h a r g e .  D e s p i t e  th e  l a c k  o f  c a l i b r a t i o n ,  t h e  a b s o r p t i o n  co u ld  be 

judged  t o  be c o n s id e r a b l y  p o o r e r  i n  t h e  t r a n s v e r s e  c o u p le r  th a n  i n  

t h e  l o n g i t u d i n a l  c o u p le r s .  The a p p a r a tu s  o f  F ig  5 ,4  c o u ld  n o t  be 

used  t o  d i s t i n g u i s h  be tw een  r e f l e c t i o n s  from  t h e  d i s c h a r g e  and 

r e f l e c t i o n s  from th e  a d j u s t a b l e  s h o r t .  However, i t  was found t h a t
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t h e  p o s i t i o n s  o f  t h e  s h o r t  were d i f f e r e n t  f o r  optimum e a se  o f  

i n i t i a t i o n  and optimum a b s o r p t i o n .  The p o s i t i o n  o f  t h e  s h o r t  a l s o  

had t o  be a d ju s t e d  f o r  optimum a b s o r p t i o n  when t h e  t o t a l  p r e s s u r e  was 

changed . T h is  r e q u i r e m e n t  f o r  r e t u n i n g  meant t h a t  i f  i n t e n s i t y  

m easurem ents were made r e l a t i n g  t o  g a s  l i f e ,  two g a s  sam ples  were 

r e q u i r e d  a t  each e x p e r im e n ta l  p r e s s u r e ;  one t o  o p t im is e  m atch ing  

( a b s o r p t i o n )  and one f o r  th e  i n t e n s i t y / l i f e t i m e  m easurem ent.

F i n a l l y  i t  was o b se rv e d  t h a t  a s  th e  p re s s u i ’e was I n c r e a s e d  above 

h a l f  an  a tm osphere  th e  d i s c h a r g e  became i n c r e a s i n g l y  l o c a l i s e d  on t h e  

i n p u t  s id e  o f  th e  d i s c h a r g e  tu b e ,  and t h a t  t h i s  was accom panied by a 

c o n t in u o u s  i n c r e a s e  i n  th e  r e f l e c t i o n  s i g n a l .  T h is  o b s e r v a t i o n ,  and 

t h e  o t h e r s  above , a r e  b r o a d ly  c o n s i s t e n t  w i th  t h e  d i s c u s s i o n s  o f  

C h a p te r  4 .

5 . 3 . 2  L o n g i tu d i n a l - t u b e  C o u p le r

The l o n g i t u d i n a l - t u b e  c o u p le r  i s  shown i n  F ig  5 .5 ( b )  i n  a  

c r o s s - s e c t i o n  t a k e n  a lo n g  t h e  d i s c h a r g e  tu b e  a x i s .  Two t r a n s v e r s e  

s e c t i o n s  a r e  shown i n  o r d e r  t o  i n d i c a t e  t h e  i n c l i n a t i o n  o f  t h e  tube  

t o  t h e  waveguide a x i s .  The d i s c h a r g e  tube  e n t e r s  t h e  g u id e  a t  t h e  

bend and a t  t h e  s h o r t - c i r c u i t  t e r m i n a t i o n  (which i s  a d j u s t a b l e ) .  By 

t h i s  means t h e  l e n g t h  o f  i n a c t i v e  g a s  on th e  o p t i c a l  a x i s  i s  k e p t  

s m a l l .  The microwave l e a k a g e  a t  th e  e n t r y  p o i n t s  was found t o  be 

s m a l l  b u t  c o u ld  be red u c e d  f u r t h e r  by w rapp ing  t h e  e n t r y  a r e a s  i n  

aluminiiun f o i l .  O b s e r v a t io n  h o l e s  w ere  d r i l l e d  a t  2cm i n t e r v a l s  on  

th e  narrow  w a l l  c e n t r e  l i n e  and th e  r a d i a t i o n  l e a k a g e  was checked and
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found t o  be u n d e t e c t a b l e .

A lthough th e  m a j o r i t y  o f  t h e  e x p e r im e n ta l  work was concerned  

w ith  exc im er  f l u o r e s c e n c e  e m is s io n ,  some c o n c e r te d  e f f o r t s  were made 

t o  o b t a i n  exc im er  l a s e r  a c t i o n  u s in g  t h i s  c o u p le r .  Two ty p e s  o f  low 

l o s s  c a v i t y  were used  f o r  t h e s e  a t t e m p t s ,  one u t i l i s i n g  B re w s te r  

a n g le d  windows, t h e  o t h e r  p l a c i n g  th e  l a s e r  m i r r o r s  i n  d i r e c t  c o n ta c t  

w i th  t h e  g a s .  I n  t h e  B re w s te r  window system  t h e  d i s c h a r g e  tu b e ,  

windows, and g a s  c o n n e c t io n s  form ed a s i n g l e  q u a r t z  g l a s s  s t r u c t u r e  

which had t o  be com ple ted  i n  s i t u .  The tube  ends  f o r  t h i s  c a se  a r e  

shown i n  F ig  5 . 5 ( b ) .  I n  t h e  w indow less  system  l a s e r  m i r r o r  m ounts, 

shown i n  F ig  5 .6 ,  were c o n s t r u c t e d  so  t h a t  th e  m i r r o r  s u r f a c e s  w ere  

a s  n e a r  t o  t h e  d i s c h a r g e  tu b e  ends a s  p o s s ib l e  i n  o r d e r  t o  m in im ise  

t h e  l e n g t h  o f  i n a c t i v e  gas  i n  t h e  o p t i c a l  p a th .  M ir r o r  a l ig n m e n t  i s  

a d ju s t e d  i n  t h i s  mount by means o f  sc rew s  and c o m p re s s ib le  

» o * - r in g s .  The m a t e r i a l s  i n  c o n t a c t  w i th  th e  gas  w ere  chosen  f o r  

h a lo g e n  c o m p a t i b i l i t y .  I n  t h e  m a j o r i t y  o f  t h e  e x p e r im e n ts ,  w here 

l a s e r  m i r r o r s  w ere  n o t  r e q u i r e d ,  t h e  same m i r r o r  mounts w ere  used  b u t  

w i th  ca lc ium  f l u o r i d e  windows i n s t e a d  o f  l a s e r  m i r r o r s .

The good p e rfo rm ance  o f  t h i s  c o u p le r  was d e m o n s t ra te d  d u r in g  t h e  

e x p e r im e n ta l  programme where d i s c h a r g e s  were o b t a in e d  from  p r e s s u r e s  

below 0.01 atm up t o  o v e r  2 atm depend ing  on t h e  m ix tu re  u s e d .  I n  

most g a s  m ix tu re s  h ig h  a b s o r p t i o n  cou ld  be o b t a in e d  o v e r  a t  l e a s t  70% 

o f  th e  p r e s s u r e  ra n g e  f o r  which a d i s c h a r g e  was p r e s e n t .  However, a t  

th e  lo w e r  p r e s s u r e s  i n  a  r a n g e ,  r e t u n i n g  ( u s i n g  E - H  tu n e r  2 o f  F ig  

5 .4 )  was r e q u i r e d  t o  o b t a i n  good a b s o r p t i o n  f o l l o w i n g  a change i n  

t o t a l  p r e s s u r e .  Good u n i f o r m i ty  was l i m i t e d  t o  a  much n a r ro w e r
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p r e s s u r e  r a n g e ,  p e rh a p s  30^ o f  t h e  t o t a l  p r e s s u r e  r a n g e .  

P a r t i c u l a r l y  n o t i c e a b l e  was t h e  i n c r e a s i n g  l o c a l i s a t i o n  o f  t h e  

d i s c h a r g e ,  a t  t h e  microwave i n p u t  end o f  t h e  d i s c h a r g e  tu b e ,  as  t h e  

p r e s s u r e  was i n c r e a s e d .  I t  was t h i s  o b s e r v a t io n  t h a t  d e m o n s t ra te d  

t h e  need f o r  f u r t h e r  c o u p le r  developm ent which r e s u l t e d  i n  t h e  

Schw inger c o u p le r  b e in g  d e s ig n e d  and c o n s t r u c t e d .

D uring  th e  u se  o f  t h e  lo n g i tu d in a J .  tu b e  c o u p le r  t h e  

p r e i o n i s a t i o n  method u s in g  an  a u x i l i a r y  d i s c h a r g e  tu b e  was 

d e v e lo p e d .  I t  c o n s i s t e d  o f  a  q u a r t z  tu b e  1mm i n  i n t e r n a l  d ia m e te r  

and 10cm i n  l e n g t h  which e n t e r e d  th e  waveguide th ro u g h  th e  

s h o r t - c i r c u i t  t e r m i n a t i o n .  F l e x i b l e  p l a s t i c  t u b in g  was used  t o  

c o n n e c t  t h e  d i s c h a r g e  tu b e  t o  a  s m a l l  g a s  h a n d l in g  sys tem  t h a t  

a l lo w e d  th e  tube  t o  be e v a c u a te d  and f i l l e d  w i th  xenon . The p o s i t i o n  

o f  t h e  tube  and t h e  xenon p r e s s u r e  were v a r i e d  t o  f i n d  c o n d i t i o n s  o f  

r e l i a b l e  o p e r a t i o n  bu t  w i th  s m a l l  power a b s o r p t i o n .  Xenon p r e s s u r e s  

i n  t h e  ran g e  1 t o  5 T o r r  were found t o  be s a t i s f a c t o r y .  I t  was found  

t h a t  a t  low p r e s s u r e s  (< 100T orr)  d i s c h a r g e s  w ere  i n i t i a t e d  w i th  l e s s  

ten d en cy  f o r  a  d e la y  w h i le  t h e  h igh  p r e s s u r e  l i m i t  f o r  d i s c h a r g e  

fo rm a t io n  was e x te n d e d  s l i g h t l y .
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5 . 3 . 3  gch w ln g e r  C oup le r

A d i s c h a r g e  c o u p le r  based  on th e  Schw inger r e v e r s e  d i r e c t i o n a l  

c o u p le r  was c o n s t r u c t e d  u s in g  th e  d e s ig n  d e t a i l s  g iv e n  i n  S e c t i o n  

4 . 2 . 2 ,  A s i m p l i f i e d  d iag ram  o f  t h e  c o u p le r  i s  shown i n  F ig  5 . 7 .  For 

t h e  sake  o f  s i m p l i c i t y  t h e  d iag ram  shows o n ly  h a l f  o f  t h e  c o u p le r ,  

t h e  o t h e r  h a l f  b e in g  i d e n t i c a l  e x c e p t  f o r  th e  c o u p l in g  s l o t s ,  and

a l s o  does n o t  show f i x i n g  s c re w s ,  waveguide j o i n t s  o r  th e  m i r r o r

m ounting  b r a c k e t s .  The main w aveguide and bends w ere  c o n s t r u c t e d  

from s ta n d a r d  w aveguide and t h e  a u x i l i a r y  g u id e  was m achined from

b r a s s .  The lo w er  h a l f  o f  t h e  a u x i l i a r y  g u id e  was s o ld e r e d  o n to  t h e  

main g u id e  w h i le  t h e  u p p e r  h a l f  was f i x e d  t o  t h e  lo w er  h a l f  by

rem ovable  s c re w s .  The c o u p l in g  s l o t s  were m i l l e d  i n  t h e  common w a l l  

be tw een  th e  two g u id e s  u s in g  d im e n s io n s  d e r iv e d  from  F ig  4 .5  w i th  th e  

g u id e  d im en s io n s  10.16mm by 22.8mm and th e  g u id e  w av e len g th  as  

44.6mm, Each c o u p l in g  e le m en t  i s  a p a i r  o f  s l o t s  o f  e q u a l  l e n g t h  

s t a g g e r e d  by a q u a r t e r  w a v e len g th  a lo n g  th e  g u id e .  The s p a c in g  

betw een e le m e n ts  i s  t h r e e - q u a r t e r s  o f  a  w a v e le n g th .  Seven c o u p l in g  

e le m e n ts  were used  and, i n  o r d e r  t o  g iv e  95^ c o u p l i n g ,  th e  t o t a l  

c o u p l in g  f a c t o r  was s e t  a t  2 0 ,  The c o u p l in g  f a c t o r s ,  c a l c u l a t e d  

u s in g  e q u a t io n s  (1 )  and (2 )  i n  S e c t i o n  4 . 2 , 2 ,  were 2 .8 5 7 ,  0 .7 4 0 7 ,

0 .4 2 5 5 ,  0 . 2 9 8 5 , 0 . 2 2 9 9 , 0 .1 8 6 9 ,  and 0 .1 5 7 5 .  The s l o t  l e n g t h s

o b ta in e d  by u s in g  t h e s e  v a lu e s  i n  F ig  4 .5  were ( i n  mm) 2 3 .4 3 ,  1 8 .3 5 ,

1 6 .5 8 ,  1 5 .5 3 ,  1 4 .8 0 ,  1 4 .2 5 ,  and I 3 . 8 O .
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The assem bled  c o u p le r  co u ld  be used w i th  t h e  B re w s te r  window 

d i s c h a r g e  tu b e  o r  th e  m i r r o r  m ounts , d e s c r i b e d  above . I t  was 

co n n e c te d  t o  t h e  waveguide assem bly  o f  F ig  5 .4  and used  dui-'ing t h e  

f i n a l  p h a s e s  o f  t h e  e x p e r im e n ta l  work.

W ithou t  t h e  u se  o f  a  p r e i o n i s e r ,  t h e  pe rfo rm an ce  o f  t h e  

Schw inger c o u p le r  was s i m i l a r  to  t h e  l o n g i t u d i n a l  c o u p le r  i n  terras o f  

th e  p r e s s u r e  ran g e  o v e r  which a  d i s c h a r g e  co u ld  be o b t a i n e d .  When 

th e  s p ik e  ty p e  p r e i o n i s e r  shown i n  F ig  5 .7  was i n t r o d u c e d  th e  

p r e s s u r e  ra n g e  was e x te n d e d  s l i g h t l y  f o r  th e  ex trem e  c a s e s .  However, 

f o r  h ig h  h a lo g e n  donor -  low b u f f e r  g a s  gas  m ix tu r e s ,  which have a 

low u p p e r  p r e s s u r e  l i m i t  f o r  d i s c h a r g e  fo rm a t io n ,  t h e  uppe r  p r e s s u r e  

l i m i t  was i n c r e a s e d  c o n s id e r a b l y  by t h e  p r e i o n i s e r .  The ran g e  o f  

p r e s s u r e  o v e r  which h ig h  a b s o r p t i o n  o c c u r r e d  was m a r g in a l ly  w id e r  

th a n  w i th  t h e  l o n g i t u d i n a l  c o u p le r .  I n  c o n t r a s t  w i th  t h e  

l o n g i t u d i n a l  c o u p le r ,  how ever, t h e  Schw inger c o u p le r  r e q u i r e d  v e ry  

l i t t l e  r e t u n i n g ,  a f t e r  p r e s s u r e  c hanges ,  t o  m a in ta in  h ig h

a b s o r p t i o n .  I n  com paring  t h e  two c o u p le r s  f o r  u n i f o r m i t y ,  judged  

v i s u a l l y ,  i n  a p u re  he lium  d i s c h a r g e ,  t h e  S chw inger  c o u p le r  gave  a

b e t t e r  pe rfo rm ance  th a n  th e  l o n g i t u d i n a l  c o u p le r ,  t h e  upper  p r e s s u r e

l i m i t s  f o r  u n i f o r m i ty  b e in g  a b o u t  1 .5  atm and 1 atm r e s p e c t i v e l y .  At 

h i g h e r  p r e s s u r e s ,  t h e  Schw inger  c o u p le r  gave a  d i s c h a r g e  which was 

d iv id e d  i n t o  se v e n  s e c t i o n s  each  l o c a t e d  i n  t h e  v i c i n i t y  o f  a

c o u p l in g  e le m e n t .  F o r  i n c r e a s i n g  p r e s s u r e  t h e  l o s s  o f  u n i f o r m i ty  

o c c u r r e d  b e f o r e  t h e  h ig h  p r e s s u r e  f a l l  i n  power c o u p l in g  b u t  n e a r e r  

t o  i t  th a n  w i th  th e  l o n g i t u d i n a l  c o u p le r .
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T h is  f i n a l  o b s e r v a t i o n  i n d i c a t e s  t h a t  a  f u r t h e r  improvement may 

be p o s s i b l e  i f  t h e  e le m e n ts  o f  th e  c o u p le r  co u ld  be more c l o s e l y  

s p a c e d .  I t  i s  r e c a l l e d  t h a t  t o  o b t a i n  d i r e c t i o n a l i t y  and m a tc h in g  i n  

a  m u l t i - e l e m e n t  c o u p le r  th e  e le m en t  sp a c in g  m ust be an  odd number o f  

w a v e le n g th s .  Thus t h e  o n ly  p o s s i b i l i t y  i n  t h i s  c a s e  i s  t o  red u c e  th e  

s p a c in g  from t h r e e - q u a r t e r  w a v e len g th  t o  o n e - q u a r t e r  w a v e le n g th .  

T h is  would r e q u i r e  a b o u t  300 e le m e n ts  and a d i s c h a r g e  c o u p l in g  r e g i o n  

o f  o v e r  3m i n  l e n g t h  f o r  th e  s l o t s  t o  be s h o r t  enough t o  p r e v e n t  

o v e r l a p p in g .  T h e r e f o r e  to  o b t a i n  t h e  b e n e f i t  o f  q u a r t e r  w a v e len g th  

e le m en t  s p a c in g ,  a  d i f f e r e n t  d e s ig n  f o r  c o u p l in g  e le m e n ts  sh o u ld  be 

s o u g h t .  D a ta  f o r  round h o le  e le m e n ts  and *T’ s l o t s  a r e  g iv e n  i n  ’ The 

Microwave E n g i n e e r s ’ Handbook 1962’ .
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6,1 P p t lG al_Sp_eG.tr]am.Analyser

The p r o d u c t i o n  o f  a  l a r g e  q u a n t i t y  o f  e x p e r im e n ta l  d a t a  d u r in g  

th e  i n v e s t i g a t i o n  o f  exc im er  m o le c u le  f o rm a t io n  was made p o s s i b l e  by 

th e  u se  o f  an  o p t i c a l  sp e c tru m  a n a ly s e r  (OSA) (B & M S p e c t r o n i c  

WP1). The com ple te  i n s t r u m e n t  c o n s i s t e d  o f  a  m onochrom ator, v i d i c o n  

tu b e  cam era, and a p r o c e s s in g  u n i t  w i th  a  c o n t r o l  p a n e l  and 

c a th o d e - r a y  tu b e  d i s p l a y .  The p r o v i s i o n  o f  an X -  Y r e c o r d e r  w i th  a  

t im e  sweep o p t i o n  was a l l  t h a t  was r e q u i r e d  f o r  a  f u l l y  o p e r a t i o n a l  

r e c o r d in g  sy s te m . ‘ A B ryans  26000 A4 r e c o r d e r  was used  c o n n e c te d  

d i r e c t l y  t o  t e r m i n a l s  on th e  OSA p r o c e s s in g  u n i t .

The monochromator was compact and u t i l i s e d  an  a r ra n g e m e n t  o f  a 

p la n e  r e f l e c t i o n  d i f f r a c t i o n  g r a t i n g  and a p a r a b o l i c  m i r r o r .  

W avelength s c a n n in g  was by r o t a t i o n  o f  t h e  g r a t i n g  u s in g  a manual 

s i n e - d r i v e  w i th  a  r e v o l u t i o n  c o u n te r  to  g iv e  an  a p p ro x im a te  r e a d in g  

p r o p o r t i o n a l  t o  w a v e le n g th .  F u r th e rm o re ,  t h e  g r a t i n g  co u ld  be 

l o c a t e d  on th e  r o t a t i o n  t a b l e  i n  one o f  t h r e e  a n g u la r  p o s i t i o n s  so  

t h a t  t h r e e  s c a n n in g  r a n g e s  w ere  a v a i l a b l e .  The ÜV g r a t i n g  used  had 

2400 l i n e s  p e r  mm and was b la z e d  i n  t h e  r an g e  3000 -  6500 S. I n  

o p e r a t i o n  t h e  o u tp u t  s l i t  o f  t h e  monochromator was removed so  t h a t  a 

band o f  th e  sp ec tru m  u n d e r  s tu d y  was r e s o lv e d  a t  t h e  o u tp u t  f o c a l  

p l a n e .
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The v i d i c o n  cam era o p t i c a l  d e t e c t i o n  was by a  p h o to d io d e  a r r a y  

p rec e d e d  by an  image i n t e n s i f i e r  tu b e .  The cam era was a t t a c h e d  t o  

t h e  monochromator so  t h a t  th e  f r o n t  s u r f a c e  o f  t h e  image i n t e n s i f i e r  

was a t  th e  monochromator f o c a l  p l a n e .  As w e l l  a s  g i v in g  a h ig h  

s e n s i t i v i t y ,  t h e  image i n t e n s i f i e r  cou ld  be used  a s  an  e l e c t r o n i c  

s h u t t e r .  The d io d e  a r r a y  was 2cm wide w hich , w i th  t h e  UV g r a t i n g ,

c o l l e c t e d  a  sp ec tru m  a b o u t  1?oE wide. I t  c o n ta in e d  20000 d io d e s

a r r a n g e d  i n  500 co lum ns, w i th  400 d io d e s  i n  each  column. An e l e c t r o n  

s c a n n in g  sys tem  was used  t o  i n t e r r o g a t e  th e  d iode  columns and p roduce  

a  s i g n a l  p r o p o r t i o n a l  t o  t h e  o p t i c a l  i n t e n s i t y .

The i n t e n s i t y  i n f o r m a t io n  from th e  camera was p a s se d  t o  t h e  

p r o c e s s in g  u n i t  and s t o r e d  i n  500 , 1 6 - b i t  r e g i s t e r s ,  each  

c o r r e s p o n d in g  t o  a d iode  column, and u p d a te d  a b o u t  30 t im e s  a 

s e co n d .  T h is  s e t  o f  r e g i s t e r s  w i l l  now be r e f e r r e d  t o  a s  th e  r e a l  

t im e  r e g i s t e r  w i th  d a t a  s t o r e d  i n  t h e  500 ’ c h a n n e l s ’ . Two a d d i t i o n a l  

m emories, memory A and memory B, w ere  p ro v id e d  t o  a l lo w  a c c u m u la t io n

o f  t h e  r e a l  t im e  d a t a .  The number o f  a c c u m u la t io n  s c a n s  cou ld  be s e t

on th e  c o n t r o l  p a n e l .

The o u tp u t  and d i s p l a y  s i g n a l s  were o b ta in e d  from  a s i n g l e  

r e g i s t e r  v i a  a  d i g i t a l  t o  a n a lo g u e  c o n v e r t e r .  F o r  any ch an n e l  t h e  

o u tp u t  cou ld  be s e t  to  g iv e  t h e  r e a l  t im e v a lu e ,  e i t h e r  o f  t h e  memory 

v a lu e s ,  o r  th e  d i f f e r e n c e  be tw een  th e  memory v a l u e s .  The s c r e e n  

d i s p l a y  c o n s i s t e d  o f  500 p o i n t s ,  r e p r e s e n t i n g  t h e  500 c h a n n e l s ,  which 

gave th e  a p p e a ra n c e  o f  a  c o n t in u o u s  i n t e n s i t y  -  w a v e len g th  c u rv e .  

Th is  was g e n e r a te d  by a c y c l i c a l  t r a n s f e r  o f  t h e  c h a n n e l  d a t a ,  i n  t h e
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r e a l  tim e r e g i s t e r  o r  t h e  m em ories, t o  t h e  d i s p l a y  r e g i s t e r .

The Y -  t e r m in a l  o f  t h e  X -  Y r e c o r d e r  o u tp u t  co u ld  be s e t ,

u s in g  th e  c o n t r o l  p a n e l ,  f o r  any d e s i r e d  c h a n n e l .  I n  p r a c t i c e  a

c h a n n e l  was chosen  on th e  peak o f  th e  excim er e m is s io n  w h ich , i n  

c o n ju n c t io n  w i th  t h e  r e c o r d e r  t im e  sweep, gave  tem p o ra l  i n t e n s i t y  

r e c o r d s  when th e  sys tem  was s e t  t o  r e a l  t im e f u n c t i o n i n g .  I n  memory 

mode th e  X “ Y r e c o r d e r  c o u ld  be used  t o  o b t a i n  a  copy o f  t h e  

sp ec tru m  p r e s e n te d  i n  t h e  d i s p l a y .  To do t h i s  t h e  X -  s i g n a l  was 

used  which gave  a v o l t a g e  p r o p o r t i o n a l  t o  t h e  ch an n e l  number. An 

o u tp u t  sweep from  c h a n n e l  1 t o  c h a n n e l  500 took  a b o u t  80 se c o n d s .

The f a c i l i t y  f o r  r e c o r d in g  two s p e c t r a  and s u b t r a c t i n g  them i n  

th e  d i s p l a y  (an d  c h a r t  r e c o r d )  had  s e v e r a l  u s e s  i n c l u d i n g  t h e  

s u b t r a c t i o n  o f  a  background  sp e c tru m  and th e  p h o to d io d e  d a rk  c u r r e n t  

from weak s p e c t r a  and t h e  r e c o r d in g  o f  s p e c tru m  c hanges .  The

p a r t i c u l a r  OSA u se d  d u r in g  t h e  e x p e r im e n ta l  work had an  e x c e s s i v e

d a rk  c u r r e n t  s i g n a l  o v e r  th e  c e n t r e  o f  t h e  d io d e  a r r a y .  T h e r e f o r e  

whenever a  sp e c tru m  was a ccu m u la ted  f o r  a c e r t a i n  number o f  s c a n s ,  

t h e  d a rk  c u r r e n t  s i g n a l ,  w i th  t h e  so u rc e  s w i tc h e d  o f f ,  had t o  be 

accum ula ted  f o r  t h e  same number o f  s c a n s  and s u b t r a c t e d  from  t h e  

sp e c tru m .

I n i t i a l ,  ro u g h ,  w a v e len g th  c a l i b r a t i o n  o f  t h e  r e v o l u t i o n  c o u n te r  

on th e  monochromator was c a r r i e d  o u t  u s in g  s m a l l ,  q u a r t z  tu b e ,  neon  

and m ercury  lam ps. However, i t  was found t h a t  t h e  s p e c t r a  o f  e x c im er  

m ix tu re s  which had been  s u b j e c t  t o  s e v e r a l  m in u te s  o f  d i s c h a r g e  a t  

p r e s s u r e s  below 0 ,1  atm were r i c h  i n  s i l i c o n  l i n e s .  These l i n e s  a r e
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p l e n t i f u l  th ro u g h o u t  th e  Ü -  V s p e c t r a l  r e g i o n  o f  i n t e r e s t  and w ere

f r e q u e n t l y  u t i l i s e d  f o r  a c c u r a t e  w ave leng th  d e t e r m i n a t i o n .

The r e s p o n s e  tim e o f  t h e  OSA -  r e c o r d e r  sys tem  was a s s e s s e d  by

r a p i d l y  i n t e r r u p t i n g  an  e m is s io n  g iv in g  a r e a l  t im e  i n t e n s i t y

r e c o r d .  E x a m in a t io n  o f  t h e  r e c o r d in g  showed t h a t  th e  c h a r a c t e r i s t i c  

r i s e  and f a l l  t im e s  were i n  t h e  r e g i o n  o f  0 .-3s. T h is  was due m a in ly  

t o  th e  X -  Y r e c o r d e r  r e s p o n s e  s in c e  th e  OSA o u tp u t  was found t o  have 

a s l i g h t l y  f a s t e r  r e s p o n s e  th a n  t h i s ,  o f  ab o u t  0 , 1 s ,  The o b s e r v a t i o n  

t h a t  t h e  p u ls e d  n a t u r e  o f  t h e  so u rc e  was n o t  a p p a r e n t  i n  t h i s  o u t p u t ,  

and t h e  f a c t  t h a t  th e  p h o to d io d e  sc a n n in g  f re q u e n c y  was 30 s c a n s  p e r  

s e cond , i n d i c a t e d  t h a t  a c c u r a t e  a v e ra g in g  and i n t e g r a t i o n  o f  t h e

p u l s e s  was t a k i n g  p l a c e .

6 .2  Gas H a nd ling  System

The gas  h a n d l in g  sy s te m , shown i n  F ig  6 . 1 ,  was d e s ig n e d  t o  be 

f l e x i b l e  i n  u s e ,  m a in ta in  h ig h  g a s  p u r i t y ,  and t o  be c o m p a t ib le  w i th  

h a lo g e n  g a s e s .  I n  a d d i t i o n  t o  t h i s  t h e  system  had t o  g iv e  s a f e  

o p e r a t i o n  a t  s e v e r a l  a tm o sp h e re s  p r e s s u r e  and had t o  f a c i l i t a t e  

c o n t r o l l e d  g a s  s u p p ly  and m ix ing  w i th  as  l i t t l e  g a s  w as tag e  as 

p o s s i b l e .  To g iv e  h a lo g e n  c o m p a t i b i l i t y  monel p i p e s ,  j o i n t s ,  and 

v a lv e s  were used  w i th  v i t o n  tu b e  f o r  f l e x i b l e  c o n n e c t io n s  and v i t o n  

»o’ - r i n g s  used  a t  s e a l i n g  j o i n t s .  The o t h e r  m a t e r i a l s  i n  c o n t a c t  

w i th  th e  g a s  were s t a i n l e s s  s t e e l  i n  t h e  p re s su i’e ga u g e s ,  alum inium  

i n  th e  s to r a g e  ta n k  and t h e  q u a r t z  o f  t h e  d i s c i ia rg e  t u b e ,  .The m e te rs  

and s t o r a g e  ta n k  c o u ld  be r e p l a c e d  by components w i th  monel
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gas  “ c o n ta c t  s u r f a c e s  i f  n e c e s s a r y  ( i f  i t  was r e q u i r e d  t o  use  

f l u o r i n e  a s  a  donor g a s ,  f o r  e x a m p le ) .

Gases w ere  s u p p l i e d  d i r e c t  from  th e  b o t t l e s  o b ta in e d  from  

s u p p l i e r s  v i a  s t a n d a r d  c o n t r o l  v a lv e s .  M ixing was c a r r i e d  o u t ,  

fo l lo w in g  a p e r io d  o f  d e g a s s in g ,  by p a s s in g  t h e  r e q u i r e d  q u a n t i t i e s  

o f  t h e  m in o r i t y  g a s e s  i n t o  th e  s to r a g e  ta n k  u s in g  p a r t i a l  p r e s s u r e  

i n d i c a t i o n s .  The m a j o r i t y  g a s  was th e n  l e t  i n ,  up t o  th e  r e q u i r e d  

t o t a l  p r e s s u r e ,  a s  r a p i d l y  as  p o s s i b l e .  I n  t h i s  way m ixing  co u ld  be 

e n su re d  by th e  a c t i o n  o f  t u r b u l e n c e  w i t h in  t h e  m ix ing  t a n k .

I t  was found d u r in g  e x p e r im e n ta l  work t h a t  t h e  s e c t i o n  o f  p ip e  

betw een th e  d i s c h a r g e  tu b e  and th e  s to r a g e  ta n k  was s u f f i c i e n t l y  long  

t o  e n a b le  i t  t o  be used  a s  a  s e c o n d a ry  g a s  s t o r e .  T h is  a l lo w ed  a n  

e x p e r im e n ta l  r o u t i n e  t o  be used  t h a t  had v e ry  l i t t l e  gas  w a s ta g e .  As 

d e s c r ib e d  i n  C h a p te r  7 ,  f o r  a  g i v e n  s e t  o f  t h r e e  g a s e s  f o r  an exc im er  

m ix tu re  ( r a r e - g a s ,  h a lo g e n  d o no r ,  b u f f e r )  i t  was d e s i r e d  t o  

i n v e s t i g a t e  t h e  exc im er  e m is s io n  i n t e n s i t y  i n  te rm s  o f  t h e  f u l l  ran g e  

o f  m ix tu re  r a t i o s  and t o t a l  p r e s s u r e s  f o r  which a d i s c h a r g e  

o c c u r r e d .  For a  g iv e n  m ix tu r e  r a t i o  a  sp e c tru m  r e c o r d in g  and 

tem p o ra l  r e c o r d in g  w ere  o b t a in e d  a t  a b o u t  e i g h t  p r e s s u r e s  i n  t h e  

o p e r a t i o n a l  ran g e  u s in g  t h e  se q u en c e ;  tu b e  e v a c u a t io n  -  f i l l  t o  new 

p r e s s u r e  ~ sp e c tru m  r e c o r d in g  -  tu b e  e v a c u a t io n  -  f i l l  t o  same 

p r e s s u r e  -  tem p o ra l  r e c o r d i n g .  I t  was u s u a l l y  found t h a t  t h e  gas  

s t o r e d  i n  t h e  p ipew ork  was s u f f i c i e n t  f o r  a] .l  t h e  m easurem ents f o r  a 

g iv e n  m ix tu re  i f  t h i s  sequence  was used  w i th  m easurem ents  t a k e n  i n  

t h e  o r d e r  o f  d e c r e a s in g  p r e s s u r e .  For a  g i v e n  r a t i o  o f  donor t o  

r a r e - g a s  t h e  f i r s t  m ix tu re  t e s t e d  was alvrays t h a t  w i th  l e a s t  b u f f e r
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g a s .S in c e  i t  was g e n e r a l l y  found t h a t  th e  maximum d i s c h a r g e  p r e s s u r e  

i n c r e a s e d  w i th  th e  b u f f e r  f r a c t i o n ,  b u f f e r  gas  cou ld  s im p ly  be added 

t o  t h e  ta n k  betw een each ru n  t o  change i t s  f r a c t i o n  i n  t h e  m ix tu re  

and no more r a r e - g a s  and donor g as  were r e q u i r e d  f o r  t h e  whole

e x p e r im e n ta l  ru n  a t  t h a t  p a r t i c u l a r  donor t o  r a r e - g a s  m ix tu re  r a t i o .

I t  was p o s s i b l e ,  u s in g  t h e  gas  h a n d l in g  sy s tem , t o  o b t a i n

d i s c h a r g e s  i n  f lo w in g  g a s .  T h is  was done by c a r e f u l  a d ju s tm e n t  o f  

th e  v a lv e s  i n  F ig  6.1 so  t h a t  gas  f low ed from  th e  s to r a g e  t a n k ,  

th ro u g h  th e  d i s c h a r g e  tu b e  t o  th e  vacuum pump. To a c h ie v e  t h i s  

v a lv e s  1 and 6 i n  F ig  6.1 were c a r e f u l l y  a d ju s t e d  w i th  v a lv e s  2 - 5  

open and th e  r e m a in d e r  c lo s e d .  T h is  t e c h n iq u e  was used  s im p ly  t o

i n c r e a s e  t h e  r e c o rd e d  i n t e n s i t y  o f  a  spectrum  t h a t  was weak due t o  a

s h o r t  g a s  l i f e .  I t  was n o t  used  i n  any o f  th e  r o u t i n e  e x p e r im e n ts  

and so  no a t t e m p t s  were made t o  m easure  t h e  f low  r a t e  o r  p r e s s u r e  i n  

t h e  d i s c h a r g e  tu b e .

6 .3  P u ls e  R ecord ing  System

The tem p o ra l  r e c o r d in g  sys tem  b a sed  on t h e  OSA had two m ajo r  

l i m i t a t i o n s  d e r i v i n g  from  th e  lo n g  r e s p o n s e  t im e  i n  t h a t  v a r i a t i o n s  

d u r in g  a  s i n g l e  o p t i c a l  p u l s e  and v a r i a t i o n s  betw een  p u l s e s  cou ld  n o t  

be o b se rv e d  on  a  t im e s c a le  o f  l e s s  th a n  t h e  OSA re s p o n s e  tim e 

( 0 . 1 s ) .  To make t h e s e  o b s e r v a t i o n s  p o s s ib l e  a  s e p a r a t e  sys tem  was 

deve loped  u s in g  th e  same monochromator a s  b e f o r e  w i th  a  f a s t  

p h o t o m u l t i p l i e r  and a s to r a g e  o s c i l l o s c o p e .  The monochromator was 

used  w i th  i t s  o u tp u t  s l i t  i n  p la c e  and s e t  t o  p a s s  t h e  peak o f  t h e
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exc im er  e m is s io n .  The d i s c h a r g e  a p p a r a tu s  rem ained  u n d i s tu r b e d  f o r  

th e  p u l s e  r e c o r d in g  e x p e r im e n t s .

To r e c o r d  s i n g l e  o p t i c a l  p u l s e s ,  t h e  f a s t  p h o t o m u l t i p l i e r  o u tp u t  

was d i s p l a y e d  u s in g  a T e t ro n ix  7834 s to r a g e  o s c i l l o s c o p e .  I n  t h i s

o s c i l l o s c o p e  th e  s i g n a l  i s  t r a n s m i t t e d  th ro u g h  a d e la y  l i n e  betw een 

th e  p o i n t  a t  which th e  t r i g g e r  s i g n a l  i s  o b t a in e d  and t h e

Y “ a m p l i f i e r .  T h is  e n a b le s  th e  l e a d i n g  edge o f  nanosecond r i s e t i m e  

p u l s e s  t o  be viewed and t h e r e f o r e  i n t e r n a l  t r i g g e r i n g  was

s a t i s f a c t o r y  f o r  r e c o r d in g  t h e  o p t i c a l  p u l s e s .  However, a v a r i a b l e  

d e la y  co u ld  be a p p l i e d  t o  t h e  t r i g g e r  s i g n a l  s o  t h a t  t h e  d i s p l a y e d

p u l s e  cou ld  be a chosen  number o f  p u l s e s  a f t e r  th e  f i r s t  p u l s e .  I n

a d d i t i o n  t o  t h i s  a  second t r i g g e r  p u l s e  w i th  v a r i a b l e  d e la y  i s

d e r iv e d  from  th e  i n i t i a l  t r i g g e r  s i g n a l  and can  be used  t o  t r i g g e r  a 

second  i n p u t  t o  th e  o s c i l l o s c o p e .  I t  was t h e r e f o r e  p o s s i b l e  t o  

o b t a i n  a  p a i r  o f  t r a c e s  on  th e  o s c i l l o s c o p e  s t o r a g e  s c r e e n  showing 

two o p t i c a l  p u l s e s ,  each  p u l s e  o c c u r r in g  a f t e r  a  c h o sen  number o f

p u l s e s  had e la p s e d  f o l lo w in g  t h e  f i r s t  p u l s e  o f  t h e  seq u en c e .  I n  t h e  

e x p e r im e n ta l  work, r e c o r d s  o f  t h e s e  p u l s e s  w ere  made by t a k i n g  

t r a c i n g s  from th e  o s c i l l o s c o p e  s c r e e n .

I t  was r e a l i s e d  t h a t  d u r in g  a t y p i c a l  one second b u r s t  o f

microwave p u l s e s  th e  o p t i c a l  p u l s e  i n t e n s i t y  m igh t  b u i ld  up d u r in g  

th e  f i r s t  few p u l s e s  and be s u b j e c t  t o  o t h e r  v a r i a t i o n s  to o  r a p i d  t o  

be r e v e a l e d  by th e  OSA sy s te m . I t  was t h e r e f o r e  d e s i r a b l e  t o  d i s p l a y  

a  s u c c e s s io n  o f  p u l s e s  t o g e t h e r  on th e  o s c i l l o s c o p e .  I t  was n o t  

p o s s i b l e  t o  do t h i s  s im p ly  by u s in g  a  slow sweep r a t e  because  w i th  a  

p u l s e  w id th  t o  p u l s e  i n t e r v a l  r a t i o  o f  1 : 3000 t h e  p u l s e s  became
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e x tre m e ly  na rrow . A lthough th e  v e r t i c a l  l i n e s  o f  t h e  p u l s e s  c o u ld  be 

re c o rd e d  q u i t e  e a s i l y  by th e  o s c i l l o s c o p e  s to r a g e  s c r e e n ,  th e y  were 

swamped by th e  base  l i n e  betw een p u l s e s .  Even w i th  t h e  b a se  l i n e  

s h i f t e d  t o  a  p o s i t i o n  below th e  s c r e e n ,  i n t e r n a l  s c a t t e r i n g  s t i l l  

s a t u r a t e d  t h e  s to r a g e  s c r e e n  when s e n s i t i v i t i e s  s u f f i c i e n t  f o r  

r e c o r d in g  th e  p u l s e s  w ere  u s e d .  As a consequence  o f  t h i s  a system  

was d e v e lo p e d  t o  cause  b la n k in g  o f  th e  o s c i l l o s c o p e  t r a c e  be tw een  

p u l s e s .

The c o n t r o l  o f  t h e  T e t r o n ix  o s c i l l o s c o p e  b la n k in g  was 

s t r a i g h t f o r w a r d  and r e q u i r e d  th e  i n t e n s i t y  c o n t r o l  t o  be f u l l y  down 

and a -2V r e c t a n g u l a r  s i g n a l  t o  be f e d  t o  t h e  Z -  m o d u la t io n  in p u t  i n  

c o in c id e n c e  w i th  th e  p u l s e  t o  be o b s e rv e d .  A Venner TSA628 p u l s e  

g e n e r a to r  was used  t o  g e n e r a t e  t h i s  u n b la n k in g  s i g n a l .  T h is  d e v ic e  

co u ld  be t r i g g e r e d  e x t e r n a l l y  and a d ju s t e d  t o  g iv e  a  -2V p u l s e  e q u a l  

i n  d u r a t i o n  t o  t h e  o p t i c a l  p u l s e .  I t  was found t h a t  th e  o p t i c a l  

s i g n a l  co u ld  n o t  be used  t o  t r i g g e r  th e  p u l s e  g e n e r a t o r  be c au se  t h e  

i n h e r e n t  d e la y  i n  th e  g e n e r a t o r  caused  th e  u n b la n k in g  t o  o c c u r  some 

100ns to o  l a t e .  T h e r e f o r e  th e  r a d a r  s e t  sync  p u l s e ,  t h e  e a r l i e s t  

p u l s e  i n  t h e  sy s tem , was used  t o g e t h e r  w i th  a  d e la y  i n t r o d u c e d  

betw een th e  p h o t o m u l t i p l i e r  and o s c i l l o s c o p e  by means o f  20m o f  50ohm 

c o a x ia l  c a b l e .  The com ple te  system  f o r  m u l t i p l e  p u l s e  r e c o r d in g  i s  

shown i n  F ig  6 .2
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7 m E RIMEILTS.

T his  c h a p te r  i s  c o n cern ed  w i th  th e  p r o c e d u re s  t h a t  e n a b le d  

r e s u l t s  t o  be o b ta in e d  u s in g  t h e  a p p a r a tu s  d e s c r ib e d  above and w i th  

g i v in g  th e  d e t a i l s  o f  t h e  ra n g e  o f  t h e  i n v e s t i g a t i o n s .  The raw d a t a  

from th e  e x p e r im e n ts  w ere  i n  t h r e e  fo rm s. F i r s t l y  t h e  B -  X ex c im er  

e m is s io n  bands were o b ta in e d  on spec trum  r e c o r d s  a p p ro x im a te ly  170% 

wide w i th  l i n e a r  i n t e n s i t y  and w a v e le n g th  s c a l e s .  S econd ly ,  tim e 

r e c o r d s  o f  t h e  e m is s io n  pealc w ere  o b ta in e d  on l i n e a r  i n t e n s i t y  and 

t im e  s c a l e s .  S in c e  a v e ra g in g  o f  t h e  IIOOpps p u l s e  f r e q u e n c y  was 

i n h e r e n t  i n  t h e s e  r e c o r d s ,  a  sys tem  w i th  a f a s t  r e s p o n s e  t im e  

( d e s c r ib e d  above) was d ev e lo p ed  so  t h a t  s i n g l e  p u l s e  and m u l t i p l e  

unaveraged  p u l s e  b e h a v io u r  co u ld  be o b s e rv e d .  The raw d a t a  o b ta in e d  

u s in g  t h i s  t e c h n iq u e  were i n  t h e  form  o f  p h o to g ra p h s  o r  t r a c i n g s  o f  a 

s to r a g e  o s c i l l o s c o p e  d i s p l a y .  D a ta  r e c o r d s ,  e s p e c i a l l y  t h e  f i r s t  two 

ty p e s ,  were o b ta in e d  f o r  a  v e ry  wide ran g e  o f  g a s  m ix tu re s  and t o t a l  

p r e s s u r e s  d u r in g  t h e  e x e c u t io n  o f  a  l e n g th y  e x p e r im e n ta l  programme. 

The p ro c e d u re s  t h a t  were d e v e lo p e d  a l lo w e d  t h i s  programme t o  be 

c a r r i e d  o u t  i n  a r e a l i s t i c  p e r io d  o f  t im e  w h i le  m a in ta in in g  

c o n s i s t e n c y  o f  e x p e r im e n ta l  c o n d i t i o n s  and m in im is in g  th e  use  o f  t h e  

e x p e n s iv e  g a s e s .
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7 • 1 E x p e r im e n ta l  Methods

7 .1 ,1  I n t e n s i t y  vs Time R eco rd ing

By s e t t i n g  t h e  OSA r e c o r d e r  o u tp u t  t o  g iv e  t h e  i n t e n s i t y  a t  th e

maximum p o i n t  o f  an exc im er  B ~ X spec trum  i n  r e a l  t im e  mode, 

r e c o r d in g s  o f  i n t e n s i t y  vs t im e  were o b ta in e d  which gave  t h e  b a s i s  

f o r  a s s e s s m e n ts  o f  r e l a t i v e  peak f l u o r e s c e n t  o u tp u t  and e f f e c t i v e  g a s  

l i f e  i n  te rras  o f  m ix tu re  r a t i o  and p r e s s u r e .  To p roduce  t h e s e

r e c o r d s  th e  X -  Y p l o t t e r  was s e t  f o r  a l i n e a r  t im e sweep and

t r i g g e r e d  by means o f  a  push b u t to n  j u s t  b e f o r e  s w i tc h in g  on  th e  

microwave s o u r c e .  S c a l in g  o f  t h e  i n t e n s i t y  c o o r d i n a t e  c o u ld  be 

a l t e r e d ,  a c c o r d in g  t o  t h e  s t r e n g t h  o f  e m is s io n  e x p e c te d ,  by t h e  

p l o t t e r  g a in  c o n t r o l  and a  ra n g e  f a c i l i t y  on  th e  OSA, For  c a s e s  

where s a t u r a t i o n  o f  th e  v i d i c o n  camera m igh t o c c u r ,  g l a s s  f i l t e r s  

were p la c e d  betw een t h e  d i s c h a r g e  tu b e  and t h e  m onochrom ator. The 

f r a c t i o n a l  l o s s  i n t r o d u c e d  by a  f i l t e r  was s im p ly  o b ta in e d  by u s in g  

th e  same e x p e r im e n ta l  a r ra n g e m e n t  b u t  w i th  a slow  g a s  f low  i n  t h e  

d i s c h a r g e  tu b e  g i v in g  a c o n s t a n t  o p t i c a l  o u t p u t .  The l o s s  was found 

by i n s e r t i n g  th e  f i l t e r  d u r in g  t h e  X-Y r e c o r d e r  sweep i n  o r d e r  t o  

p roduce  a s t e p  i n  t h e  r e c o r d .  The l i n e a r i t y  o f  t h e  v i d i c o n  r e s p o n s e  

a llow ed  th e  f r a c t i o n a l  f a l l  i n  i n t e n s i t y  shown i n  t h e  r e c o r d  t o  be 

t a k e n  a s  th e  f r a c t i o n a l  l o s s  i n t r o d u c e d  by t h e  f i l t e r .
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Two r o u t i n e s  were used  f o r  g a s  r e p la c e m e n t  d u r in g  e x p e r im e n ts  

y i e l d i n g  i n t e n s i t y  vs t im e  r e c o r d s :

Method 1 F o l lo w in g  p r e p a r a t i o n  o f  th e  c u r r e n t  g a s  m ix tu re  and 

e v a c u a t io n  o f  th e  d i s c h a r g e  tu b e  and p ip e  ne tw ork , a  f i r s t  sample was 

l e t  i n t o  th e  d i s c h a r g e  t u b e .  The microwave s o u rc e  was th e n  sw i tc h e d  

on  and optimum tu n in g  s e t  f o r  t h e  h i g h e s t  p r e s s u r e  a t  which a

d i s c h a r g e  co u ld  be s t r u c k .  The d i s c h a r g e  tu b e  was t h e n  e v a c u a te d ,  

r e f i l l e d  w i th  f r e s h  g a s  t o  th e  same p r e s s u r e ,  and tem p o ra l  i n t e n s i t y  

r e c o r d in g  i n i t i a t e d .  The sys tem  was th e n  l e f t  u n d i s tu r b e d  u n t i l  t h e  

i n t e n s i t y  had f a l l e n  by a b o u t  70%, a t  which p o i n t  th e  p re s s u i ’e was 

red u c e d  by an  in c re m e n t  a s  r a p i d l y  a s  p o s s ib l e  u s in g  t h e  gas  t a p  

betw een  th e  d i s c h a r g e  tube  and th e  vacuum pump. T h is  p r o c e s s  was 

r e p e a t e d  u n t i l  e x t i n c t i o n  o f  t h e  d i s c h a r g e  o c c u r r e d .  I f  a t  any tim e 

an i n c r e a s e  i n  t h e  r e f l e c t e d  microwave s i g n a l  o c c u r r e d ,  t h e  E -  H

tu n e r  was r e a d j u s t e d  f o r  optimum tu n in g  b e f o r e  t h e  n e x t  p r e s s u r e  

s t e p .  As h a s  been m en tioned  e a r l i e r ,  s u f f i c i e n t  gas  f o r  a  ru n  such  

a s  t h i s  was u s u a l l y  p r e s e n t  i n  th e  pipew ork be tw een  th e  d i s c h a r g e

tu b e  and th e  s to r a g e  t a n k .

Examples o f  r e c o r d s  o b t a in e d  by t h i s  t e c h n iq u e  a r e  shown i n  

F ig  7 , 1 ,  Each tim e t h e  t o t a l  p r e s s u i ’e i s  r e d u c e d ,  which g i v e s  

s im u l ta n e o u s  gas  r e p la c e m e n t ,  a  new i n t e n s i t y  pealc r e s u l t s .  The

r i s i n g  edge o f  th e  peaks o c c u r  d u r in g  th e  p r e s s u r e  change which was

g e n e r a l l y  r a p i d  a t  f i r s t  b u t  s lo w e r  as  t h e  new p r e s s u r e  was

ap p ro a c h e d .  The f a l l i n g  e d g es  o f  t h e  peaks o c c u r  a t  t h e  c o n s t a n t  

p r e s s u r e s  i n d i c a t e d  on  th e  h o r i z o n t a l ( t i m e )  a x i s  and r e v e a l  t h e  g a s  

l i f e .  I t  can  be s e e n  t h a t  f o r  a  g iv e n  m ix tu re  r a t i o  peak i n t e n s i t y
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vs  t o t a l  p r e s s u r e  c u rv e s  can  be drawn im m e d ia te ly .  I t  can  a l s o  be 

se e n  t h a t  g a s  l i f e  i n c r e a s e s  w i th  t o t a l  p r e s s u r e  b u t  i n  t h e s e  c a s e s  

q u a n t i f i c a t i o n  i s  d i f f i c u l t  due t o  c o m p le x i t i e s  i n  t h e  cu rv e  sh a p e s  

i n  t h e  r e g i o n s  o f  f a l l i n g  i n t e n s i t y .  These r e s u l t s  c l e a r l y  

d e m o n s t ra te  a  m ajo r  d i f f i c u l t y  w i th  method 1 i n  t h a t  gas  l i v e s  e q u a l  

t o  o r  l e s s  th a n  th e  t im e  r e q u i r e d  f o r  p r e s s u r e  changes  (1 -  1 ,5  s )  

a r e  p r e s e n t  a t  th e  lo w er  p r e s s u r e s .  Under t h e s e  c o n d i t i o n s  gas  w i l l  

be e f f e c t i v e l y  u se d  up d u r in g  i t s  p a ssa g e  i n t o  t h e  d i s c h a r g e  tu b e ,  

e f f e c t i v e l y  r e d u c in g  th e  peak v a lu e  o b t a i n a b l e .  W hile t h i s  method 

was u sed  f o r  a l l  th e  XeF e x p e r im e n ts ,  a  d i f f e r e n t  t e c h n iq u e  

(method 2) was e v o lv e d  and used  f o r  a l l  r e m a in in g  e x p e r im e n t s .

Method 2 I n  t h i s  method an e n t i r e l y  f r e s h  g a s  sample was used  a t  each 

p r e s s u r e  and th e  microwave s o u rc e  was s w itc h e d  o f f  d u r in g  p r e s s u r e  

ch a n g es .  An i n t e n s i t y  « tim e  p l o t  was o b t a i n e d  a t  a b o u t  e i g h t  

d i f f e r e n t  p r e s s u r e s  f o r  a  g i v e n  m ix tu re  r a t i o  u s in g  t h e  f o l l o w in g  

r o u t i n e .

1 . Gas p la c e d  i n  tu b e  t o  maximum d i s c h a r g e  p r e s s u r e ,  tu n in g  

o p t im is e d .

2 .  Tube e v a c u a te d  and a llo w e d  t o  c o o l ,  r e f i l l e d  t o  maximum p r e s s u r e .

3 .  C h a r t  r e c o r d e r  sweep on, microwave so u rc e  on, microwave so u rc e  o f f  

a f t e r  abou t  70% f a l l  i n  o p t i c a l  o u t p u t .

4 . Tube e v a c u a te d ,  f r e s h  g a s  i n t r o d u c e d  t o  new p r e s s u r e ,  c o u p l in g  

r e tu n e d ,  tu b e  e v a c u a te d  and a llo w e d  t o  c o o l .

5 . Gas r e p l a c e d  t o  new p r e s s u r e ,

[R o u t in e  c o n t in u e d  from  s t e p  3 . ]

T h is  method p ro v id e d  g r e a t e r  c o n s i s t e n c y  o f  c o n d i t i o n s  th a n  method 1 

b u t  was much more tim e consuming and used  a  g r e a t e r  q u a n t i t y  o f  g a s  

f o r  each  r e s u l t .  Examples o f  r e c o r d s  u s in g  m ethod 2 a p p e a r  i n  F ig
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7 . 2 .  I n  t h i s  c a s e  i n t e n s i t y / t i m e  r e c o r d s  w ere  o b ta in e d  a t  e l e v e n  

t o t a l  p r e s s u r e s  f o r  th e  m ix tu r e  i n d i c a t e d .  Each r e c o r d  shows t h e  

c h a r a c t e r i s t i c  r a p i d  r i s e  t o  a  maximum i n t e n s i t y  a t  th e  i n i t i a t i o n  o f  

t h e  d i s c h a r g e  and th e  s u b s e q u e n t  decay ( p e r h a p s  t o  a  c o n s t a n t  l e v e l )  

from which g a s  l i f e  m easurem ents  w ere  o b ta in e d .

7 . 1 . 2  Spectrum  R ecord ing

Spectrum  r e c o r d s  were o b ta in e d  u s in g  t h e  OSA f o r  sev era l ,  

p u rp o s e s .  P r i m a r i l y  a  sp ec tru m  was o b ta in e d  f o r  every  g a s  m ix tu re  and 

p r e s s u r e  t h a t  was u sed  i n  t h e  tem p o ra l  r e c o r d in g  e x p e r im e n t s .  I n  

e v e ry  c a s e  c a r e  was t a k e n  t o  e n s u re  t h a t  f r e s h  g a s  was u se d ,  t h a t  th e  

d i s c h a r g e  tu b e  had c o o le d ,  and t h a t  tu n in g  was optimum. The OSA was 

used  i n  memory mode so  t h a t  t h e  spec trum  was a ccum ula ted  o v e r  a 

number o f  i n t e r n a l  d a t a  t r a n s f e r  c y c l e s .  The number o f  c y c l e s  

( s c a n s )  chosen  was such t h a t  t h e  microwave so u rc e  c o u ld  be s w i tc h e d  

on and o f f  w i t h in  t h e  p e r io d  d u r in g  which a c c u m u la t io n  was t a k in g  

p l a c e .  F o r  th e  main b u lk  o f  t h e  e x p e r im e n ta l  work, s p e c t r a  w ere  

o b ta in e d  d u r in g  a one second  b u r s t  from th e  microwave so u rc e  u s in g  

th e  m o n o s tab le  s w i tc h  d e s c r i b e d  i n  S e c t i o n  5 . 2 . 1 .  T h e r e f o r e ,  t h e  

r e c o r d e d  s p e c t r a  r e p r e s e n t e d  th e  i n t e g r a t e d  s p e c t r a  o f  1100 p u l s e s .  

These r e c o r d in g s  cou ld  th e n  be used  a s  an  a l t e r n a t i v e  method f o r  

r e l a t i n g  i n t e n s i t y  t o  m ix tu re  r a t i o  and p r e s s u i ’e b u t  o n ly  f o r  t h e  

c a s e s  where gas  l i f e t i m e s  w ere  known t o  be c o n s id e r a b l y  g r e a t e r  th a n  

one se co n d .  However, t h e  m ain  pu rpose  i n  o b t a i n i n g  t h e  spectrvmi 

r e c o r d s  was t o  f i n d  i f  v a r i a t i o n s  o c c u r r e d  i n  t h e  i n t e n s i t y  

d i s t r i b u t i o n  o f  t h e  s p e c t r a  and t o  d e m o n s t ra te  how th e  v a r i a t i o n s
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depended on b u f f e r  gas  type  and t o t a l  p r e s s u r e .

I n  a d d i t i o n  t o  th e  r e c o r d s  o b t a in e d  d u r in g  t h e  main e x p e r im e n ta l  

programme, s p e c t r a  were o b ta in e d  a t  th e  o u t s e t  o f  t h e  i n v e s t i g a t i o n  

o f  any p a r t i c u l a r  exc im er  m o le c u le  f o r  th e  p u rp o se s  o f  i d e n t i f i c a t i o n  

and t o  i d e n t i f y  t h e  OSA d a t a  c h a n n e l  l y in g  n e a r e s t  t o  t h e  spec trum  

pealc. The o t h e r  o u t s t a n d in g  r e a s o n  f o r  o b t a i n in g  spec trum  r e c o r d s  

o c c u r r e d  d u r in g  t h e  a t t e m p t s  t o  o b t a i n  l a s i n g  d e s c r ib e d  below . I n  

bo th  o f  t h e s e  c a s e s  t h e  number o f  a c c u m u la t io n  s c a n s  was s e t  t o  

encompass t h e  o p e r a t i o n a l  p e r i o d  o f  t h e  d i s c h a r g e  which was s e t  t o  a  

v a r i e t y  o f  v a lu e s  depend ing  on  th e  r e q u i r e m e n ts .

7 * 1 .3  P u l s e  R ecord ing

The p u l s e  r e c o r d in g  a p p a r a tu s  was d e v is e d  so  t h a t  v a r i a t i o n s  

w i t h i n  s i n g l e  o p t i c a l  p u l s e s  c o u ld  be d i s p l a y e d  and t o  r e c o r d  any 

p u l s e - t o - p u l s e  v a r i a t i o n s  t h a t  were to o  r a p i d  t o  be d e t e c t e d  by th e  

OSA sy s te m . I n  a d d i t i o n  i t  was found t h a t  c o r r e s p o n d in g  o p t i c a l  and 

microwave r e f l e c t i o n  p u l s e s  cou ld  be o b ta in e d  f o r  c o n s e c u t iv e  g a s  

sam ples  o f  t h e  same m ix tu re  and p r e s s u r e .  The r e f l e c t e d  microwave 

p u l s e  was r e c o r d e d  so  t h a t  c o r r e l a t i o n s  be tw een  th e  tem p o ra l  

b e h a v io u r  o f  t h e  o p t i c a l  p u l s e  and m icrowave p u l s e  co u ld  be 

r e v e a l e d .  These r e c o r d in g s  a l s o  a l low ed  a  c h eck  t o  be k e p t  on th e  

o v e r a l l  e f f i c i e n c y  o f  t h e  tu n in g  f o r  each  o p t i c a l  p u l s e  r e c o r d .  

R e s u l t s  were o b ta in e d  u s in g  t h e  p u l s e  r e c o r d in g  sys tem  f o r  t h e  same 

m ix tu re s  and p r e s s u r e s  u sed  i n  a  s m a l l  f r a c t i o n  o f  t h e  KrF 

e x p e r im e n ts  a s  i n d i c a t e d  i n  S e c t i o n  7*2 be low . The gas  h a n d l in g



Chapter 7  136

p r o c e d u re s  were a s  d e s c r ib e d  f o r  method 2 above .

Some exam ples from th e  p u l s e  r e c o r d in g  t e c h n iq u e  a r e  shown i n  

F ig  7 . 3 . T h is  f i g u r e  was p roduced  by ta lc ing  t h e  o r i g i n a l  o s c i l l o s c o p e  

s c r e e n  t r a c i n g s ,  which were on a c e t a t e ,  and r e t r a c i n g  them and ad d in g  

th e  s c a l e s  i n  d e t a i l .  D uring  th e  r e t r a c i n g  th e  o p t i c a l  and m icrowave 

r e f l e c t i o n  p u l s e s  were superim posed  s in c e  th e y  were o b ta in e d  on t h e  

same tim e s c a l e .  To o b t a i n  t h i s  s e t  o f  r e c o r d s  f o u r  sam ples  o f  f r e s h  

g as  were r e q u i r e d .  The f i r s t  two sam ples  w ere  used  t o  o b t a i n  t h e  

o p t i c a l  p u l s e  a m p l i tu d e  e n v e lo p e s ,  shown i n  ( a ) ,  which d i f f e r  o n ly  i n  

t h e  t im e  b a se  s e t t i n g .  I n  t h e  2 0 m s/d iv  t r a c e  t h e  c l o s e l y  sp aced  

v e r t i c a l  l i n e s  o f  t h e  i n d i v i d u a l  p u l s e s  were d i s c e r n a b l e  on th e  

o s c i l l o s c o p e  s c r e e n  b u t  w ere  n o t  cop ied  o n to  t h e  r e c o r d .  With th e  

tim e  base  s e t  a t  lOOms/div, i n d i v i d u a l  p u l s e s  w ere  n o t  d i s c e r n a b l e  

and t h e  a r e a  u n d e r  t h e  cui^ve was u n i fo rm ly  b r i g h t .  The t h i r d  gas  

sample was used  t o  p roduce  th e  two o p t i c a l  p u l s e  r e c o r d s  u s in g  th e  

o s c i l l o s c o p e  d u a l  beam f a c i l i t y .  The o s c i l l o s c o p e  was s e t  so  t h a t  

t h e  f i r s t  o p t i c a l  p u l s e  was r e c o r d e d  a f t e r  a  30ms d e la y  from th e

f i r s t  d i s c h a r g e  p u l s e .  The second p u l s e  was r e c o rd e d  a f t e r  a 180ms 

d e la y  from th e  f i r s t  d i s c h a r g e  p u l s e .  S in c e  t h e  p u l s e  r a t e  i s  1100 

p e r  se co n d ,  th e  two r e c o r d e d  p u l s e s  r e p r e s e n t  t h e  3 3 rd  and 198 th  

p u l s e s  o f  t h e  t r a i n  o f  p u l s e s .  The p o s i t i o n s  o f  t h e  s e l e c t e d  p u l s e s  

a r e  shown on  th e  p u l s e  e n v e lo p e  r e c o r d s .  The microwave r e f l e c t i o n  

r e c o r d s  w ere  o b ta in e d  w i th  th e  f o u r t h  gas  sam ple  u s in g  t h e  same

method a s  t h a t  used  f o r  t h e  two o p t i c a l  p u l s e  r e c o r d s  s im p ly  by

c o n n e c t in g  th e  s i g n a l  c a b le  from th e  d e t e c t i o n  d io d e  i n  p la c e  o f  t h e

p h o t o m u l t i p l i e r  c a b le .
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1Ô0 ms
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0 500 ms

' (a) Puise amplitude envelopes 

2 0 ms/div lOOms/div

0 500ns 5Ô0ns0

(b) Single p u is e s . o p t ic a l ,  microwave reflection

Delay 30ms(ie. 33rdpulse ) Delay 180ms (ie.198th pulse)

All records NF̂  :Kr 1:3 , to ta l pressure 30Tprr 

Î Intensity — ^  Time

Figure 7.3 Examples of pulse records.
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7 .2  E x p e r im e n ta l  Programme

The e x p e r im e n ta l  work c o n s i s t e d  o f  p r e l i m i n a r y  deve lopm en t 

fo l lo w e d  by th e  e x e c u t io n  o f  an e x t e n s i v e  progran\me i n  which th e  main 

body o f  d a t a  were c o l l e c t e d .  A lthough t h i s  programme took  th e  form 

o f  a  s e q u e n t i a l  r o u t i n e  i n  which each  exc im er  was s tu d i e d  i n  t u r n ,  i t  

w i l l  be more u s e f u l  t o  c l a s s i f y  th e  e x p e r im e n ta t i o n  i n  te rm s  

a p p r o p r i a t e  t o  th e  p r e s e n t a t i o n  o f  d a t a  r a t h e r  th a n  a d h e re  t o  t h e  

c h rono logy  o f  t h e  work. T h e r e f o r e  t h e  e x p e r im e n ts  a r e  d iv id e d  i n t o  

t h r e e  b road  s e c t i o n s ;  sp e c tru m  i d e n t i f i c a t i o n ,  i n v e s t i g a t i o n  o f  

m ix tu re  r a t i o s  and p r e s s u r e s ,  and v a r i o u s  m is c e l l a n e o u s  e x p e r im e n ts .

T h is  breakdown i s  shown i n  T ab le  7,1 which a l s o  i n d i c a t e s  t h e  m ethods

used  and th e  main e x p e r im e n ta l  v a r i a b l e s .  T ab le  7*2 p r e s e n t s  th e

f u l l  range  o f  m ix tu re  r a t i o s  t h a t  w ere t e s t e d  and th e  a p p ro x im a te

p r e s s u r e  ran g e  f o r  which a d i s c h a r g e  was o b ta in e d  f o r  each m ix tu r e .



EXPERIMENT METHOD

Spectrum identification 

iKeF Kr F ArF 

XeCl KpCI ArCllnot 

found] XeO

As in Section 7.1.2 

or similar.

Experimental programme 

for mixture ratios and 

to ta l  pressurelsee Table 7.2) 

XeF Spectra - 7.1.2 , intensity vs 

t im e-m ethod 1 in 7.1.1,pulse 

records 7.1.3. ( 5 mixtures).

KrF 7.1.2 , method 2 in 7.1.1,

7.1.3 (3 mixtures).

XeCl 7.1.2,method.1 -7.1.1.

ArF (weak spectra only)

KrCl 2 mixtures 7.1.2

Variables Buffer and 

donor type,m ixture ratio, 

to ta l pressure.

Miscellaneous

1.Lasing attempts in X eF , 

KrF, and XeCl.

2. High and low pressure 

spectra in KrF.

3 .Comparison of two tube 

diameters, KrF.

4 .  Effect of tube cooling,KrF.

7.1.2 , method 1-7.1.1. 

7.11

Table7.1 Principal classification of experiments.



1
2
3
4
5
6
7
8
9

10 
11 
12
13
14
15
16
17
18
19
20 
21 
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

44

46

49

DONOR IRARE
GAS

BUFFER
Pl

DONOR RAREI
GAS

BUFFER
%SF6 NF3 I He 1 Ne Ar SFs INF3 ' He Ne Ar

KrF XeF
1 1 26 200 P)1 6 460 50 900's
1 1 1 13 220 1 6 1400 50 1000s 

900]s 
500 5

1 1 5 13 220 1 6 3000 50
501 1 33 4 0 400 1 3 76

1 1 100 5 0 700 1 3 230 50 800 5
1 1 500 500 1200 1 3 680 50 1100 5
1 3 7 210 P)1 0.75 57 50 800 5
1 3 4 13 300 1 0.75 170 50 1000 s
1 3 16 26 500 P)1 3 76 50 900 5

T200 5P)1 3 100 200 800 1 3 230 50
1 3 500 500 1000 P)1 3 76 50 900 6
1 3 1000 400 1400 P)1 3 230 50 800 6
1 10 13 240 P) 1 3 76 50 1000 6
1 10 10 66 500 1 3 680 50 500 5
1 10 30 66 700 1 3 76 50 600 c
1 10 100 300 1200 1 3 230 50 1000 6
1 10 300 600 1000 HQ XeCl
1 30 13 260 1 0.5 13 110 6 

200 61 30 30 26 400 1 1 13
1 30 100 80 500 1 3 7 /MO 6
1 30 300 130 600 1 10 7 120 6
1 30 1000 400 1400 1 30 7 120 1
1 30 2000 500 1300 1 100 7 79 1
1 100 26 400 1 300 7 79 "
1 100 100 53 500 1 3 100 100 350 1
1 100 300 110 500 1 3 300 200 800 '
1 100 1000 200 1300 1 3 1000 100 800 '

1 0.5 13 79 1 20 200 100 900 '
1 1 26 66 1 20 1000 100 1000 1

P) 1 3 40 110 1 20 2000 300 1100 1
1 10 40 180 1 100 40 120
1 30 13 250 1 100 100 66 170
1 100 26 300 1 100 300 100 300 f
1 300 26 400 1 100 1000 100 900 6

P) 1 3 100 100 800 1 20 80 100 900 E
p)1 3 100 100 1000 SF6 NFi ArF

1 3 13 170 1 30 30 E
1 3 3 13 210 1 30 60 E
1 3 10 13 250 1 3 2 5 0 £
1 3 30 40 300 1 100 £
1 3 13 170 1 100 100 £
1 3 3 13 250 1 100 200 £
1 3 10 26 500 1 30
1 3 30 4 0 900 1 30
1 3 100 110 1300 1 30
1 3 300 300 1500 HCl KrCl
1 3 1000 400 1700 1 5 0  h o o o S
1 3 7 180 1 50  13000
1 3 100 200 1000 P}-Also used  in pulse exp erim en ts

■ P u - Lowest,highest pressures of discharge in mB.

Table?.2 Experimental programme-mixture ratios and pressure ranges.
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8 RESULTS

The r e s u l t s  a p p e a r in g  i n  t h e  f i g u r e s  o f  t h i s  c h a p te r  a r e  e i t h e r  

t r a c e d  c o p ie s  o f  t h e  raw d a t a  o r  g ra p h s  produced  from m easurem ents  

t a k e n  from th e  raw d a t a .  They a r e  p r e s e n te d  f i r s t  on an e m p i r i c a l

b a s i s  g iv in g  a s  much o f  th e  d a t a  a s  p o s s ib l e  i n  a  condensed  fo rm .

F o llow ing  t h i s  i s  a s e r i e s  o f  s e c t i o n s  i n  which th e  d a t a  a r e  s e l e c t e d  

from th e  raw r e s u l t s  a c c o rd in g  t o  v a r i o u s  a n a l y t i c a l  t o p i c s .  Each

s e c t i o n  c o n ta i n s  a d i s c u s s i o n  o f  t h e  o u t s t a n d in g  f e a t u r e s  o f  t h e

g ra p h s  p r e s e n te d .

8.1 E m p ir ic a l  P r e s e n t a t i o n  o f  R e s u l t s

The d a t a  shown i n  F ig s  8 .1  t o  8 ,6  a r e  t r a c i n g s  o f  th e  i n t e n s i t y  

vs t im e  r e c o r d s  f o r  n e a r l y  a l l  o f  t h e  KrF m ix tu r e s  (1-4?  i n  T ab le  

7 , 2 ) ,  I n  a l l  o f  t h e s e  f i g u r e s  t h e  r e c o r d in g s  a r e  a r r a n g e d  i n  

v e r t i c a l  columns o f  i n c r e a s i n g  t o t a l  p r e s s u r e  w i th  a  c o n s t a n t  m ix tu re  

r a t i o  w i t h in  each  column. F ig u r e s  8 . 2 ( a )  and 8 .2 ( b )  a r e  th e  same a s  

F ig  8,1 b u t  on a l a r g e r  s c a l e .  These r e s u l t s  a r e  f o r  SF^:Kr;He 

m ix tu re s  number 1 to  2 7 .  The 27 m ix tu re s  (co lum ns) a r e  p la c e d  i n  

f i v e  g ro u p s ,  each g ro u p  h a v in g  a p a r t i c u l a r  SF^iKr r a t i o .  W ith in

each  g roup  th e  columns a r e  i n  o r d e r  o f  i n c r e a s i n g  d i l u t i o n  d e s c r ib e d  

by th e  p a r t i a l  p r e s s u r e  r a t i o  o f  th e  t o t a l  r a r e - g a s  c o n te n t  t o  t h e  

SFg c o n te n t .



. c

Figure8.1 KrF intensity vs time records, SF^iKrHe mixtures (1-27 in Table7.2) 
reduced by 0.09. Time scale 10sec per division.
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F ig u r e  8 . 3  c o n t a i n s  th e  r e c o r d s  f o r  th e  b in a r y  NF^iKr miLxtures 

( 28- 3 4 ) w i th  columns a r r a n g e d  i n  th e  o r d e r  o f  i n c r e a s i n g  d i l u t i o n .  

F ig u r e  8 .4  shows th e  r e c o r d s  f o r  th e  two m ix tu re s  (35 -36 )  where SF^ 

i s  compared w i th  NF^. R ecords  f o r  th e  m ix tu re s  o f  SFg.*Kr:Ar (3 7 -4 0 )  

a r e  shown i n  F ig  8 .5  where th e  SF^rKr r a t i o  was c o n s t a n t  a t  1 ;3 and 

th e  columns a r e  i n  o r d e r  o f  i n c r e a s i n g  d i l u t i o n .  The r e c o r d s  shown 

i n  F ig  8 .6  a r e  s i m i l a r  to  th o s e  o f  F ig  8 .5  o n ly  h e re  th e  b u f f e r  gas  

i s  Ne.

The d a t a  shown i n  F ig s  8 . 7  t o  8 .1 3  vjere o b ta in e d  from  peak- 

i n t e n s i t y  and i n t e n s i t y  h a l f  l i f e  m easurem ents o f  t h e  raw d a t a  as 

d e s c r ib e d  i n  T ab le  8 . 1 .  The a p p r o p r i a t e  m ethods and m ix tu re  r a t i o s  

can  be found i n  T a b le s  7 . I  and 7 . 2 .  F ig u re s  8 .1 4  to  8 .1 7  show th e  

r e s u l t s  o b ta in e d  u s in g  th e  p u l s e  r e c o r d in g  system  and a r e  c o p ie s  o f  

th e  raw d a t a .  T a b le s  8 . 1 ,  7*1» and 7 . 2  g iv e  t h e  d e t a i l s  o f  th e s e  

r e c o r d s .
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Peak intensity  and intensity  h a l f - l i f e  vs pressure. (Derived from 
spectrum,and intensity vs time,records).

Figure Excimer
Mixtures 
(Table 7.2)

Horizontal
Axis

Pressure
Scale

Vertical
Axis

Relative
Intensity

Half 
Life X

8.7 XeF 5 0 - 6 5 lOOmB/div 1 se c/di v

8.8 KrF 1 - 1 5 lOOTorr/div r 1

8.9 KrF 1 6 - 3 4 11 1 !

8.10 KrF 35—40

4 8 - 4 9

11 

! 1

! 1 

1 i

8.11 KrF 4 1 - 4 7 1 t 11

&12 XeCl 6 6 - 7 5

76—78

7 9 - 8 3

! 1 

I 1 

1 1

0

0

&13 KrCl 9 3 —94 ] 1 *

X exponential f i t  

0  linear f i t

Relative in tens ity  only comparable within each set of mixtures 

except KrF where the four sets are intercomparable.

Multiple pulse and single pulse intensity vs time.(Assembled from
oscilloscope tracings).See also Figure7.3.

Figure Excimer Column (a) Column(b) and(c)
8.14 KrF Multiple pulse amplitude envelopes, 

— fa st,— --s lo w  time base ~ 

ms/div indicated.

Single delayed pulse 

microwave reflection  

- - —optical.Delay shown 
in ms.100ns/div.

815 KrF

8.16 KrF Multiple pulse amplitude envelopes.
8.17 KrF

Table 8.1 Key for Figures 8.7 to 8.T7.(Data presentation on an empirical basis J
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8 .2  Excimer S p e c t r a

The B “ X e m is s io n  s p e c t r a  o f  a l l  th e  r a r e - g a s  h a l i d e  m o le c u le s  

o b se rv e d  (XeF, XeCl, KrF, KrCl, and ArF) a r e  p r e s e n te d  i n  F ig s  8 .1 8  

t o  8 .2 2  w i th  th e  v i b r a t i o n a l  a s s ig n m e n ts  g iv e n  i n  th e  l i t e r a t u r e  f o r  

XeF and XeCl, I n  o r d e r  t o  d e m o n s t ra te  th e  e f f e c t  o f  th e  t o t a l  gas  

p r e s s u r e  on th e  e m is s io n  p r o f i l e ,  a  low p r e s s u r e  sp ec tru m  i s  in c lu d e d  

f o r  XeF, XeCl, and KrF. The spec trum  o f  ArF (F ig  8 .2 2 )  was we ale and 

t h e r e f o r e  q u i t e  d i f f i c u l t  t o  o b t a i n .  To p roduce  a spec trum  w i th  a 

low background sp e c tru m , lo n g  i n t e g r a t i o n  t im es  and f a s t  g a s  f low  

r a t e s  were r e q u i r e d  t o  com pensate  f o r  th e  s h o r t  e m is s io n  l i f e t i m e .  

Because o f  t h e s e  d i f f i c u l t i e s ,  ArF was n o t  s t u d i e d  i n  d e t a i l  i n  t h i s  

work.

A ttem p ts  were made t o  s tu d y  th e  spec trum  o f  th e  XeO e x c im e r .  

However, t h i s  e m is s io n  p roved  t o  be v e ry  d i f f i c u l t  t o  o b t a i n  and 

i d e n t i f y  i n  t h e  p r e s e n t  a p p a r a tu s .  The c l e a r e s t  r e s u l t  r e c o r d e d  i s  

shown i n  F ig  8 .23  and was ob ta i ,ned  u s in g  a long  i n t e g r a t i o n  tim e w i th  

f a s t  g a s  f lo w .  D e s p i te  t h i s ,  numerous background l i n e s  a r e  p r e s e n t .  

A m ercury  sp e c tru m  was superim posed  on t h i s  r e c o r d  by s w i tc h in g  o f f  

t h e  d i s c h a r g e  and a l lo w in g  t h e  e m is s io n  o f  a  m e rc w y  lamp t o  p a s s  

a lo n g  th e  d i s c h a r g e  tube  a x i s .  The s m a l l  sp e c tru m  i n  F ig  8 .2 3  i s  

r ep ro d u c e d  from Kenty e t .  a l . (1946) and d e m o n s t ra te s  c l e a r l y  t h a t  th e  

XeO sp ec tru m  i s  p r e s e n t  i n  th e  r e c o r d .
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8 .3  M ix tu re  R a t io s  and T o ta l  F r e s s u r e

One o f  th e  aims o f  th e  p r e s e n t  i n v e s t i g a t i o n  was t o  f i n d ,

e m p i r i c a l l y ,  th e  m ix tu re  r a t i o s  and t o t a l  p r e s s u r e  f o r  which th e  

f l u o r e s c e n t  e m is s io n ,  f o r  any g i v e n  exc im er sy s tem , was a maximum.

These r a t i o s  and p r e s s u r e s  co u ld  th e n  be used  a s  a  s t a r t i n g  p o i n t  i n

a t t e m p t s  to  o b t a i n  l a s i n g .

8 .3 .1  XeF M ix tu re s

F o r  XeF th e  r e s u l t s  i n  F ig  8 .7  g iv e  an i n d i c a t i o n  o f  t h e  t r e n d s  

i n  o u tp u t  accompanying v a r i a t i o n s  i n  m ix tu re s .  I n  some c a s e s ,  most 

n o t a b ly  th e  m ix tu re s  w i th  NF^ donor ,  th e  e m is s io n  l i f e t i m e s  a r e  

s h o r t ,  b e in g  w e l l  below t h e  0 ,3  second  r e s p o n s e  t im e  o f  t h e  r e c o r d in g  

sy s tem  o v e r  th e  whole p r e s s u r e  r a n g e .  For t h e s e  c a s e s  a  h i g h e r  

r e l a t i v e  i n t e n s i t y  th a n  t h a t  r e c o rd e d  would be o b t a in e d  i f  o p e r a t i o n  

o v e r  a  s m a l l  number o f  p u l s e s  had been  f e a s i b l e .  W ith in  each  o f  t h e  

t h r e e  g roups  o f  th e  m ix tu re s  o f  SF^:Xe;He (5 0 -5 2 ,  5 3 -5 5 ,  56-57 i n

Tab le  7 .2  and F ig  8 .7 )»  t h e  peak i n t e n s i t y  o c c u r s  a t  h ig h e r  t o t a l  

p r e s s u r e  a s  th e  m ix tu re  becomes more d i l u t e  and a l s o  t h e  gas  l i f e t i m e  

r i s e s  r a p i d l y  w i th  t o t a l  p r e s s u r e .  Comparing t h e s e  t h r e e  g ro u p s ,  t h e  

g e n e r a l  e f f e c t s  o f  i n c r e a s i n g  th e  donor f r a c t i o n  a r e  t o  s h i f t  t h e  

pealc e m is s io n  to  low er  t o t a l  p r e s s u r e  and g iv e  i n c r e a s e d  g a s  

l i f e t i m e s .  W ith in  t h e  l i m i t a t i o n s  s e t  by t h e  r e s p o n s e  tim e o f  t h e  

a p p a r a tu s ,  i t  seems t h a t ,  f o r  SF^:Xe:He m ix tu r e s ,  t h e  s m a l l e r  donor 

f r a c t i o n  may be more s u i t a b l e .  M ix tu re s  a p p ro x im a t in g  1 :6 :5 0 0 ,  f o r  

exam ple, may be optimum f o r  peak o u tp u t  f o r  s m a l l  numbers o f  p u l s e s .
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The r e s u l t s  f o r  m ix tu re s  62~67 i n  F ig  8 .7  show t h a t  a  much 

h i g h e r  o u tp u t  i s  o b t a in e d  w i th  NF^ a s  donor ,  d e s p i t e  th e  red u c e d  

s i g n a l  o c c u r r in g  th ro u g h  v e ry  s h o r t  l i f e t i m e s .  R e s u l t s  u s in g  a rg o n  

b u f f e r  show a s m a l l  o u tp u t  o n ly .  Thus i t  seems t h a t  f o r  h ig h  

i n t e n s i t y  f o r  s m a l l  numbers o f  p u l s e s  i n  XeF e m is s io n ,  NF^ s h o u ld  be 

used  a s  donor and, s i n c e  g r e a t e r  i n t e n s i t i e s  a r e  s e e n  f o r  m ix tu re s  58 

and 59 th a n  f o r  53 and 54 , neon s h o u ld  be used  a s  th e  b u f f e r .  The 

optimum r a t i o s  f o r  f l u o r e s c e n t  e m is s io n  a r e  d i f f i c u l t  t o  a s s e s s  b u t  

may n o t  be p a r t i c u l a r l y  c r i t i c a l .  Thus NFg:Xe;Ne m ix tu re s  i n  t h e  

a p p ro x im a te  ran g e  1 :3 :1 0 0 -1 0 0 0  may s u f f i c e .  I t  may be t h a t  th e  

h i g h e r  d i l u t i o n ,  w h i le  g i v in g  l e s s  f l u o r e s c e n t  e m is s io n ,  c o u ld  g iv e  

b e t t e r  l a s e r  o p e r a t i o n  due t o  r e l a x a t i o n  o f  th e  B s t a t e .  For  long  

l i f e ,  SFg i s  s u p e r i o r  t o  NF^ b u t  l a s e r  o p e r a t i o n  may be much h a r d e r  

t o  a c h ie v e  w ith  SF^. T h e r e f o r e  i n  a p p l i c a t i o n s  w here long  g a s  l i f e  

i s  o f  p r im a ry  im p o r ta n c e  i t  may be p o s s ib l e  t o  use  SF^ i n s t e a d  o f  NF^ 

i f  reduced  l a s e r  o u tp u t  i s  a c c e p t a b l e .

8 . 3 .2  KrF M ix tu res

The KrF r e s u l t s  ( 1 -4 9  i n  T ab le  7 .2 )  were t h e  most d e t a i l e d  o f  

th e  e x p e r im e n ta l  s e q u en c e ,  e s p e c i a l l y  1-27 f o r  SF^:Kr:H e m ix t u r e s .  

These may be examined i n  F ig s  8 . 1 ,  8 .2 ( a )  and 8 .2 ( b )  and a l s o  i n

F ig s  8 ,8  and 8 .9  where th e  g ro u p s  1 -6 ,  7 - 1 2 ,  13-17» 18-23» and 24-27

c o r re s p o n d  to  a  p r o g r e s s iv e  d e c r e a s e  i n  donor f r a c t i o n ,  w h i le  w i t h i n  

each  g roup  a ran g e  o f  d i l u t i o n  by t h e  b u f f e r  i s  t e s t e d .  I n  t h e  

m a j o r i t y  o f  c a s e s  t h e  g a s  l i f e t i m e  i s  l o n g e r  th a n  0 .3  s e c .  I t  i s
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most n o t i c e a b l e  t h a t  changes i n  t h e  pealc i n t e n s i t y  w i th  changes  i n

m ix tu re  r a t i o s  a r e  n o t  p a r t i c u l a r l y  s h a rp .  T h is  i s  shown more

c l e a r l y  i n  F ig  8 .2 4  where t h e  pealc i n t e n s i t y  and th e  a b s o l u t e

p r e s s u r e  a t  which i t  o c c u rs  a r e  p l o t t e d  a g a i n s t  donor f r a c t i o n  on a

n e g a t i v e  lo g  s c a l e .  The d o n o r : r a r e - g a s  r a t i o  i s  c o n s t a n t  w i t h in  each

g ra p h .  The b road  t r e n d  i s  t o  a  maximum w i th  d o n o r ; r a r e - g a s  r a t i o s  i n

t h e  ran g e  1:1 to  1 :3  w i th  d o n o r : t o t a l  g a s  c o n te n t  r a t i o s  i n  t h e  ran g e

1:5  t o  1 :3 0 0 .  However, i n  th e  ex trem e c ase  o f  SF^:Kr i n  th e  r a t i o
0

1:1 t h e  maximum o c c u rs  a t  a b o u t  5 T o r r  where th e  B -  X e m is s io n  band 

i s  s t i l l  r a t h e r  b ro ad .  Fo r  h ig h  r e l a x a t i o n  h i g h e r  t o t a l  p r e s s u r e s  

a r e  p r e f e r r e d  and f o r  peak e m is s io n  above say  500 T o r r  t o t a l

p r e s s u r e ,  r a t i o s  i n  t h e  r e g i o n  o f  1 :3 :1 0 0  may g iv e  t h e  optimum l a s i n g

m ix tu re .

8 .3*3  XeCl M ix tu re s

The r e s u l t s  f o r  XeCl ( F ig  8 .1 2 )  g iv e  o n ly  a rough  b a s i s  f o r  

c h o o s in g  an  optimum m ix tu re  s i n c e  th e  b e h a v io u r  shows no sh a rp  

f e a t u r e s  and th e  r a t i o s  w ere  n o t  t e s t e d  i n  g r e a t  d e t a i l .  F ig u r e  8 .2 5  

p r e s e n t s  th e  v a r i a t i o n  o f  peak i n t e n s i t y ,  and th e  p r e s s u r e  i t  o c c u rs  

a t ,  a g a i n s t  donor f r a c t i o n  i n  t h e  same f a s h i o n  a s  F ig  8 .2 4 .  These 

r e s u l t s  s u g g e s t  an optimum m ix tu re  o f  HCl:Xe:He i n  t h e  a p p ro x im a te  

r a t i o  1 :2 0 :2 0 0 .
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8 .3 .4  L a s in g  A ttem p ts

A ttem p ts  were made t o  o b t a i n  l a s e r  o p e r a t i o n  i n  XeF, KrF, and 

XeCl u s in g  r a n g e s  o f  m ix tu re s  i n  th e  v i c i n i t y  o f  th o s e  m en tioned  

above . The low o p t i c a l  l o s s  a r ra n g e m e n ts  d e s c r ib e d  i n  S e c t i o n  5 . 3 . 2  

were u sed  w i th  t h e  most h i g h ly  r e f l e c t i v e  d i e l e c t r i c  m i r r o r s  

a v a i l a b l e  ( a b o u t  98%). S in c e  a p p a r a tu s  f o r  t h e  m easurem ent o f  

o p t i c a l  a b s o r p t i o n  and g a in  a t  t h e  l a s i n g  w a v e le n g th  was n o t  

a v a i l a b l e ,  t h e  e m is s io n  spec trum  was examined f o r  i n d i c a t i o n  o f  

i n c r e a s e d  i n t e n s i t y  a t  th e  e m is s io n  band c e n t r e s .  S t a t i c  m ix tu r e s  

were t e s t e d  o v e r  a  wide ran g e  o f  t o t a l  p r e s s u r e s .  F o l lo w in g  t h i s  

a t t e m p t s  were made w ith  f lo w in g  g a s  u s in g  f lo w  r a t e s  up t o  th e  

f a s t e s t  t h a t  co u ld  be p roduced  i n  t h e  a p p a r a t u s .  T h is  was 

p a r t i c u l a r l y  e f f e c t i v e  i n  i n c r e a s i n g  th e  i n t e g r a t e d  (1 s e c )  i n t e n s i t y  

o f  m ix tu re s  c o n ta i n in g  NF^. However, no e v id e n c e  was found i n  any o f  

t h e  t e s t s  o f  n e t  g a in  a t  t h e  e m is s io n  band c e n t r e s .  The d i s c u s s i o n s  

o f  S e c t i o n  2 .3  i n d i c a t e d  t h a t  th e  pump power d e n s i t y  i n  t h e  p r e s e n t  

a p p a r a tu s  i s  l i k e l y  t o  be i n s u f f i c i e n t  f o r  l a s e r  o p e r a t i o n .  T h is  

seems even  more l i k e l y  when i t  i s  c o n s id e r e d  t h a t  t h e  microwave 

pumped exc im er  l a s e r  r e p o r t e d  by M endelsohn e t .  a l ,  (1981) u s e d  a  

microwave p u l s e  power o f  600kW, w h i le  th e  p u l s e  power used  h e r e  was 

o n ly  50kW. I n  a d d i t i o n  th e y  r e p o r t e d  an  e f f i c i e n c y  o f  0,01% w hereas  

i n  t h e  c a l c u l a t i o n s  o f  S e c t i o n  2 .3  an  o v e r a l l  e f f i c i e n c y  o f  0.084% 

was u sed  t o  g iv e  t h e  most o p t i m i s t i c  t h r e s h o l d  pump power d e n s i t y  o f  

lOkW cm~^.
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8 .3 .5  M ix tu re s .  With, No B u f f e r  Gas

I t  can  be se en  i n  T ab le  7 .2  t h a t  some m ix tu re s  w ere  t e s t e d  i n  

which no b u f f e r  g a s  was p r e s e n t ,  namely 8 F ^ ;E r ,  NF^:Kr, and HCl;Xe. 

Peak i n t e n s i t i e s  and th e  p r e s s u r e s  t h a t  th e y  o c c u r  a t  a r e  shown 

a g a i n s t  t h e  donor f r a c t i o n  ( i n v e r s e )  i n  F ig  8 .2 6 .  I t  i s  n o ted  t h a t  

h ig h  r e l a t i v e  i n t e n s i t i e s  a r e  p o s s ib l e  w i th  no b u f f e r  g a s .  The g raph  

f o r  XeCl i s  smooth w i th  an optimum r a t i o  o f  a b o u t  1 :100  f o r  HCl:Xe. 

The g rap h  f o r  KrF w i th  SF^ a s  donor i s  r a t h e r  i r r e g u l a r  and a  c h o ic e  

o f  an  optimum m ix tu re  would be m e a n in g le s s .  Where NF^ i s  used  f o r  

t h e  d o n o r ,  t h e  r e s u l t s  a r e  h ig h ly  i r r e g u l a r .  I n  a l l  c a s e s  t h e  peak 

i n t e n s i t y  o c c u r s  a t  a  p r e s s u r e  o f  be tw een  30 and 100 T o r r .
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8 .4  Temperal_ B ehay iou r

I n  exc im er  l a s e r s ,  g as  m ix tu re s  have a  l i m i t e d  u s e f u l  l i f e .  

G e n e r a l ly  t h e  l a s e r  o u tp u t  f o r  a  s i n g l e  g a s  f i l l  d e c r e a s e s  w i th  tim e  

u n t i l  l a s i n g  no lo n g e r  o c c u r s .  T h is  means t h a t  e x c im er  l a s e r s  s u f f e r  

t h e  in c o n v e n ie n c e  and expense  o f  f r e q u e n t  gas  r e p la c e m e n t .  F o r  t h i s  

r e a s o n  a  m ajor  p a r t  o f  th e  p r e s e n t  s tu d y  in v o lv e d  tem p o ra l  r e c o r d in g s  

o f  t h e  exc im er  e m is s io n s  from which g a s  l i f e t i m e s  cou ld  be m easu red . 

However, t h e  i n t e n s i t y  fo l lo w s  a s im p le  e x p o n e n t i a l  decay  t o  z e ro  i n  

v e ry  few c a s e s  and g e n e r a l l y  a n  i n t e r e s t i n g  and complex t im e  

b e h a v io u r  i s  d i s p l a y e d .  The d e t a i l s  o f  t h i s  b e h a v io u r  a r e  d e s c r ib e d  

i n  t h i s  s e c t i o n  i n  te rm s  o f  th e  v a r i o u s  p a ra m e te r s  t h a t  a f f e c t  i t .

The r e s u l t s  rev iew ed  a r e  a l l  th o s e  w here tem p o ra l  r e c o r d in g  by

Method 2 and th e  p u l s e  r e c o r d in g  method ( s e e  C h a p te r  7) were u se d ,

t h a t  i s ,  a l l  t h e  KrF r e s u l t s .  The raw d a t a  f o r  t h e s e  r e s u l t s  have

a l r e a d y  been  p r e s e n te d  i n  F ig s  8 .1  t o  8 .6  f o r  t h e  i n  t e n s i t y - t i m e  

r e c o r d s  and i n  F ig s  8 .1 4  t o  8 .1 7  f o r  th e  p u l s e  r e c o r d i n g  m ethod.

I t  i s  p o in te d  o u t  h e re  t h a t  t h e  s m a l l  d i s c h a r g e  volume and h ig h  

r e p e t i t i o n  r a t e  a f f o r d e d  by th e  microwave a p p a r a tu s  p r o v id e s  a  un iq u e  

o p p o r tu n i ty  f o r  a c c e l e r a t e d  g a s  l i f e t i m e  s t u d i e s .  The a c t i v e  g a s  

volume i n  DC d i s c h a r g e  pumped exc im er  l a s e r s  i s  u s u a l l y  a b o u t  1 l i t r e  

w h i le  r e p e t i t i o n  r a t e s  a r e  u s u a l l y  ab o u t  I p p s ,  I n  t h e  microwave 

a p p a r a tu s  th e  volume was ab o u t  0 .5cm and t h e  r e p e t i t i o n  r a t e  was 

IIOOpps. Thus t h e  e x p e r im e n ts  t h a t  were c a r r i e d  o u t  would t a k e  

betw een 10^ and 10^ t im e s  l o n g e r  u s in g  a  c o n v e n t i o n a l  exc im er  l a s e r .  

(The u n c e r t a i n t y  i n  t h i s  s c a l e  f a c t o r  a r i s e s  from  u n c e r t a i n t y  i n  t h e  

r o l e  o f  th e  d i f f e r e n t  gas  volum es; t h e  power d e n s i t y  i s  com parab le  i n
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bo th  c a s e s ) .

Where l i f e t i m e s  a r e  qu o ted  ,and  e x p re s s e d  i n  s e c o n d s ,

m u l t i p l i c a t i o n  by 1100 w i l l  g i v e  t h e  l i f e t i m e  i n  numbers o f  p u l s e s .

For com parison  w i th  g a s  l i v e s  i n  o t h e r  s y s te m s ,  t h e  g a s  l i v e s

m easured  i n  t h i s  work s h o u ld  be n o rm a l ise d  f o r  g a s  volume and th e

•“'Sdonor p a r t i a l  p r e s s u r e .  The d i s c h a r g e  volume was a b o u t  0.63cm '  so  

t h a t  m u l t i p l i c a t i o n  o f  a l i f e t i m e  by 1 .6x10^ g i v e s  t h e  l i f e t i m e  p e r  

l i t r e  o f  g a s .  N o r m a l i s a t io n  f o r  donor p a r t i a l  p r e s s u r e  r e q u i r e s  

d i v id i n g  a l i f e t i m e  by th e  c o r r e s p o n d in g  donor p a r t i a l  p r e s s u r e .  

However, s i n c e  t h e r e  a p p e a r s  t o  be a n o n - l i n e a r  and i n c o n s i s t e n t  

r e l a t i o n  betw een donor p a r t i a l  p r e s s u r e  and gas  l i f e t i m e  th ro u g h  th e  

r e s u l t s  n o r m a l i s a t i o n  f o r  donor f r a c t i o n  i s  n o t  p o s s i b l e .

8 .4 .1  M n g le  P u ls e  B ehav iou r

S in g le  o p t i c a l  p u l s e s  were r e c o rd e d  a s  d e s c r ib e d  i n  C h a p te r  7 

and a p p e a r  i n  th e  dashed  c u rv e s  o f  columns (b )  and (o )  i n  F ig s  8 ,1 4  

and 8 .1 5  on a  t im e  s c a l e  o f  1 0 O n s /d iv .  The c o n t in u o u s  cur*ves i n  

t h e s e  r e c o r d s  a r e  o f  t h e  s im u l ta n e o u s  o u tp u t  from th e  d e t e c t i o n  d io d e  

i n  t h e  microwave a p p a r a tu s  and g iv e  a rough  i n d i c a t i o n  o f  t h e  

microwave a b s o r p t io n .  The microwave p u ls e  w i th  no a b s o r p t i o n  t a k i n g  

p la c e  i s  shown i n  F ig  8 .1 4 .  The numbers appended t o  each r e c o r d  g iv e  

t h e  d e la y  i n  ms be tw een  t h e  f i r s t  microwave p u l s e  and th e  r e c o r d e d  

o p t i c a l  p u l s e  (and  m icrowave p u l s e ) .  The i n s t a n t s  o f  t h e  r e c o r d in g s  

a r e  i n d i c a t e d  on th e  p u l s e  a m p l i tu d e  e nve lope  r e c o r d s  i n  column ( a )  

where th e  numbers r e p r e s e n t  t h e  m s /d iv  f o r  th e  two t im e - b a s e s  used*
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B e fo re  i n t e r p r e t i n g  t h e s e  r e c o r d s  i t  s h o u ld  be n o ted  t h a t  no 

a t t e m p t  was made t o  o b t a i n  a  c a l i b r a t i o n  o f  t h e  o p t i c a l  i n t e n s i t y  

s c a l e  o r  o f  t h e  microwave s i g n a l  s t r e n g t h ;  t h e  microwave s i g n a l  s c a l e

e s p e c i a l l y  may be n o n - l i n e a r  ( i n  power) due t o  t h e  h ig h  powers

in v o lv e d .  I n  a d d i t i o n  t o  t h i s  t h e  tem p o ra l  s u p e r p o s i t i o n  o f  t h e

microwave and o p t i c a l  s i g n a l s  has  some u n c e r t a i n t y ,  p ro b a b ly  o f

around lOns, The microwave s i g n a l s  show, t y p i c a l l y ,  an  e a r l y  s p ik e

fo l lo w e d  by a  rough  p l a t e a u  which i s  due t o  low a b s o r p t i o n  a t  f i r s t ,  

w i th  r e f l e c t i o n  from t h e  s h o r t  c i r c u i t  t e r m i n a t i o n ,  fo l lo w e d  by 

a b s o r p t i o n  d u r in g  t h e  r e m a in d e r  o f  t h e  p u l s e .  The d e g re e  t o  which

th e  r e f l e c t e d  (u n ab so rb e d )  s i g n a l ,  a f t e r  breakdown, i s  due t o  t h e  

waveguide t e r m in a t i o n  ( i e .  t r a n s m i s s io n  th ro u g h  th e  d i s c h a r g e ) ,  

r a t h e r  th an  r e f l e c t i o n  from  th e  d i s c h a r g e ,  c a n n o t  be d e te rm in e d  from  

th e s e  r e c o r d s .

The pealc i n  t h e  o p t i c a l  s i g n a l  o c c u rs  i n  m ost c a s e s  a b o u t  50ns  

a f t e r  th e  p r i n c i p a l  i n c r e a s e  i n  microwave a b s o r p t i o n .  The o p t i c a l  

peaks  a r e  betw een 100ns and 200ns wide and th e  w id th  b e a r s  l i t t l e  o r  

no r e l a t i o n  t o  t h e  microwave a b s o r p t io n .  A lso  t h e r e  i s  no c l e a r  

r e l a t i o n  betw een th e  o p t i c a l  p u l s e  w id th  and th e  t o t a l  p r e s s u r e .  I n

s h i f t i n g  from  th e  e a r l y  p u l s e s  t o  l a t e r  p u l s e s ,  t h e  main change i s

th e  l o s s  o f  t h e  i n t e n s e  peak . G e n e r a l ly  a l l  t h e  r e s u l t s  w i th  a 

b u f f e r  gas  i n  t h e  m ix tu re  have a  w id e r  o p t i c a l  p u l s e  th a n  th o s e  

w i th o u t .
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With th e  e x c e p t io n  o f  th e  ( p e rh a p s  s p u r io u s )  r e s u l t  a t  2 3 0 T o rr  

i n  F ig  8 .1 5 ,  breakdown i s  more r a p i d  a t  low p r e s s u r e s  f o r  e a r l y  

p u l s e s  i n  t h e  t r a i n  o f  p u l s e s .  Below ab o u t  BOTorr breakdown o c c u rs  

b e f o r e  th e  microwave p u l s e  has r i s e n  to  i t s  maximum. However, t h e  

o p p o s i t e  a p p e a rs  t o  be t h e  case  f o r  l a t e r  p u l s e s  (colum n ( c ) )  i n  th e  

u n b u f fe re d  m ix tu re  (F ig  8 .1 4 ) .

The most o u t s t a n d in g  f e a t u r e  o f  t h e s e  r e c o r d s  i s  t h e  l a c k  o f  any 

s t r o n g  dependency o f  t h e  s i n g l e  o p t i c a l  and microwave p u l s e  f e a t u r e s  

on t o t a l  p r e s s u r e  o r  th e  p re s e n c e  o f  a  b u f f e r  g a s .  The b u f f e r  g a s  

seems m ere ly  t o  p e rm i t  o p e r a t i o n  a t  h ig h e r  p r e s s u r e .  I t  m ust be 

conc luded  th e n  t h a t  t h e  o p t i c a l  p u l s e  i n t e n s i t y  and w id th  i s  n o t  

l i m i t e d  by th e  number d e n s i t y  o f  t h e  donor g a s .  The o b s e r v a t io n  t h a t  

th e  f l u o r e s c e n t  o u tp u t  d e c r e a s e s  d u r in g  th e  second h a l f  o f  t h e  p u l s e  

even though , i n  many c a s e s ,  t h e  microwave a b s o r p t i o n  rem a in s  h ig h ,  i s  

o f  c o n s id e r a b l e  im p o r ta n c e .  However, t h e r e  i s  no c l e a r  i n d i c a t i o n  o f  

t h e  s o u rc e  o f  t h i s  d e c r e a s e .  T here  a r e  p e rh a p s  two g e n e r a l  a r e a s  

from which a cau se  may be so u g h t ;  growing d i s c h a r g e  i n e f f i c i e n c y  

( l e s s  m e ta s ta b le  e x c i t a t i o n )  and qu en ch in g  by a  s p e c i e s  g e n e r a te d  i n  

t h e  r e a c t i o n .  For example, t h e  e l e c t r o n  energy  d i s t r i b u t i o n  may have 

p a s se d  th ro u g h  th e  optimum f o r  m e ta s ta b le  p r o d u c t io n  by th e  second  

h a l f  o f  th e  p u l s e .
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8 .4 .2  P u ls e  Envelope  R ecords

R ecords  showing t h e  e n v e lo p e s  o f  o p t i c a l  p u l s e s  a p p e a r  i n  

F ig s  8 .1 4  and 8 .1 5  column ( a )  and F ig s  8 .1 6  and 8 .1 7 •  The number o f  

p u l s e s  i n  a  r e c o r d  r a n g e s  a p p ro x im a te ly  from 20 t o  2 000 . These 

r e s u l t s  a r e  p a r t i c u l a r l y  im p o r ta n t  f o r  i n d i c a t i n g  p u l s e - t o - p u l s e  

v a r i a t i o n s  on a t im e s c a l e  below th e  0 .3  s e c  l i m i t  o f  t h e  OSA

a p p a r a tu s .  I t  i s  im m e d ia te ly  s e e n  t h a t  t h e r e  i s  s t i l l  a  l a c k  o f

s t r o n g  v a r i a t i o n  i n  peak i n t e n s i t y  w i th  t o t a l  p r e s s u r e .  The c u rv e s

a t  t h e  lo w er  p r e s s u r e s  i n  F ig s  8 .1 4  and 8 .1 5  and f o r  th e  NF_ m ix tu r e

i n  F ig  8 ,16  can  be d e s c r ib e d  q u i t e  w e l l  by a r a p id  r i s e  to  a  maximum 

fo l lo w e d  by an e x p o n e n t i a l  d ecay .  The tim e ta lœ n  f o r  th e  i n t e n s i t y  

t o  f a l l  t o  h a l f  o f  i t s  peak v a lu e  i s  p l o t t e d  a g a i n s t  t o t a l  p r e s s u r e  

(on  l o g - l o g  s c a l e s )  f o r  th e s e  c a s e s  i n  F ig  8 .2 7 .  O ther  f e a t u r e s ,  

such a s  th e  g r a d u a l  r i s e  t o  maximum t h a t  o c c u rs  a t  h i g h e r  p r e s s u r e s ,  

th e  lo n g  term  p l a t e a u ,  and i n s t a b i l i t i e s ,  a r e  a l s o  p r e s e n t  i n  t h e  OSA 

tim e r e c o r d s .  I t  w i l l  t h e r e f o r e  be a p p r o p r i a t e  t o  d i s c u s s  th e s e  

f e a t u r e s  i n  c o n ju n c t io n  w i th  th e  c o n s i d e r a t i o n  o f  t h e  OSA tem p o ra l  

r e c o r d s  t h a t  now f o l l o w s .

8 .4 .3  Temporal Records

The OSA tem p o ra l  r e c o r d s  f o r  SF^;Kr:He m ix tu re s  a p p e a r  i n  

F ig s  8.1 and 8 , 2 .  O th e r  r e s u l t s  a p p e a r  i n  F ig s  8 . 4 ,  8 ,16  and 8 ,1 7  

f o r  donor com parison , F ig  8 ,3  f o r  u n b u f fe r e d  m ix tu r e s  u s in g  NF^, and 

F ig s  8 .5  and 8 ,6  f o r  Ar and Ne b u f f e r s ,  r e s p e c t i v e l y .  Some o f  th e s e  

r e c o r d s  d i s p l a y  an  a p p ro x im a te  r a p i d  r i s e  -  e x p o n e n t i a l  decay  c u rv e
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so  t h a t  th e  i n t e n s i t y  h a l f - l i f e  may be m easured and p l o t t e d  a g a i n s t  

t o t a l  p r e s s u r e .  T h is  i s  shown (on  lo g  -  lo g  s c a l e s )  i n  F ig s  8 .2 7  and 

8 .2 8  where th e  numbers appended t o  th e  d iagram s r e f e r  t o  th e  m ix tu re s  

i n  T ab le  7*1 . P o i n t s  a r e  marked and j o in e d  by l i n e s  u s in g  th e  same 

s t y l e  i f  th ey  s h a r e  th e  same d o n o r : r a r e - g a s  r a t i o  ( e g .  c r o s s e s  

l i n k e d  by dashed  l i n e s  i n  F ig  8 .27  a r e  f o r  SF^rKr a t  1 :3  m i x t u r e s ) .  

Both f i g u r e s  i n c l u d e  an i n d i c a t i o n  o f  t h e  s t r a i g h t  l i n e  g r a d i e n t s  

c o r r e s p o n d in g  t o  v a r i a t i o n  o f  t h e  h a l f - l i f e  w i th  p r e s s u r e  cubed, 

p r e s s u r e  s q u a re d ,  and p r e s s u r e  d i r e c t l y .  These a r e  p ro v id e d  i n  o r d e r  

t o  i n d i c a t e  d e p a r t u r e s  from th e  d i r e c t  dependency o f  l i f e t i m e  on 

t o t a l  p r e s s u r e  t h a t  a  s im p le  model o f  a  f i n i t e  r e s e r v o i r  o f  donor 

m o le c u le s  would p r e d i c t .  A p o s s i b l e  mechanism f o r  such  d e p a r t u r e s  i s  

th e  e x i s t e n c e  o f  s e c o n d a ry  d o n o rs  o f  s h o r t  l i f e t i m e .  The p r o b a b i l i t y  

o f  exc im er  f o rm a t io n  from  such m o le c u le s  would th e n  i n c r e a s e  w i th  

c o l l i s i o n  f re q u e n c y  and t h e r e f o r e  t o t a l  p r e s s u r e .

Many o f  th e  OSA tem p o ra l  r e c o r d s  and p u l s e  enve lope  r e c o r d s  do 

n o t  conform t o  a r a p i d  r i s e  -  e x p o n e n t i a l  decay model and t h e  v a r i o u s  

f e a t u r e s  o f  t h i s  d e p a r t u r e  a r e  c a t e g o r i s e d  and d e s c r ib e d  below.

8 .4 .4  C o n s ta n t  I n t e n s i t y

I n  a l l  o f  th e  i n t e n s i t y  -  t im e  r e c o r d s  t h e  i n t e n s i t y  becomes 

a p p ro x im a te ly  c o n s t a n t  dui-’in g  th e  measurem ent p e r i o d .  The d u r a t i o n  

o f  t h e  r e c o r d s  (3 0 se c )  was i n c r e a s e d  i n  some c a s e s  ( s e e  t h e  dashed  

l i n e s  i n  F ig s  8.1 and 8 .2  m ix tu r e s  18-24) t o  i n v e s t i g a t e  th e  decay  o f  

th e  c o n s t a n t  l e v e l .  I t  was found t h a t  th e  i n t e n s i t y  co u ld  rem a in
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c o n s t a n t  o r  p e rh a p s  i n c r e a s e  s l i g h t l y  o v e r  s e v e r a l  m in u te s  ( i e .  f o r  

o v e r  100 ,000  p u l s e s ) .  T h is  i s  an  im p o r ta n t  o b s e r v a t i o n  f o r  which no 

e x p l a n a t i o n  i s  o f f e r e d ,  a l th o u g h  i t  i s  c l e a r  t h a t  a  s t a b l e  donor 

p o p u l a t i o n  i s  in v o lv e d .  I t  s u g g e s t s  t h a t  gas  l i f e t i m e s ,  i n  exc im er  

l a s e r s ,  v e ry  much g r e a t e r  th a n  th o se  a c h ie v e d  a t  p r e s e n t  may be 

p o s s i b l e .  T h is  would, o f  c o u r s e ,  be d ep en d en t  on a c h ie v in g  l a s e r  

a c t i o n  unde r  non-optimum c o n d i t i o n s  where th e  f l u o r e s c e n t  e m is s io n  i s  

r e l a t i v e l y  low.

8 .4 .5  Three  P ro c e s s  b e h a v io u r

The r e c o r d  i n  F ig  8 .2 ( b )  f o r  m ix tu re  19 a t  I IO T o rr  has t h r e e  

maxima; one s h o r t  d u r a t i o n  s p ik e  (< 1 s e o ) ,  one o f  a b o u t  2 0 s e c ,  and one 

f o r  t h e  e v e n tu a l  c o n s t a n t  l e v e l  o f  many m in u te s  d u r a t i o n .  T h is  

s u g g e s t s  t h a t  f o r  m ix tu re s  w i th  SF^ donor a  model b ased  on t h r e e  

p r o c e s s e s  f o r  th e  d e t e r m i n a t i o n  o f  th e  exc im er f l u o r e s c e n t  e m is s io n  

i n t e n s i t y  may be a p p r o p r i a t e .  The p r o c e s s e s  r e s p o n s i b l e  f o r  th e  

s h o r t  d u r a t i o n  s p ik e ,  which i n  many c a s e s  may be p r e s e n t  i n  t h e  

e m is s io n  b u t  to o  s h o r t  i n  d u r a t i o n  f o r  r e c o r d in g  by th e  OSA sy s te m , 

may r e p r e s e n t  th e  most e f f i c i e n t  use  o f  t h e  dono r .  T h is  would 

in v o lv e  th e  ha rpoon  r e a c t i o n  o r  th e  i o n i c  r e a c t i o n .  T e r m in a t io n  o f  

t h i s  p r o c e s s  would o c c u r  a s  t h e  o r i g i n a l  donor m o le c u le s  were used  up 

o r  a s  a  s t r o n g l y  q uench ing  s p e c i e s  ( e g ,  F^) was g e n e r a t e d .  The 

i n t e r m e d i a t e  p r o c e s s  may in v o lv e  some tem pora ry  p ro d u c t  o f  th e  

h a lo g e n  donor ,  w h i le  t h e  lo n g  te rm  p r o c e s s  m ust u t i l i s e  a  s t a b l e  end 

p ro d u c t  f o r  h a lo g e n  d o n a t io n .  T h is  may be a m o le c u le  d e r i v i n g  from 

th e  o r i g i n a l  donor m o lecu le  o r ,  more l i k e l y ,  a  m o lecu le  form ed from
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th e  h a lo g e n  and i m p u r i t i e s ,  e s p e c i a l l y  from th e  w a l l  m a t e r i a l  (S iF

f o r  e x a m p le ) .

The d e g re e  t o  which any one o f  t h e s e  h y p o t h e t i c a l  p r o c e s s e s  a r e  

p r e s e n t  i n  t h e  tem pora l  r e c o r d s  depends on th e  m ix tu re  r a t i o ,  t h e  

t o t a l  p r e s s u r e  and th e  g a s  t y p e s .  G e n e r a l ly ,  t h e  i n i t i a l  s p ik e  

becomes w id e r  w i th  i n c r e a s e d  t o t a l  p r e s s u r e  a s  i s  shown above . A lso ,  

i n c r e a s i n g  th e  d i l u t i o n  d e c r e a s e s  t h e  s p ik e  w id th  a t  a  c o n s t a n t  t o t a l  

p r e s s u r e  e x c e p t  a t  t h e  lo w e s t  d i l u t i o n  l e v e l s .  The i n t e r m e d i a t e  and 

lo n g  term  p r o c e s s e s  b o th  become s t r o n g e r  a s  t h e  donor f r a c t i o n

d e c r e a s e s ,  w h i le  th e  i n t e r m e d i a t e  p r o c e s s  seems t o  d e c r e a s e ,  r e l a t i v e

t o  t h e  long  te rm  p r o c e s s ,  a t  h ig h  t o t a l  p r e s s u r e .

8 .4 .6  I n t e n s i t y .  During. E a r ly  P u l s e s

C e r t a i n  OSA te m p o ra l  r e c o r d s  and p u l s e  enve lope  r e c o r d s  i n d i c a t e  

t h a t  t h e  i n i t i a l  r i s e  i n  p u l s e  i n t e n s i t y  t o  th e  f i r s t  peak ( s p i k e )  

co u ld  ta k e  p la c e  ove r  many p u l s e s .  The most s t r i k i n g  c a s e s  o c c u r  f o r  

m ix tu re  24 (SF^ donor)  i n  F ig  8 .2 ( b )  and m ix tu r e  32 (NF^ d ono r)  i n  

F ig  8 . 3 .  These m ix tu re s  a r e  s i m i l a r  i n  t h a t  n e i t h e r  has a  b u f f e r  g a s  

and th e  d o n o r ; r a r e - g a s  r a t i o s  a r e  q u i t e  c lo s e ,  b e in g  1 :100  and 1 :3 0 .  

However, a  s p ik e  i s  j u s t  d i s c e r n a b l e  i n  F ig  8 .3  a t  110 and 130T orr ,  

and may w e l l  be p r e s e n t  a t  o t h e r  p r e s s u r e s  and th e  m ix tu re  i n  

F ig  8 . 2 ( b ) ,  b u t  i s  o f  to o  s h o r t  a  d u r a t i o n  to  be r e c o r d e d  c l e a r l y .  

The peak i n  t h e s e  c a s e s  i s  t h e r e f o r e  l i k e l y  t o  be due t o  t h e  second 

h y p o t h e t i c a l  p r o c e s s  m en tioned  above . The slow  r i s e - t i m e  f o r  t h i s  

p r o c e s s  i s  a p p a r e n t  i n  many r e c o r d s .  Thus th e  o n ly  c a s e s  w here a
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d i s c e r n a b l e  r i s e - t i m e  i s  p r e s e n t  f o r  th e  e a r l y  peak  ( f i r s t  p r o c e s s )  

a r e  th o s e  o f  t h e  p u l s e  e n v e lo p e  r e c o r d s  o f  F ig s  8 .1 4  t o  8 .1 7 ,  At th e  

lo w e s t  p r e s s u r e s  t h e s e  r e c o r d s  show t h a t  t h e  pealc i n t e n s i t y  may be 

r e a c h e d  by t h e  f i r s t  p u l s e .  I n  g e n e r a l  a s  th e  p r e s s u r e  i s  i n c r e a s e d  

t h e  i n t e n s i t y  o f  t h e  f i r s t  p u l s e  d e c r e a s e s  and th e  number o f  p u l s e s  

t a k e n  t o  r e a c h  maximum i n c r e a s e s .  When F ig s  8 .1 4  and 8 .1 5  a r e  

compared th e  p a t t e r n  o f  b e h a v io u r  i s  s e e n  t o  s h i f t  t o  h i g h e r  p r e s s u r e  

when b u f f e r  g a s  i s  p r e s e n t .  C o n v e rs e ly ,  t h e  r i s e - t i m e  a t  a g iv e n  

t o t a l  p r e s s u r e  i s  l e s s  i n  t h e  more d i l u t e  m ix tu re .  C le a n ly  t h e n ,  t h e  

more donor g a s  t h e r e  i s  p r e s e n t  i n  t h e  d i s c h a r g e ,  t h e  l o n g e r  t h e  t im e  

t a k e n  t o  r e a c h  t h e  maximum. T h is  s u g g e s t s  t h a t  a s e c o n d a ry  donor 

m o lecu le  i s  b e in g  g e n e r a te d  which p e r m i t s  g r e a t e r  f l u o r e s c e n t  

e f f i c i e n c y  th a n  th e  p r im a ry  d o n o r .

P o s s ib l e  c a n d id a te s  f o r  seco n d a ry  donor m o le c u le s  w ere  s u g g e s te d  

i n  S e c t i o n  2 .2 .3 »  I t  was p o in te d  o u t  t h a t  where SF^ o r  NF^ a r e  used  

a s  d o n o rs ,  F^ w i l l  be p roduced  and may l e a d  t o  g r e a t e r  e f f i c i e n c y  i f  

q u a n t i t i e s  a r e  s u f f i c i e n t .  T h is  i s  because  t h e  exc im er  f o r m a t io n  

r e a c t i o n  w i th  F^ i s  r a p i d  ( s e e  Table  2 . 3 ) .  F o r  NF^ donor th e  

p r o d u c t io n  o f  NF^ may g i v e  i n c r e a s e d  e f f i c i e n c y  due t o  a  f a s t  exc im er  

f o rm a t io n  r e a c t i o n  (Chow 1 9 7 7 ) .  I t  i s  n o t  known w h e th e r  any o f  th e  

p r o d u c t s  from SF^, such  as  SF^, SF^, e t c . ,  have f a s t  exc im er  

f o rm a t io n  r a t e s .
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8 .4 .7  U nb u ffe red  M ix tu re s  o f  N i t r o g e n - T r i f l u o r i d e  and K ryp ton

The r e s u l t s  o f  F ig  8 .3  f o r  KrF i n  t h e  u n b u f fe re d  NFi:Kr m ix tu re s  

a r e  p e rh a p s  t h e  most I n t e r e s t i n g  r e s u l t s  o b t a in e d  i n  t h i s  work. 

P a r t i c u l a r l y  o u t s t a n d in g  a r e  t h e  r e s u l t s  f o r  i n t e r m e d i a t e  p r e s s u r e s  

i n  t h e  more d i l u t e  m ix tu re s  w here  t h e  e m is s io n  i s  bo th  o f  h ig h  

i n t e n s i t y  and v e ry  long  d u r a t i o n .  I n  a d d i t i o n  t o  t h i s ,  t h e  o v e r a l l  

r e s u l t s  may be d e s c r ib e d  i n  te rm s  o f  th e  t h r e e  p r o c e s s e s ,  a s  o u t l i n e d  

i n  S e c t i o n  8 . 4 . 5 ,  by o b s e rv in g  t h a t  th e  f i r s t  p r o c e s s  i s  s t r o n g l y  

r e p r e s e n t e d  a t  h ig h  donor f r a c t i o n s  w hereas  t h e  second and t h i r d  

p r o c e s s e s  a r e  s t r o n g  o r  even  dom inant i n  t h e  more d i l u t e  c a s e s .  

These two r e g io n s  a p p e a r  to  be s e p a r a t e d  by a r e g i o n  o f  i n s t a b i l i t y  

( r a t i o  1 :3 )  and low i n t e n s i t y  ( 1 : 1 0 ) .  I f  t h e  e n t i r e  r e s u l t s  f o r  KrF 

w i th  SFg a s  donor a r e  examined ( F ig s  8.1 and 8 .2 ( a )  and ( b ) )  t h e r e  

a r e  s l i g h t  i n d i c a t i o n s  t h a t  t h e  same behavioui’ i s  p r e s e n t  w i th  t h e  

a d d i t i o n a l  p o s s i b i l i t y  t h a t  t h e  b u f f e r  gas  t e n d s  t o  s h i f t  t h e  

b e h a v io u r  t o  h i g h e r  t o t a l  p r e s s u r e .

C l e a r l y  th e  l i f e - t i m e s  shown i n  t h e  r e s u l t s  o f  F ig  8 .3  c a n n o t  be 

e x p la in e d  i n  term s o f  th e  donor m o le c u le s  b e in g  used  up, s i n c e  f o r  a 

s i n g l e  t o t a l  p r e s s u r e ,  t h e  l i f e t i m e  i s  g e n e r a l l y  g r e a t e r  when th e  

donor f r a c t i o n  i s  l e s s .  I t  i s  d i f f i c u l t  t o  s p e c u l a t e  on th e  p r o c e s s  

r e s p o n s i b l e  f o r  t h e  b e h a v io u r  o b se rv ed  becau se  o f  t h e  r a t h e r  b road  

range  o f  p o s s i b i l i t i e s .  F u r t h e r  measui’ ements would be r e q u i r e d  t o  

a s s e s s  th e  r e l a t i v e  im p o r ta n c e  o f  t h e  i o n i c  and m e t a s t a b l e  c h a n n e ls  

and t o  r e c o r d  th e  e v o l u t i o n  o f  v a r i o u s  r e a c t i o n  s p e c i e s .  I n  

a d d i t i o n ,  i t  would be h e l p f u l  t o  o b t a i n  p u l s e  e n v e lo p e  r e s u l t s  ( s h o r t  

t im e s c a le )  and e x tend  t h e  lo n g  term  r e c o r d in g  f o r  a l l  th e  m ix tu r e s .
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A f a i r l y  p r e c i s e  i n d i c a t i o n  o f  th e  t o t a l  microwave power a b s o r p t i o n  

and o p t i c a l  power e m is s io n  would be a l s o  be m ost u s e f u l  i f  r e a s o n s  

f o r  t h e  b e h a v io u r  o b se rv e d  w ere  t o  be so u g h t .

8 .5  Donor Comparison

The r e l a t i v e  pe rfo rm ance  o f  NF^ and SF^ can  be d e m o n s t ra te d  by 

s e l e c t i n g  com parab le  p a i r s  o f  r e s u l t s  from th e  main body o f  d a t a .  

R e s u l t s  s e l e c t e d  from  th e  XeF e x p e r im e n ts  a r e  chosen  from F ig  8 .7  and 

p r e s e n te d  i n  F ig  8 .2 9 .  As m en tioned  b e f o r e ,  t h e  e x p e r im e n ta l  method 

(m ethod 1) used  f o r  XeF i s  l i k e l y  t o  g iv e  d e p re s s e d  i n t e n s i t i e s  a t  

t h e  s h o r t e r  g a s  l i f e t i m e s  and t h e r e f o r e  th e  r e s u l t s  o f  F ig  8 .2  9 may 

be d i s t o r t e d .  T h is  means t h a t  c o r r e c t e d  r e s u l t s  would p ro b a b ly  g i v e  

some c o n s id e r a b l e  i n c r e a s e  i n  i n t e n s i t i e s  a t  t h e  low er  p r e s s u r e s .  

Such a  c o r r e c t i o n  would be g r e a t e r  f o r  th e  NF^ r e s u l t s  s in c e  t h e  gas  

l i f e t i m e s  a r e  so  s h o r t .  T h e r e f o r e  i t  can s a f e l y  be c o nc luded  t h a t  

f a r  g r e a t e r  i n t e n s i t i e s  a r e  o b ta in e d  when NF^ i s  used  a s  t h e  donor i n  

XeF m ix tu re s  bu t  t h a t  t h e  g a s  l i f e t i m e  i s  much l e s s  th a n  f o r  m ix tu re s  

w i th  t h e  SFg dono r .  T h is  i s  c o r r o b o r a t e d  by F ig  8 .3 0  which shows 

some XeF r e s u l t s  u s in g  th e  OSA r e c o r d in g  method 2 .

Donor pe rfo rm ance  i n  KrF e x p e r im e n ts  i s  shown i n  F ig  8.31 

(co m p ile d  from F ig s  8 .2  and 8 .3 )  which c o n t r a s t s  m ix tu re s  w i th  no 

b u f f e r  g a s .  M ix tu re s  35 and 36 w here He was used  a s  t h e  b u f f e r ,  a r e  

compared i n  F ig s  8 .1 6  and 8 .1 7  f o r  p u l s e  e nve lope  r e c o r d s  and i n  F ig  

8 .4  f o r  OSA tem p o ra l  r e c o r d s .  The l a t t e r  r e s u l t s  a r e  s i m i l a r  t o  t h e  

XeF r e s u l t s ,  showing g r e a t e r  peak i n t e n s i t i e s  and s h o r t e r  l i f e t i m e s
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f o r  NFg, e x c e p t  t h a t  th e  d i s c h a r g e  shows an  o s c i l l a t o r y  i n s t a b i l i t y  

a t  h i g h e r  p r e s s u r e s  w i th  NF^ a s  donor .  The r e s u l t s  o f  P ig  8.31 (no 

b u f f e r  g a s )  a r e  q u i t e  c o m p l ic a te d .  I n  t h e  r i c h e r  m ix tu re s  (1 :1  t o  

1 : 3 ) ,  t h e  SFg m ix tu re s  have a lo w er  peak i n t e n s i t y  b u t  l o n g e r  

l i f e t i m e s  and a  g r e a t e r  c o n s t a n t  l e v e l  i n  t h e  lo n g  te rm . A lso  th e  

NF^ m ix tu re s  show g r e a t e r  d i s c h a r g e  i n s t a b i l i t y  and a r e  c o n f in e d  t o  

low er  o p e r a t in g  p r e s s u r e s  th a n  th e  SFg m ix tu r e s .  Fo r  t h e  r e m a in in g  

more d i l u t e  m ix tu r e s ,  t h e  NF^ r e s u l t s  a b r u p t l y  ta k e  on th e  i n t e n s e ,  

lo n g  d u r a t i o n  b e h a v io u r  d e s c r ib e d  above . T h is  b e h a v io u r  a p p e a r s  a l s o  

f o r  th e  SFg m ix tu re s  b u t  i s  r a t h e r  l e s s  m arked. The i n t e n s i t i e s  w i th  

SFg a r e  s l i g h t l y  l e s s  th a n  w i th  NF^ b u t  t h e  t im e s c a l e  o f  t h e  

m easurem ents  i s  to o  s h o r t  t o  j u s t i f y  l i f e t i m e  c o m p ar iso n s .
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8 .6  B u f f e r  Gas Type

8 .6 .1  B u f f e r s  i n  XeF M ix tu re s

The r e s u l t s  o f  F ig  8 .7  a l lo w in g  com parison  o f  b u f f e r s  i n  XeF 

m ix tu re s  a r e  redraw n i n  F ig  8 .3 2 .  I t  i s  c l e a r  t h a t  Ar g i v e s  much 

p o o r e r  r e s u l t s  th a n  He o r  Ne. The d i f f e r e n c e  betw een  He and Ne i s  

n o t  s i g n i f i c a n t  i n  th e  lo w e r  d i l u t i o n  c a se  b u t ,  a t  t h e  h i g h e r  

d i l u t i o n ,  th e  i n t e n s i t y  o b t a in e d  w i th  Ne i n c r e a s e s  c o n s id e r a b l y  and 

g i v e s  a  peak a t  h i g h e r  t o t a l  p r e s s u r e  th a n  th e  He b u f f e r .  The gas  

l i f e t i m e s  f o r  th e s e  m ix tu re s  a s  th e y  a p p e a r  i n  F ig  8 .7  a r e  n o t  

s i g n i f i c a n t l y  d i f f e r e n t .  However, a  d i f f e r e n c e  i n  l i f e t i m e  i s  

r e v e a l e d  f o r  th e  r e s u l t s  o b ta in e d  by th e  OSA tem p o ra l  r e c o r d in g  by 

method 2 which a p p e a rs  i n  F ig  8 ,3 3 .  Here, where th e  t o t a l  p r e s s u r e  

i s  300mB, t h e  peak i n t e n s i t y  w i th  He b u f f e r  i s  o n ly  m a r g in a l ly  l e s s  

th a n  t h a t  w i th  Ne b u f f e r  w hereas  t h e  gas  l i f e t i m e s  a r e  q u i t e  

d i f f e r e n t .  The h a l f - l i v e s  a r e  2 . 5 s  and 9s a t  t h e  low er  d i l u t i o n  and 

I s  and 8s a t  th e  h i g h e r  d i l u t i o n  f o r  He and Ne r e s p e c t i v e l y .
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8 . 6 .2  B u f f e r s  i n  KrF M ix tu re s

The t h r e e  b u f f e r s ,  He, Ne, and Ar a r e  compared i n  t h e i r  e f f e c t s  

on  i n t e n s i t y  i n  F ig  8 .3 4 .  T h is  f i g u r e  i s  com piled  from F ig s  8 . 8 ,  

8 .1 0 ,  and 8.11 and so  g i v e s  c u rv e s  o f  peak i n t e n s i t i e s  from  OSA 

tem p o ra l  r e c o r d s  a g a i n s t  t o t a l  p r e s s u r e .

E m iss io n  from th e  Ar b u f f e r e d  m ix tu re s  i s  c o n s id e r a b l y  w eaker 

th a n  from  th e  He and Ne b u f f e r e d  m ix t u r e s .  I n  a d d i t i o n ,  o p e r a t i o n  

w i th  Ar b u f f e r  i s  c o n f in e d  t o  low p r e s s u r e  (below  a b o u t  lOOTorr) and 

d i s c h a r g e s  co u ld  n o t  be formed i n  m ix tu re s  more d i l u t e  th a n  th o s e  

t e s t e d .

I n  comparing He w i th  Ne, no p a r t i c u l a r  d i s t i n c t i o n  i s  a p p a r e n t  

i n  m ix tu re s  a t  th e  r a t i o  1 :3 :1 0 0  o r  any o f  th e  l e s s  d i l u t e  c a s e s .  At 

g r e a t e r  d i l u t i o n ,  t h e  He b u f f e r e d  m ix tu re s  g iv e  much re d u c e d ,  

i n t e n s i t i e s  w h i le  th o s e  w i th  Ne c o n t in u e  to  g iv e  h ig h  i n t e n s i t i e s  

even  i n  th e  r a t i o  1 :3 :1 0 0 0 .  I t  i s  a l s o  n o t i c e a b l e  t h a t  t h e  use  o f  Ne 

b u f f e r  e x te n d s  t h e  h ig h  p r e s s u r e  o p e r a t i o n  beyond t h a t  f o r  He b u f f e r  

i n  t h e  more d i l u t e  m ix tu r e s .

Gas l i f e t i m e s  a r e  compared f o r  th e  t h r e e  b u f f e r s  i n  F ig  8 .35  

which g i v e s  th e  g a s  h a l f - l i v e s  a g a i n s t  t o t a l  p r e s s u r e  on l o g - l o g  

s c a l e s .  The r e s u l t s  u sed  f o r  t h i s  f i g u r e  c o r re s p o n d  t o  t h o s e  o f  

F ig  8 ,34  e x c e p t  t h a t  l i f e t i m e s  f o r  m ix tu re s  11, 12 , and 40 co u ld  n o t

be r e l i a b l y  m easured i n  t h e  OSA r e s u l t s  and a r e  t h e r e f o r e  n o t  

i n c l u d e d .  These r e s u l t s  i n d i c a t e  t h a t  t h e  b u f f e r  ty p e  has  l i t t l e  

e f f e c t  on l i f e t i m e  i n  t h e  l e s s  d i l u t e  m ix t u r e s .  The l a c k  o f
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measui-’ement makes i t  d i f f i c u l t  t o  a s c e r t a i n  w h e th e r  t h e r e  i s  a  

d i f f e r e n c e  betw een  He and Ne m ix tu re s  i n  t h e  more d i l u t e  c a s e s  

s i m i l a r  t o  t h a t  o b se rv e d  i n  th e  XeF m ix tu r e s ,

, I n  lo o k in g  f o r  an e x p la n a t i o n  f o r  th e  low exc im er  e m is s io n  when 

Ar i s  th e  b u f f e r ,  i t  m ig h t  be supposed  t h a t  th e  e f f e c t  s im p ly  

accom panies  th e  u se  o f  a  h e a v ie r  b u f f e r  g a s .  However, r e l a t i v e l y  

h igh  i n t e n s i t i e s  were o b t a in e d  i n  t h e  u n b u f fe re d  m ix tu re s  w here , 

p resu m ab ly ,  th e  r a r e - g a s  a c t s  as  t h e  b u f f e r  g a s .  I t  seems l i k e l y  

t h a t  Ar i s  n o t  a good b u f f e r  g a s  s im p ly  becau se  th e  low m e t a s ta b le  

en e rg y  l e v e l  r e s u l t s  i n  a  s i g n i f i c a n t  p o p u l a t i o n  o f  Ar m e t a s t a b l e s .  

S in c e ,  i f  Ar i s  t h e  b u f f e r  g a s ,  Ar w i l l  have a  number d e n s i t y  o f  10 

t o  100 t im e s  th e  r a r a - g a s  (Kr o r  Xe) d e n s i t y ,  a  l a r g e  f r a c t i o n  o f  t h e  

a v a i l a b l e  energy  may be d i v e r t e d  away from t h e  d e s i r e d  exc im er  

f o r m a t io n  c h a n n e l .  One p o s s i b l e  mechanism f o r  t h e  l o s s  o f  Ar 

m e t a s t a b l e s  i s  th e  f o rm a t io n  o f  ArF e x c im e rs .

The b e t t e r  h ig h  d i l u t i o n  pe rfo rm ance  w i th  Ne b u f f e r  (com pared 

w i th  He) may be h a r d e r  t o  e x p l a i n .  Some o f  t h e  d i f f e r e n c e  may be due 

t o  t h e  red u ced  d i s c h a r g e  e f f i c i e n c y  r e s u l t i n g  from  momentum t r a n s f e r  

from e l e c t r o n s  t o  He when He i s  p r e s e n t  i n  l a r g e  q u a n t i t i e s  i n  t h e  

d i s c h a r g e .
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8.7  Ik )lli8 lonal_i{elaxatjl.oh

The r e c o r d s  o f  th e  exc im er  s p e c t r a  o b t a in e d  f o r  most o f  t h e  

e x c im er  m ix tu re s  a r e  most u s e f u l  i n  a l lo w in g  i n v e s t i g a t i o n s  o f  t h e  

band p r o f i l e  t o  be c a r r i e d  o u t .  The s i g n i f i c a n c e  o f  t h e  d i s t r i b u t i o n  

o f  energy  i n  th e  e m is s io n  band was d i s c u s s e d  i n  S e c t i o n  2 . 1 , 3  where 

i t  was em phasised  t h a t  r a p i d  c o l l i s i o n a l  r e d i s t r i b u t i o n  o f  t h e  

v i b r a t i o n a l - r o t a t i o n a l  m a n ifo ld  was a d e te r m in a n t  o f  l a s e r  e f f i c i e n c y  

and t h e  t h r e s h o ld  pump power d e n s i t y .  When c o l l i s i o n a l  

r e d i s t r i b u t i o n  i s  slow th e  e m is s io n  spec trum  w i l l  be b r o a d e r  b e c au se  

t h e  exc im er  i s  form ed i n  a ra n g e  o f  r o t a t i o n a l  and v i b r a t i o n a l  

s t a t e s .  O b s e rv a t io n s  o f  t h e  v a r i a t i o n s  i n  s p e c t r a l  c o n te n t  o f  th e  

KrF exc im er  e m is s io n s  a r e  now d e s c r ib e d  i n  d e t a i l ,

A t y p i c a l  example o f  t h e  e m is s io n  b a n d -sp e c tru m  f o r  t h e  B -  X 

t r a n s i t i o n  i n  KrF was shown i n  F ig  8 .2 0 ,  The main peak o f  t h i s  

sp e c tru m  i s  due to  a  t r a n s i t i o n  from th e  ground v i b r a t i o n a l  l e v e l  o f  

t h e  bound (B) e l e c t r o n i c  s t a t e  t o  t h e  unbound (X) e l e c t r o n i c  s t a t e .  

T r a n s i t i o n s  o r i g i n a t i n g  from  th e  f i r s t ,  second  and t h i r d  v i b r a t i o n a l  

s t a t e s  (above th e  ground  s t a t e )  g i v e  r i s e  t o  t h e  t h r e e  s u b s i d i a r y  

pealcs i n d i c a t e d  on  th e  s h o r t  w av e len g th  s id e  o f  th e  main peak . I n  

o r d e r  to  g iv e  a m easure  o f  t h e  d e g re e  o f  c o l l i s i o n a l  r e l a x a t i o n ,  t h e  

r a t i o  ( r )  o f  t h e  c e n t r a l  peak  i n t e n s i t y  ( I ^ )  t o  t h e  f i r s t  s u b s i d i a r y  

peak  i n t e n s i t y  ( I ^ )  i s  u sed  and p r o v id e s  a  m easure  in d e p e n d e n t  o f  t h e  

a b s o l u t e  i n t e n s i t y  o f  t h e  spec trum  (The r a t i o  i s  g iv e n  by r s l ^ / l ^ ) .  

S p e c t r a  were o b ta in e d  f o r  a r an g e  o f  t o t a l  p r e s s u r e s  f o r  each o f  t h e  

m ix tu re s  i n  Table  7 ,2  and th e  i n t e n s i t y  r a t i o  was m easured  f o r  a l l  o f  

th e s e  r e s u l t s .
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I n  o r d e r  t o  i l l u s t r a t e  t h e  g e n e r a l  f e a t u r e s  o f  t h e  r e l a x a t i o n  

p r o c e s s  a  s e l e c t i o n  o f  r e s u l t s  c o v e r in g  a wide ran g e  o f  m ix tu re s  i s  

g iv e n  i n  F ig  8 .3 6 .  The r e s u l t s  a r e  d iv id e d  i n t o  t h r e e  g ro u p s ,  

a c c o r d in g  t o  t h e  d o n o r : r a r e - g a s  r a t i o ,  each  w i th  s e v e r a l  m ix tu re s  

( d i l u t i o n s ) .  I n  t h e  r e s u l t s  w here  ,the SF^rKr r a t i o  i s  1 :1 ,  t h e  

e f f e c t  o f  i n c r e a s i n g  th e  d i l u t i o n  ( u s i n g  He) i s  t o  g iv e  m arked ly  

d e c r e a s in g  r e l a x a t i o n  a t  any g i v e n  t o t a l  p r e s s u r e .  A no ther  f e a t u r e  

i s  t h a t  th e  r e s u l t s  f o r  a  g iv e n  m ix tu re  f a l l  ro u g h ly  on  a s t r a i g h t  

l i n e ,  th e  g r a d i e n t  o f  which i n c r e a s e s  a s  t h e  m ix tu re  becomes more 

d i l u t e .  I n  t h e  s e t s  o f  r e s u l t s  f o r  SF^:Kr r a t i o s  o f  1 :1 0  and 1 :1 0 0 ,  

t h e s e  t r e n d s  become p r o g r e s s i v e l y  l e s s  d i s t i n c t .  C l e a r l y  t h i s  l a c k  

o f  d i s t i n c t i o n  accom panies  a  d e c re a s e  i n  t h e  f r a c t i o n  o f  Kr i n  t h e  

m ix tu r e s .  These t r e n d s  a r e  c o n s i s t e n t  w i th  t h e  p o s s i b i l i t y  t h a t  Kr

i t s e l f  i s  much more e f f e c t i v e  th a n  He i n  c a u s in g  v i b r a t i o n a l

r e l a x a t i o n  i n  KrF.

I n  o r d e r  t o  compare th e  d i f f e r e n c e s  i n  v i b r a t i o n a l  r e l a x a t i o n  i n  

KrF t h a t  occu r  when th e  d i f f e r e n t  b u f f e r  g a s e s  a r e  u se d ,  t h e

i n t e n s i t y  r a t i o  was m easured  f o r  an a p p r o p r i a t e  s e l e c t i o n  o f  

m ix tu r e s .  F ig u r e  8 .3 7  g i v e s  t h e  i n t e n s i t y  r a t i o  p l o t t e d  a g a i n s t  

t o t a l  p r e s s u r e  i n  t h e  same way a s  i n  F ig  8 ,3 6 ,  I t  i s  r e c a l l e d  t h a t  

when Ar was used  a s  t h e  b u f f e r ,  d i s c h a r g e s  co u ld  o n ly  be o b t a in e d  a t  

f a i r l y  low p r e s s u r e s .  T h e r e f o r e  Ar can  o n ly  be compared w i th  He and 

Ne below a b o u t  2 0 0 T o r r ,  F ig u r e  8 .3 7  i n d i c a t e s  t h a t  r e l a x a t i o n  i s

c o n s id e r a b l y  g r e a t e r  w i th  Ar b u f f e r  th a n  w i th  Ne f o r  an  e q u a l  m ix tu re  

r a t i o .  When Ne i s  compared w i th  He, s l i g h t l y  g r e a t e r  r e l a x a t i o n  

o c c u rs  f o r  t h e  He b u f f e r  i n  b o th  o f  th e  m ix tu re s  t e s t e d .  A lthough
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t h e  r e s u l t s  f o r  t h e  b u f f e r  com parison  show o n ly  m a rg in a l  d i f f e r e n c e s ,

a  s t r o n g  e f f e c t  i s  s e e n  i n  F ig  8 ,37  i n  t h a t ,  a t  a  g iv e n  p r e s s u r e ,  t h e

h i g h e r  d i l u t i o n s  d i s p l a y  much low er  r e l a x a t i o n ,  a s  was th e  e a se  i n  

F ig  8 ,36  a t  low Kr f r a c t i o n s .

There  a r e  t h r e e  s o u rc e s  o f  e r r o r  i n  m easu r ing  t h e  v i b r a t i o n a l

peak  i n t e n s i t i e s  which may a c c o u n t  f o r  th e  s c a t t e r  i n  t h e  p o i n t s  o f  

F ig s  36 and 37 . F i r s t l y ,  t h e  g e n e r a l  n o i s e  i n  t h e  spec trum  

r e c o r d in g s  ( t o  which may be added th e  o c c u r r e n c e  o f  background

s p e c t r a )  made i t  d i f f i c u l t  t o  m easure  t h e  peak h e i g h t  a c c u r a t e l y .  

S eco n d ly ,  t h e  sp ec tru m  b a s e  l i n e  p o s i t i o n ,  a s  r e c o rd e d  by t h e  OSA and 

c h a r t  r e c o r d e r  sy s tem , was s u b je c t e d  t o  s l i g h t  v a r i a t i o n s .  Both o f  

th e s e  e r r o r s  would be p a r t i c u l a r l y  d i s t u r b i n g  w here  t h e  i n t e n s i t i e s  

were s m a l l ;  i e ,  a t  th e  lo w e s t  and h i g h e s t  p r e s s u r e s .  The t h i r d

s o u rc e  o f  e r r o r  a r i s e s  from th e  d i f f i c u l t y  o f  l o c a t i n g  th e  p o s i t i o n ,

on th e  w ave leng th  s c a l e ,  o f  t h e  v i b r a t i o n a l  p e a k s .  The te c h n iq u e  

used  was t o  l o c a t e  th e  c e n t r e  o f  t h e  main pealc v i s u a l l y  and m easu re  

t h e  h e i g h t  o f  th e  second peak a t  a  f ix e d  d i s t a n c e  from t h i s  c e n t r e .  

At s m a l l  i n t e n s i t i e s  , t h e  peak c e n t r e  co u ld  n o t  be l o c a t e d

a c c u r a t e l y  due t o  i t s  f l a t  shape  and th e  h i g h e r  p r o p o r t i o n  o f  n o i s e  

i n  t h e  r e c o r d in g .  I n  o r d e r  t o  t e s t  w h e th e r  g r e a t e r  r e g u l a r i t y  co u ld  

be a c h ie v e d ,  t h e  m ix tu re  SF^:Kr:He a t  1 :3 :1 0 0  was t e s t e d  w i th  more 

c a r e .  The s p e c t r a  were c o l l e c t e d  by a c c u m u la t io n  o v e r  s e v e r a l  g as  

f i l l s  a t  each e x p e r im e n ta l  p r e s s u r e .  T h is  c o n s id e r a b l y  red u c e d  t h e  

s c a t t e r  i n  t h e  p o i n t s  a s  t h e  p l o t  i n  F ig  8 ,3 8  d e m o n s t r a t e s .  The 

e x p e r im e n t  was r e p e a t e d  and t h e  second r e s u l t s  ( a l s o  shown i n  

F ig  8 ,3 8 )  were found t o  be s i g n i f i c a n t l y  d i s p l a c e d  from  th e  f i r s t  

r e s u l t s  though th e  s c a t t e r  was s t i l l  s m a l l .  F i g u r e  8 .3 8  a l s o
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i n d i c a t e s  t h a t  t h e  i n t e n s i t y  r a t i o  may approach  a  c o n s t a n t  v a lu e  ( o f  

a b o u t  1 .4 )  a s  t h e  p r e s s u r e  a p p ro a c h e s  z e r o .

F ig u r e  8 .3 7  c o n t a i n s  a  p l o t  f o r  a  m ix tu re  c o n ta in in g  NF^ which 

may be c o n t r a s t e d  w i th  th e  m ix tu re  u s in g  SF^ a s  donor .  Fo r  th e  SF^ 

m ix tu re  th e  P -  r  r e l a t i o n s h i p  re m a in s  a p p ro x im a te ly  l i n e a r  w h i le  th e  

NF^ m ix tu re  shows an  approach  t o  s a t u r a t i o n  f o r  a  v a lu e  o f  r  o f  

around  3*2. However, t h i s  r e s u l t  a r i s e s  from ve ry  few d a t a  p o i n t s  

and may n o t  be r e l i a b l e .

F o r  a l l  o f  t h e  above r e s u l t s  t h e  i n t e n s i t y  r a t i o  a p p ro a c h e s  a 

v a lu e  which i s  be tw een  1 and 2 a s  th e  t o t a l  p r e s s u r e ,  and hence  th e  

c o l l i s i o n a l  r e l a x a t i o n ,  a p p ro a c h e s  z e r o .  S in c e  t h e  sp o n ta n e o u s  

l i f e t i m e  o f  th e  m o lecu le  i s  n o t  dep en d en t  on th e  p a r t i c u l a r  v i b r a t i o n  

s t a t e ,  t h i s  r a t i o  a l s o  r e p r e s e n t s  t h e  r a t i o  o f  b o th  t h e  f o rm a t io n  

r a t e s  and th e  p o p u la t io n s  o f  t h e  two v i b r a t i o n  s t a t e s .

The r a t i o ,  r ,  o f  t h e  p o p u l a t io n s  o f  t h e  two s t a t e s  i n  th e rm a l  

e q u i l i b r i u m ,  w i th  n^ and n^ a s  t h e  p a r t i c l e  d e n s i t i e s ,  i s  g iv e n  by

r  = n^ /ng  =

T h is  v a lu e  i s  a p p r o p r i a t e  a t  h ig h  p r e s s u r e  where th e  sp o n ta n e o u s

e m is s io n  r a t e  i s  n e g l i b l e  compared w i th  th e  c o l l i s i o n a l  r e l a x a t i o n

r a t e .  I n  KrF th e  w a ve leng th  s p a c in g  betw een th e  f i r s t  and second

v i b r a t i o n a l  f e a t u r e  i s  a b o u t  29^ which g i v e s  a  f re q u e n c y  s p a c in g  o f  

131,42x10 Hz, Using t h i s  and 300K f o r  T i n  th e  p r e v io u s  e q u a t io n  

g i v e s  a  p o p u la t io n  r a t i o  o f  9»7* The maximum r a t i o  o b se rv e d  i n  t h e
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r e s u l t s  was a b o u t  5 which s u g g e s t s  t h a t  th e rm a l  e q u i l i b r i u m  was n o t  

e s t a b l i s h e d .  S in c e  t h e  downward t r a n s i t i o n  r a t e  i s  c o n s id e r a b l y  

g r e a t e r  th an  th e  upward r a t e  i n  t h i s  reg im e ,  t h e  l a t t e r  can  be 

i g n o re d  and t h e r e f o r e  t h e  r e l a t i o n  betw een th e  p o p u l a t i o n  r a t i o  (and  

o b se rv e d  i n t e n s i t y  r a t i o )  and th e  downward t r a n s i t i o n  r a t e  w i l l  be 

l i n e a r .  T h is  r a t e  w i l l  be d i r e c t l y  p r o p o r t i o n a l  t o  t h e  c o l l i s i o n  

f re q u e n c y ,  and t h e r e f o r e  th e  t o t a l  p r e s s u r e ,  g i v in g  t h e  l i n e a r i t y  

o b s e rv e d .  I t  i s  c l e a r  t h a t  g r e a t e r  r e l a x a t i o n  th a n  t h a t  o b se rv e d  

c o u ld  be a c h ie v e d  by o p e r a t i o n  a t  h i g h e r  p r e s s u r e s  th a n  th o s e  r e a c h e d  

i n  th e  e x p e r im e n ts .

I t  i s  i n t e r e s t i n g  t o  a p p ly  t h i s  a rgum ent f o r  i n c r e a s e d  

r e l a x a t i o n  w ith  c o l l i s i o n  f re q u e n c y  t o  t h e  e f f e c t s  o f  m ix tu re  

v a r i a t i o n .  I t  m igh t  be e x p e c te d  t h a t  i n c r e a s e s  i n  t h e  f r a c t i o n  o f  

t h e  l i g h t e s t  gas  i n  t h e  m ix tu re  ( t h e  b u f f e r  g a s ) ,  o r  r e p la c e m e n t  o f  a  

h e a v i e r  b u f f e r  g as  by a l i g h t e r  one, would g iv e  i n c r e a c e d  r e l a x a t i o n  

due t o  th e  h ig h e r  c o l l i s i o n  f re q u e n c y  i n  t h e  l i g h t e r  g a s .  However, 

i n  a l l  o f  th e  c a s e s  p r e s e n te d  g r e a t e r  d i l u t i o n  g i v e s  g r e a t l y  red u ced  

r e l a x a t i o n  ( s t e e p e r  g r a d i e n t s )  a t  any g iv e n  t o t a l  p r e s s u r e .  I n  

a d d i t i o n ,  a s  m en tioned  above, Ar g i v e s  g r e a t e r  r e l a x a t i o n  th a n  Ne b u t  

i n  th e  He, Ne com par ison  th e  l i g h t e r  g a s ,  He, does  g iv e  b e t t e r  

r e l a x a t i o n .  From t h e s e  r e s u l t s ,  r a r e - g a s e s  can be p la c e d  i n  o r d e r  o f  

e f f e c t i v e n e s s  i n  r e l a x i n g  t h e  KrF v i b r a t i o n a l  m a n ifo ld  a s  Kr, Ar, He, 

Ne. I t  i s  l i k e l y  t h a t  t h e  c o l l i s i o n  f re q u e n c y  e f f e c t  i s  s u p p re s s e d  

i n  f a v o u r  o f  a  d i f f e r e n c e  i n  c o l l i s i o n  c r o s s - s e c t i o n  f o r  r e l a x a t i o n  

be tw een  t h e s e  a tom s. Fo r  exam ple, t h e  c r o s s - s e c t i o n  may be g r e a t e r  

i n  t h e  more r e a c t i v e  h e a v i e r  atoms w here  th e  b in d in g  o f  t h e  o u t e r  

e l e c t r o n s  i s  l e s s .  The r e l a x a t i o n  may th e n  in v o lv e  an  i n t e r m e d i a t e
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t r i a t o m i c  s p e c i e s .

I t  i s  n o te d  i n  c o n c lu s i o n  t h a t ,  i n  comiGon w i th  th e  r e s u l t s  o f  

o t h e r  s e c t i o n s ,  t h e  t r e n d s  i n  t h e  r e s u l t s  t h a t  accompany changes  i n  

gas  t y p e s ,  m ix tu re  r a t i o ,  o r  t o t a l  p r e s s u r e  a r e  somewhat s u r p r i s i n g  

and com plex. The r e l a x a t i o n  p r o c e s s  can  be i n c lu d e d  i n  t h e  s e v e r a l  

a r e a s  i n v e s t i g a t e d  w here  knowledge i s  l a c k i n g .
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