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SUMMA.RY

The e x c i t a t i o n  o f  l i q u i d s  t o  p ro d u c e  o p t i c a l  a m p l i f i c a t i o n  

d ep en d s  on a num ber o f  f a c t o r s  a s s o c i a t e d  w i t h  t h e  m o l e c u l a r  p r o p e r t  i e s  

and  t h e  i n t r a  m o le c u la r  s t r u c t u r e  o f  l i q u i d s .  The m ost i m p o r t a n t  f a c t o r s  

d e t e r m in i n g  t h e  e f f i c i e n c y  o f  t h e  a c t i v a t i o n  p r o c e s s  a r e  t h e  l i f e t i m e s  o f  

t h e  s t a t e s  w h ich  d ec ay  t o  p ro d u c e  l a s e r  t r a n s i t i o n s  and t h e  v a r i o u s  

m echanism s by  w h ich  th e  e x c i t a t i o n  may b e  b y - p a s s e d ,  f o r  ex a m p le ,  by t h e  

e x c i t a t i o n  o f  t r i p l e t  s t a t e s  o f  d y e s .

In  a g iv e n  column o f  e x c i t e d  l i q u i d ,  t h e  o p t i c a l  g a in  o f  th e  

column w i l l  depend  on t h e  p o p u l a t i o n  i n v e r s i o n ,  t h e  column l e n g t h  and th e  

r e f l e c t i v i t i e s  o f  t h e  m i r r o r s  d e f i n i n g  th e  o p t i c a l  c a v i t y .  The l a t t e r  

m i r r o r  r e f l e c t i v i t y  may b e  en h a n ced  by  non l i n e a r  o p t i c a l  p r o c e s s e s  i n  t h e  

l i q u i d  in  t h e  c o u r s e  o f  w h ich  h y p e r s o n ic  waves may be  s t i m u l a t e d ,  o r  a 

s t a t i o n a r y  wave o f  t h e r m a l  o r i g i n  may b e  b r o u g h t  i n t o  e x i s t a n c e  w h ich  co u ld  

i n t r o d u c e  a p e r i o d i c i t y  o f  r e f r a c t i v e  i n d e x  i n t o  t h e  colum n.

The p u r p o s e  o f  t h i s  i n v e s t i g a t i o n  i s  t o  d e s i g n  and d e v e lo p  a v e r y  

f a s t  f l a s h l a m p  pumped dye l a s e r  s y s te m  w h ich  w i l l  h a v e  an a c t i v e  l a s i n g  

t im e  p e r i o d  <100  n s  so  t h a t  t r i p l e t  s t a t e  p o p u l a t i o n  and any m ajo r  th e rm a l  

e f f e c t s  become l e s s  i m p o r t a n t .  The d e s i g n  p a r a m e t e r s  f o r  u l t r a f a s t  u l t r a  

v i o l e t  l i g h t s  s o u r c e s  a r e  a l s o  i n v e s t i g a t e d .

The f i r s t  p a r t  o f  t h e  t h e s i s  c o n s i d e r s  t h e  c r i t e r i a  r e q u i r e d  f o r  

th e  e f f i c i e n t  o p t i c a l  e x c i t a t i o n  o f  a l i q u i d  and d e s c r i b e s  t h e  d e s i g n  and 

c o n s t r u c t i o n  o f  f a s t  l i g h t  s o u r c e s .  The p r o p e r t i e s  o f  s t r i p  l i n e  p u l s a r s  

a r e  c o n s i d e r e d  i n  d e t a i l ,  and th e  r e s u l t s  f rom  a  s e r i e s  o f  p r o t o t y p e  d e v ic e s  

a r e  e v a l u a t e d .  T hese  i n c l u d e  s p e c i a l l y  d e s ig n e d  c o a x i a l  f l a s h  lamps as  w e l l  

a s  t h e  u s u a l  l i n e a r  t y p e .  P r e l i m i n a r y  e x p e r im e n t s  and p ro b le m s  a s s o c i a t e d  

w i th  a c h i e v i n g  l a s i n g  o u t p u t  from  rh o d am in e  6 G a r e  d i s c u s s e d .



The gods d i d ^ u o t  r e v e a l ,  f rom  t h e  b e g i n n i n g ,

A l l  t h i n g s  t o  u s ,  b u t  i n  t h e  c o u r s e  o f  t im e  

T hrough  s e e k in g  we may l e a r n  and know t h i n g s  b e t t e r . ^  

But as  f o r  c e r t a i n  t r u t h ,  no  man h a s  known i t ,

Nor s h a l l  he know i t ,  n e i t h e r  o f  t h e  gods 

Nor y e t  o f  a l l  t h e  t h i n g s  o f  w h ich  I  s p e a k ,

F o r  ev e n  i f  by ch an ce  he  w ere  to  u t t e r

The f i n a l  t r u t h ,  he  would  h i m s e l f  n o t  know i t :

F o r  a l l  i s  b u t  a woven web o f  g u e s s e s .

X enophanes (v600 BC)
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CHAPTER I

LIQUID LASERS

1 .1  H i s t o r i c a l  I n t r o d u c t i o n

The. u s e  o f  s t i m u l a t e d  e m is s io n  f o r  m icrow ave a m p l i f i c a t i o n  was

p r o p o s e d  d u r i n g  t h e  e a r l y  1 9 5 0 ’ s i n d e p e n d e n t l y  by Weber and Townes in  th e

USA and  by  B asov  and P ro k h o ro v  i n  t h e  S o v ie t  U n ion .  D u r in g  1954 Townes

c o m p le te d  t h e  c o n s t r u c t i o n  o f  t h e  f i r s t  m icrow ave a m p l i f i e r ,  o r  m a s e r .  Ever

s i n c e  t h i s  t im e  t h e r e  h av e  b e e n  s p e c u l a t i o n s  c o n c e r n in g  th e  p o s s i b i l i t y  o f

e x t e n d i n g  t h i s  p r i n c i p l e  t o  a m p l i f i c a t i o n  and g e n e r a t i o n  in  t h e  o p t i c a l

( 2 ''r e g i o n  ( s e e  Schalow  e t  a l  1958 \  f o r  e x a m p le ) .  A g r e a t  d e a l  o f  a n a l y t i c a l

work p r e c e d e d  th e  s u c c e s s f u l  c o n s t r u c t i o n  o f  t h e  f i r s t  l i g h t  a m p l i f i e r ,  o r  

l a s e r ,  by M a i m a n ^ ^ ^ i n  1960. T h e re  was a l s o  c o n s i d e r a b l e  s p e c u l a t i o n  

b o t h  i n  t h e  U n i te d  S t a t e s  and i n  t h e  S o v ie t  Union a b o u t  t h e  c r e a t i o n  o f  a 

s t a t e  o f  n e g a t i v e  a b s o r p t i o n  i n  g a s e s .  I n  1959 J a v a n  e x p lo r e d

t h e  e f f e c t i v e n e s s  o f  e l e c t r o n  e x c i t a t i o n  and ex ch an g e  o f  e x c i t a t i o n  as  a 

means o f  p r o d u c in g  n e g a t i v e  a b s o r p t i o n  and t h i s  l e d  t o  th e  d ev e lo p m e n t  o f  

t h e  h e l i u m  neon  l a s e r  i n  1960. S u b s e q u e n t l y ,  E asov^^^ and h i s  c o -w o rk e r s  

c a r r i e d  o u t  a m a th e m a t i c a l  a n a l y s i s  of t h e  c o n d i t i o n s  u n d e r  w i t h  th e  

ex ch an g e  o f e x c i t a t i o n  i n  a m ix tu r e  o f  d i f f e r e n t  g a s e s  l e a d s  t o  n e g a t i v e  

a b s o r p t i o n .  T h is  work^^^ was p u b l i s h e d  i n  1960 and b e f o r e  t h e  end o f  th e  

y e a r  S o r o k i n a n d  S te p h e n s o n  announced  th e  o p e r a t i o n  o f  a f o u r  

l e v e l  s o l i d  l a s e r .  Many su ch  l a s e r s  w ere  d i s c o v e r e d  d u r i n g  th e  f o l l o w i n g  

two y e a r s .  E s s e n t i a l l y  a l l  r a r e  e a r t h  m e t a l s  were found  t o  be  s u i t a b l e  

l a s e r  m a t e r i a l s  when i n c o r p o r a t e d  i n  c e r t a i n  c r y s t a l s .

I n t e n s i v e  s p e c u l a t i o n  a b o u t  t h e  use  o f  s e m ic o n d u c to r s  as  l a s e r  

m a t e r i a l s  b eg a n  a b o u t  1959. Bosov p u b l i s h e d  many c a l c u l a t i o n s  c o n c e r n in g  

t h e  p o s s i b i l i t y  o f  u t i l i s i n g  a v a r i e t y  o f p r o c e s s e s  i n  s e m ic o n d u c to r s  f o r



t h e  p u rp o s e  o f  l i g h t  a m p l i f i c a t i o n .  S i g n i f i c a n t  t h e o r e t i c a l  c o n t r i b u t i o n s

w ere  a l s o  made by  Lax and s e v e r a l  F re n c h  i n v e s t i g a t o r s .  Then i n  1962,

t h r e e  g ro u p s  H a l l  e c  a l ^ ^ ^ \  N a tlien  e t  a l^ ^ ^ ^  and Q u is r  e t  a l^ ^ ^ ^  w o rk in g

i n d e p e n d e n t ly  s u c c e e d e d  a lm o s t  s i m u l t a n e o u s l y  i n  o b t a i n i n g  s t i m u l a t e d

e m i s s i o n  from  p - n  j u n c t i o n s  o f  Ga As.

As soon  as  t h e  f i v e  l i n e s  o f  t h e  h e l i u m  neon  l a s e r  i n  th e

1 . 1->1 . 2  urn r e g i o n  becam e known, a s e a r c h  s t a r t e d  f o r  o t h e r  g a se o u s  l i n e s .

However i t  was a  f u r t h e r  two y e a r s  b e f o r e  o t h e r  l i n e s  w ere  fo u n d .  D u r in g

1962 th e  d i s c o v e r y  o f  g a se o u s  l a s e r s  b eg a n  l i k e  an a v a la n c h e .  By mid 1964

o v e r  500 l i n e s  o f  th e  N oble  g a s e s  a lo n e  h ad  b e e n  o b s e r v e d  i n  s t i m u l a t e d

e m i s s i o n ,  and s e v e r a l  new m ethods  u t i l i s i n g  i o n s ,  atom s and m o le c u le s  o f

o t h e r  e l e m e n ts  h ad  b e e n  d i s c o v e r e d  f o r  e x c i t i n g  l a s e r  o s c i l l a t i o n s .

A l th o u g h  th e  i n i t i a l  s u c c e s s e s  i n  t h e  l a s e r  f i e l d  w ere  a c h ie v e d

w i t h  s o l i d s  and  g a s e s ,  l i q u i d  l a s e r  s y s te m s  combine some i m p o r t a n t

a d v a n ta g e s  o f  s o l i d - s t a t e  and gas  l a s e r  sy s te m s  i n  a d d i t i o n  to  some u n iq u e

p r o p e r t i e s  o f  t h e i r  own. The f i r s t  l i q u i d  l a s e r  s y s te m  u sed  m e t a l l o - o r g a n i c

(13)
s y s t e m s ,  nam ely  r a r e  e a r t h  c h e l a t e s .  In  1963 , two g ro u p s  Wolf e t  a l

and  L f tF p ick i  e t  a l^ ^ ^ ^  s i m u l t a n e o u s l y  r e p o r t e d  s u c c e s s f u l  o p e r a t i o n  of

eu ro p iu m  c h e l a t e  l a s e r s .  An i m p o r t a n t  i n o r g a n i c  l a s e r  s y s te m  nam ely

neodymium i n  s e l e n iu m  o x y c h l o r i d e  (Nd^^ i n  SeO C lo )  was r e p o r t e d  i n  1966

by  Ldiiipicki and H e l l e r a n d  Nd^ i n  PO C I3 i n  1968 by  S c h im i t s c h e k

A n o th e r  v e r y  i m p o r t a n t  c l a s s  o f  l i q u i d  l a s e r s  i s  th e  o r g a n i c  dye l a s e r s .

The e a r l i e s t  p u b l i s h e d  s u g g e s t i o n s  t h a t  o r g a n i c  m a t e r i a l s  c o u ld  b e  u sed  as

(17)a c t i v e  m ed ia  seem to  b e  t h o s e  o f  B rock  e t  a l  ‘ and R a u t i a n  and

n  8 ^Sobelmann who p ro p o s e d  i n  1961 t h a t  t r i p l e t  s t a t e  p h o s p h o re s c e n c e  co u ld

(19)s e r v e  as  t h e  b a s i s  f o r  an o r g a n i c  l a s e r .  In  1964 , S tockm an e t  a l  

d i s c u s s e d  a l a s e r  p r o c e s s  b a s e d  upon s i n g l e t  s t a t e  f l u o r e s c e n c e  and



( 20 ''Stockman  ̂ d e s c r i b e d  e a r l y  r e s u l t s  i n  t h e  e x p e r i m e n t a l  e f f o r t  t o  r e a l i s e

a dye l a s e r  u s i n g  th e  dye p e r y l e n e  e x c i t e d  by  a  f a s t  p o w e r fu l  f l a s h l a m p ,

The f i r s t  u n a m b ig u o u s ly  s u c c e s s f u l  e f f o r t  t o  p ro d u c e  s t i m u l a t e d  e m is s io n

( 21) ( 22)f rom  o r g a n i c  m o l e c u l e s ,  h o w e v e r ,  was r e p o r t e d  i n  1966 by  S o ro k in  

and c o - w o r k e r s . T hese  a u t h o r s  u s e d  a g i a n t  p u l s e  ru b y  l a s e r  t o  e x c i t e  

s o l u t i o n s  o f  t h e  dyes  c ^ l o r o  a lu m in iu m  p h t h a l o c y a n i n e  (CAI') and 3 , 3 ’ 

d i e t h y l  t h i a d i c a r b o c y a n i n e  (DTTC) i o d i d e  i n  an o p t i c a l  c a v i t y ,  an a r r a n g e 

ment r e f e r r e d  t o  as  t h e  " l a s e r  pumped l a s e r " .  S i m i l a r  r e s u l t s  w ere  

o b t a i n e d  i n d e p e n d e n t l y  by  S c h a f e r  e t  a l  and a l s o  by  S p a e th  e t a l

u s i n g  s e v e r a l  c y a n in e  dyes  w i t h  s t r u c t u r e s  s i m i l a r  t o  DTTC. B ased  upon
( 2 %)

t h e  l a s e r  pumped l a s e r  r e s u l t s ,  S o ro k in  e t  a l  s u g g e s t e d  t h a t  f l a s h l a m p

e x c i t a t i o n  o f  a dye l a s e r  s h o u ld  a l s o  b e  p o s s i b l e  and e s t i m a t e d  th e  f l a s h

lamp r e q u i r e m e n t s .  A s u i t a b l e  f l a s h l a m p  was c o n s t r u c t e d  and l a s e r

e m is s io n  fro m  s o l u t i o n s  o f  s e v e r a l  dyes  o f  t h e  x a n th e n e  c l a s s  was r e p o r t e d

by  S o ro k in  and L an k ard ^^^^  in  1967. S h o r t l y  t h e r e a f t e r ,  s i m i l a r  r e s u l t s
(27')

w ere  r e p o r t e d  i n d e p e n d e n t ly  by  S chm id t and S c h a f e r  “ ' .  F la s h la m p  e x c i t e d  

dye l a s e r s  h av e  s i n c e  b ee n  s t u d i e d  i n  many l a b o r a t o r i e s .

1 .2  G e n e ra l  p ro b lem s  in  a c h i e v i n g  l a s e r  a c t i o n  i n  l i q u i d s

L iq u id  l a s e r  r e s e a r c h  was s p l i t  i n t o  two b r o a d  c a t e g o r i e s ,  th e  

o r g a n i c  l i q u i d  l a s e r  b a s e d  on s o l u t i o n s  o f  p u r e l y  o r g a n i c  compounds and 

i n o r g a n i c  l i q u i d  l a s e r  b a s e d  on s o l u t i o n s  o f  r a r e  e a r t h  i o n s  i n  a p r o t i c  

s o l v e n t s .  •

I t  becam e e v i d e n t  t h a t  t h e  p o o r  p e r fo rm a n c e  o f  i n o r g a n i c  l i q u i d  

l a s e r s  was n o t  due t o  t h e  change  o f  t h e  i n d e x  o f  r e f r a c t i o n  due to  pumping 

b e c a u s e  i t  i s  known t h a t  t h e r e  e x i s t s  l i q u i d s  whose o p t i c a l  p e r fo rm a n c e  

on h e a t i n g  i s  as  good as  w i t h  s o l i d s .  I n v e s t i g a t i o n s  on th e  b e h a v io u r  o f  

t r i v a l e n t  neodmium i n  aqueous  s o l u t i o n s  h ad  shoim q u e n c h in g  r a t e s  o f  t h e
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l u m in e s c e n t  l e v e l  to  b e  10^ s ^ . I t  i s  o b v io u s  t h a t  su ch  a h i g h  r a t e  o f  

q u e n c h in g  o f  th e  l u m in e s c e n t  l e v e l  w ould  n o t  a l l o w  s u f f i c i e n t  p o p u l a t i o n  

t o  b u i l d  up f o r  s t i m u l a t e d  e m is s io n  to  o c c u r  i n  s o l u t i o n s  c o n t a i n i n g  w a t e r .  

F u r t h e r  s t u d i e s  on th e  r a d i a t i o n l e s s  r e l a x a t i o n  r a t e s  h a v e  sh ed  more l i g h t  

i n t o  t h e  p ro b le m  o f  t h e  cpench ing  o f  t h e  f l u o r e s c e n c e  i n  l i q u i d s .  I t  was 

a l r e a d y  known fro m  th e  work o f  H u tc h in s o n  and Magnum^^^^ t h a t  r e p la c e m e n t  

o f  t h e  h y d ro g e n  atom s by  d e u te r iu m  i n  t h e  m o le c u le s  o f n a p h t h a l e n e  l e a d s  to  

a  d e c r e a s e  i n  t h e  r a t e  o f  r a d i a t i o n l e s s  r e l a x a t i o n .  S u b s e q u e n t  e x p e r im e n t s

h a v e  i n d i c a t e d  t h a t  t h e  p r e s e n c e  o f  h y d ro g e n  a tom s was i n t i m a t e l y  c o n n e c te d

(3 1 ) .  ( 1 2 )w i th  t h e  q u e n c h in g  o f  f l u o r e s c e n c e  i n  t h e  s o l u t i o n s  *. F i n a l l y  H e l l e r

was a b l e  t o  show t h a t  t h e  m ain f a c t o r  r e s p o n s i b l e  f o r  t h e  q u e n c h in g  o f  t h e

f l u o r e s c e n c e  o f  r a r e  e a r t h  i o n s  i n  s o l u t i o n s  was t h e  h y d ro x y l  g ro u p .  The

e x p e r i m e n t a l  work i n v o l v e d  h a d  shown t h a t  t h e  r a t e  o f  r a d i a t i o n l e s s

r e l a x a t i o n  depends  s t r o n g l y  on t h e  e n e r g y  o f  t h e  a c c e p t o r  v i b r a t i o n s .  T h is

r e s u l t  was t o  b e  e x p e c t e d  s i n c e  i t  i s  w e l l  known t h a t  t h e  c l o s e r  t h e  m a tc h in g

o f  t h e  e n e rg y  a d o n o r  can  d o n a te  t o  t h e  e n e rg y  an a c c e p t o r  can  a c c e p t ,  th e

f a s t e r  th e  r a t e  o f  e n e rg y  t r a n s f e r  b eco m es .  High v i b r a t i o n a l  e n e r g i e s ,

t h e r e f o r e ,  i n c r e a s e  t h e  o v e r l a p  b e tw e e n  t h e  v i b r a t i o n a l  l e v e l s  and t h e

e l e c t r o n i c  l e v e l s  o f  t h e  e x c i t e d  a to m s . C o n s id e r i n g  t h a t  t h e  v i b r a t i o n a l

e n e r g y  o f  t h e  h y d r o x y l  g ro u p  i s  3600 cm ( e n e r g i e s  d e n o te d  i n  t h i s  way a r e

i n  u n i t s  o f  h e )  and t h a t  t h e  s e p a r a t i o n  b e tw e e n  t h e  lo w e s t  e l e c t r o n i c a l l y

e x c i t e d  l e v e l  and t h e  h i g h e s t  v i b r a t i o n a l  l e v e l  o f  t h e  g round  s t a t e  o f
_1

neodymium i s  5300 cm , ( F ig u r e  1 .1 )  we s e e  t h e  r e a s o n  f o r  t h e  f a s t  

q u e n c h in g  r a t e  o f  t h e  neodymium lu m in e s c e n c e  i n  aqueous  s o l u t i o n s .

Til us s o l v e n t s  w i t h  l i g h t  atom s and c o n s e q u e n t l y  h i g h  v i b r a t i o n a l  

e n e r g i e s  w i l l  q u en ch  f l u o r e s c e n c e  and t h e r e f o r e  a r e  n o t  s u i t a b l e  f o r  l i q u i d  

l a s e r s .  S o l u t i o n s  w i th  h e a v y  atoms s h o u ld  t h e r e f o r e  b e  u sed  t o  d i s s o l v e
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th e  a c t i v e  i o n s .  The o t h e r  r e q u i r e m e n t  i s  t h a t  a  s o l v e n t  m ust  h av e  a h i g h  

d i e l e c t r i c  c o n s t a n t  i n  o r d e r  t o  d i s s o l v e  i o n i c  compounds. S e le n iu m

o x y c h l o r i d e  was t h e  f i r s t  su ch  s o l v e n t  t o  b e  u s e d .  I t s  h i g h e s t  v i b r a t i o n a l

~1 . -  ~1
e n e rg y  i s  955 cm w h ich  i s  s m a l l  com pared w i t h  5300 cm o f  t h e

d e - e x c i t a t i o n  e n e r g y  o f  t r i v a l e n t  neodymium. I t s  d i e l e c t r i c  c o n s t a n t  i s  46.

A f t e r  t h e  p ro b le m  o f  r a d i a t i o n l e s s  r e l a x a t i o n  had b e e n  s o l v e d ,

t h e r e  was o n ly  one p ro b le m  r e m a in in g  i n  t h e  a c h ie v e m e n t  o f  good l i q u i d  l a s e r s

and t h i s  was t h e  p ro b le m  o f  s e l f  q u e n c h in g .  T h is  o c c u r s  when neodymium

io n s  a r e  v e r y  c l o s e  t o  e a c h  o t h e r ,  th e n  d e - e x c i t a t i o n  o f  an i o n  i n  t h e

m e t a s t a b l e  4F ^y 2 t h e  g ro u n d  s t a t e  ^^2_5/2 o c c u r ,  w i t h  t h e

s im u l t a n e o u s  e x c i t a t i o n  o f  a  s ec o n d  io n  from  th e  g ro u n d  s t a t e  4 I g y 2 t h e

u p p e r  l e v e l  o f  t h e  g ro u n d  m u l t i p l e t  T h is  becomes even  more s e r i o u s

i n  l i q u i d s  w h e re  d i f f u s i o n  t a k e s  p l a c e .  To overcom e s e l f  q u e n c h in g ,

c h e m ic a l  s o l u t i o n s  a r e  u sed  w h ich  fo rm  a c l u s t e r  a ro u n d  e a c h  i o n  th u s

p r e v e n t i n g  t h e  i o n s  t o  a p p ro a c h  e a c h  o t h e r  w i t h i n  a  d i s t a n c e  l e s s  th a n  

-71 .5  X 10 cm. Each i o n  i s  t h e n  s u r ro u n d e d  by  a s h e l l  made up by  th e

s o l v e n t ’ s m o l e c u l e s .  D u r in g  t h e  f o r m a t i o n  o f  t h e  c h e m ic a l  sy s tem s  i t  m ust

be  made c e r t a i n  t h a t  a n io n s  w h ich  a r e  s m a l l  and h av e  h i g h  c h a rg e  d e n s i t i e s

a r e  e x c lu d e d  s i n c e  th e y  may a t t r a c t  o t h e r  neodymium i o n s  and b r i n g  them

w i t h i n  q u e n c h in g  d i s t a n c e .  The same e f f e c t  can  r e s u l t  from  th e  p r e s e n c e

of  a n io n s  w h ich  c o o r d i n a t e  w i t h  r a r e  e a r t h  c a t i o n s .  The p r e s e n c e  o f  t h e s e

(33)i o n s  may w e l l  r e s u l t  i n  p r e c i p i t a t i o n  o r  p o l y m e r i z a t i o n

I n o r g a n i c  l i q u i d  l a s e r s  can  now be p r e p a r e d  w h ich  h av e  a l l  t h e

a d e q u a te  p r o p e r t i e s  f o r  l a s e r  a c t i o n .  An e x c e l l e n t  a c c o u n t  o f  i n o r g a n i c

l a s e r  p e r fo rm a n c e  may be fo u n d  i n  A n d re o u ’ s t h e s i s ^ ^ ^ ^ .  He u se d  a d o u b le

+3f l a s h l a m p  a r ra n g e m e n t  f o r  o p t i c a l l y  pumping Nd i n  s o l u t i o n s  o f  SeO C I2 

( s e le n iu m  o x y c h l o r i d e )  and POCI3 (p h o s p h o r  o x y c h l o r i d e ) .
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The a c h ie v e m e n t  o f  l a s e r  a c t i o n  w i t h  o r g a n i c  compounds came when 

i t  was r e a l i s e d  t h a t  th e  m ain  p ro b le m  i n i t i a l l y  was t h e  a c c u m u la t io n  o f 

e x c i t e d  m o le c u le s  from  t h e  f i r s t  e x c i t e d  l e v e l  o f  t h e  s i n g l e t  s t a t e  t o  t h e  

t r i p l e t  s t a t e  by f a s t  r a d i a t i o n l e s s  t r a n s i t i o n s .  Thus t h e  t r i p l e t  s t a t e  

a c t s  as  a h e a t  s i n k  f o r  t h e  e x c i t e d  m o l e c u l e s .  T r i p l e t  t r a n s i t i o n s  may 

o c c u r  i n  w h ich  t h e  f l u o r e s c e n c e  e m is s io n  i s  r e a b s o r b e d ,  t h u s  p r o h i b i t i n g  

l a s e r  a c t i o n .  To overcom e t h i s  d i f f i c u l t y ,  o r g a n i c  dyes  w e re  f i r s t  pumped 

w i t h  Q -s w i tc h e d  ru b y  l a s e r s  w h ich  p r o v i d e d  a h i g h  i n t e n s i t y  i n  a s u f f i c i e n t l y  

s h o r t  t im e ,  th u s  o v erco m in g  t h e  e f f e c t s  o f  t h e  f a s t  r a d i a t i o n l e s s  r e l a x a 

t i o n  t o  t h e  t r i p l e t  s t a t e .  F la s h la m p s  w i t h  s u f f i c i e n t l y  s h o r t  r i s e  t im e s  

h av e  b ee n  d e v e lo p e d  t o  overcom e t h e  e f f e c t s  o f  t h e  t r i p l e t  s t a t e .

More r e c e n t l y  q u e n c h in g  o f  t h e  t r i p l e t  s t a t e  h a s  b ee n  a c h ie v e d  w i t h  t h e  a i d  

o f  o t h e r  s u b s t a n c e s  i n  t h e  l a s e r  s o l u t i o n .

T h is  and o t h e r  e f f e c t s  w i l l  be  d i s c u s s e d  more f u l l y  i n  t h e  

f o l l o w i n g  t h e s i s .

The m ain  a d v a n ta g e  o f  an o r g a n i c  l a s e r  a s  com pared t o  an i n -

(29)
o r g a n i c  l a s e r  i s  i t s  w id e  r a n g e  o f  t u n a b i l i t y

1 .3  O rg a n ic  l i q u i d  l a s e r s

The e f f i c i e n t  lu m in e s c e n c e  e x h i b i t e d  by  many o r g a n i c  compounds 

makes t h e i r  u s e  a s  l a s e r  m a t e r i a l s  a t t r a c t i v e  and t h i s  p o s s i b i l i t y  was 

c o n s i d e r e d  e a r l y  i n  l a s e r  r e s e a r c h .  I n i t i a l  e x p e r im e n t s  p ro d u c ed  d i s 

a p p o i n t i n g  r e s u l t s ,  h o w e v e r ,  and i n t e r e s t  w aned. Then s i n c e  1966, t h e  

p r o d u c t i o n  o f  c o h e r e n t ,  v i s i b l e  r a d i a t i o n  by  f l u o r e s c e n t  o r g a n ic  dyes  i n  

s o l u t i o n  h a s  b e e n  d e m o n s t r a t e d .  The d e v i c e  b a s e d  upon t h i s  phenomenon i s  

c a l l e d  t h e  dye l a s e r .

Dye l a s e r  sy s tem s  com bine many o f  t h e  a d v a n ta g e s  o f  s o l i d  s t a t e  

(35)and gas  l a s e r  s y s te m s  . I n  a d d i t i o n  th e y  h av e  some u n iq u e  p r o p e r t i e s  

w h ich  open up new f i e l d s  o f  l a s e r  a p p l i c a t i o n s .  The g a i n  o f  a dye 

s o l u t i o n  i s  much g r e a t e r  th a n  t h a t  o b t a i n a b l e  from  a gas  and i s  c o m p arab le
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t o  t h e  g a i n  o f  s o l i d  s t a t e  m a t e r i a l s .  T h is  i s  due t o  t h e  same h i g h

c o n c e n t r a t i o n  o f  a c t i v e  m o le c u le s  i n  dyes  as  i n  s o l i d  s t a t e  m a t e r i a l s .

The u s e  o f  a l i q u i d  a c t i v e  medium s i m p l i f i e s  th e  p ro b le m  o f  o b t a i n i n g  h ig h

o p t i c a l  q u a l i t y  w h ich  i s  n o t  s u s c e p t i b l e  t o  t h e  i r r e v e r s i b l e  r a d i a t i o n

damage o f  h i g h  pow er s o l i d  s t a t e  l a s e r s .  The t e m p e r a t u r e  d ep en d en ce  of

th e  r e f r a c t i v e  i n d e x  i s  u s u a l l y  much g r e a t e r  i n  l i q u i d s  t h a n  i n  s o l i d s ,

n e c e s s i t a t i n g  a c a r e f u l  c o n t r o l  o f  t e m p e r a t u r e  g r a d i e n t s  i n  t h e  l a s e r

l i q u i d  t o  a v o id  s c a t t e r i n g  l o s s e s  w h ich  a r i s e  f ro m  t h e  change  o f  r e f r a c t i v e

i n d e x , b u t  once t h i s  i s  a c h i e v e d ,  a beam s p r e a d  s i m i l a r  t o  t h a t  o f

gas  l a s e r s  ca n  b e  o b t a i n e d .

The u n l i m i t e d  r a n g e  o f  o r g a n i c  l a s e r  s u b s t a n c e s  can  b e  f u l l y

e x p l o i t e d  o n ly  i n  l a s e r  s y s te m s  u s i n g  l i q u i d  s o l u t i o n s  o f  t h e s e  s u b s t a n c e s .

*Gas l a s e r s  u s i n g  o r g a n ic  m o le c u le s  do n o t  seem t o  e x i s t  so  f a r .  The m ost 

p r o b a b l e  r e a s o n  i s  t h a t  r e l a t i v e l y  few o r g a n i c  s u b s t a n c e s  w i t h  e l e c t r o n i c  

t r a n s i t i o n s  b e tw e e n  n e a r  UV and n e a r  IR a r e  a b l e  t o  w i t h s t a n d  t h e  te m p e ra 

t u r e  n e e d e d  to  b r i n g  a s u f f i c i e n t  number o f  m o le c u le s  i n t o  t h e  gas  p h a s e .

In  a d d i t i o n ,  m ost o f  t h e s e  show a r a p i d  d e c r e a s e  o f  t h e  quantum  e f f i c i e n c y  

o f  l u m in e s c e n c e  w i t h  r i s i n g  t e m p e r a t u r e .  O rg a n ic  c r y s t a l s ,  on t h e  o t h e r  

h a n d ,  a r e  u n s u i t a b l e  as  l a s e r  m ed ia  b e c a u s e  th e y  a r e  s o f t ,  o f  l i m i t e d
(35)

o p t i c a l  q u a l i t y ,  and g e n e r a l l y  d i f f i c u l t  t o  f a b r i c a t e

The c h i e f  d i s a d v a n t a g e  o f  t h e  more c o n v e n t i o n a l  l a s e r  sy s te m s  i s  

t h a t  l a s e r  a c t i o n  can  b e  a c h ie v e d  a t  o n ly  a  v e r y  l i m i t e d  number o f  wave

l e n g t h s .  However, t u n a b i l i t y  i s  e s s e n t i a l  i n  an i n c r e a s i n g  number o f  

a p p l i c a t i o n s ,  f o r  i n s t a n c e  i n  e x c i t e d  s t a t e  s p e c t r o s c o p y ,  i n  t h e  s tu d y  o f

* A f t e r  t h e  p r e p a r a t i o n  o f  t h i s  m a n u s c r i p t ,  l a s i n g  a c t i o n  from  a dye

1 .  , ( 1 4 7 ) ( 1 5 1 )v a p o u r  pumped by  a p u l s e  n i t r o g e n  l a s e r  was r e p o r t e d
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o p t i c a l  f r e q u e n c y  s t a r k  s h i f t s ,  and i n  s e l f  in d u c e d  t r a n s p a r e n c y  t o  name 

o n ly  a few. Non l i n e a r  o p t i c a l  m ethods su ch  as  f r e q u e n c y  m ix in g  o r  

s t i m u l a t e d  Raman s c a t t e r i n g  can b e  u sed  to  m u l t i p l y  t h e  number o f  d i s c r e t e  

w a v e le n g th s  a t  w h ich  i n t e n s e  c o h e r e n t  l i g h t  can  b e  g e n e r a t e d .  F o r  

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

a p p e a l i n g  b u t  t h e  p r a c t i c a l  d i f f i c u l t i e s  o f  m aking  t h e s e  i n t o  p o w e r f u l ,  

r e l i a b l e  and c o n v e n ie n t  d e v i c e s  a r e  c o n s i d e r a b l e .

The o r g a n i c  dye s o l u t i o n  l a s e r  i s  a t  th e  p r e s e n t  t im e  t h e  m ost

v e r s a t i l e  c o n t i n u o u s l y  t u n a b l e  s o u r c e  o f  c o h e r e n t  l i g h t .  I n d i v i d u a l  dyes

h av e  b ro a d  f l u o r e s c e n c e  b an d s  s e v e r a l  t e n s  o f  n a n o m e te rs  w i d e ^ ^ ^ \  an d ,  as

shown i n  F ig u r e  1 . 2 ,  d i f f e r e n t  dyes  can  be fo u n d  w i t h  b an d s  a lm o s t  anyw here

(38)
i n  t h e  r a n g e  340-1170  nm. F in e  t u n i n g  can  be  a c h ie v e d  by i n s e r t i n g  a 

f r e q u e n c y  s e l e c t i v e  e le m e n t  i n t o  t h e  o p t i c a l  c a v i t y ,  and c o a r s e  t u n i n g  

s im p ly  by c h a n g in g  t h e  dye .

1 .4  P r o p e r t i e s  o f  o r g a n i c  dyes

C o n ju g a te d  d o u b le  bonds  a r e  a common p r o p e r t y  o f  a l l  o r g a n i c

m o le c u l e s  t h a t  can  be  u s e d  a s  a c t i v e  m ed ia  i n  l i q u i d  l a s e r s .  The g e n e r i c

te rm  " d y e"  may b e  u se d  f o r  s u b s t a n c e s  c o n t a i n i n g  d o u b le  b o n d s .  N e v e r t h e l e s s  

t h e s e  s u b s t a n c e s  do n o t  n e c e s s a r i l y  a b s o rb  i n  t h e  v i s i b l e  p a r t  o f  th e  

s p e c t r u m  a l t h o u g h  t h e  b a s i c  m echanism  r e s p o n s i b l e  f o r  l i g h t  a b s o r p t i o n  i s  

t h e  same f o r  a l l  t h e s e  s u b s t a n c e s  i n c l u d i n g  t h e  dyes  i n  t h e  u s u a l  s e n s e  

o f  t h e  w ord . S u b s ta n c e s  w i t h o u t  c o n j u g a t e d  d o u b le  bonds u s u a l l y  a b s o rb  a t  

w a v e le n g th s  s h o r t e r  th a n  2 0 0  nm, c o r r e s p o n d i n g  t o  a  p h o to n  e n e rg y  of 

150 k c a l / m o l e .  S in c e  t h i s  e n e rg y  i s  h i g h e r  th a n  t h e  d i s s o c i a t i o n  e n e rg y  o f  

m ost c h e m ic a l  b o n d s ,  p h o t o - c h e m ic a l  d e c o m p o s i t i o n  com petes  e f f e c t i v e l y  w i th  

r a d i a t i v e  d e a c t i v a t i o n .  T h is  i s  one o f  t h e  r e a s o n s  t h e s e  s u b s t a n c e s  a r e  

n o t  v e r y  l i k e l y  t o  e x h i b i t  l a s e r  a c t i o n  i n  s o l u t i o n .
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The l i g h t  a b s o r p t i o n  o f dyes  can  e a s i l y  b e  u n d e r s to o d  on a s e m i-  

q u a n t i t a t i v e  b a s i s  u s i n g  a h i g h l y  s i m p l i f i e d  quantum  m e c h a n ic a l  m odel,
(39)

s u c h  as  t h e  f r e e  e l e c t r o n  gas  m o d e l .  (From Kuhn 1958 a s  d e s c r i b e d  by
(35)

S c h a f e r  '  1 9 7 2 ) .  T h is  m odel i s  b a s e d  on t h e  f a c t  t h a t  dye m o le c u le s  a r e

e s s e n t i a l l y  p l a n a r ,  w i t h  a l l  atom s o f t h e  c o n j u g a t e d  c h a in  l y i n g  i n  a 

common p l a n e  and l i n k e d ^ b y  a - b o n d s .  By c o m p ar iso n  th e  r - e l e c t r o n s  h av e  a 

Aode i n  t h e  p l a n e  o f  t h e  m o le c u le  and fo rm  a c h a rg e  c lo u d  above  and be low  

t h i s  p l a n e  a lo n g  t h e  c o n j u g a t e d  c h a in  ( F i g u r e  1 . 3 ) ,  The c e n t e r  o f  t h e  

u p p e r  and lo w er  lo b e  o f  t h e  i r - e l e c t r o n  c lo u d  i s  a t  a d i s t a n c e  f ro m  th e  

m o l e c u l a r  p l a n e  co m p arab le  t o  t h e  bond  l e n g t h .  Hence t h e  e l e c t r o s t a t i c  

p o t e n t i a l  f o r  any s i n g l e  n - e l e c t r o n  m oving i n  t h e  f i e l d  o f  t h e  r e s t  o f  t h e  

m o le c u le  can  b e  c o n s i d e r e d  c o n s t a n t ,  p r o v i d e d  a l l  bond l e n g t h s  and atoms 

a r e  t h e  same. Assume t h e  l e n g t h  o f  t h e  c o n j u g a t e d  (u n b ra n c h e d )  c h a in  w h ich  

e x t e n d s  one bond l e n g t h  t o  t h e  l e f t  and r i g h t  end beyond  t h e  t e r m i n a l  atoms 

i s  L. Then t h e  e n e rg y  o f  t h e  n t h  e ig S n  s t a t e  o f  t h i s  e l e c t r o n  i s  g iv e n  by

E = t  n 
8 m L

w here  h  = P la n c k s  c o n s t a n t

m = mass o f  t h e  e l e c t r o n

n = th e  quantum  number g i v i n g  t h e  number o f  modes o f  th e  

e i g a n  f u n c t i o n  a lo n g  t h e  c h a i n .

A c c o rd in g  t o  t h e  P a u l i  p r i n c i p l e  e a c h  s t a t e  ca n  be  o c c u p ie d  by two e l e c t r o n s  

T h is  i f  we h a v e  N e l e c t r o n s ,  t h e  lo w er   ̂ N s t a t e s  a r e  f i l l e d  w i t h  two 

e l e c t r o n s  e a c h  w h i l e  a l l  h i g h e r  s t a t e s  a r e  em pty (p r o v id e d  N i s  an even  

num ber; t h u s  i s  u s u a l l y  t h e  c a s e  jjo-t s t a b l e  m o le c u le s  s i n c e  o n ly  r a d i c a l s  

p o s s e s s  an u n p a i r e d  e l e c t r o n ) .  The a b s o r p t i o n  o f  one p h o to n  o f  e n e rg y
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(a )  M o le c u la r  s k e l e t o n  o f  a c y a n in e  dye and z i g - z a g  p a t h  p-p* o f  a 
i r - e l e c t r o n  m oving a lo n g  t h e  c o n j u g a t e d  c h a i n ,

(b )  C harge  c lo u d  o f  t h e  T r - e le c t ro n  gas  e x t e n d i n g  above  and b e lo w  
t h e  m o l e c u l a r  p l a n e .

FIGURK 1.3
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h C
AE =

w here  A ' = w a v e le n g th  o f  a b s o r b e d  r a d i a t i o n

C = v e l o c i t y  o f  l i g h t  
o

p ro m o te s  one e l e c t r o n  from  an o c c u p ie d  a tom  to  an em pty s t a t e .  The l o n g e s t  

w a v e le n g th  a b s o r p t i o n  b an d  t h e n  c o r r e s p o n d s  t o  a t r a n s i t i o n  fro m  t h e  h i g h e s t  

o c c u p ie d  t o  t h e  lo w e s t  em pty s t a t e  w i t h

o r  X -min o 2 V J  max h  N + 1
8niL \ /

T h is  i n d i c a t e s  t h a t  t o  f i r s t  a p p r o x im a t io n  t h e  p o s i t i o n  o f  t h e  a b s o r p t i o n  

band  i s  d e te r m in e d  by  th e  c h a in  l e n g t h  and by  t h e  num ber o f  T r - e l e c t r o n s , N, 

o n ly .

The f r e e  e l e c t r o n  m odel ca n  a l s o  g i v e  a s im p le  e x p l a n a t i o n  f o r  

a n o t h e r  i m p o r t a n t  p r o p e r t y  o f  t h e  e n e rg y  l e v e l s  o f  o r g a n i c  d y e s ,  nam ely  

t h e  p o s i t i o n  o f  t h e  t r i p l e t  l e v e l s  i n  r e l a t i o n  t o  t h e  s i n g l e t  l e v e l s .  I n  

t h e  g ro u n d  s t a t e  o f  t h e  dye m o l e c u l e ,  w h ich  i n  t h e  f r e e  e l e c t r o n  m odel i s  

t h e  s t a t e  w i t h  t h e  \ N lo w e s t  l e v e l s  f i l l e d ,  t h e  s p i n s  o f  two e l e c t r o n s  

o c c u p y in g  t h e  same l e v e l  a r e  n e c e s s a r i l y  a n t i - p a r a l l e l  r e s u l t i n g  i n  z e ro  

s p i n .  However, t h e r e  i s  a l s o  th e  p o s s i b i l i t y  o f  p a r a l l e l  a r r a n g e m e n t  o f  

t h e  s p i n s  i f  one o f  t h e  e l e c t r o n s  i s  r a i s e d  t o  a h i g h e r  l e v e l .  The * 

r e s u l t i n g  s p i n  S = 1 can  a d j u s t  i t s e l f  e i t h e r  p a r a l l e l ,  a n t i - p a r a l l e l  o r  

o r t h o g o n a l  w i t h  r e s p e c t  t o  an  e x t e r n a l  m a g n e t i c  f i e l d .  The p a r a l l e l  

a r r a n g e m e n t  o f  t h e  s p i n s  o f  t h e  two m ost e n e r g e t i c  e l e c t r o n s  g iv e s  a 

t r i p l e t  s t a t e  o f  t h e  same e n e r g y  as  t h e  s i n g l e t  s t a t e  w i t h  z e ro  s p i n  

w i t h i n  t h e  fram ew ork  o f  one e l e c t r o n  f u n c t i o n s .  Hie D i r a c  f o r m u l a t i o n  

o f  t h e  P a u l i  e x c l u s i o n  p r i n c i p l e  s t a t e s  t h a t  t h e  t o t a l  w a v e f u n c t io n  

i n c l u d i n g  th e  s p i n  f u n c t i o n  m ust  b e  a n t i - s y m m e t r i c  w i t h  r e s p e c t  t o  t h e
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ex ch an g e  o f  any two e l e c t r o n s .  I n  t h e  two e l e c t r o n  c a s e  c o n s i d e r e d  t h i s  

means t h a t  t h e  f o l l o w i n g  f o u r  a n t i s y m m e t r i c a l  p r o d u c t  wave f u n c t i o n s  can  

b e  u s e d .  H ere  s p i n  +\ i s  d e s c r i b e d  by t h e  s p i n  f u n c t i o n  a ,  s p i n  by

th e  s p i n  f u n c t i o n  g and e l e c t r o n  c o r r e l a t i o n s  a r e  n e g l e c t e d  f o r  t h e  moment

^  ( 1 ) ^  ( 2 ) + ( 1 ) ( 2 ) } { a ( l )  3 ( 2 ) - a ( 2 ) 3 ( 1 )}s m n m

Tp. = {ip (1) ^ (2) (1) ip ( 2 )}  { a ( D  a ( 2 ) }t , + l  m n n m

( 1 ) ip ( 2 ) ( 1 ) ^ ( 2 )}  { « ( 1 ) 3 ( 2 ) + ot(2 ) 3 ( 1 )}L ) o HI n  XI m

\{j _ = (1) (2) -ip (1)  ^ _ ( 2 ) }  { 3 (1 )  3 (2 ) }
t  j J- ill 11 ill

Here ip i s  th e  s i n g l e t ,  ip , i p  , ip a r e  t h e  t h r e e  t r i p l e t  wave s t , + l  t , —1 t , o

f u n c t i o n s  and th e  a rg u m en t  1 o r  2 r e f e r s  t o  e l e c t r o n  No. 1 o r  No. 2.

B ecau se  o f  t h e  sym m etry o f  t h e  s p i n  f a c t o r ,  t h e  s p a t i a l  f a c t o r  o f  t h e s e

f u n c t i o n s  i s  sy m m etr ic  f o r  t h e  s i n g l e t  w a v e f u n c t io n  and  a n t i  sy m m etr ic  f o r

t h e  t r i p l e t  w a v e f u n c t i o n s . The s p a t i a l  f a c t o r s  o f  o n e - d im e n s io n a l  tw o -

e l e c t r o n  f u n c t i o n s  can  b e  i n t e r p r e t e d  i n  te rm s  o f  tw o -d im e n s io n a l  o n e -

e l e c t r o n  f u n c t i o n s :

ip ( S , , S „ )  + ip ( S , , S  ) f o r  t h e  s i n g l e t  c a s e  andm,n 1 z n ,m  i  z

}p (S ,S ) -  ip (S ,S  ) f o r  t h e  t r i p l e t  c a s em,n I  2 m,n 1 2  «

H ere S^ ,  a r e  c o o r d i n a t e s  w h ich  e x t e n d  a lo n g  t h e  c o n j u g a t e d  c h a in  i n  th e

u p p e r  and lo w er  lo b e  o f  t h e  ï ï - e l e c t r o n  c lo u d ,  r e s p e c t i v e l y  (F ig u r e  1 . 4 ) .

F o r  e v e r y  c o n f i g u r a t i o n  o f  t h e  two e l e c t r o n s  we ca n  g iv e  t h e  r e p u l s i o n

e n e rg y  o f  t h e  two e l e c t r o n s

2 ’ 2

V = ^  -  —  3 . ________  ■
Dr
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(a )

- - - - - 0  -
—N — C"~ C — N —

— ^ S:L 
s,

-  N -  C~ C~C ~N -  

~ N — C -  C- C - N  -

— ► S i

I'hi'Go c o n f i g u r a t i o n s  o f  a two e l e c t r o n  s y s te m .  The t h r e e  p o i n t s  
A, Ü, C i n  t h e  c o r t e s i a n  c o o r d i n a t e  s y s te m  on th e  l e f t  b e l o n g  t o  t h e  
t h r e e  t w o - e l e c t r o n  c o n f i g u r a t i o n s  p i c tu r e & o n  t h e  r i g h t .

/
8

(b)

P o t e n t i a l  e n e rg y  v (S i ,^ )  o f  t h e  
two e l e c t r o n  sy s te m .

FIGURE 1 .4
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w here  r  = t h e  d i s t a n c e  b e tw e en  t h e  two e l e c t r o n s

d ~ 1 .2  A u n i t s  b e i n g  th e  d i s t a n c e  b e tw e en  t h e  c e n t r e s  o f  th e

u p p e r  and lo w er  lo b e  

D = t h e  d i e l e c t r i c  c o n s t a n t  i n  w h ich  t h e  two e l e c t r o n s  a r e  

em bedded.

The p o t e n t i a l  e n e rg y  r e l i e f  h a s  a c r e s t  a lo n g  t h e  symmetry a x i s

S in c e  t h e  s p a t i a l  f a c t o r  o f  t h e  s i n g l e t  f u n c t i o n  i s  sy m m etr ic

w i t h  r e s p e c t  t o  t h i s  a x i s ,  i t  m ust h av e  a n t i  nodes  t h e r e .  By c o n t r a s t ,

t h e  a n t i s y r a m e t r i c a l  s p a t i a l  f a c t o r  o f  t h e  t r i p l e t  wave f u n c t i o n s  h a s  a  n q d e l  

l i n e  a lo n g  “ ^ 2 * C o n s e q u e n t ly  t h e  mean p o t e n t i a l  e n e rg y  o f  t h e  e l e c t r o n s  

i n  t h e  s i n g l e t  s t a t e  w i t h  quan tum  num bers n ,  m i s  h i g h e r  th a n  t h a t  i n  t h e  

t r i p l e t  s t a t e  w i t h  th e  same quan tum  num ber. T h is  c ru d e  model g i v e s  t h e  

m ost i m p o r t a n t  r e s u l t  t h a t  f o r  e v e r y  s i n g l e t  s t a t e  t h e r e  e x i s t s  a t r i p l e t  

s t a t e  o f  somewhat lo w e r  e n e rg y .  I n  a d d i t i o n  t h e  n u m e r i c a l  c a l c u l a t i o n  

u s u a l l y  y i e l d s  a v a l u e  o f  th e  e n e rg y  d i f f e r e n c e  b e tw e en  c o r r e s p o n d i n g  

s i n g l e t  and t r i p l e t  s t a t e s  t h a t  i s  c o r r e c t  w i t h i n  a  f a c t o r  o f  two o r  t h r e e .

P r o c e e d in g  now from  th e  two e l e c t r o n  wave f u n c t i o n  t o  t h e  N- 

e l e c t r o n  wave f u n c t i o n ;  t h e  f o l l o w i n g  p i c t u r e  o f  t h e  e i g a n  s t a t e  o f  t h e  

dye m o le c u le  i s  o b t a i n e d  ( F i g u r e  1 . 5 ) .  T h e re  i s  a l a d d e r  o f  s i n g l e t  s t a t e s  

( i  = 1 , 2 , 3  . . . )  c o n t a i n i n g  t h e  g round  s t a t e ,  S^. Somewhat d i s p l a c e d  

to w ard s  lo w er  e n e r g i e s  t h e r e  i s  a l a d d e r  o f  t r i p l e t  s t a t e s  Ti ( i  = 1 , 2 , 3  . . . )  

No t r i p l e t  l e v e l  T^ e x i s t s .  T h is  i s  i n  a c c o rd a n c e  w i t h  th e  P a u l i  e x c l u s i o n  

p r i n c i p l e .  The l o n g e s t  w a v e le n g th  a b s o r p t i o n  i s  f ro m  t o  S^, t h e  n e x t  

a b s o r p t i o n  b an d  fro m  Sq t o  S^ e t c .  By c o n t r a s t ,  t h e  a b s o r p t i o n  from  Sq to  

T£ i s  s t r o n g l y  f o r b i d d e n  and i s  n o t  o b s e r v e d  t o  o c c u r  t o  a s i g n i f i c a n t  

e x t e n t .  T h is  d o es  n o t  mean t h a t  t r i p l e t  s t a t e s  a r e  u n p o p u l a t e d ,  h o w ev er,  

s i n c e  an a l t e r n a t i v e  non r a d i a t i v e  p a t h  t o  p o p u l a t e  t r i p l e t s  v i a  S2 o r  

e x i s t s  and t h i s  w i l l  b e  d i s c u s s e d  more f u l l y  l a t e r .
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FIGURE 1 , 5 :  A SCHEMATIC ENERGY LEVEL DIAGRAM OF A TYPICAL DYE MOLECULE
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A q u a n t i t y  o f t e n  u se d  i n  r e l a t i o n  t o  i n t e n s i t i e s  i s  t h e  o s c i l l a t o r  

s t r e n g t h ,  f .  C l a s s i c a l l y ,  t h e  o s c i l l a t o r  s t r e n g t h  m easu re s  t h e  e f f e c t i v e  

number o f  e l e c t r o n s  whose o s c i l l a t i o n s  g i v e  r i s e  t o  a p a r t i c u l a r  a b s o r p t i o n  

o r  e m is s io n  b an d .  Tlie quantum  m e c h a n ic a l  c o u n t e r p a r t  o f  t h e  o s c i l l a t o r

(41)s t r e n g t h  f o r  t h e  t r a n s i t i o n  from  s t a t e  1 t o  s t a t e  2 i s  g iv e n  by

28 tt C vm 
f. °  °12 2 

-o3h e
" l 2

w here  m = mass o f  e l e c t r o n  o

V = t h e  f r e q u e n c y  a t  w h ich  a b s o r p t i o n  o c c u r s  

R f2 = t h e  t r a n s i t i o n  moment (and t h e  p r o b a b i l i t y  o f  

a b s o r p t i o n  i s  p r o p o r t i o n a l  t o  t h e  m a g n i tu d e  o f

The a b s o r p t i o n s  and e t c  w i l l  u s u a l l y  h a v e  d i f f e r i n g

t r a n s i t i o n  moments. T hese  may be c a l c u l a t e d  w i t h i n  t h e  f r e e  e l e c t r o n  model

even  i t  i s  s i m p l e s t  fo rm  and t h e r e  i s  good ag re e m e n t  b e tw e e n  t h e  c a l c u l a t e d

and o b s e r v e d  o s c i l l a t o r  s t r e n g t h s .  The o s c i l l a t o r  s t r e n g t h ,  f  may b e  o b t a i n e d
(35)

from  t h e  a b s o r p t i o n  s p e c t r u m  o f  t h e  dye by  t h e  r e l a t i o n

f  = 1 4 .4  X 10 / t  dv

a b s o r p t i o n
band

H ere e i s  t h e  n u m e r i c a l  v a l u e  o f  t h e  m o la r  d e c a d ic  e x t i n c t i o n  c o e f f i c i e n t
— 1

(m easu red  i n  1/cm m ole) and v i s  t h e  l i g h t  f r e q u e n c y  i n  s . T h ere  i s  

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

i n  s t a t e  o r  t o  h i g h e r  t r i p l e t  s t a t e s  f o r  a m o le c u le  i n  s t a t e  T^. In  

f a c t ,  t h e s e  and T^->T^ t r a n s i t i o n s  p l a y  an  i m p o r t a n t  r o l e  i n  dye

l a s e r s .
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The above p i c t u r e  o f  t h e  a b s o r p t i v e  e l e c t r o n i c  t r a n s i t i o n s  i n  a 

dye m o le c u le  h a s  t o  be  m o d i f i e d  s l i g h t l y  t o  i n c l u d e  t h e  e f f e c t  c f  s u p e r 

im posed  v i b r a t i o n s ,  r o t a t i o n s  and e x t e r n a l  f o r c e s  due t o  t h e  s o l v e n t  m o lecu l^^ .  

In  f a c t ,  e v e r y  v i b r o n i c  s u b - l e v e l  o f  e v e r y  e l e c t r o n i c  s t a t e ,  i n c l u d i n g  th e  

ground  s t a t e ,  h a s  su p e r im p o s e d  on i t  a l a d d e r  o f  r o t a t i o n a l ! y e x c i t e d  

s u b - l e v e l s .  T hese  a r e  e ,x trem ely  b ro a d e n e d  due t o  t h e  f r e q u e n t  c o l l i s i o n s  

w i t h  s o l v e n t  m o le c u le s  w h ich  h i n d e r  t h e  r o t a t i o n a l  movement. T h is  f i n a l l y  

l e a d s  t o  a  q u a s i - c o n t i n u u m  o f  s t a t e s  su p e r im p o se d  on e v e r y  e l e c t r o n i c  

l e v e l .

A b s o r p t i o n  and f l u o r e s c e n c e  s p e c t r a  f o r  a dye su c h  a s  rh o d am in e

6 G a r e  shovni i n  F ig u r e  1 .6 .  The r a t i o  o f  th e  a r e a s  u n d e r  t h e  f l u o r e s c e n c e

and a b s o r p t i o n  c u rv e s  i s  t h e  f r a c t i o n  o f  t h e  number o f  e x c i t e d  m o le c u le s

i n  S w h ich  r e t u r n  t o  S by  f l u o r e s c e n c e  and i s  known as  t h e  f l u o r e s c e n c e  
1 o

quantum  e f f i c i e n c y .  Tlie r e d  s h i f t  o f  t h e  f l u o r e s c e n c e  p e a k  a r i s e s  t o  some

(37)e x t e n t  f rom  s e l f  a b s o r p t i o n  . In  many d y e s ,  h o w ev er ,  t h e  p r im a r y  c a u s e  

i s  t h e  F ran ck -C o n d o n  E f f e c t  w h ich  c a u s e s  a b s o r p t i o n  from  t h e  lo w e s t  

v i b r a t i o n a l  l e v e l  o f  t o  t a k e  p l a c e  p r e f e r e n t i a l l y  t o  a h i g h e r  v i b r a t i o n a l  

l e v e l  o f  and s i m i l a r l y  f l u o r e s c e n c e  fro m  a low v i b r a t i o n a l  l e v e l  o f  

t o  t a k e  p l a c e  p r e f e r e n t i a l l y  t o  a h i g h e r  v i b r a t i o n a l  l e v e l  o f  S^. A semi 

c l a s s i c a l  a rg u m en t i s  h e l p f u l  f o r  u n d e r s t a n d i n g  t h e  F ran ck -C o n d o n  P r i n c i p l e .  

C o n s id e r  a  d i a t o m ic  m o le c u le  w i t h  i n t e r - n u c l e a r  d i s t a n c e  R. Now su p p o se  

t h a t  a t r a n s i t i o n  o c c u r s  b e tw een  two e l e c t r o n i c  s t a t e s  h a v in g  d i f f e r e n t  

e q u i l i b r i u m  v a l u e s  o f  R. S in c e  th e  change i n  t h e  e l e c t r o n  c o n f i g u r a t i o n
-1 5

ta k e s  p l a c e  i n  a t im e  ">̂ 10 s w h ich  i s  a t  l e a s t  a h u n d re d  t im e s  s h o r t e r  

th a n  t h e  t y p i c a l  t im e  r e q u i r e d  f o r  t h e  n u c l e i  t o  r e a c h  t h e i r  new e q u i l i 

b r iu m  s e p a r a t i o n ,  v i b r a t i o n  a b o u t  t h e  new v a l u e  o r  R w ould  b e  e x p e c t e d .

Quantum m e c h a n i c a l l y ,  t h i s  c o r r e s p o n d s  to  t h e  m o le c u le  b e i n g  l e f t  i n  a
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FIGURE 1 . 7 :  PLOT OF CALCULATED LASER WAVELENGTH VS CONCENTRATION OF THE
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FIGURE l o 3 :  PLOT OF LASER WAVELENGTH VS ACTIVE LENGTH OF THE LASER CUVETTT.,
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h i g h e r  v i b r a t i o n a l  s t a t e  o f  t h e  new e l e c t r o n i c  l e v e l .  The s i t u a t i o n  i n  a 

m u l t i  a to m ic  m o le c u le  i s  e n t i r e l y  a n a lo g o u s  a l t h o u g h  o b v i o u s l y  more com plex .

I f  a r a d i ^ a o n l e s s  t r a n s i t i o n  and t h e  s u b s e q u e n t  a p p r o a c h  to  

e q u i l i b r i u m  t a k e s  p l a c e  among l e v e l s  o f  t h e  same m u l t i p l i c i t y ,  t h e  p r o c e s s  

i s  te rm ed  " i n t e r n a l  c o n v e r s i o n " .  I f  t h e  r a d i a t i o n l e s s  t r a n s i t i o n  i s  

b e tw e en  l e v e l s  o f  d i f f e r e n t  m u l t i p l i c i t y ,  i t  i s  te rm ed  i n t e r - s y s t e m  c r o s s i n g .  

The l a t t e r  i n v o l v e s  a change  i n  s p i n  and c o n s e q u e n t l y  i t s  p r o b a b i l i t y  i s  

u s u a l l y  much s m a l l e r  th a n  t h a t  o f  i n t e r n a l  c o n v e r s i o n ,  t y p i c a l l y  by s i x  o r  

more o r d e r s  o f  m a g n i tu d e .  I n t e r s y s t e m  c r o s s i n g  i s  en h an ced  by  p e r t u r b a t i o n s  

l i k e  en h an ced  s p i n  o r b i t  c o u p l in g  in  dye m o le c u le s  c o n t a i n i n g  hea-'/y a to m s ,  

o r  by n e i g h b o u r i n g  m o le c u le s  c o n t a i n i n g  such, a tom s.

I t  i s  a r e m a rk a b le  f a c t  t h a t  i n t e r n a l  c o n v e r s i o n  i s  n o t  e f f e c t i v e

(35)b e tw e e n  and t h e  g ro u n d  s t a t e ,  , Thus m o le c u le s  e x c i t e d  t o  h i g h e r

s i n g l e t  s t a t e s  o f  a h i g h e r  s u b - l e v e l  o f  v e r y  q u i c k l y  come down t o  t h e  

l o w e s t  s u b - l e v e l  o f  v i a  i n t e r n a l  c o n v e r s i o n .  F o r  i n t e r n a l  c o n v e r s io n  

i s  so  s low  t h a t  u s u a l l y  o n ly  i n t e r - s y s t e m  c r o s s  t o  T^ and s u b s e q u e n t  

r a d i a t i v e  r e c o m b i n a t io n  t o  t h e  g ro u n d  s t a t e  n eed  be- c o n s i d e r e d .  I n  t h e  

a b s e n c e  o f  r a d i a t i o n l e s s  d e a c t i v a t i o n  p r o c e s s e s ,  o n ly  s p o n ta n e o u s  and 

s t i m u l a t e d  e m is s io n  may l e a d  to  t h e  r e l a x a t i o n  o f e x c i t e d  m o l e c u l e s .  The 

e m is s io n  from  a s i n g l e t  l e v e l  t o  t h e  g round  s t a t e  i s  g e n e r a l l y  te rm ed  

" f l u o r e s c e n c e " ,  and t h a t  f rom  a  t r i p l e t  l e v e l  to  t h e  g ro u n d  s t a t e  

" p h o s p h o r e s c e n c e " .  So f a r  t h e r e  i s  no c o n f irm e d  r e p o r t  o f  e m is s io n  

r e s u l t i n g  from  a t r a n s i t i o n  b e tw e en  h i g h e r  s i n g l e t  l e v e l s  o r  b e tw e en  h i g h e r  

t r i p l e t  l e v e l s .  The r a d i a t i v e  l i f e t i m e  r ^  f o r  s p o n ta n e o u s  f l u o r e s c e n c e  

e m is s io n  can  b e  o b t a i n e d  fro m  th e  o s c i l l a t o r  s t r e n g t h  f  o f  t h e  c o r r e s p o n d i n g  

a b s o r p t i o n  b an d .
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/  8 it^

w here  y = r e f r a c t i v e  in d e x  o f  t h e  s o l u t i o n

e ^ = t h e  c h a rg e  o f  t h e  e l e c t r o n

m = t h e  mass o f  t h e  e l e c t r o n
o

= v e l o c i t y  o f  l i g h t  

V = t h e  wave number o f  t h e  c e n t r e  o f  t h e  a b s o r p t i o n  band

T h is  r e l a t i o n  i s  v a l i d  i f  t h e  h a l f  w i d t h  o f  t h e  e m is s io n  band  

i s  s m a l l  and i t s  p o s i t i o n  n o t  s h i f t e d  s i g n i f i c e n t l y  from  t h a t  o f  t h e  

a b s o r p t i o n  b a n d .  S in c e  t h e  f  v a l u e s  o f  t h e  t r a n s i t i o n  a r e  n e a r  u n i t y  i n  

m ost d y e s ,  t h e  r a d i a t i v e  l i f e t i m e  i s  t y p i c a l l y  o f  t h e  o r d e r  o f  a few 

n a n o s e c o n d s .  G e n e r a l l y ,  h o w e v e r ,  t h e  f l u o r e s c e n c e  s p e c t r u m  i s  b r o a d  and 

shows c o n s i d e r a b l e  S to k e s  s h i f t .  I n  t h i s  c a s e  t h e  r a d i a t i v e  l i f e t i m e  can  

b e  com puted w i t h  t h e  a i d  o f  t h e  f o l l o w i n g  r e l a t i o n  ( S t r i c k i e r  and Berg^^^^ 

1962)

I F (v) dv
^ = 2 . 8 8  X 10-9  ^2 J --------------------  f ^ ( 0 ) cm m ole

“̂ r f  f  - 3  J s e c
I v  F (v) dv 

J l o n g e s t
w a v e le n g th  

a b s o r p t i o n  band

w here  F (v) = d q /d v  i s  t h e  f l u o r e s c e n c e  s p e c t r u m  ( i n  q u a n t a  p e r  wave 

num ber) and e ( v )  i s  t h e  m o l e c u l a r  d e c a d ic  e x t i n c t i o n  c o e f f i c i e n t  as  d e f in e d  

by B e e r ’ s law  o f  a b s o r p t i o n ;

i ° 8 i o  ( r  )  '  ^

H ere  I s  t h e  i n t e n s i t y  o f  l i g h t  e n t e r i n g ,  I  t h a t  o f  l i g h t  l e a v i n g  a l a y e r  

o f  a b s o r b in g  s o l u t i o n  c o n t a i n i n g  C m o l e / l i t r e  o f  a b s o r b in g  s p e c i e s  and 

h a v in g  e f f e c t i v e  w i d t h  o f  d c e n t i m e t e r s .  The r a d i a t i v e  l i f e t i m e  can  be 

r e l a t e d  t o  t h e  o b s e rv e d  f l u o r e s c e n c e  l i f e t i m e  th ro u g h
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" f  = ■^rf

w here

"ï
n

' r f

T S , T  Kg g 
r f  ’ ' o

i s  t h e  quantum  y i e l d  o f ' f l u o r e s c e n c e ,  i e  t h e  r a t i o  o f  t h e  r a d i a t i v e  to  t h e

t o t a l  t r a n s i t i o n  r a t e  t o  t h e  g round  s t a t e .  The t o t a l  r a t e  i s  t h e  sum o f

r a d i a t i v e  and t h e  non r a d i a t i v e  r a t e s  v i a  i n t e r s y s t e m  c r o s s i n g  K and
o , i

v i a  i n t e r n a l  c o n v e r s i o n  K • I n  p r i n c i p l e  one s h o u ld  b e  a b l e  t o  e s t i m a t e  

t h e  r a d i a t i v e  l i f e t i m e  o f  t h e  p h o s p h o re s c e n c e  f ro m  t h e  l o w e s t  t r i p l e t  

s t a t e  on t h e  b a s i s  o f  t h e  a b s o r p t i o n .  S in c e  t h i s  t r a n s i t i o n  i s  s p i n

f o r b i d d e n ,  h o w e v e r ,  i t  i s  v e r y  h a r d  t o  d e t e c t .  I t  i s  n o r m a l ly  c o m p le t e ly  

o b s c u r e d  by  a b s o r p t i o n  due t o  i m p u r i t i e s .  The p h o s p h o re s c e n c e  r a d i a t i v e  

l i f e t i m e  can  b e  o b t a i n e d  from  th e  quantum  y i e l d  o f  p h o s p h o r e s c e n c e ,  

and t h e  o b s e r v e d  p h o s p h o re s c e n c e  l i f e t i m e  t^ ,  as  i n  t h e  f l u o r e s c e n c e  c a s e

T = n T p p rp

As e x p e c t e d  f o r  s p i n  f o r b i d d e n  t r a n s i t i o n s ,  i t  i s  e x t r e m e ly  lo n g ,  r a n g in g  

from  m i l l i s e c o n d s  t o  s e v e r a l  s ec o n d s  f o r  m o le c u le s  w i t h  s m a l l  s p i n  o r b i t  

c o u p l i n g .  C o n s e q u e n t ly ,  even  r e l a t i v e l y  s lo w  p r o c e s s e s  ca n  l e a d  t o  

r a d i a t i o n l e s s  d e a c t i v a t i o n  i n  l i q u i d  s o l u t i o n .  N o te  t h a t  i s  t h e  t r u e

quantum  y i e l d  o f  p h o s p h o r e s c e n c e .  I t  i s  d e f i n e d  as t h e  r a t i o  o f  th e  

p h o s p h o re s c e n c e  r a t e  t o  t h e  t o t a l  r a t e  o f  r a d i a t i v e  and r a d i a t i o n l e s s  

d e a c t i v a t i o n .
• JL

T
n 12.

rp  o
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By c o m p a r i so n ,  v e r y  o f t e n  one q u o te s  t h e  a p p a r e n t  quan tum  y i e l d  o f p h o s 

p h o r e s c e n c e  q ^ ,  w h ich  r e l a t e s  th e  r a t e  o f  p h o s p h o r e s c e n c e  e m i s s i o n  t o  t h e  

r a t e  o f  l i g h t  a b s o r p t i o n .  The r e l a t i o n  b e tw e e n  t h e  two i s

%  =

H ere  q^  = t r i p l e t  f o r m a t io n  e f f i c i e n c y ,  i e  t h e  r a t i o  o f  t h e  i n t e r s y s t e m

c r o s s i n g  r a t e  K to  t h e  t o t a l  r a t e  o f  d e a c t i v a t i o n  o f  t h e  f l u o r e s c e n t  b , i

l e v e l

„  --------------

E n erg y  can  a l s o  b e  removed from  t h e  l o w e s t  s i n g l e t  and t r i p l e t  

s t a t e s  ( r e s u l t i n g  i n  a lo w e r  quantum  y i e l d  o f  f l u o r e s c e n c e  and p h o s 

p h o r e s c e n c e  r e s p e c t i v e l y )  by a lo n g  r a n g e  r a d i a t i o n l e s s  e n e rg y  t r a n s f e r  

t o  some o t h e r  dye m o le c u le .  F o r  t h i s  t o  h ap p en  t h e  a b s o r p t i o n  b an d  o f t h e  

l a t t e r ,  t h e  " a c c e p t o r "  m o le c u l e ,  m ust o v e r l a p  t h e  f l u o r e s c e n c e  o f  p h o s 

p h o r e s c e n c e  b an d  o f  t h e  fo rm e r  " s e n s i t i z e r "  m o le c u le .  The s o - c a l l e d  

c r i t i c a l  d i s t a n c e ,  a t  w h ich  t h e  quan tum  y i e l d  i s  r e d u c e d  by a f a c t o r  o f  

two can  r e a c h  v a l u e s  o f  1 00  £  f o r  t h e  c a s e  o f  s i n g l e t - s i n g l e t  e n e rg y  

t r a n s f e r .  F o r  d e t a i l s  o f  t h e s e  and some o t h e r  p r o c e s s e s  r e s u l t i n g  i n  

" d e l a y e d  f l u o r e s c e n c e "  w h ich  a r e  l e s s  i m p o r t a n t  i n  t h e  p r e s e n t  c o n t e x t ,  , 

s e e  P a r k e r 1968.

1 .5  O s c i l l a t i o n  c o n d i t i o n  f o r  dye l a s e r s

T h ere  a r e  two p o s s i b i l i t i e s ,  a t  l e a s t  i n  p r i n c i p l e ,  to  u s e  an  

o r g a n i c  s o l u t i o n  a s  a c t i v e  medium i n  a l a s e r .  One may u t i l i s e  e i t h e r  th e  

f l u o r e s c e n c e  o r  t h e  p h o s p h o re s c e n c e  e m i s s i o n .  At f i r s t  s i g h t ,  t h e  lo n g  

l i f e t i m e  o f  t h e  t r i p l e t  s t a t e  makes u s e  o f  t h e  p h o s p h o re s c e n c e  more 

a t t r a c t i v e .  On th e  o t h e r  h a n d ,  due to  t h e  h i g h l y  f o r b i d d e n  t r a n s i t i o n  a
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v e r y  h i g h  c o n c e n t r a t i o n  o f  t h e  a c t i v e  s p e c i e s  i s  r e q u i r e d  t o  o b t a i n  an 

a m p l i f i c a t i o n  f a c t o r  l a r g e  enough to  overcom e th e  i n e v i t a b l e  c a v i t y  l o s s e s .  

In  f a c t ,  f o r  many dyes  t h e  c o n c e n t r a t i o n  w ould  be h i g h e r  t h a n  th e  s o l u 

b i l i t y  o f  t h e s e  dyes  i n  any s o l v e n t .  As a f u r t h e r  u n f a v o u r a b l e  p r o p e r t y  

o f t h e s e  s y s te m s ,  l o s s e s  due t o  t r i p l e t  -  t r i p l e t  a b s o r p t i o n  o c c u r  w i t h  

h i g h  p r o b a b i l i t y .  I t  m ust  be  remem bered t h a t  t r i p l e t - t r i p l e t  a b s o r p t i o n  

b an d s  a r e  g e n e r a l l y  v e r y  b ro a d  and d i f f u s e  and  th e  p r o b a b i l i t y  f o r  o v e r 

l a p p i n g  t h e  p h o s p h o re s c e n c e  band  i s  h i g h .  Due t o  t h e s e  d i f f i c u l t i e s  no  

l a s i n g  u s i n g  t h e  p h o s p h o re s c e n c e  o f  a  dye h a s  b ee n  r e p o r t e d  so  f a r  (a 

p r e l i m i n a r y  r e p o r t  M oran tz  e t  ^ 9 5 2 , 1963 was e v i d e n t l y  i n

e r r o r ) .  The p o s s i b i l i t y  c a n n o t  b e  e x c lu d e d ,  h o w ev er ,  t h a t  f u r t h e r  s tu d y  

o f  p h o s p h o r e s c e n c e  and t r i p l e t - t r i p l e t  a b s o r p t i o n  i n  m o le c u le s  o f  d i f f e r e n t  

t y p e s  o f  c h e m ic a l  c o n s t i t u t i o n  m ig h t  e v e n t u a l l y  l e a d  t o  a w o rk a b le  s y s te m .

I f  t h e  f l u o r e s c e n c e  band  o f  a dye s o l u t i o n  i s  u t i l i s e d  i n  a dye

l a s e r ,  t h e  a l lo w e d  t r a n s i t i o n  from  t h e  lo w e r  s u b l e v e l  o f  t h e  f i r s t

e x c i t e d  s i n g l e t  s t a t e  t o  some h i g h e r  s u b l e v e l  o f  t h e  g round  s t a t e  w i l l  g iv e

a h i g h  a m p l i f i c a t i o n  f a c t o r  even  a t  low dye c o n c e n t r a t i o n .  The main

c o m p l i c a t i o n  i n  t h e s e  sy s tem s  i s  t h e  e x i s t e n c e  o f  t h e  lo w er  l y i n g  t r i p l e t

s t a t e s .  The i n t e r s y s t e m  c r o s s i n g  r a t e  t o  t h e  l o w e s t  t r i p l e t  s t a t e  i s  h i g h

enough i n  m ost  m o le c u le s  t o  r e d u c e  t h e  quantum  y i e l d  o f  f l u o r e s c e n c e  t o

v a l u e s  s u b s t a n t i a l l y  b e lo w  one. F i r s t l y  t h i s  r e d u c e s  t h e  p o p u l a t i o n  o f  t h e

e x c i t e d  s i n g l e t  s t a t e ,  and h e n c e  t h e  a m p l i f i c a t i o n  f a c t o r .  S e c o n d ly ,  i t

e n h a n c e s  t h e  t r i p l e t - t r i p l e t  a b s o r p t i o n  l o s s e s  by i n c r e a s i n g  t h e  p o p u l a t i o n

o f  t h e  lo w e s t  t r i p l e t  s t a t e .  Assume a l i g h t  f l u x  d e n s i t y  w h ich  s lo w ly

-1  -2r i s e s  t o  a l e v e l  P ( q u a n ta  s cm ) a t o t a l  m o le c u la r  a b s o r b in g  c r o s s  

s e c t i o n  o ( c m ^ , a  quantum  y i e l d  o f  t r i p l e t  f o r m a t i o n ,  p o p u l a t i o n s  o f t h e  

t r i p l e t  and g round  s t a t e  o f  and (cm ^) r e s p e c t i v e l y  an d ,  n e g l e c t i n g
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t h e  s m a l l  p o p u l a t i o n  o f  t h e  e x c i t e d  s i n g l e t  s t a t e ,  t o t a l  c o n c e n t r a t i o n  of 

dye m o le c u le s  o f  #  = Then a s t e a d y  s t a t e  i s  r e a c h e d ,  when th e

t r i p l e t  f o r m a t i o n  and d e a c t i v a t i o n  r a t e s  a r e  e q u a l .

.
P a  n j  =  -

Hence t h e  f r a c t i o n  o f  m o le c u le s  i n  t h e  t r i p l e t  s t a t e  i s  g iv e n  by

( 1  + Per T ^ )

-1 6  2Assuming some t y p i c a l  v a l u e s  f o r  a d y e ,  a = 10 cm , = 0 . 1  ( c o r r e s -

—4p o n d in g  t o  a 90% quantum  y i e l d  o f  f l u o r e s c e n c e ) ,  and = 10 s ,  t h e

21power t o  m a i n t a i n  h a l f  o f  t h e  m o le c u le s  i n  t h e  t r i p l e t  s t a t e  i s  Pj = 1 0
2

- 1 - 2  . . .  -2
q u a n ta  s cm , o r  an  i r r a d i a t i o n  o f  o n ly  |  kW cm i n  t h e  v i s i b l e  p a r t  o f

t h e  s p e c t r u m ,  w h ich  i s  a l o t  l e s s  t h a n  t h e  t h r e s h o l d  pump pow er.  Hence

a s lo w ly  r i s i n g  pump l i g h t  p u l s e  would t r a n s f e r  m ost o f  t h e  m o le c u le s  to

t h e  t r i p l e t  s t a t e  and d e p l e t e  t h e  g ro u n d  s t a t e  a c c o r d i n g l y .  On t h e  o t h e r

h an d ,  t h e  p o p u l a t i o n  o f t h e  t r i p l e t  l e v e l  can  b e  h e l d  a r b i t r a r i l y  s m a l l ,

i f  t h e  pumping l i g h t  f l u x  d e n s i t y  r i s e s  f a s t  eno u g h ,  i e  i f  i t  r e a c h e s

t h r e s h o l d  i n  a t im e  t ^  s m a l l  com pared t o  t h e  r e c i p r o c a l  o f  t h e  i n t e r s y s t e m

c r o s s i n g  r a t e ,  t ^  «  1 /kg  H ere  t ^  i s  t h e  r i s e  t im e  o f  t h e  pump l i g h t .

pow er, d u r i n g  w h ich  i t  r i s e s  from  z e r o  t o  t h e  t h r e s h o l d  l e v e l .  F o r  a

7 —1t y p i c a l  v a l u e  o f  k  = 10 s , t h e  r i s e t i m e  s h o u ld  b e  l e s s  th a n  100 n s .  b , i

T h is  i s  e a s i l y  a c h i e v e d ,  f o r  exam ple  w i t h  a g i a n t  p u l s e  l a s e r  as  pump 

l i g h t  s o u rc e  s i n c e  g i a n t  pump l a s e r s  u s u a l l y  h a v e  r i s e t i m e s  o f  5->20 n s .

I n  su c h  l a s e r  pumped dye l a s e r  s y s te m s  one may n e g l e c t  a l l  t r i p l e t  e f f e c t s  

t o  a f i r s t  a p p r o x im a t io n .
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I n  i t s  s i m p l e s t  fo rm  a  dye l a s e r  c o n s i s t s  o f  a c u v e t t e  o f  l e n g t h
_3

L (cm) w i t h  dye s o l u t i o n  o f  c o n c e n t r a t i o n  N (cm ) and two p a r a l l e l  end

windows c a r r y i n g  a  r e f l e c t i v e  l a y e r  e a c h  o f  r e f l e c t i v i t y  R f o r  t h e  l a s e r

3r e s o n a t o r .  W ith  m o le c u le s /c m  e x c i t e d  t o  t h e  f i r s t  s i n g l e t  s t a t e ,  th e  

dye l a s e r  w i l l  s t a r t  o s c i l l a t i n g  a t  a wave number v ,  i f  t h e  o v e r a l l  g a in  

t h e r e  i s  e q u a l  t o  o r  g r e a t e r  t h a n  one :

exp R exp + a ^ j , 0 )  N,L I > 1,

T h is  i s  t h e  o s c i l l a t i o n  c o n d i t i o n  g iv e n  by  S c h a f e r H e r e  o^bs^^^

a ^ ^ (v )  a r e  t h e  c r o s s  s e c t i o n s  f o r  a b s o r p t i o n  and s t i m u l a t e d  f l u o r e s c e n c e

a t  V , r e s p e c t i v e l y ,  and i s  t h e  p o p u l a t i o n  o f  t h e  g ro u n d  s t a t e .  The f i r s t

e x p o n e n t i a l  t e rm  g i v e s  t h e  a t t e n u a t i o n  due t o  r e a b s o r p t i o n  o f  t h e

f l u o r e s c e n c e  by t h e  lo n g  w a v e le n g th  t a i l  o f  t h e  a b s o r p t i o n  b an d .  The

a t t e n u a t i o n  becomes more i m p o r t a n t ,  t h e  g r e a t e r  t h e  o v e r l a p  b e tw e en  t h e

a b s o r p t i o n  and f l u o r e s c e n c e  b a n d s .  The a b s o r p t i o n  c r o s s  s e c t i o n

can  b e  d e te r m in e d  fro m  th e  m o la r  d e c a d ic  e x t i n c t i o n  c o e f f i c i e n t  e ( v )  by

-9 0
^ ab s  = 0 .3 8 5  X 10 ^ e ( v )

2H ere a  i s  g iv e n  i n  cm , i f  e i s  m easu red  i n  l i t r e / ( M o l e  cm ). The c r o s s  

s e c t i o n  f o r  s t i m u l a t e d  f l u o r e s c e n c e  i s  r e l a t e d  t o  t h e  E i n s t e i n  c o e f f i c i e n t  B

(9 )  = g (v) B hv w i t h

/ g (v) dv = 1

f l u o r e s c e n c e
band

S u b s t i t u t i n g  th e  E i n s t e i n  c o e f f i c i e n t  A f o r  s p o n ta n e o u s  e m is s io n  

a c c o r d i n g  t o

■ ■  ■  '
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and r e a l i s i n g  t h a t  g (v) A i s  p r o p o r t i o n a l  t o  t h e  number o f  f l u o r e s c e n c e  

q u a n ta  p e r  wave number i n t e r v a l ,  d N ^^/dO , one o b t a i n s

1 4
^ fZ  "  c o n s t  - 2  - j T —

V

s i n c e  t h e  f l u o r e s c e n c e  band  i s  u s u a l l y  a  m i r r o r  image o f  t h e  a b s o r p t i o n  

b a n d ,  t h e  maximum v a l u e s  o f  t h e  c r o s s  s e c t i o n s  i n  a b s o r p t i o n  and e m is s io n  

may b e  s e t  e q u a l

(J ~  (J
fZ  max abs  max

T ak in g  th e  l o g a r i t h m  o f  t h e  o s c i l l a t i o n  c o n d i t i o n  and r e a r r a n g i n g  l e a d s  t o  

a form  o f  t h e  o s c i l l a t i o n  c o n d i t i o n  w h ich  f a c i l i t a t e s  a d i s c u s s i o n  o f  t h e  

i n f l u e n c e  o f  t h e  v a r i o u s  p a r a m e t e r s :

< r ( = )
+ ° a b s

w here

® "  ( r )  *n ( i )  nnd y (v) = - j

The c o n s t a n t  S on t h e  l e f t  hand  s i d e  o f  t h e  e q u a t i o n  o n ly  c o n t a i n s  

p a r a m e te r s  o f  t h e  r e s o n a t o r ,  i,e t h e  a c t i v e  l e n g t h  L and r e f l e c t i v i t y  R.

O th e r  t y p e s  o f  l o s s e s ,  l i k e  s c a t t e r i n g ,  d i f f r a c t i o n  e t c ,  may be  a c c o u n te d  

f o r  by  an  e f f e c t i v e  r e f l e c t i v i t y ,  R^^^. The v a l u e  y (v )  i s  t h e  minimum 

f r a c t i o n  o f  t h e  m o le c u le s  t h a t  m ust b e  r a i s e d  t o  t h e  f i r s t  s i n g l e t  s t a t e  

t o  r e a c h  th e  t h r e s h o l d  o f  o s c i l l a t i o n .  One may th e n  c a l c u l a t e  th e  f u n c t i o n  

Y(v) f rom  th e  a b s o r p t i o n  and f l u o r e s c e n c e  s p e c t r a  f o r  any c o n c e n t r a t i o n  N 

o f  t h e  dye and v a l u e  S o f  t h e  c a v i t y .  I n  t h i s  way one f i n d s  t h e  f r e q u e n c y  

f o r  t h e  minimum o f  t h i s  f u n c t i o n .  L a s e r  o s c i l l a t i o n s  w i l l  s t a r t  a t  t h i s  

f r e q u e n c y  i f  t h e  p u m p l ig h t  r a i s e s  t h e  p o p u l a t i o n  o f  to  a l e v e l
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c o r r e s p o n d i n g  t o  t h e  v a l u e  y ( y ) . S in c e  a lw ay s  N^/N < 1 a n e c e s s a r y

c o n d i t i o n  i s  (S/N) < , w h ich  a l lo w s  a  q u i c k  e s t i m a t e  o f  t h e  f e a s i b i l i t y

o f  l a s e r  a c t i o n  f o r  a g iv e n  r e s o n a t o r  and dye c o n c e n t r a t i o n .  A n o th e r

i n t e r e s t i n g  f e a t u r e  o f  e q u a t i o n  ( 1 .1 )  i s  t h a t  S and 1/N e n t e r  as  a p r o d u c t .

T h is  means t h a t  a  t e n f o l d  i n c r e a s e  i n  c o n c e n t r a t i o n ,  f o r  i n s t a n c e ,  w i l l

hav e  t h e  same e f f e c t  a s ^ a  t e n f o l d  i n c r e a s e  i n  l e n g t h  o r  as  an i n c r e a s e  o f

t h e  r e f l e c t i v i t y  o f  t h e  m i r r o r s  eg  from  90% t o  99%. I t  i s  w o r th  n o t i c i n g

t h a t  an  i n c r e a s e  i n  c o n c e n t r a t i o n  s h i f t s  t h e  minimum o f  y ( v )  to w a rd s  t h e

r e d .  F ig u r e  1 .7  i s  a p l o t  o f  t h e  l a s e r  w a v e le n g th  X ( i e  t h e  w a v e le n g th

w here  t h e  minimum o f  y ( v )  o c c u r s )  v e r s u s  t h e  c o n c e n t r a t i o n  w i t h  S a f i x e d

(28)
p a r a m e t e r ,  r e p r o d u c e d  from  S h a f e r ' s  w ork . S i m i l a r l y  F ig u r e  1 .8  

shows th e  l a s e r  w a v e le n g th  v e r s u s  t h e  a c t i v e  l e n g t h  L o f  t h e  c u v e t t e  w i t h  

dye s o l u t i o n ,  w i t h  th e  c o n c e n t r a t i o n  o f  t h e  dye as  a p a r a m e t e r .  Both  

f i g u r e s  a p p ly  t o  t h e  dye 3,3* d i e t h y l t h i a t r i c a r b o c y a n i n e . These  d iag ra m s  

d e m o n s t r a te  t h e  w ide  t u n a b l e  r a n g e  o f  dye l a s e r s  by c h a n g in g  t h e  c o n c e n t r a 

t i o n  o f  t h e  dye s o l u t i o n ,  o r  l e n g t h ,  o r  Q o f  t h e  r e s o n a t i n g  c a v i t y .  They 

a l s o  show t h e  h i g h  g a i n  w h ich  p e r m i t s  t h e  u s e  o f  e x t r e m e ly  s m a l l  a c t i v e  

l e n g t h s .

The a b s o rb e d  power d e n s i t y  W n e c e s s a r y  t o  m a i n t a i n  a f r a c t i o n  y

o f  t h e  m o l e c u l a r  c o n c e n t r a t i o n  N i n  t h e  e x c i t e d  s t a t e  i s

Y N h C ^o pump
W = — -------------

and power f l u x

.J y  h C V
P  =  =  o  p u m p

No o

w h ere  v I s  t h e  wave number o f  t h e  a b s o r b e d  pumi) r a d i a t i o n ,  pump ^ ‘-

In  t h e  above  d e r i v a t i o n  o f  t h e  o s c i l l a t i o n  c o n d i t i o n  and 

c o n c e n t r a t i o n  d ep e n d en ce  on t h e  l a s e r  w a v e le n g th ,  b ro a d  band  r e f l e c t o r s  have
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b ee n  assum ed . I n  t h e  c a s e  o f  f l a s h l a m p  pumped dye l a s e r s ,  t r i p l e t  e f f e c t s  

become im p o r t a n t  b e c a u s e  o f t h e  lo n g  r i s e  t im e  o r  d u r a t i o n  o f  t h e  p u m p l ig h t  

p u l s e .  F ig u r e  1 .9bshow s th e  t im e  d ep en d en ce  o f  t h e  p o p u l a t i o n  d e n s i t y  N ^in  

t h e  e x c i t e d  s i n g l e t  s t a t e  (S chm id t  e t  a l^^^^)*  The s o l i d  c u r v e  a p p l i e s  t o  

a s lo w ly  r i s i n g ,  and t h e  b ro k e n  c u r v e  t o  a f a s t  r i s i n g  p u m p l ig h t  p u l s e .

B oth  a r e  com puted f o r  two d i f f e r e n t  v a l u e s  o f  t h e  quan tum  y i e l d  o f  

f l u o r e s c e n c e  n ^ .  I t  i s  assum ed t h a t  t h e r e  i s  no d i r e c t  r a d i a t i o n l e s s  

i n t e r n a l  c o n v e r s i o n  b e tw e e n  t h e  f i r s t  e x c i t e d  s i n g l e t  and t h e  g ro u n d  s t a t e ,  

so  t h a t  a f r a c t i o n  p = 1 -  o f  e x c i t e d  m o le c u le s  i n  t h e  s i n g l e t  s t a t e  

make an i n t e r s y s t e m  c r o s s i n g  t o  t h e  t r i p l e t  s t a t e .  I t  i s  f u r t h e r  assumed 

t h a t  t h e  t r i p l e t  s t a t e  h a s  a v e r y  lo n g  l i f e t i m e  com pared  t o  t h e  s i n g l e t  

s t a t e .  I t  i s  s e e n  t h a t  t h e r e  i s  a maximum i n  t h e  e x c i t e d  s i n g l e t  s t a t e  

p o p u l a t i o n  d e n s i t y  N^. I t  i s  h i g h e r  f o r  a f a s t e r  r i s e  o f  t h e  p u m p l ig h t  

and f o r  a h i g h e r  quantum  y i e l d  o f  f l u o r e s c e n c e .  D e s p i t e  t h e  c o n t i n u i n g  

r i s e  o f  t h e  p u m p l ig h t  i n t e n s i t y ,  f a l l s  t o  a  low v a l u e  a f t e r  p a s s i n g  

t h r o u g h  th e  maximum, s i n c e  t h e  g round  s t a t e  becomes d e p l e t e d  and  v i r t u a l l y  

a l l  o f  t h e  m o le c u le s  a c c u m u la te  i n  t h e  t r i p l e t  s t a t e .  I t  s h o u ld  be p o i n t e d  

o u t  t h a t  t h i s  b e h a v io u r  o c c u r s  w i t h  s p o n ta n e o u s  f l u o r e s c e n c e  o f  an o p t i c a l l y  

t h i n  l a y e r  o f  dye s o l u t i o n .  T h is  ty p e  o f  b e h a v io u r  would re m a in  p r a c t i c a l l y  

u n a l t e r e d  when s t i m u l a t e d  e m is s io n  i s  t a k e n  i n t o  a c c o u n t .  Thus a dye 

l a s e r  may b e  pumped above t h e  t h r e s h o l d  by a f a s t  r i s i n g  l i g h t  s o u r c e .  On 

t h e  o t h e r  h a n d ,  t h e  n e c e s s a r y  p o p u l a t i o n  d e n s i t y  i n  t h e  e x c i t e d  s i n g l e t  

s t a t e  may n o t  be  a c h ie v e d  w i t h  a s lo w ly  r i s i n g  l i g h t  s o u r c e ,  even  i f  th e  

a s y m p to t i c  pump l e v e l  i s  t h e  same f o r  b o t h  c a s e s .

The a c c u m u la t io n  o f  m o le c u le s  i n  t h e  t r i p l e t  s t a t e  g iv e s  r i s e  t o  

a f u r t h e r  l o s s  m echanism  n o t  p r e v i o u s l y  d i s c u s s e d .  The t r i p l e t  a b s o r p t i o n  

s p e c t r a  v e r y  o f t e n  e x t e n d  i n t o  t h e  r e g i o n  o f  f l u o r e s c e n c e  e m is s io n .  Tliis
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R e s u l t  o f  a n a lo g u e  com pute r  c a l c u l a t i o n s  f o r  f o r  h ig h  
(0 .9 8 )  and lo w er  ( 0 .5 )  quantum  y i e l d  o f  f l u o r e s c e n c e  b o th  
f o r  t h e  c a s e  o f  low ( s o l i d  l i n e s )  and h i g h  ( d o t t e d  l i n e s )  
r a t e  o f  pump l i g h t  i n t e n s i t y .

FIGURE 1 .9 b
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g iv e s  r i s e  t o  a b s o r p t i o n  which, t r a n s f e r s  t h e  m o le c u le s  i n t o  h i g h e r  e x c i t e d  

t r i p l e t  s t a t e s .  Thus th e y  l e a d  to  l o s s e s  t h a t  o f t e n  a r e  h i g h e r  t h a n  t h e  

g a in  o f  t h e  l a s e r  and e v e n t u a l l y  p r e v e n t  l a s e r  e m i s s i o n .  However, t h e  

a c c u m u la t io n  o f  m o le c u le s  can  be  r e d u c e d  by  a d d in g  a t r i p l e t  s t a t e

q u e n c h in g  a d d i t i v e  (TSQA) t o  t h e  l a s i n g  s o l u t i o n ^ ^ ^ ^ .  Oxygen h a s  b ee n

shown^^^^^^^^ t o  be  an e f f e c t i v e  TSQA f o r  members o f  t h e  co u m ar in  and 

x a n th e n e  dye f a m i l i e s .  T h ere  a r e  o t h e r  c h e m ic a l  compounds w h ich  h av e  b ee n  

fo u n d  t o  i n c r e a s e  o u t p u t  e n e r g y  and p u l s e  l e n g t h  o f  l i q u i d  o r g a n ic  l a s e r s .  

( 4 8 ) ( 5 1 )  ̂ I t  s h o u ld  b e  n o t e d  t h a t  a  p a r t i c u l a r  TSQA can  b e  h i g h l y  s e l e c t i v e ,  

i t  can  g r e a t l y  im prove  t h e  l a s i n g  p e r fo rm a n c e  o f  some dye m o l e c u l e s ,  w h e rea s  

i n  o t h e r s  i t  w i l l  t o t a l l y  qu en ch  l a s i n g ^ ^ ^ ^ .

1 .6  R a te  e q u a t i o n s  f o r  dye l a s e r s

S e v e r a l  a n a ly s e s  o f  t h e  dye l a s e r  a r e  a v a i l a b l e  i n  t h e  l i t e r a t u r e  

(32) (62) ex am p le .  Weber and B ass^^^^ ^^^^  and  S n a v e ly  and P e t e r s o n  

c a l c u l a t e  g a i n  as  a f u n c t i o n  o f  w a v e le n g th  f o r  v a r i o u s  c o m b in a t io n s  o f  

p a r a m e t e r s .  T hese  p a p e r s  a r e  i n t e r e s t i n g  b e c a u s e  th e y  i n c o r p o r a t e  t h e  l a r g e  

s p e c t r a l  b an d s  o f  t h e  m o le c u l e s  i n  t h e  a n a l y s i s ,  b u t  t h e i r  t h e o r i e s  a r e  n o t  

v a l i d  above t h r e s h o l d .  S o ro k in  e t  a l^ ^ ^ ^  h a v e  p r e s e n t e d  a  n o r m a l i s e d  r a t e  

e q u a t i o n  model f o r  a s i n g l e  w a v e le n g th  dye l a s e r  pump^above t h r e s h o l d  by  a 

G a u s s ia n  sh ap e d  f l a s h  lamp p u l s e .  H owever, t h e y  assum ed th e  t r i p l e t  l i f e 

t im e  was lo n g  w i t h  r e s p e c t  t o  t h e  h a l f  w id th  o f  t h e  pumping f l a s h l a m p .

S n a v e l y K e l l e r ^ ^ ^ ^  and Huth and Kagan^^^^ c o n s i d e r e d  t r i p l e t  l o s s e s  

w h ich  a r e  i m p o r t a n t  when t h e  pumping s o u rc e  i s  n o t  v e r y  f a s t ,  a lo n g  w i th  

t h e  e f f e c t  o f  t r i p l e t  q u e n c h in g  p r o c e s s e s .  The dye l a s e r  m odel by Huth and 

K a g a n w i l l  be  c o n s i d e r e d  i n  more d e t a i l .

I n  o r d e r  t o  w r i t e  a s e t  o f  r a t e  e q u a t i o n s  t h a t  model t h e  dye 

l a s e r ,  Huth e t  a l  s i m p l i f i e d  th e  e n e r g y  l e v e l  d a ig ra m  ( F ig u r e  1 .5 )  to  t h a t
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shown i n  F ig u r e  1 .1 0 .  The s t a t e s  shown on t h e  l e f t  a r e  t h e  s i n g l e t  s t a t e s  

and d e p i c t  th e  4 - l e v e l  n a t u r e  o f  th e  dye l a s e r .  The t r i p l e t  s t a t e s  a r e  

on t h e  r i g h t  hand  p o r t i o n  o f  t h e  d ia g ra m .

The two r e l e v a n t  v i b r o n i c  l e v e l s  i n  t h e  ground  s i n g l e t  s t a t e  a r e  

assum ed to  b e  i n  t h e rm a l  e q u i l i b r i u m ,  and t h e  p o p u l a t i o n s  a r e  i n  B oltzm ann

d i s t r i b u t i o n .  T h is  i s  t a k e n  i n t o  a c c o u n t  b y  t h e  f a c t o r s  a and g w h ich  sum
•* (60) 

t o  u n i t y  and h av e  t h e  p r o p e r  e x p o n e n t i a l  r a t i o  t o  one a n o t h e r

exp (-AE/kT)
^ "  1 + exp (-AE/kT)

w here AE i s  t h e  e n e rg y  b e tw e en  t h e  v i b r o n i c  l e v e l s .

The p o p u l a t i o n  d e n s i t y  o f  t h e  g ro u n d  s t a t e  i s  l a b e l l e d  N^. I t  i s  

assum ed t h a t  o p t i c a l  pumping t a k e s  p l a c e  b e tw e e n  th e  g ro u n d  s t a t e  and t h e  

l e v e l  w i th  p o p u l a t i o n  d e n s i t y  N^. The m o le c u le s  th e n  u n d erg o  non r a d i a t i v e  

t r a n s i t i o n s  t o  t h e  u p p e r  l a s i n g  l e v e l  w i t h  p o p u l a t i o n  N^.

M o le c u le s  i n  t h e  t r i p l e t  m a n i f o ld  d ec ay  non r a d i a t i v e l y  t o  th e  

lo w e s t  t r i p l e t  s t a t e  w h ich  h a s  p o p u l a t i o n  and i s  m e t a s t a b l e  b e c a u s e  o f 

s e l e c t i o n  r u l e s  f o r  t r a n s i t i o n s  t o  t h e  g ro u n d  s t a t e .  R a d i a t i v e  d ec ay  to  

th e  g round  s t a t e  can  be o b s e r v e d  as  p h o s p h o r e s c e n c e  b u t  u s u a l l y  h a s  a v e r y  

lo n g  l i f e t i m e .  Non r a d i a t i v e  d ecay  i s  much more l i k e l y  and i s  c a u s e d  by a 

number o f  p o s s i b l e  q u e n c h in g  m ech an ism s .  As m e n t io n e d  e a r l i e r  oxygen 

d i s s o l v e d  i n  s o l u t i o n  i s  a v e r y  e f f i c i e n t  q u e n c h e r  and i s  u n d o u b te d ly  th e  

m ost i m p o r t a n t  m echanism .

The r a t e  e q u a t i o n s  f o r  dye l a s e r s  whose e n e rg y  l e v e l s  a r e  shown 

i n  F ig u r e  1 .1 0  a r e  g iv e n  b e lo w :

~rr  = cr v  q aN -  N -  K’ N ' . . .  ( 1 . 6 . 1 )d t  s s  p o 2 2
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dN q r -  - 1  N

- d l  = ''■2 - 7 - t V  -®” o J  • • •  ( l - G - 2 )

dN N

- d ï  = ^ S , t " i - - x-  . . .  ( 1 . 6 . 3 )

'^'ÎL _ “̂ L r® l  ü  °TT . . .  ( 1 . 6 . 4 )
d t  T c

1 " o _ _ 21l _ I __ 1 1
AN T AN o__  c —) c c L

N^ + N^ + N^ + N^ = N . . .  ( 1 . 6 . 5 )

T h e re  i s  a  d i f f e r e n t i a l  e q u a t i o n  f o r  e a c h  o f  t h e  l e v e l s  e x c e p t  

t h e  g round  s t a t e .  E q u a t io n  ( 1 . 6 . 5 ) ,  w h ich  r e q u i r e s  t h e  c o n s e r v a t i o n  o f  

m o l e c u l e s ,  makes one d i f f e r e n t i a l  e q u a t i o n  r e d u n d a n t  and t h e  a u t h o r s  ch o o se  

t o  i g n o r e  t h e  e q u a t i o n  f o r  t h e  g ro u n d  s t a t e .  The l a s e r  p h o to n  d e n s i t y  i s  

q^ .  The e q u a t i o n  f o r  t h e  p h o to n  d e n s i t y  i m p l i e s  t h a t  t h e  v a r i o u s  p a r a m e te r s  

a r e  r e l a t i v e l y  c o n s t a n t  a c r o s s  t h e  l a s i n g  b a n d ,  and t h e  t r a n s i t i o n  i s  homo

g e n e o u s ly  b r o a d e n e d .

The pump p h o to n  d e n s i t y  i s  q ^ ,  t h e  pump c r o s s  s e c t i o n  i s  

and AN^ i s  th e  c r i t i c a l  i n v e r s i o n  d e n s i t y  d e te r m in e d  i n  t h e  a b s e n c e  o f 

l o s s e s  d e r i v e d  from  th e  t r i p l e t  s t a t e s  and i s  t h e  c a v i t y  l i f e t i m e .  A 

f i l l i n g  f a c t o r  i s  g iv e n  by F = ^ ^ y ^ / ^ c a v i t y  t h e  L ' s  a r e  l e n g t h s  o f

t h e  dye c e l l  and th e  o p t i c a l  r e s o n a t o r .  The l i f e t i m e  o f t h e  t r i p l e t  m e ta 

s t a b l e  s t a t e  i s  and i s  t h e  r a t i o  o f  t h e  t r i p l e t - t r i p l e t  a b s o r p t i o n

c r o s s  s e c t i o n  a t  t h e  l a s e r  w a v e le n g th  t o  t h e  l a s e r  c r o s s  s e c t i o n .  The t o t a l

3number o f  m o le c u le s  p e r  cm i s  d e n o te d  by N. i s  t h e  f l u o r e s c e n c e  l i f e 

t im e  and 1 /T r  = KL.p + K + K and t h e  f l u o r e s c e n c e  quantum  y i e l d  i s
I  Kt S , S b , i
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One can  i d e n t i f y  m ost o f  t h e  te rm s  i n  t h e  e q u a t i o n s  by  i n s p e c t i o n  o f 

F ig u r e  1.10.

The l a s t  t e rm  i n  ( 1 . 6 . 3 )  a c c o u n t s  f o r  che d ec ay  o f  t h e  t r i p l e t  

m e t a s t a b l e  s t a t e  and th e  l a s t  t e rm  i n  ( 1 . 6 . 4 )  r e p r e s e n t s  t h e  o p t i c a l  l o s s  

i n t r o d u c e d  by  e x c i t e d  s t a t e  a b s o r p t i o n  i n  t h e  t r i p l e t  m a n i f o ld .

The pow er o u t p u t  f ro m  t h e  m a th e m a t i c a l  m odel can  be  com puted

from

p = E n erg y  s t o r e d  i n  c a v i t y  . . .  ( 1 . 6 . 6 )
o C o u p l in g  l i f e t i m e

w here  th e  " c o u p l i n g  l i f e t i m e "  r e f e r s  t o  a c a v i t y  l i f e t i m e  t h a t  i n c l u d e s  

o n ly  t h o s e  c o u p l i n g  o r  l o s s  m echanism s t h a t  c o n t r i b u t e  t o  t h e  u s e f u l  o u tp u t ,  

S in c e  t h e  c o u p l i n g  i s  n o r m a l ly  a c c o m p l is h e d  w i t h  p a r t i a l l y  r e f l e c t i n g  

m i r r o r s ,  t h e  l i f e t i m e  can  b e  c a l c u l a t e d  from

=  h a v i t i ^  ( 1 6 . 7 )
C V 1 - p

I n  t h i s  e q u a t i o n ,  v  i s  t h e  sp ee d  o f  l i g h t  and p i s  t h e  geo

m e t r i c a l  mean o f  t h e  two m i r r o r  r e f l e c t i v i t i e s ,  i e  p = (R^ R g )^ .  I n  te rm s

o f  t h e  v a r i a b l e s ,  th e  o u t p u t  power i s  t h e r e f o r e

h  V q^ L A 
. p _ L ca v  cav
' o TL c

w i t h  A e q u a l  t o  t h e  l a s e r  c r o s s  s e c t i o n a l  a r e a ,  cav

R e l a t i n g  t h e  pump pow er t o  t h e  v a r i a b l e s  i n  th e  model i s  more 

d i f f i c u l t  b e c a u s e  o f  t h e  l a c k  o f  p r e c i s e  know ledge  o f  s p e c t r a l  and 

g e o m e t r i c a l  c o u p l in g  f a c t o r s  i n  a c t u a l  l a b o r a t o r y  d e v i c e s .
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I t  i s  u s e f u l  t o  c o n s i d e r  t h e  s t e a d y - s t a t e  s o l u t i o n s  o r  q u a s i 

s t e a d y - s t a t e  s o l u t i o n s  o f  ( 1 . 6 . 1 )-^ (1 . 6 . 5 ) .  I f  t h e  t im e d e r i v a t i v e s  a r e  

s e t  t o  z e r o  and t h e  r e s u l t i n g  a l g e b r a i c  e q u a t i o n s  a r e  s o lv e d  u n d e r  th e  

a s s u m p t io n  t h a t  K’ »  V q ^ ,  t h e  f o l l o w i n g  e x p r e s s i o n  f o r  q^ i s  o b t a i n e d

F AN /T \ 
C f  c

A N ^ /N  + 3 Ç

V q 
s s   E(» * >) -  1 . . .  ( 1. 6 . 8)

w here K =
AN 
___ (

N
+ K

S ,T  T V N . . .  ( 1 . 6 . 9 )

I n  m ost c a s e s  o f  i n t e r e s t ,  t h e  c o n s t a n t  Ç can  be f u r t h e r  s i m p l i f i e d  to  th e  

a p p ro x im a te  v a lu e

^ ^ S T  V a
TT . . .  ( 1 . 6 . 10)

E q u a t io n  ( 1 . 6 . 8 )  i s  v a l i d  o n ly  above  t h r e s h o l d .  N ote t h a t  t h e  f i r s t  te rm  

i n  t h e  s q u a r e  b r a c k e t s  m u s t  b e  p o s i t i v e  and g r e a t e r  t h a n  u n i t y  t o  p ro d u c e  

l a s e r  e m is s io n .  T h is  t e rm  can n e v e r  s a t i s f y  t h e s e  r e q u i r e m e n t s  u n l e s s  th e  

p o s i t i v e  d e f i n i t e  c o n s t a n t  Ç h a s - a  v a l u e  l e s s  th a n  one .  T hus ,  s t e a d y  s t a t e  

o p e r a t i o n  o f  a dye l a s e r  i s  p o s s i b l e  o n ly  i f  ^ <1 . The f a c t  t h a t  a s t e a d y -  

s t a t e  s o l u t i o n  can  e x i s t  c o n t r a d i c t s  t h e  e a r l i e r  a n a l y s e s  o f  dye l a s e r s  

and l e a d s  t o  t h e  p o s s i b i l i t y  o f  cw . o p e r a t i o n w h i c h  h a s  b e e n  e x p e r i m e n t a l l y

a c h ie v e d .(63)
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L a s e r  o p e r a t i o n  when ^ > 1 i s  n o t  p r e c l u d e d ,  b u t  t h e  r e s u l t  g iv e n  

above i n d i c a t e  t h a t  t h e  s o l u t i o n s  a r e  t r a n s i e n t  i n  n a t u r e .  I n  f a c t ,  when 

Ç > 1 , one can show t h a t  a c r i t i c a l  r i s e t i m e  f o r  t h e  f l a s h l a m p  does  e x i s t  

by  f o l l o w i n g  t h e  r e a s o n i n g  o f  S o ro k in  e t  a l ^ ^ ^ \

The e f f e c t s  o f  d i s s o l v e d  oxygen can  b e  i n c l u d e d  i n  t h e  r a t e  

e q u a t i o n s .  Some m o le c u le s  can  qu en ch  t h e  f l u o r e s c e n c e  and p h o s p h o r e s c e n c e  

o f  o r g a n ic  compounds. D i s s o l v e d  oxygen a r i s i n g  fro m  c o n t a c t  w i t h  t h e  

a tm o sp h e re  i s  an e f f e c t i v e  q u e n c h e r ,  and t h e  q u e n c h in g  r e a c t i o n  i s  d i f f u s i o n  

c o n t r o l l e d .  I n  n o rm al  dye l a s e r  s i t u a t i o n s ,  oxygen q u e n c h in g  i s  t h e  d o m in an t  

p r o c e s s  f o r  r e l a x a t i o n  o f  t h e  t r i p l e t  m e t a s t a b l e  s t a t e ,  and t h e  t r i p l e t  

l i f e t i m e  can b e  w r i t t e n

w here  i s  t h e  r a t e  c o n s t a n t  and ( 0 . )  i s  t h e  m o la r  c o n c e n t r a t i o n  o fUz z

d i s s o l v e d  oxygen .  (See A ppend ix  I I ) .

Oxygen can  a l s o  quench  t h e  e x c i t e d  s i n g l e t  s t a t e ,  by  i n c r e a s i n g  

th e  i n t e r s y s t e m  c r o s s i n g .

Thus t h e  i n t e r s y s t e m  r a t e  becomes

^ S ,T  "  ^ST ^ ^02 (^2^

w i t h  n e q u a l  t o  t h e  r a t i o  o f  t h e  s i n g l e t  q u e n c h in g  r a t e  c o n s t a n t  t o  t h e

t r i p l e t  r a t e  c o n s t a n t .

To a p p ly  t h e  m odel p r e s e n t e d  a b o v e ,  one m ust  know a v a l u e  o f  t h e

t r i p l e t  d ec ay  t im e  a t  dye c o n c e n t r a t i o n s  t h a t  a r e  t y p i c a l  f o r  l a s e r

a p p l i c a t i o n s .  Stockman h a s  o b s e rv e d  d ec ay  t im e s  b e tw e e n  90 and 120 ns

f o r  Rh 6G i n  m e th a n o l  w h ich  com pare  f a v o u r a b l y  w i t h  t h e  a u t h o r s  r e s u l t s

show ing  e x p e r i m e n t a l  v a l u e s  o f  t r i p l e t  l i f e t i m e s  i n  a i r  e q u i l i b r a t e d

~7s o l u t i o n s  t o  be  a p p r o x im a te ly  10 s .
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A n o th e r  i m p o r t a n t  p i e c e  o f  i n f o r m a t i o n  i s  g iv e n  by  Huth and 

K a g a n '" ^ ' \  T h is  i s  t h e  s a t u r a t i o n  i n t e n s i t y  o f  rh o d am in e  6G. The 

s a t u r a t i o n  i n t e n s i t y  i s  t h e  c i r c u l a t i n g  power d e n s i t y  i n  t h e  l a s e r  n e c e s s a r y  

t o  r e d u c e  t h e  p o p u l a t i o n  i n v e r s i o n  to  one h a l f  i t s  s m a l l  s i g n a l  v a l u e .

I t  i s  a l s o  an i n d i c a t i o n  o f t h e  power l e v e l  n e c e s s a r y  f o r  t h e  l a s i n g  p r o c e s s  

t o  comp .e te  f a v o u r a b l y  w i t h  s p o n ta n e o u s  e m i s s i o n .

The o u t p u t  power o f  t h e  l a s e r  i s  r e l a t e d  to  t h e  s a t u r a t i o n  i n t e n s i t y  

^ s a t  t h e  f o l l o w i n g  e q u a t i o n .

"out = I s a t  A (131) (v  FT  ̂ ~ l )  . . .  ( 1 . 6 . 1 1 )

w here  p = (R ^ R ^ )^ , A i s  t h e  a r e a ,  and g^ i s  t h e  u n s a t u r a t e d  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 .  The o u t p u t  e n e rg y  f o r  a l a s e r  w i t h  2 1 .5  J  i n p u t  was 55 mJ

and t h e  b a s e  w id th  o f  t h e  p u l s e  was a p p r o x im a te ly  5 p s .  I f  one makes a

t r i a n g u l a r  a p p r o x im a t io n  f o r  t h e  p u l s e  s h a p e ,  t h e  p e a k  o u t p u t  power i s

2 .2  X 10^ W. The o t h e r  p a r a m e te r  v a l u e s  n e c e s s a r y  t o  e v a l u a t e  t h e

“ 1 5s a t u r a t i o n  i n t e n s i t y  a r e  as  f o l l o w s :  g^ = 0 .2 2  cm , p = (0 .6 5  x 1) = 0 .8 0 6 ,

- 9  2F = 0 .1 3 3 ,  = 3 X 10 s and A = 0 .1  cm . Upon s u b s t i t u t i o n  o f  t h e s e

5 2v a l u e s  i n t o  ( 1 . 6 .1 1 )  we o b t a i n  I ^ ^ ^  = 6 .2  x  10 W/cm .

An a l t e r n a t e  e x p r e s s i o n  f o r  t h e  s a t u r a t i o n  i n t e n s i t y  i s

I  = — . . .  ( 1 . 6 .1 2 )  s a t

' The f l u o r e s c e n c e  l i f e t i m e  f o r  rh o d am in e  6G i s  a p p r o x im a te ly

5 .5  n s ,  and t h e  l a s e r  c r o s s  s e c t i o n  a t  5900 X i s  g iv e n  as  1 .0 6  x 10 cra^.

5 2S u b s t i t u t i o n  i n t o  ( 1 . 6 .1 2 )  y i e l d s  1^^^ = 5 .8  x 10 W/cm . To p l a c e  t h i s

number i n  p e r s p e c t i v e ,  one may com pare t h i s  r e s u l t  w i t h  t h e  s a t u r a t i o n

i n t e n s i t i e s  o f  o t h e r  l a s e r  m a t e r i a l s .  I n  a  t r a n s v e r s e  f lo w  CO^ l a s e r ,

I   ̂ = .246  W/cm^^^^^ and i n  Nd:YAG, I  _ = 720 W /c m ^ ,^ ^ ^ \  The s a t u r a t i o ns a t  s a t  ’
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i n t e n s i t y  f o r  rh o d am in e  6G i s  t h r e e  o r d e r s  o f  m a g n i tu d e  l a r g e r  t h a n  th o s e  

c f  t h e  o t h e r  m a t e r i a l s ,  w h ich  i m p l i e s  t h a t  v e r y  l a r g e  pump r a t e s  a r e  

r e q u i r e d  f o r  e f f i c i e n t  o p e r a t i o n .
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CHAl^TER I I  

ETuASHLAMP SYSTEMS

2 .1  I n t r o d u c t i o n

The g e n e r a t i o n  o f  f l a s h t u b e s  w i t h  f a s t  r i s e  t im e s  f o r  u se  i n  l a s e r  

e x c i t a t i o n  and v a r i o u s  o t h e r  f i e l d s  o f  p h o to n  p h y s i c s  h a s  b e e n  g row ing  

r a p i d l y  o v e r  t h e  l a s t  d e c a d e ,  e s p e c i a l l y  s i n c e  t h e  i n v e n t i o n  o f  t h e  dye 

l a s e r .  I n  t h e  f o l l o w i n g  p e r i o d  many w o rk e rs  r e p o r t e d  l a s e r  a c t i o n  o v e r  a 

b ro a d  w a v e le n g th  r a n g e  u s i n g  th e  same f l a s h t u b e  as t h e  e x c i t i n g  s o u r c e  o f  

r a d i a t i o n  a lo n g  w i th  v a r i o u s  d y e s .  T h is  f o r  t h e  f i r s t  t im e  e l i m i n a t e d  th e  

b an d w id th  l i m i t a t i o n  c o n n e c te d  w i th  t h e  u s u a l  ty p e  o f  gas  and s o l i d  s t a t e  

l a s e r s .  However, t h e  e x c i t a t i o n  o f  dye l a s e r s  r e q u i r e  a  much f a s t e r  

o p t i c a l  pumping s y s te m  t h a n ,  f o r  ex a m p le ,  ru b y  o r  neodymium as was s e e n  

i n  t h e  l a s t  c h a p t e r .  F o r  t h e  s h o r t e r  w a v e le n g th  r e g i o n s  f a s t  r i s i n g  

f l a s h t u b e s  become even  more i m p o r t a n t  b e c a u s e  t h e  n o i s e ,  o r  l o s s  due t o  

s p o n ta n e o u s  e m is s io n  i n  a s y s te m  i s  p r o p o r t i o n a l  t o  th e  cube  o f  t h e  l a s e r  

e m i s s io n  f r e q u e n c y .

The e f f e c t  o f  i n d u c t a n c e  on t h e  p e a k  i n t e n s i t y  and d u r a t i o n  o f  

t h e  r a d i a t i o n  fro m  a  s p a r k  d i s c h a r g e  i s  v e r y  s i g n i f i c a n t .  An i n c r e a s e  i n  

i n d u c t a n c e  c a u s e s  a d e c r e a s e  i n  p e a k  i n t e n s i t y  and an i n c r e a s e  i n  d u r a t i o n  

and s o ,  i n  o r d e r  t o  o b t a i n  more i n t e n s e  f l a s h e s  a g r e a t  d e a l  o f  work h a s  

b ee n  d i r e c t e d  to w ard s  d e v e lo p in g  sy s tem s  o f  v e r y  low i n d u c t a n c e .

I n  t h e  d e s ig n  o f  a f l a s h l a m p  pumped dye l a s e r  i t  i s  im p o r t a n t  

t o  ch o o se  t h e  a p p r o p r i a t e  f l a s h l a m p .  A d e t e r m in i n g  f a c t o r  i s  t h e  r i s e 

t im e  r e q u i r e m e n t  o f  th e  s p e c i f i c  dye o r  c l a s s  o f  dyes  t o  b e  u s e d .  So 

t h e  f a s t e s t  r i s e t i m e s  (70 n s )  w e re  a c h ie v e d  w i t h  c a p i l l a r y  a i r  s p a r k s  f e d

(11') ( 1 9t')
by t r a n s m i s s i o n  l i n e  s t o r a g e  . A n o th e r  ty p e  w i t h  a  v e r y  f a s t  r i s e 

t im e  i s  a low i n d u c t a n c e  c o a x i a l  lamp f i r s t  d e v e lo p e d  f o r  f l a s h  p h o t o l y s i s
(79)

work by C la e s s o n  and L i n d q u i s t  i n  1958. I t  was s u c c e s s f u l l y  u s e d  

l a t e r  by S o ro k in  and L a n k a r d ^ ^ ^ \  and Schm id t and S c h a f e r ^ ^ ^ ^ ,  f o r  dye
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(81)
l a s e r  pumping. An im proved  v e r s i o n  o f  t h i s  lamp u s e s  a s p a r k  gap 

in  s e r i e s  w i th  t h e  lam p, so  t h a t  a v o l t a g e  much h i g h e r  th a n  t h e  b reakdow n 

v o l t a g e  o f  t h e  lamp can  b e  u s e d .  R i s e t im e s  o f  150 n s  u s i n g  a 0 .0 5  uF 

c a p a c i t o r  w ere  a c h ie v e d  from  t h i s  lamp.

2 .2  An a n a l y s i s  o f  t h e  d i s c h a r g e  m echanism  i n  a f l a s h l a m p

Wlien a c a p a c i t o r  i s  d i s c h a r g e d  th r o u g h  a  f l a s h t u b e  a h igh ly -  

c o n d u c t in g  p a t h  i s  fo rm ed . The f o r m a t i o n  o f  t h i s  p a t h  can  be  d i v i d e d  i n t o  

s e v e r a l  s t a g e s : -

(a )  The i n i t i a l  b u i l d  up o f  t h e  s p a c e  c h a rg e  d u r i n g  w h ich  t h e  

d e v e lo p m e n t  o f  t h e  c u r r e n t  i s  a c c e l e r a t e d .

(b) A c a th o d e  f a l l  i s  form ed w h ich  s u p p l i e s  t h e  e l e c t r o n s  f o r

t h e  r e m a in d e r  o f  t h e  zone .

(c )  An i o n i s a t i o n  wave fro m  t h e  anode to  t h e  c a th o d e  p ro d u c in g  

a  f u r t h e r  r i s e  i n  c u r r e n t .

(d) The f i n a l  s t a g e  i n  w h ich  t h e  d i s c h a r g e  c o n s i s t s  o f  t h e

c a th o d e  f a l l  and an a s s o c i a t e d  p la sm a  i n  w h ich  t h e r e  i s  l i t t l e

i o n i s a t i o n .

The b reakdow n o f  a gas  b e tw e e n  two e l e c t r o d e s  i s  d e p e n d e n t  on

t h e i r  b e i n g  one o r  more e l e c t r o n s  b e tw e en  th e  e l e c t r o d e s .  The gas  becomes

a good c o n d u c to r  v i a  t h e  p la sm a  column form ed b e tw e en  t h e  e l e c t r o d e s .  The

( f  S')
change  from  i n s u l a t o r  t o  c o n d u c to r  was e x p l a i n e d  by Toivnsend i n  h i s

t h e o r y  o f  gas  b reakdow n . He p ro p o s e d  t h a t  t h e  b reakdoxm  was ca u se d  by 

t h e  i o n i s a t i o n  o f  gas  atoms b y  c o l l i s i o n s  w i t h  e l e c t r o n s  and p o s i t i v e  io n s  

and t h e  p r o d u c t i o n  o f  s e c o n d a ry  p r o c e s s e s :  p h o t o i o n i s a t i o n  o f  gas  a to m s ,

p h o to  e m is s io n  from  th e  c a th o d e ,  p o s i t i v e  i o n  bom bardm ent o f  t h e  c a th o d e  

e t c .  When an  e l e c t r o n  i s  r e l e a s e d  fro m  an a tom  i n  t h e  g a s ,  f o r  exam ple  

by co sm ic  r a d i a t i o n ,  i t  i s  a c c e l e r a t e d  to w ard s  t h e  an o d e .  I f  i t  i s  

s u f f i c i e n t l y  e n e r g e t i c  i t  can  i o n i s e  n e u t r a l  gas  a tom s by  c o l l i s i o n  and
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t h e r e b y  p ro d u c e  a n o t h e r  e l e c t r o n  and a  p o s i t i v e  i o n .  Due t o  i t s

c o m p a r a t i v e l y  l a r g e  mass t h e  io n  i s  o n ly  s lo w ly  a c c e l e r a t e d  to w ard s  t h e

ca th o d e ,  w h e reas  t h e  two e l e c t r o n s  c o n t i n u e  to w a rd s  th e  anode and c a u s e

f u r t h e r  i o n i s a t i o n  by  c o l l i s i o n ,  and an e l e c t r o n  a v a la n c h e  i s  fo rm ed .

I o n i s a t i o n  n ee d  n o t  o c c u r  when an e l e c t r o n  c o l l i d e s  w i t h  an a tom ,

ev en  i f  t h e  e l e c t r o n  h a s  s u f f i c i e n t  e n e rg y  -  t h e  e l e c t r o n  may r a i s e  t h e

atom  t o  an e x c i t e d  s t a t e  w h ich  r e t u r n s  t o  t h e  g ro u n d  s t a t e  by r a d i a t i n g .

T hese  p h o to n s  e m i t t e d  may i o n i s e  o t h e r  gas  atoms o r  c a u s e  p h o t o - e m i s s i o n

from  t h e  c a th o d e .  The e l e c t r o n s  from  t h e s e  s e c o n d a ry  p r o c e s s e s  a r e  a c c e le r a te d

to w ard s  t h e  anode  and i n  t u r n  g e n e r a t e  e l e c t r o n  a v a l a n c h e s .  The c u r r e n t

i  f lo w in g  i s  su c h  a d i s c h a r g e  i s  g iv e n  by^^^^

ax

'  ^ t  -  T ( e “ "  -  1) ■■■

w here  i  i s  t h e  c u r r e n t  due t o  e x t e r n a l  r a d i a t i o no

a i s  t h e  f i r s t  Townsend c o e f f i c i e n t  r e l a t i n g  t o  i o n i s a t i o n  by 

e l e c t r o n  c o l l i s i o n .

Y i s  t h e  sec o n d  Townsend c o e f f i c i e n t  r e l a t i n g  t o  a l l  s e c o n d a ry  

p r o d u c in g  p r o c e s s e s  and 

X i s  t h e  e l e c t r o d e  s e p a r a t i o n  

I f  t h e  v o l t a g e  g r a d i e n t  b e tw e e n  t h e  e l e c t r o d e s  i s  h i g h  enough 

y (e* ^ ^ “ l )  1 and i  becomes i n f i n i t e .  At t h i s  p o i n t  t h e  gas  i s  c o n s i d e r e d

t o  h av e  b ro k e n  down and t h i s  c o n d i t i o n  i s  known as  T ow nsend 's  s p a r k in g  

c r i t e r i o n  i e

Y (e ^ *  -  1) = 1 . . .  (2)

The v o l t a g e  a t  w h ich  t h i s  c r i t e r i o n  i s  s a t i s f i e d  v a r i e s  p r e s s u r e  p

as  b o t h  a and y  v a r y  w i t h  p r e s s u r e  and v o l t a g e  b u t  a r e  c o n s t a n t  f o r  c o n s t a n t  

E /p  a t  a g iv e n  p (where E i s  t h e  e l e c t r i c  f i e l d  a c r o s s  t h e  e l e c t r o d e s ) .
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At breakdow n »  1 so  t h e  c r i t e r i o n  can  be  r e w r i t t e n  as  

y = 1 . . .  (3)

T h is  c r i t e r i o n  h a s  b e e n  i n t e r p r e t e d  by  Loeb^^^^ a s  f o l l o w s :

(a )  F o r  y e ^ ^  < 1 th e  d i s c h a r g e  f o l l o w s  e q u a t i o n  (1) and th e  

c u r r e n t  i s  n o t  s e l f  s u s t a i n i n g ,  b e i n g  d e p e n d e n t  on e x t e r n a l  

r a d i a t i o n  t o  a u p p ly  i ^ .

(b) F o r  y = 1 as  a r e s u l t  o f  e a c h  a v a la n c h e  due t o  one 

e l e c t r o n  t h e r e  i s  one new e l e c t r o n  form ed due t o  t h e  s e c o n d a ry  

p r o c e s s e s .  Thus th e  d i s c h a r g e  i s  j u s t  s e l f  s u s t a i n i n g  and 

in d e p e n d e n t  o f  i ^ .  However, i t  does  n o t  c a r r y  i n c r e a s i n g l y  

l a r g e  c u r r e n t s .  T h is  i s  t h e  t h r e s h o l d  f o r  b reakdow n .

(c )  F o r  y e ^ ^  > 1 ,  on a v e r a g e ,  e a c h  a v a la n c h e  g iv e s  r i s e  to  

more t h a n  one e l e c t r o n  so  t h a t  t h e  d i s c h a r g e  grows and i s  a b l e  

t o  c a r r y  l a r g e  c u r r e n t s .

The To\m send t h e o r y  i s  fo u n d  to  a p p ly  w e l l  f o r  low gas p r e s s u r e s  

and s m a l l  e l e c t r o d e  s e p a r a t i o n s  i e  t h e  p r o d u c t  px  i s  s m a l l .  However, i f  

t h e  p r o d u c t  becomes to o  l a r g e  t h e n  as  Rogowski^^^^ show ed, t h e  t im e  o f  

f o r m a t i o n  o f  a s p a r k  i s  l e s s  t h a n  t h a t  p r e d i c t e d  by  t h e  Townsend t h e o r y .

The o b s e rv e d  f o r m a t i o n  t im e  b e i n g  o f  t h e  o r d e r  o f  t h e  t r a n s i t  t im e  o f  an

e l e c t r o n  b e tw e en  th e  e l e c t r o d e s  as  opposed  t o  t h e  p r e d i c t e d  f o r m a t io n  t im e

(72) (73)
o f  t h e  o r d e r  o f  t h e  t r a n s i t  t im e  o f  an i o n .  R a e th e r  and Meek

in d e p e n d e n t ly  p ro d u c e d  a  new t h e o r y  to  a c c o u n t  f o r  t h e  m echanism  i n  o p e r a t i o n

when th e  p r o d u c t  px  i s  l a r g e .  The new t h e o r y  d epends  on th e  f o r m a t io n  o f  a

" s t r e a m e r "  b e tw e en  t h e  e l e c t r o d e s .  A l th o u g h  t h i s  t h e o r y  i s  i n a d e q u a t e  to

e x p l a i n  a l l  phenomenon i t  i s  a b l e  t o  e x p l a i n  o b s e r v a t i o n s  o f  s t r e a m e r s  from

th e  anode -  i n  d i r e c t  c o n f l i c t  w i t h  t h e  Townsend t h e o r y .
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C o n s id e r  an e l e c t r o n  p r o d u c e d  n e a r  t h e  c a th o d e  o f  a gap a c r o s s  

w hich  a u n i fo rm  e l e c t r i c  f i e l d  i s  a p p l i e d ,  o f  h i g h  enough p o t e n t i a l  to  

c a u se  b reak d o w n . The e l e c t r o n  i s  a c c e l e r a t e d  to w a rd s  t h e  anode and c a u s e s  

an a v a la n c h e  t o  fo rm . The e l e c t r o n s  formed a r e  a c c e l e r a t e d  much more 

q u i c k l y  th a n  t h e  p o s i t i v e  io n s  form ed due t o  t h e i r  mass, so  t h a t  by t h e  t im e  

t h e  e l e c t r o n s  h a v e  r e a c h e d  th e  anode  t h e  i o n s  h av e  h a r d l y  moved. T h is  

means t h a t  t h e r e  i s  a cone o f  p o s i t i v e  io n s  l e f t  s p r e a d i n g  o u t  f ro m  th e  

c a th o d e  due t o  th e  c u m u la t iv e  i o n i s a t i o n  i n  t h e  a v a la n c h e  c a u s in g  th e  i o n  

c o n c e n t r a t i o n  to  be  g r e a t e s t  a t  t h e  anode end  o f  t h e  co n e .

N ot a l l  t h e  c o l l i s i o n s  b e tw e en  e l e c t r o n s  and atoms p ro d u c e  

i o n i s a t i o n ,  some o f  th e  c o l l i s i o n s  p ro d u c e  e x c i t e d  a to m s .  These  e x c i t e d  

atoms e m it  p h o to n s  w hich  may p ro d u c e  s e c o n d a ry  e l e c t r o n s  n e a r  th e  b a s e  o f  

t h e  cone w h ich  g iv e  r i s e  t o  sm a l l  a v a l a n c h e s .  I f  t h e  f i e l d  due to  p o s i t i v e  

i o n s  i n  t h e  cone  i s  l a r g e  enough th e n  even  t h e  s m a l l  a v a la n c h e s  a r e  

d e v i a t e d  i n t o  t h e  m ain a v a la n c h e  r e g i o n  l e a v i n g  b e h in d  p o s i t i v e  i o n s  w hich  

e x t e n d  th e  r e g i o n  o f  h i g h  io n  d e n s i t y .  Thus t h e  s p a c e  c h a r g e  and i t s  

a s s o c i a t e d  f i e l d  a r e  enh an ced  down t o  t h e  ap e x  o f  t h e  o r i g i n a l  co n e .  The

f i e l d  d i s t o r t i o n  c a u s e s  more s e c o n d a ry  a v a la n c h e s  t o  be  a t t a c h e d  t o  th e  

m ain a v a la n c h e  n e a r e r  t h e  c a th o d e ,  t h u s  f u r t h e r  i n c r e a s i n g  th e  io n  c o n c e n 

t r a t i o n .  T h is  p r o c e s s  c o n t i n u e s  down th e  column o f  gas  b e tw e en  th e  

e l e c t r o d e s  so  t h a t  e v e n t u a l l y  a c h a n n e l  o f  h i g h l y  i o n i s e d  gas  -  th e  s t r e a m e r ,  

i s  s e t  up b e tw een  th e  anode and c a th o d e .  T h is  s t r e a m e r  i s  t h e  s t a r t i n g  

p o i n t  from  w h ich  a s p a r k  c h a n n e l  may grow. I f  t h e  s p a c e  c h a rg e  f i e l d  was

n o t  s t r o n g  enough th e n  t h e  s e c o n d a ry  a v a la n c h e s  would  n o t  be d e v i a t e d  

enough  t o  j o i n  t h e  m ain  a v a la n c h e  and fo rm  a s t r e a m e r  as  j u s t  d e s c r i b e d ,  

b u t  b reakdow n would s t i l l  o c c u r  as  a  s e r i e s  o f  a v a l a n c h e s .
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I t  h a s  b ee n  shovm by  Goncz^^ t h a t  t h e  V - i  c h a r a c t e r i s t i c  o f  a 

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

be  r e p r e s e n t e d  as

V = + K ^ | i | ^  v o l t s  . . .  (1)

w here  t h e  s i g n  o f  v i s  ch o sen  to  b e  th e  same as  t h e  s i g n  f o r  i  -  s e e  F ig u r e  

2 . 1 .  The p a r a m e t e r  i s  a f u n c t i o n  o f  t h e  lamp g eo m etry  and t h e  p r e s s u r e  

and ty p e  o f  gas u s e d  t o  s u s t a i n  t h e  a r c .  F o r  l i n e a r  ty p e  f l a s h l a m p s  i t
(75)

can  be shown t h a t  s c a l e s  w i t h  t h e  g eo m e try  o f  t h e  f l a s h l a m p  as  f o l lo w s

Z hK = k  — ohm amp" 
o d

w here  k  i s  o n ly  a  f u n c t i o n  o f  t h e  ty p e  and p r e s s u r e  o f  gas 

Z i s  t h e  l e n g t h  o f  t h e  lamp i n  c e n t i m e t e r s  and 

i s  t h e  b o r e  d i a m e te r  i n  cms.

The non l i n e a r  d i f f e r e n t i a l  e q u a t i o n  d e s c r i b i n g  t h e  lo o p  v o l t a g e  

o f  a s i n g l e  mesh f l a s h l a m p  d i s c h a r g e  c i r c u i t  l i k e  t h e  one shovm in  

F ig u r e  2 .1  i s

L - ^ + K l i l ^ + i / i d T  = V . . .  ( 2 .1 )

t

d t  — "o ' ' C
o

w here  o n ly  l o s s e s  i n  th e  f l a s h l a m p  a r e  c o n s i d e r e d  and a l s o  t h e  te rm  

c o n t a i n i n g  th e  ohmic r e s i s t a n c e ,  iR ,  h a s  b e e n  ig n o r e d  f o r  t h e  p r e s e n t  • 

d i s c u s s i o n .

The s o l u t i o n s  to  t h i s  non l i n e a r  d i f f e r e n t i a l  e q u a t i o n  h av e  b ee n

(75)g iv e n  by M ark ie w icz  and Emmett by n o r m a l i s i n g  th e  p a r a m e t e r s  i n  t h e  

c i r c u i t  i n  t h e  f o l l o w i n g  m anner

^  yi  ̂ (b)'o

T = , ^ C  Cd), ct = ^ ---------— r  P "
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2
and G = (5  C V^) (g) one o b t a i n s  t h e  r e l a t i o n

.T
d l

« | I M  + r j  I  dT = 1

0

The s o l u t i o n s  t o  t h i s  e q u a t i o n  f o r  t h e  n o r m a l i s e d  c u r r e n t ,  n o r m a l i s e d  power 

and n o r m a l i s e d  e n e rg y  t r a n s f e r  a r e  shown i n  F ig u r e s  2 . 2 ,  2 . 3 ,  2 . 4 .  These  

s o l u t i o n s  a r e  g iv e n  f o r  v a r i o u s  v a l u e s  o f  t h e  damping p a r a m e t e r  a ,  and a r e  

shown as a f u n c t i o n  o f  t h e  n o r m a l i s e d  t im e  t .  N ote  th e  damping p a r a m e t e r ,  

a ,  i s  d e p e n d e n t  on V^, t h e  i n i t i a l  c a p a c i t o r  v o l t a g e .  T h is  i s  c o n s i s t e n t  

w i t h  t h e  e x p e r i e n c e  t h a t  a d i s c h a r g e  c i r c u i t ,  c r i t i c a l l y  damped a t  one 

v o l t a g e ,  b e g i n s  t o  r i n g  as  t h e  v o l t a g e  i s  i n c r e a s e d .  The power d i s s i p a t e d  

by t h e  f l a s h l a m p  as  a  f u n c t i o n  o f  t im e  i s  g iv e n  i n  F ig u r e  2 . 3 .  The f i r s t  

h a l f  c y c l e  o f  t h e  f u n c t i o n  can  b e  a p p ro x im a te d  q u i t e  w e l l  by^^^^

o r  i n  u n n o r m a l i s e d  p a r a m e te r s

,2

p ( t )  = P ( “ ) —  s i n  /  — qyA  ̂ t  < 3 JL C
o \  3 - , / lC  /

P (a) i s  d e f i n e d  su ch  t h a t

.3  / l c

I p ( t ' )  d t '  = E ^ C (T ,a M ^ ^ 3  C

w here  E ^ ^ r)  i s  shown i n  F ig u r e  2 . 4 ,  and i s  a m easu re  o f  t h e  e n e rg y  t r a n s f e r  

t o  t h e  f l a s h la m p  as  a f u n c t i o n  o f  t im e .

The a v e r a g e  pow er d i s s i p a t e d  by t h e  f l a s h l a m p  d u r i n g  th e  f i r s t  

c y c l e  i s  g iv e n  by

p = 0 .6 3 8  P (a )  —av z
o
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Thus t o  m axim ise  t h e  a v e ra g e  power (o r  p ea k  p o w e r ) , n e g l e c t i n g  o t h e r  

c o n s t r a i n t s ,  t h e  i n i t i a l  c a p a c i t o r  v o l t a g e  s h o u ld  be a s  l a r g e  as  p o s s i b l e  

and th e  c i r c u i t  im pedance  s h o u ld  be  as  s m a l l  as  p o s s i b l e .

F o r  t h e  c a s e  t<< 3 VhC we o b t a i n

P ( t )  ^  P (a )  “Y  t

Tliis  e q u a t i o n  shows t h a t  f o r  t h e  maximum r a t e  o f  r i s e  o f  pump

2
pow er,  and P ( a )  s h o u ld  b e  l a r g e  and th e  i n d u c t a n c e  o f  t h e  s y s te m  s m a l l .  

However, th e  s e l f  i n d u c t a n c e  o f  a f l a s h l a m p  i s  p r o p o r t i o n a l  t o  i t s  l e n g t h ,  

and i t s  a b i l i t y  t o  d i s s i p a t e  e n e r g y  i s  a l s o  p r o p o r t i o n a l  t o  i t s  l e n g t h .  

C o n s e q u e n t ly  one c a n n o t  a r b i t r a r i l y  i n c r e a s e  V^, and w i t h  i t  t h e  t o t a l  

e n e rg y  d i s s i p a t e d  by t h e  lamp, and a l s o  d e c r e a s e  L, w hich  d e c r e a s e s  t h e  

a b i l i t y  o f  t h e  lamp- t o  w i t h s t a n d  t h i s  e n e rg y .  T hese r e l a t i o n s  m ust  b e  

o p t im i s e d  s u b j e c t  t o  a d d i t i o n a l  r e s t r a i n t s .

2 .3  D e s ig n  o f  f l a s h l a m p  and c i r c u i t r y  f o r  a dye l a s e r

The d e s i g n  o f  t h e  f l a s h l a m p  and c i r c u i t r y  f o r  a dye l a s e r  i s  

g r e a t l y  d e p e n d e n t  upon w h e th e r  o r  n o t  t h e  dye i s  s u b j e c t  to  t r i p l e t  s t a t e  

q u e n c h in g .  I f  t h a t  i s  n o t  a p ro b le m ,  f o r  t h e  g r e a t e s t  p ea k  l a s e r  pow er, 

one m ust a c h ie v e  as  h i g h  a p e a k  pump power as  p o s s i b l e .  I f  t h e  t r i p l e t  

s t a t e  does  quench  th e  l a s e r  o u t p u t ,  i t  w i l l  b e  a d v a n ta g e o u s  t o  s a c r i f i c e  

h i g h  p e a k  power t o  g e t  a f a s t e r  r a t e  o f  r i s e .

An e m p i r i c a l  r e l a t i o n  w h ich  a p p e a r s  t o  d e s c r i b e  t h e  f u n c t i o n a l  

b e h a v io u r  o f  a f l a s h l a m p  e x p l o s i o n  l i m i t  i s  :

= a & d  (LC)" 

w here  I  i s  t h e  a r c  l e n g t h  i n  cms

d i s  t h e  d i a m e t e r  i n  cms

L and C a r e  t h e  t o t a l  i n d u c t a n c e  and c a p a c i t y  o f  t h e  c i r c u i t  and
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a i s  a c o n s t a n t  a b o u t  6 .8  x 10"  ̂ J  cm s which, i s  found  by 

m e a s u r in g  t h e  e x p l o s i o n  e n e rg y  o f  any lamp. T h is  e q u a t i o n  d e t e r m in e s  t h e  

e n e rg y  w h ic h ,  when d i s s i p a t e d  i n  t im e  3 w i l l  e x p lo d e  one h a l f  o f  t h e

f l a s h l a m p s  t e s t e d .  I t  a p p e a r s  t h i s  r e l a t i o n  h o l d s  v e r y  w e l l  f o r  p u l s e  

l e n g t h  g r e a t e r  th a n  10 ps and t o  b e  c o n s e r v a t i v e  f o r  d i s c h a r g e  t im e s  o f  

1 -2  ys i n  d u r a t i o n .  Th^ d ep en d en ce  o f  t h e  e x p l o s i o n  e n e rg y  on t h e  l e n g t h  o f  

t h e  d i s c h a r g e  i s  p a r t i c u l a r l y  i m p o r t a n t .  I f  one d o u b le s  t h e  l e n g t h  o f  t h e  

d i s c h a r g e ,  t h e  i n d u c t a n c e  i n c r e a s e s  a p p r o x im a te ly  by a f a c t o r  o f  tw o, w hich  

i n c r e a s e s  t h e  r i s e t i m e  by a f a c t o r  r-/2^ w h i l e  t h e  e n e rg y  w h ich  can be 

d i s s i p a t e d  by  t h e  lamp d o u b le s .  I t  a p p e a r s ,  t h e r e f o r e ,  t h a t  one can 

i n c r e a s e  th e  pumping power o u t p u t  by  by d o u b l in g  t h e  l e n g t h  o f  t h e  lamp. 

The a u t h o r s  show t h a t  t h e  p e a k  power i s

^max ^ ( a )  77— -  c o n s t  — -------------
^o V L

i n d i c a t i n g  t h a t  f o r  th e  h i g h e s t  power one s h o u ld  u se  as  h i g h  a v o l t a g e  as  

p o s s i b l e  and ch o o se  a l a r g e  v a l u e  o f  a .

The e f f e c t  o f  a c o n s t a n t  r e s i s t i v e  c i r c u i t  l o s s  w i l l  p ro d u c e  an 

e x t r a  Ri t e rm  i n  t h e  non  l i n e a r  d i f f e r e n t i a l  e q u a t i o n  f o r  t h e  c i r c u i t  

( e q u a t i o n  2 . ( 1 ) ) .  M ark ie w icz  and E m m e t t d i s r e g a r d e d  t h i s  t e rm  h a v in g  

showed t h a t  i n  any w e l l  d e s ig n e d  c i r c u i t  t h e  p u l s e  sh ap e  w i l l  d e v i a t e  l i t t l e  

f rom  th e  c a s e  w here  t h e  f l a s h l a m p  i s  th e  o n ly  l o s s y  e le m e n t .  They gave t h e  

l i m i t a t i o n s  o f  e q u a t i o n  2 . ( 1 ) ,  t h e  V - i  c h a r a c t e r i s t i c  o f  a  l i n e a r  xenon 

f l a s h l a m p ,  as  b e i n g  t h e  n e g l e c t i o n  o f  two m a jo r  lamp phenonmenon -  

h y s t e r e s i s  i n  t h e  V - i  c h a r a c t e r i s t i c  and t h e  p e r i o d  d u r i n g  a rc  f o r m a t i o n .

F o r  any p u l s e  l e n g t h ,  t h e r e  i s  a lw ays  a  s m a l l  amount o f  h y s t e r e s i s  

i n  t h e  V - i  c h a r a c t e r i s t i c ,  a l t h o u g h  i t  i s  n o t  a p ro b le m  f o r  p u l s e  d u r a t i o n s  

from  150 ys t o  4 ms. I t  d o e s ,  h o w ev er ,  become n o t i c e a b l e  f o r  lo n g  p u l s e s
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(>5 m s) ,  as  t h e  a r c  te n d s  t o  remove m a t e r i a l  f ro m  t h e  e l e c t r o d e s  and w a l l s ,

t h u s  p r o d u c in g  d i f f e r e n t  a r c  c h a r a c t e r i s t i c s .  H y s t e r e s i s  th u s  e n c o u n te r e d

d u r i n g  lo n g  p u l s e s  p ro d u c e s  10 t o  20% d e v i a t i o n  from  2 . ( 1 )  a l t h o u g h  t h i s  i s

n o t  u s u a l l y  s u f f i c i e n t  t o  n e c e s s i t a t e  c i r c u i t  r e d e s i g n .

H y s t e r e s i s  i s  a p ro b le m  f o r  s h o r t  p u l s e s  w here  a m a jo r  p o r t i o n

o f  t h e  p u l s e  t im e  i s  s p e n t  i n  t h e  t r a n s i t i o n  o f  t h e  d i s c h a r g e  t im e  from  a

s m a l l  f i l a m e n t  o r  s t r e a m e r  to  an a r c  t h a t  f i l l s  t h e  e n t i r e  d i s c h a r g e  volume

a v a i l a b l e .  F o r  s m a l l  lamps ( d i a m e te r  o f  d i s c h a r g e  column d = 1-5 mm) t h i s

t im e  i s  o f  t h e  o r d e r  o f  5 t o  30 y s .  F o r  l a r g e r  lamps (d = 10-20  mm) t h i s

m ig h t  be  as lo n g  as  50-^125 y s .  F o r  t o t a l  p u l s e  w id th s  c o m p arab le  t o  t h e s e

n u m b ers ,  t h e  p r e c e d i n g  a n a l y s i s  s e r v e s  o n ly  as  a good s t a r t i n g  p o i n t  f o r

d e s i g n .  D u r in g  th e  p e r i o d  o f  a r c  f o r m a t i o n ,  e i t h e r  o r  b o t h  o f  t h e  a r c

i n d u c t a n c e  L ^ ( t )  and i t s  t im e  d e r i v a t i v e  L ^ ( t )  become i m p o r t a n t .  (Assume

L ( t )  = L a t  t  = 0 and L ( t )  = 0 when th e  a r c  h a s  r e a c h e d  th e  w a l l s  o f  t h e  a  a a

t u b e ) .  The non l i n e a r  d i f f e r e n t i a l  e q u a t i o n  show ing  d ep en d en ce  on t h e s e  

te rm s  i s
tI- j) + i / idt = \

o

w h ich  can be  expanded  as

r  . .  r  1 d L ( t> n  1 f

LI + di A +1 +c j i “ ’o
o

I n  s h o r t  p u l s e  s y s t e m s ,  w h ere  t h e  t o t a l  d i s c h a r g e  c i r c u i t  i n d u c t a n c e

i s  k e p t  as  s m a l l  as  p o s s i b l e ,  th e  i n d u c t a n c e  o f  th e  a r c  i s  i m p o r t a n t ,  and

i s  u s u a l l y  i n c l u d e d  as  t h e  v a l u e  o f  t h e  f u l l  s i z e d  a r c .  However, i n i t i a l l y

i t  i s  l a r g e r  d u e  t o  t h e  e x t r e m e ly  s m a l l  f i l a m e n t  s i z e .  D u r in g  t h e  g ro w th

o f  t h e  a r c  d L ^ ( t ) / d t  i s  a  n e g a t i v e  num ber. At h i g h  c u r r e n t ,  t h e r e f o r e ,
1

t h e  te rm  | i  d L ^ ( t ) / d t  can  b e  q u i t e  s i g n i f i c a n t .  I n  f a c t ,  i t  i s  q u i t e
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u s u a l  i n  h i g h  power m ic ro s e c o n d  p u l s e  s y s te m s  t o  o b s e r v e  a n e g a t i v e  v o l t a g e

drop  a c r o s s  t h e  lamp d u r in g  th e  f i r s t  p o r t i o n  o f  t h e  p u l s e .  (A p o s i t i v e

d rop  b e i n g  t h e  iR  d ro p  w i t h  r e s p e c t  to  c u r r e n t  d i r e c t i o n ) . The m easu re  o f

damping i s a = K / ( V  Z ) ^ .  D u r in g  a r c  f o r m a t i o n  Z > Z and a l s o  K ca n  be 
o o o o

<K^. B oth  o f  t h e s e  e f f e c t s  t e n d  t o  p ro d u c e  a  p u l s e  t h a t  i s  more u n d e r  

damped th a n  would be e x p e c t e d .
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CHAPTER I I I  

THE ELECTRICAL DRE/ING SYSTEM

3 .1  I n t r o d u c t i o n

Very f a s t  d i s c h a r g e  s y s te m s  h av e  b ee n  s u c c e s s f u l l y  a p p l i e d  t o  H^ 

and Ne h i g h  g a in  l a s e r s .  The e x c i t a t i o n  o f  a s e l f  t e r m i n a t i n g  s u p e r 

r a d i a n t  gas l a s e r  r e q u i r e d  t h e  p r o d u c t i o n  o f  a d i s c h a r g e  w i t h  a  h i g h  c u r r e n t  

d e n s i t y  e s t a b l i s h e d  w i t h  an e x t r e m e ly  f a s t  i n i t i a l  r i s e .  T hese  sy s tem s  

c o n s i s t  o f  an e n e r g y  s t o r a g e  u n i t ,  a p u l s e  fo rm in g  n e tw o rk  and  a l a s e r  tu b e .  

The components o f  t h e  s y s te m  a r e  i n t e r d e p e n d e n t  and s e v e r a l  d e s i g n  

c o m b in a t io n s  may b e  fo u n d  i n  t h e  l i t e r a t u r e .  The more r e c e n t  s y s te m  i n v o l v e  

t h e  s u c c e s s f u l  a p p l i c a t i o n  o f  m o d i f i e d  B lu m le in  c i r c u i t s  f o r  h i g h  g a i n  H^,

N^ and Ne p u l s e d  l a s e r s 86)^

The s y s te m  u se d  f o r  t h e  p r e s e n t  w ork  was a m o d i f i e d  B lu m le in  

c i r c u i t  n o t  p r e v i o u s l y  u s e d .  I t  fo rm ed t h e  d r i v i n g  c i r c u i t  f o r  b o t h  l i n e a r  

and c o a x i a l  f l a s h t u b e s  and a gas  c e l l .  The f l a s h l a m p s  w ere  u s e d  t o  e x c i t e  

an  o r g a n ic  dye b u t  c o u ld  h a v e  a l s o  b ee n  u sed  f o r  e x c i t i n g  a ru b y  ro d  f o r  

ex a m p le ,  o r  as  a f l a s h l i g h t  f o r  f l a s h  p h o t o l y s i s .  The gas  c e l l  was u sed  

in  c o n j u n c t i o n  w i t h  N^ to  p ro d u c e  a s u p e r r a d i a n t  l a s e r  o p e r a t i n g  a t  3371 2 .

3 .2  The B lu m le in  s y s te m

The B lu m le in  s y s te m ^ ^ ^ ^ ,  p a t e n t e d  u n d e r  t h e  h e a d in g  " Im provem en ts

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

A lan  Dower B lu m le in ,  c o n s i s t s  o f  c a p a c i t o r s  and i n d u c t o r s  c o n s t i t u t i n g  an 

a r t i f i c i a l  t r a n s m i s s i o n  l i n e  w hich  i s  c h a r g e d ,  and th e n  s h o r t e d  t o  o b t a i n  a 

p u l s e  o f  l e n g t h  e q u a l  to  t h e  p r o p a g a t i o n  t im e  o f  t h e  d i s c h a r g e  wave down 

t h e  l i n e .  The o r i g i n a l  g e n e r a t o r  was d e s ig n e d  t o  d r i v e  a m ag n e tro n  f o r  u se  

i n  r a d a r .

F ig u r e  3 .1  shows a s c h e m a t ic  d ia g ra m  o f  t h e  p u l s e  g e n e r a t o r  

o r i g i n a l l y  u s e d .  The c i r c u i t  i s  a r r a n g e d  so  t h a t  a p o s i t i v e  v o l t a g e  

d e v e lo p e d  a c r o s s  t h e  t r a n s f o r m e r ,  6 ,  from  ac s u p p ly  c a u s e s  c u r r e n t  t o  f lo w

62



n

Pi01
ë

wt/5
ëru

o

g

ë

A
U
H
H

UCO

O
HP4

63



th ro u g h  th e  d i o d e ,  5 ,  w hich  c h a rg e s  t h e  c a p a c i t o r s  i n  t h e  two t im e  d e l a y  

networl<s 1 and 2. A f t e r  t h e  c a p a c i t o r s  h a v e  b e e n  c h a rg e d  and t h e  v o l t a g e  

a c r o s s  t h e  t r a n s f o r m e r  h a s  become n e g a t i v e  to  r e n d e r  t h e  d io d e  non c o n d u c t in g  

a t r i g g e r  p u l s e  i s  a p p l i e d  t o  th e  g r i d  o f  t h e  t h y r a t r o n ,  4 .  The t r i g g e r  

p u l s e  c a u s e s  t h e  anode  im pedance  to  f a l l  t o  a v e r y  low v a l u e  e n a b l i n g  th e  

v o l t a g e  a c r o s s  t h e  l e f t  h an d  s i d e  o f t h e  n e tw o r k  t o  f a l l  r a p i d l y  t o  z e r o .

T h is  f a l l i n g  v o l t a g e  p r o p a g a t e s  as  a wave fro m  th e  l e f t  hand  s i d e  o f  t h e  

n e tw o rk  to w ard s  t h e  r i g h t .  l#ien i t  r e a c h e s  t h e  m ag n e tro n  (3) i t  i s  r e f l e c t e d  

i n  r e v e r s e d  s e n s e  c a u s in g  th e  m ag n e tro n  to  become c o n d u c t i n g ,  s i n c e  t h e  

m ag n e tro n  i s  c o n n e c te d  i n  su ch  a way t h a t  i t  w i l l  o n ly  a b s o rb  e n e rg y  when 

th e  v o l t a g e  becomes n e g a t i v e .  C o n s e q u e n t ly  t h e  o r i g i n a l  v o l t a g e  d ro p  i s  

p a r t l y  t r a n s m i t t e d  th r o u g h  th e  m ag n e tro n  i n t o  t h e  n e tw o r k ,  2 , and p a r t l y  

r e f (  l e c t e d  b ac k  i n t o  t h e  n e tw o rk  1 . The c a th o d e  o f t h e  m ag n e tro n  i s  th u s  

h e l d  a t  a n e g a t i v e  v o l t a g e  w h i l e  i t s  anode re m a in s  p o s i t i v e  due t o  t h e  

v o l t a g e  on t h e  n e tw o r k ,  2. T h is  s t a t e  o f  a f f a i r s  p e r s i s t s  u n t i l  t h e  t r a n s 

m i t t e d  and r e f l e c t e d  waves a r e  e a ch  r e f l e c t e d  a t  t h e  r e s p e c t i v e  ends  of 

t h e  n e tw o rk  and r e t u r n  t o  t h e  m a g n e t ro n ,  w hereupon  th e  v o l t a g e  a c r o s s  th e

m ag n e tro n  c o l l a p s e s .  I f  t h e  t im e  d e l a y s  o f  e a c h  o f  t h e  n e tw o rk s  a r e  madeCR7')
e q u a l  and t h e i r  c h a r a c t e r i s t i c  im pedances  a r e  a r r a n g e d  t o  b e  e q u a l  t o  

h a l f  t h e  o p e r a t i n g  im pedance o f  t h e  m a g n e t r o n ,  ( i e  e a c h  arm o f  t h e  netwoVk 

w i t h  im pedance and th e  m ag n e tro n  im pedance 2 Z ^ ) ,  t h e n  as  i t  draws 

c u r r e n t  i t s  im pedance m a tch e s  t h a t  o f  t h e  two n e tw o r k s  i n  s e r i e s .

C o n s e q u e n t ly  one h a l f  o f  t h e  open c i r c u i t  v o l t a g e  w h ich  would be d e v e lo p e d  

i n  th e  a b s e n c e  o f  th e  m a g n e t ro n ,  i s  s e t  up a c r o s s  t h e  m ag n e tro n .  T hus, 

w i t h  t h i s  a r r a n g e m e n t  th e  v o l t a g e  d e v e lo p e d  a c r o s s  t h e  m ag n e tro n  i s  d o u b le d  

and becomes s u b s t a n t i a l l y  e q u a l  to  t h a t  w h ich  e a c h  o f  t h e  n e tw o rk s  w ere  

c h a rg e d .  In  o t h e r  w o rd s ,  i f  e a c h  arm o f  t h e  n e tw o rk  was c h a rg e d  to  a 

v o l t a g e  V, a f t e r  b e i n g  t r i g g e r e d  a v o l t a g e  o f  m a g n i tu d e  2V w i l l  b e  d e v e lo p e d
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a c r o s s  t h e  m ag n e tro n  u n t i l  i t  s t a r t s  c o n d u c t in g  whereCupon th e  v o l t a g e  w i l l  

f a l l  t o  V. I t  s h o u ld  be  n o t e d  h e r e  t h a t  t h e  m ag n e tro n  c o u ld  be  t r a n s f e r r e d  

from  t h e  h i g h  v o l t a g e  l i n e  to  t h e  e a r t h e d  l i n e  o f  t h e  n e tw o rk  ( so  t h a t  

t h e  anode o f  t h e  m ag n e tro n  i s  e a r t h e d ,  a s  shom i i n  F ig u r e  3 . 2 ) .

3 ,3  P u l s e  p e r fo rm a n c e  when d i s c h a r g i n g  two c a b l e s  i n  B lu m le in

c o n n e c t i o n i n t o  a m ism a tch ed  r e s i s t a n c e  lo a d

( 88)
A p r a c t i c a l  fo rm  o f  t h e  o r i g i n a l  B lu m le in  c i r c u i t  i s  shown in

F ig u r e  3 . 3 .  B oth  c o a x i a l  c a b l e s  a r e  o f  e q u a l  l e n g t h  and im pedance and a r e  

c o n n e c te d  so  t h a t  t h e  lo a d  i s  v i r t u a l l y  i n  s e r i e s  w i t h  them. The c a b l e s  

a r e  c h a rg e d  i n  p a r a l l e l  and d i s c h a r g e d  by a s w i t c h  p l a c e d  d i r e c t l y  a c r o s s  

one c a b l e  a t  t h e  end re m o te  from  t h e  l o a d .  We assum e t h a t  t h e  c a b l e s  a r e  

i d e a l ,  and t h a t  t h e  c h a r g in g  and s e p a r a t i n g  i n d u c t a n c e  and dam ping c i r c u i t s  

h av e  s u f f i c i e n t l y  h ig h  im pedance f o r  t h e i r  e f f e c t s  to  b e  i g n o r e d .  I n  o r d e r  

t o  s i m p l i f y  t h e  a n a l y s i s ,  l e t  t h e  two c a b l e s  d i s c h a r g e  i n t o  a  l i n e a r  

r e s i s t a n c e  lo a d  i n  a c i r c u i t  w h ich  h a s  b ee n  a r r a n g e d  as  shown F ig u r e  3 . 4 .  

T h is  i n  no way a f f e c t s  t h e  p r i n c i p l e  o f  t h e  c i r c u i t L e t  b o th  c a b l e s  

b e  c h a rg e d  t o  a v o l t a g e  +E, e a c h  c a b l e  h av e  t h e  same t r a n s i t  t im e  T, and th e  

same c h a r a c t e r i s t i c  im pedance Z^.

L e t  ( i )  t h e  v o l t a g e  f r a c t i o n  o f  a t r a v e l l i n g  wave a p p r o a c h in g  R 

w h ich  i s  r e f l e c t e d  b e  3 

( i i )  t h a t  w h ich  a p p e a r s  a c r o s s  R b e  y 

( i i i )  t h a t  w h ich  p a s s e s  on i n t o  t h e  o t h e r  c a b le  b e  6 

Then a p p l y i n g  Ki r c h o f f s  Laws i t  can  b e  shown in  t h i s  c a s e

2 7
R y .  5 = . . .  (1)

R + 2Z ' -  R + 2Z R + 2Zo - o  o

( i f  Y i s  c o n s i d e r e d  p o s i t i v e  f o r  a wave a p p r o a c h in g  from  th e  l e f t ,  i t  m ust 

b e  n e g a t i v e  f o r  a wave a p p r o a c h in g  from  th e  r i g h t ) .
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A wave a p p r o a c h in g  th e  r i g h t  hand o r  open  end o f  c a b l e  2 i s  

r e f l e c t e d  w i th  c o e f f i c i e n t  +1 f o r  v o l t a g e  and -1  f o r  c u r r e n t ,  and a wave 

a p p r o a c h in g  th e  l e f t  hand  s p a r k  gap c l o s e d  end  o f  number 1 c a b le  i s  r e f l e c t e d  

w i th  th e  c o e f f i c i e n t  - 1  f o r  v o l t a g e  and +1 f o r  c u r r e n t  ( s e e  A ppendix  I I I ) .

The i n i t i a l  t r a v e l l i n g  wave w h ich  s t a r t s  f rom  th e  s w i t c h  h a s  v o l t a g e  

a m p l i tu d e  -E and by r e f e r e n c e  t o  a t im e  l a t t i c e  d ia g ra m  ( F i g u r e  3 .4 )  o f  t h e  

ty p e  due t o  L V B ew ley , i t  can  b e  s e e n  t h a t  t h e  v o l t a g e  V a p p e a r i n g  a c r o s s  

t h e  lo a d  i s  g iv e n  by

V = - ey 1 1 -  (B+5) + c e ^ - s ^ )  -  (6+fi) + ..........................(2 )

But 3 + 5  = 1 ( f ro m  ( 1 ) ) ,  so  t h i s  can  be w r i t t e n

? 9 9  9  ""
. . .  (3)

r~ ?  9  ?  9  ? 2 2 2 2 2
V = -EY l ^ l ) - ( l )  + (3 -& ) -  (B - 6  ) + (3 - 6 ^ )  -  (3 - 6  ) + . . .

w here  e a c h  e x p r e s s i o n  i n  s m a l l  b r a c k e t s  i s  s e p a r a t e d  from  t h e  one b e f o r e  i t  

by a t im e  2T, and t h e  f i r s t  t e rm  s t a r t s  a t  a t im e  T a f t e r  t h e  s w i t c h  f i r s t  

c l o s e s .  3 and S a r e  b o t h  l e s s  t h a n  u n i t y  so t h e  s e r i e s  c o n v e r g e s ,  o r  i s  

damped, a s  i t  m ust b e  from  t h e  n a t u r e  o f  t h e  c i r c u i t .  The s p e c i a l  m atch ed  

lo a d  c o n d i t i o n  t h a t  no v o l t a g e  s h a l l  a p p e a r  a c r o s s  R, a f t e r  t h e  f i r s t  

r e c t a n g u l a r  p u l s e ,  i s  g iv e n  by m aking  3=6, o r  R = 2Z^ ( f ro m  (1) and ( 3 ) ) .  

D u rin g  t h e  f i r s t  p u l s e ,  e q u a t i o n  (3) l e a d s  t o  t h e  r e l a t i o n s h i p  2E = V + 2 ^1 , 

w here  V i s  t h e  p u l s e  v o l t a g e  and I  t h e  p u l s e  c u r r e n t .  ( E q u a t io n  o b t a i n e d  by 

s u b s t i t u t i n g  f o r  y ) .  Thus we can  s e e  t h a t  f o r  no c u r r e n t  f l o w in g  th ro u g h  

t h e  l o a d ,  t h e  p u l s e  v o l t a g e  a p p e a r i n g  a c r o s s  t h e  lo a d  i s  e q u a l  t o  tw ic e  th e  

c h a r g in g  v o l t a g e .  A p i c t o r i a l  r e p r e s e n t a t i o n  o f  B lu m le in  c i r c u i t  a c t i o n  

w i t h  a m atched  lo a d  i s  g iv e n  i n  F ig u r e  3 . 5 .  I t  shows a s p a c e / t i m e  p i c t u r e  

o f  v o l t a g e  and c u r r e n t  c o n d i t i o n s  when two c a b l e s  i n  B lu m le in  c o n n e c t io n  

a r e  d i s c h a r g e d  i n t o  a m atched  r e s i s t a n c e  lo a d .
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3 .4  M o d if ie d  B lu m le in  p u i s e r

The e n e rg y  s t o r i n g  c a p a c i t o r  u se d  i n  t h e  f o l l o w i n g  e x p e r im e n t  

i s  a  s p e c i a l l y  d e s ig n e d  s t r i p  l i n e  ty p e  o f  B lu m le in  p u i s e r  w here  t h e  

t r a n s m i s s i o n  l i n e s  a r e  made o f  t h i n  m e ta l  s h e e t s  i n s u l a t e d  by  s o l i d

d i e l e c t r i c .  B lu m le in  p u l s e r s  o f  v a r i o u s  t y p e s  h av e  b ee n  u s e d  by w o rk e rs

(89) (82) (83) (84)  ̂ ^  ̂ (82) . , . .i n  t h e  p a s t  and a t y p i c a l  s y s te m  i s  shoim  i n  F ig u r e  3 .6 .

G e n e r a l l y ,  t h i s  s y s te m  h a s  b e e n  u sed  f o r  t r a n s v e r s e  pumping o r  e x c i t a t i o n  

o f  a gas  c o n f in e d  by  some fo rm  o f  d i e l e c t r i c  t o  t h e  r e g i o n  w h ere  t h e  gap 

i s  c u t  i n t o  t h e  to p  c o n d u c to r  as shown i n  F ig u r e  3 .6 .  H igh v o l t a g e  i s  fe d  

i n t o  th e  to p  c o n d u c to r ,  and t h e  b o t to m  c o n d u c to r  i s  e a r t h e d .  At one end 

o f  t h e  s y s te m ,  u s u a l l y ,  t h e r e  i s  a s p a r k  gap b e tw een  t h e  two c o n d u c to r s .

When t h e  s p a r k  gap t r i g g e r s  a v o l t a g e  s t e p  ( o p p o s i t e  i n  p o l a r i t y  to  t h e  

c h a r g i n g  v o l t a g e )  i s  g e n e r a t e d  w h ic h  p r o p a g a t e s  a lo n g  t h e  l i n e  w i t h  a sp ee d  

o f  t o  d e l i v e r  power i n t o  t h e  l o a d .  The lo a d  h e r e  i s  t h e  gas  i n  t h e

gas  c e l l .  The v o l t a g e  d e v e lo p e d  a c r o s s  t h e  c e l l  b e f o r e  i t  b r e a k s  down i s  

tw ic e  t h e  m ag n i tu d e  o f  t h e  c h a r g in g  v o l t a g e .  T h is  s u b s t a n t i a l l y  h e l p s  

breakdow n t o  o c c u r  i n s i d e  t h e  tu b e  o r  gas  c e l l .

The sy s tem  shown i n  F ig u r e  3 .6  may be  g iv e n  a s y m m e t r i c a l  form  

by f o l d i n g  th e  B lu m le in  c i r c u i t  i n  th e  m anner shown i n  F ig u r e  3 .7  and F ig u r e  

3 .8 .  The two arms o f  t h e  B lu m le in  c i r c u i t  h av e  b ee n  f o l d e d  t o g e t h e r  and th e  

h i g h  v o l t a g e  i s  now a t t a c h e d  to  t h e  m id d le  e l e c t r o d e .  The b o t to m  e l e c t r o d e  

i s  e a r t h e d  and a f l a s h t u b e ,  o r  gas  c e l l  may b e  c o n n e c te d  a c r o s s  t h e  two 

o u t e r  e l e c t r o d e s .  The b l e e d e r  c h a in  k ee p s  t h e  to p  e l e c t r o d e  a t  e a r t h  

p o t e n t i a l  d u r in g  th e  c h a r g in g  up p e r i o d .  The B lu m le in  c a p a c i t o r  i s  

d i s c h a r g e d  by u s i n g  a t r i g g e r e d  s p a r k  gap b e tw een  t h e  c e n t r a l  e l e c t r o d e  

and th e  b o t to m  e l e c t r o d e .  I n  t h e  e a r l i e r  e x p e r i m e n t s ,  th e  s p a r k  gap u sed  

was an o r d i n a r y  a i r  gap w here  v o l t a g e  h o ld  o f f  c o u ld  be  v a r i e d  b e tw e en  5 

and 15 kV. F o r  t h e  l a t e r  e x p e r im e n ts  a t r i g g e r e d  and p r e s s u r i s e d  m u l t i -
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c h a n n e l  s p a r k  gap was u s e d .  The amount o f e n e rg y  t h a t  i s  s t o r e d  i n  t h i s  

sy s tem  f o r  a g iv e n  v o l t a g e  and f o r  a  f i x e d  d i s t a n c e  b e tw e en  t h e  two 

c o n d u c to r s  depends  on t h e  a r e a  o f  t h e  t r a n s m i s s i o n  l i n e .  I n  t h e  work 

r e p o r t e d  h e r e  f o u r  s l i g h t l y  d i f f e r e n t  sy s te m s  w ere  u sed  r a n g in g  from  a 

p r o t o t y p e  low e n e rg y  one t o ' a  h i g h  e n e rg y  one w i t h  w h ich  we a c h ie v e d  l a s i n g  

a c t i o n  from  Rh 6G i n  m e th a n o l .

The m o d i f i e d  B lu m le in  d e s c r i b e d  i n  F ig u r e  3 .7  p e r m i t t e d  t h e  

c o n s t r u c t i o n  o f  a com pact p u l s e  fo rm in g  d e v i c e  w h ich  was u se d  w i t h  s l i g h t  

a d a p t i o n s ,  w i th  l i n e a r  and c o a x i a l  f l a s h l a m p s ,  i n  o r d e r  t o  pump an o r g a n ic  

d y e ,  and w i th  a gas  c e l l  i n  o r d e r  t o  o b t a i n  a t r a n s v e r s e  pumped n i t r o g e n  

l a s e r .

3 .5  M a tch in g  t h e  B lu m le in  t o  t h e  lo a d

L o ok ing  c l o s e l y  a t  t h e  d e s i g n  o f  t h e  m o d i f i e d  p u i s e r  shown i n  

F ig u r e  3 .7  i n d i c a t e s  a t r a n s i t i o n  r e g i o n  from  t h r e e  c o n d u c to r s  t o  two 

c o n d u c to r s  b e f o r e  r e a c h i n g  t h e  lo a d  ( i e  t h e  f l a s h l a m p ) .  S t r i c t l y  s p e a k in g  

t o  t h e  B lu m le in  p u l s e  g e n e r a t o r  ( t h a t  p a r t  c o n s i s t i n g  o f  t h r e e  c o n d u c t o r s ) ,  

th e  e x te n d e d  two c o n d u c to r  r e g i o n  i s  i t s e l f  a l o a d .  F o r t u n a t e l y ,  by  s im p le  

c a r e f u l  c o n s t r u c t i o n  t h i s  lo a d  can  be c o n s i d e r e d  t o  be v e r y  c l o s e l y  m atched  

to  t h e  o u t p u t  im pedance o f t h e  p u i s e r  and i d e a l l y  p u r e l y  r e s i s t i v e .  T h e re 

f o r e  t h i s  s h o u ld  n o t  p ro d u c e  v e r y  much m ism a tc h .  F o r  a l l  p r a c t i c a l  p u r p o s e s ,  

t h e  " g e n e r a t o r "  p a r t  o f  t h e  B lu m le in  p u i s e r  can  be  i d e n t i f i e d  a s  th e  p a r t  

c o n t a i n i n g  th e  t h r e e  s h e e t s  o f  m e ta l  o f  e q u a l  l e n g t h ,  and t h e  e x te n d e d  

r e g io n  o f  th e  two o u t e r  s h e e t s  a s  a "m a tch ed  t r a n s m i s s i o n  l i n e "  t o  c a r r y  

t h e  power d e l i v e r e d  by th e  g e n e r a t o r  t o  t h e  l o a d .

The c o n s t r u c t i o n a l  d e t a i l s  f o r  a c h i e v i n g  t h e  above s t a t e  o f  a f f a i r s  

i s  shovm i n  F ig u r e  3 . 8 .  The r e g i o n  beyond  t h e  end o f  t h e  c e n t r e  c o n d u c to r  

c o n t a i n s  d o u b le  th e  t h i c k n e s s  o f  d i e l e c t r i c  com pared w i t h  t h e  gap b e tw een  

t h e  o t h e r  c o n d u c to r s .  As t h e  c h a r a c t e r i s t i c  im pedance  o f  t h e  l i n e  can  be
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w r i t t e n  = 3 7 7 /  (d/w) ohms w here  i s  th e  r e l a t i v e  p e r m i t i v i t y

o f  t h e  d i e l e c t r i c ,  d i s  t h e  t h i c k n e s s  o f  t h e  d i e l e c t r i c  and w t h e  w id th  o f  

t h e  c o n d u c to r  th e n  we s e e  t h a t  by i n c r e a s i n g  d to  2d ( a s  we h av e  done in  th e  

e x te n d e d  two c o n d u c to r  r e g io n )  we h a v e  i n c r e a s e d  t h e  c h a r a c t e r i s t i c  

im pedance from  to  2Z^. Work c a r r i e d  o u t  i n v o lv e d  th e  u s e  o f  a B lu m le in  

p u i s e r  w i t h  th e  c e n t r a l  c o n d u c to r  n e a r l y  t h e  same l e n g t h  a s  t h e  o t h e r  two 

c o n d u c to r s ,  and t h e  c e n t r e  c o n d u c to r  o n ly  h a l f  t h e  l e n g t h  o f  t h e  o t h e r  two 

c o n d u c to r s .  As th e  lo a d s  we u s e d  w e re  n e v e r  m atched  t o  t h e  t r a n s m i s s i o n  

l i n e  t h e r e  e x i s t e d  r e f l e c t e d  p u l s e s .  Tlie e f f e c t  o f  t h e  d i f f e r i n g  t r a n s 

m i s s io n  l i n e  l e n g t h  to  g e n e r a t o r  l e n g t h  on t h e  s e p a r a t i o n  o f  e l e c t r i c a l  

p u l s e s  d e l i v e r e d  t o  t h e  lo a d  i s  e x p l a i n e d  w i t h  t h e  a i d  o f  f i g u r e  3 . 9 .  I n  

F ig u r e  3 .9  t h e  c e n t r e  c o n d u c to r  i s  a lm o s t  t h e  same l e n g t h  as  t h e  o u t e r  two 

c o n d u c to r s .  I n  t h i s  d ia g ra m ,  l e t  t h e  t r a n s i t  t im e  o f  th e  v o l t a g e  p u l s e  

from  th e  s p a r k  gap w here  i t  was i n i t i a t e d ,  t o  t h e  end  o f  t h e  m id d le  

c o n d u c to r  b e  t . T h is  can  b e  r e g a r d e d  as  a B lu m le in  g e n e r a t o r  d r i v i n g  a 

m atched  lo a d  and w i l l  y i e l d  a r e c t a n g u l a r  p u l s e  o f  d u r a t i o n  2t a s  was shown 

e a r l i e r .  The t r a n s m i s s i o n  l i n e  f o r  t h i s  s y s te m  i s  v e r y  s h o r t  and th e  

t r a n s i t  t im e  o f  t h e  v o l t a g e  p u l s e  b e tw e en  t h e  g e n e r a t o r  and t h e  lo a d  

( f la s h la m p  f o r  exam ple ) i s  c o n s i d e r a b l y  s m a l l e r  and w i l l  b e  d e n o te d  fix.

F o r  su ch  an ex am p le .  F ig u r e  3 .9  shows th e  t im e  s c a l e s  i n v o lv e d  f o r  t h e  

i n i t i a l  and f i r s t  r e f l e c t e d  e l e c t r i c a l  p u l s e  b e i n g  d e l i v e r e d  t o  t h e  lo a d  

f rom  t h e  i n i t i a t i o n  o f  th e  s p a r k  g ap .  As can  be s e e n ,  t h e  r e f l e c t e d  p u l s e  

c l o s e l y  f o l lo w s  th e  i n i t i a l  p u l s e .

R e f e r r i n g  t o  F i g u r e  3 .1 0 ,  w here  t h e  l e n g t h  of t h e  g e n e r a t o r  i s  

t h e  same as  t h e  l e n g t h  o f t h e  t r a n s m i s s i o n  l i n e ,  we can  s e e  t h a t  t h e  i n i t i a l  

and r e f l e c t e d  p u l s e  a r e  s e p a r a t e d  by a t im e  e q u a l  t o  t h e  d u r a t i o n  o f  th e  

e l e c t r i c a l  p u l s e .  T h is  i s  u s e f u l  f o r  s e p a r a t i n g  t h e  f a s t  f rom  th e  s low  

p r o c e s s e s  i n  a gas  d i s c h a r g e .  I n  f a c t  t h e  r e f l e c t e d  p u l s e  would  n o t  h av e  a
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r e c t a n g u l a r  sh ap e  b u t  would t a i l  o f f  i f  t h e  f l a s h t u b e  s t a r t e d  c o n d u c t in g  d u r in g  

th e  f i r s t  p u l s e  c a u s in g  t h e  amount o f  r e f l e c t i o n  to  f a l l  o f f .

3 .6  The M u l t i - C h a n n e l  S p a rk  Gap

The f i r s t  s w i t c h  u se d  t o  d i s c h a r g e  t h e  B lu m le in  was a s i n g l e  s p a r k  

gap o p e r a t i n g  a t  a tm o s p h e r i c  p r e s s u r e  i n  a i r  t r i g g e r e d  by a f a s t  r i s i n g  

h ig h  v o l t a g e  p u l s e  a p p l i e d  to  a  t h i r d  e l e c t r o d e  as  shoivn i n  F ig u r e  3 ( 1 1 ) .

The two main e l e c t r o d e s  c o n s i s t e d  o f  a s t e e l  b a l l  b e a r i n g  i n  d i a m e te r  

s o l d e r e d  t o  t h e  end o f  a b r a s s  s c r e w .  T h is  h ad  a lo c k  n u t  t o  f i x  th e  

p o s i t i o n  o f  t h e  b a l l  b e a r i n g  r e l a t i v e  t o  t h e  b r a s s  p l a t e  w h ich  a t t a c h e d  to  

t h e  s t r i p  l i n e .  V o l ta g e  h o ld  o f f  was o b t a i n e d  by th e  s e p a r a t i o n  o f  th e  two 

b a l l  b e a r i n g s .  The t r i g g e r  e l e c t r o d e  c o n s i s t e d  o f  an i n s u l a t e d  w i r e  w i th  

an u n i n s u l a t e d  p o i n t e d  en d .  T h is  was p a s s e d  down t h e  c e n t r e  o f  t h e  e a r t h  

s i d e  e l e c t r o d e  w h ich  had  b e e n  d r i l l e d  o u t  as  shown i n  F ig u r e  3 .1 1 .  The 

e l e c t r o n i c  d r i v i n g  u n i t s  f o r  t h e  s y s te m  a r e  shown i n  F ig u r e s  3 .1 2  and 3 .1 2 b .

The c e n t r e  c o n d u c to r  o f  t h e  B lu m le in  p u i s e r  was c h a rg e d  th ro u g h  a c u r r e n t  

l i m i t i n g  r e s i s t a n c e  ( y l  M^) by a B ran d e n b u rg  h i g h  v o l t a g e  power s u p p ly .

The t r i g g e r  p u l s e  was g e n e r a t e d  by  th e  c i r c u i t  shoim. i n  F ig u r e  3 .1 2 b .  

A p p ro x im a te ly  5 kV can  be  p u t  a c r o s s  t h e  k r y t r o n  (KN22), t h e  g r i d  r e q u i r i n g  

a b o u t  750 V and t h e  k eep  a l i v e  c u r r e n t  l i m i t e d  to  a b o u t  1 m i l l i a m p .

In  l a t e r  w ork ,  t h e  s i n g l e  s p a r k  gap was r e p l a c e d  by a m u l t i - c h a n n e l  

s p a r k  gap where  v o l t a g e  h o l d  o f f  was a d j u s t e d  by d i f f e r e n c e s  i n  p r e s s u r e  

w i t h i n  t h e  gap . The m ain a d v a n ta g e s  o f  a m u l t i - c h a n n e l  s p a r k  gap a re^ ^ ^ ^

(1) Lower i n d u c t a n c e  i s  o b t a i n a b l e  and th u s  f a s t e r  r i s e t i m e  

p u l s e s  may be g e n e r a t e d .

(2) E l e c t r o d e  e r o s i o n  i s  r e d u c e d  w here  t h e  c u r r e n t  i s  c a r r i e d  i n  

a r e a s o n a b l e  number o f c h a n n e l s .

78



w 0) Çu

60 4J
60 O

H <U
0) rd 
OT O
W (\3 d
PQ d

79



o
• Hd
•S
uo•d
<uQ>r-<
PQ

(U
•SW
w
d

W)o4JdwO)

&
d
w

â

s

80



Q)
Ou

(X
o  o
O  CS«m

CM
CM

m

O (Min

o -

g

wI

,QCM

I

81



To a c h ie v e  m u l t i - c h a n n e l  o p e r a t i o n ,  t h e  gap b e tw e en  e a c h  p a i r  o f  

e l e c t r o d e s  s h o u ld  be  made e q u a l  as  a c c u r a t e l y  as  p o s s i b l e .  T h u s ,  a l t e r i n g  

t h e  gap h o ld  o f f  v o l t a g e  by  i n c r e a s i n g  t h e  s p a c e  b e tw e en  t h e  e l e c t r o d e s  was 

no l o n g e r  a v i a b l e  p r o p o s i t i o n .  T h e r e f o r e  we u s e d  t h e  change  o f p r e s s u r e  

i n s i d e  t h e  s p a r k  gap to  a d j u s t  th e  breakdow n p o t e n t i a l .  I n d u s t r i a l  g ra d e  

n i t r o g e n  was u sed  t o  p r e s s u r i s e  t h e  gap i n  p r e f e r e n c e  t o  a rg o n  -  t h e  o t h e r  

gas we t r i e d .  The v o l t a g e  h o l d  o f f  o f  n i t r o g e n  d e c r e a s e d  by  a l e s s e r  

amount p e r  s h o t  th a n  t h a t  u s i n g  a r g o n ,  i n c r e a s i n g  t h e  w o rk in g  l i f e  of th e  

gap b e tw een  o v e r h a u l s .

The f i r s t  m u l t i - c h a n n e l  s p a r k  gap c o n t a i n e d  f i v e  e l e c t r o d e  p a i r s .  

A f t e r  a b o u t  200 s h o t s  w i t h  t h i s  s p a r k  g ap ,  i t  w ould  no l o n g e r  h o ld  o f f  th e  

r e q u i r e d  v o l t a g e  no m a t t e r  how much th e  p r e s s u r e  w i t h i n  t h e  s p a r k  gap was 

i n c r e a s e d .  E v a c u a t in g  t h e  s p a r k  gap t o  a p r e s s u r e  of a b o u t  a t o r r  f o r  

a p p r o x im a te ly  t e n  m in u te s  r e s t o r e d  t h e  p e r fo rm a n c e  o f  t h e  s p a r k  gap to  

w i t h i n  a few p e r  c e n t  o f  i t s  o r i g i n a l  c a p a b i l i t y .  However, a s  t h i s  h ad  to  

b e  done f a i r l y  f r e q u e n t l y  we d e c id e d  t o  i n c r e a s e  t h e  number o f  e l e c t r o d e  

p a i r s  t o  10. T h is  gap had a c o n s i d e r a b l y  l o n g e r  l i f e t i m e  and was u se d  f o r  

e i g h t e e n  m onths w i t h o u t  h a v in g  to  s t r i p  i t  down f o r  c l e a n i n g .  I t  was 

e v a c u a te d  t o  a b o u t  a t o r r  f o r  f i v e  m in u te s  once  e v e ry  two w eeks .  The p l a n s  

d e t a i l i n g  t h e  c o n s t r u c t i o n  o f  th e  10 c h a n n e l  gap a s  shown i n  F ig u r e  3 .1 3  

a , b , c , d .  F ig u r e  3 .1 3 a  shows th e  body o f  t h e  s p a r k  gap made from  p e r s p e x .  

H o les  f o r  main e l e c t r o d e s  and t r i g g e r  e l e c t r o d e s  a r e  shown. F ig u r e  3 .13b  

shows t h e  main e l e c t r o d e  u n i t  made from  b r a s s .  Two o f  t h e s e  a r e  made, one 

f o r  e ach  B lu m le in  p l a t e .  Each e l e c t r o d e  h a s  an "0 "  r i n g  s e a l  so  t h a t  th e  

s p a r k  gap can b e  p r e s s u r i s e d .  F i g u r e  3 .1 3 c  a r e  c lam p in g  p l a t e s  t o  h o ld  t h e  

B lu m le in  s h e e t s  s e c u r e l y  t o  t h e  s p a r k  gap . F ig u r e  3 .1 3 d  shows t h e  a s s e m b l in g  

a r r a n g e m e n t  f o r  t h e  s p a r k  gap.
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P h o to g r a p h ,  P I  shows a p a r t  o f  t h e  10 c h a n n e l  gap and p h o to g ra p h  

P2 shows t h e  5 c h a n n e l  gap i n  o p e r a t i o n .  The p h o t o g r a p h i c a l l y  i n t e g r a t e d  

l i g h t  o u t p u t  s h o u ld  b e  p r o p o r t i o n a l  t o  t h e  e n e rg y  d e p o s i t e d  i n  t h e  c h a n n e l  

show ing ,  i n  p h o to g ra p h  P 2 ,  t h a t  e a ch  gap was d o in g  i t s  f a i r  s h a r e  o f  t h e  

w ork.

The same t r i g g e r  p u l s e  g e n e r a t o r  as  u se d  on t h e  e a r l i e r  s p a r k  

gap was u sed  f o r  t h e  m u l t i  c h a n n e l  gap e x c e p t  t h a t  t h e  t r i g g e r  p i n  was b i a s e d  

t o  h a l f  t h e  p o t e n t i a l  o f  t h e  HT p l a t e ,  a s  i t  was p o s i t i o n e d  h a l f  way be tw een  

th e  HT and e a r t h  e l e c t r o d e s .  An e x t r a  c i r c u i t ,  shown i n  F ig u r e  3 .1 4 ,  was 

added to  th e  o u t p u t  o f  t h e  f i r s t  t r i g g e r  p u l s e  g e n e r a t o r  so  t h a t  t h e  t e n  

t r i g g e r  p i n s  c o u ld  b e  f e d  i n d i v i d u a l l y .  The s t e p  up t r a n s f o r m e r  r a t i o  was 

f i v e  t o  one ( F i g u r e  3 . 1 4 ) .  However, w i t h  o n ly  one t u r n  on t h e  p r im a ry  and 

f i v e  t u r n s  on t h e  s e c o n d a ry  t h e  v o l t a g e  p u l s e  d e l i v e r e d  t o  t h e  t r i g g e r  

e l e c t r o d e s  f a i l e d  t o  breakdown, t h e  gap ( i n  t h e  a b s e n c e  o f  any HT on th e  

B lu m le in  and b i a s i n g  a r r a n g e m e n t ) .  V a lu e s  o f  2 :1 0  and 4 :2 0  w e re ,  how ever ,  

used  s u c c e s s f u l l y .

3. 7 DC and P u l s e  c h a r g i n g  o f  t h e  B lu m le in

DC c h a r g i n g  o f  t h e  c e n t r a l  c o n d u c to r  o f  t h e  B lu m le in  p u i s e r  was 

a c h ie v e d  w i t h  t h e  u s e  o f  a B ran d e n b u rg  0 -3 0  kV power s u p p ly .  A s e r i e s  o f  

h i g h  v o l t a g e  r e s i s t a n c e s  t o t a l l i n g  a p p r o x im a te ly  I was u se d  t o  l i m i t   ̂

t h e  c h a r g in g  r a t e  and h e l p  p r o t e c t  t h e  B ran d e n b u rg  from  any r e f l e c t e d  

e l e c t r i c a l  p u l s e  coming doxm t h e  c h a r g i n g  l i n e .

P u l s e  c h a r g i n g ^146) B lu m le in  can  b e  a c h ie v e d  u s i n g  a Marx

G e n e r a t o r .  P u l s e  c h a r g in g  a l l o w s  h i g h e r  v o l t a g e  o p e r a t i o n  o f  t h e  sy s tem  

as  c o ro n a  damage does  n o t  f i n d  t im e  t o  o c c u r .  The s t o r e d  c h a rg e  and p u l s e d  

v o l t a g e  o f  t h e  Marx G e n e r a to r  h a s  t o  b e  m a tch ed  t o  t h e  B lu m le in  C a p a c i to r .

The c i r c u i t  d ia g ra m  shown i n  F i g u r e  3 .1 5  i n d i c a t e s  t h e  method by  w h ich  p u l s e  

c h a r g in g  may be a c c o m p l i s h e d .  The c a p a c i t o r s  Cl a r e  c h a rg e d  i n  p a r a l l e l



P h o to g r a p h  P2

The f i v e  c h a n n e l  s p a r k  gap i n  o p e r a t i o n .  The p h o t o g r a p h i c a l l y  
l i g h t  i n t e g r a t e d  o u t p u t  shows t h a t  e a c h  gap i s  p a s s i n g  
a p p r o x im a te ly  t h e  same c u r r e n t .

P h o to g r a p h  P I

P a r t  o f  t h e  t e n —c h a n n e l  s p a r k  gap .  The e l e c t r o d e s  a r e  v i s i b l e  
and t h e  t r i g g e r  w i r e s  a r e  shown coming o u t  o f  t h e  to p  o f  t h e  
s p a r k  g ap .

89



j 3 1 1 II HU
II m i l  11

U El U
II in  II

n o  II

II l i ' i i  II

Mr

90



g

s - g

bO O 
Û

•H W OT *H tij W 
*r< <U
^  hM  CM

M
CN

m

in
N
CNJ

!»•

n

Pm

91



M O «y *T3
«t-

CM

O -H

AAAA/’

CM

92



and d i s c h a r g e d  i n  s e r i e s .  T y p ic a l  v a l u e s  u sed  i n  su ch  a s y s te m  a r e

2 y F , ^  10 and R ^ , R^ . R^, 2 Mfd, 3 I-ffî . . .  n MSI r e s p e c t i v e l y .

The two m ost i m p o r t a n t  p a r a m e t e r s  o f  t h e  s o u rc e  u se d  t o  c h a rg e  

th e  B lu m le in  p u i s e r  a r e  i t s  c a p a c i t y  and i t s  r i s e  t im e .  The c a p a c i t y  

d e te r m in e s  w ha t  f r a c t i o n  o f  t h e  u n lo a d e d  s o u r c e  v o l t a g e  a c t u a l l y  a p p e a r s  

a t  t h e  o u t p u t  l i n e .  I f  we assum e t h e  l i n e  i s  s h o r t  com pared t o  t h e  c h a r g in g  

t im e as  i t  u s u a l l y  i s ,  T h e n  th e  l i n e  i s  e q u i v a l e n t  t o  two p a r a l l e l  

c a p a c i t o r s  o f  c a p a c i t y  C = k  em £/d. The sym bols  a r e  s t a n d a r d :  z i s  t h e

d i e l e c t r i c  c o n s t a n t  o f  t h e  medium b e tw e en  t h e  c o n d u c t o r s ,  m i s  t h e  w id th  

of t h e  p l a t e s ,  il t h e  l e n g t h  and d t h e  gap s p a c in g ,  and k i s  a c o n s t a n t .  I f  

one w is h e s  t o  o b t a i n  an  o u t p u t  v o l t a g e  from  t h e  B lu m le in  co m p arab le  to  th e  

maximum o u t p u t  v o l t a g e  o f  t h e  u n lo a d e d  s o u r c e ,  th e n  th e  s o u rc e  c a p a c i t y  must 

be l a r g e  com pared  w i t h  C.

The r i s e  t im e  o f  t h e  s o u r c e  i s  a l s o  im p o r t a n t  owing t o  t h e  

c a p a c i t i v e  c h a r a c t e r  o f  t h e  B lu m le in  p u i s e r  d u r i n g  c h a r g in g .  I n  p a r t i c u l a r ,  

p r i o r  t o  i g n i t i o n  o f  t h e  s p a r k  gap A ( F ig u r e  3 . 1 4 ) ,  t h e  u p p e r  l i n e  lo o k s  

l i k e  a  c o u p l i n g  c a p a c i t o r  t o  t h e  o u t p u t  l i n e  (F ig u r e  3 . 1 4 ) .  Hence a p r e p u l s e  

a p p e a r s  on t h e  o u t p u t  l i n e  w h ich  h a s  as  much s t o r e d  e n e rg y  as  t h e  B lu m le in  

d i s c h a r g e  p u l s e .  I f  t h e  r i s e t i m e  o f  t h e  s o u r c e  i s  f a s t ,  enough and t h e  

o u tp u t  im pedance  low e n o u g h ,  th e n  t h e  p r e p u l s e  can  b e  more im p o r t a n t  t h a n  t h e  

B lu m le in  d i s c h a r g e  p u l s e  i t s e l f .  To d e a l  w i t h  t h i s  p ro b le m ,  an i s o l a t i o n  

in d u c t a n c e  L ( F i g u r e  3 .1 5 )  c o u ld  b e  added  t o  i n c r e a s e  t h e  c h a r g in g  t im e  and 

th u s  r e d u c e  t h e  p r e p u l s e  a m p l i tu d e .

A l th o u g h  p u l s e  c h a r g i n g  was n o t  c a r r i e d  o u t  a s  p a r t  o f  t h i s  

p r e s e n t  w o rk ,  i t  h a s  g r e a t  p o s s i b i l i t i e s .  Some c o n s i d e r a b l e  e f f o r t  was 

s p e n t  i n  g i v i n g  t h e  l o a d  a p r e p u l s e  b e f o r e  t h e  main B lu m le in  p u l s e  a r r i v e d .  

With p u l s e  c h a r g i n g  t h i s  c o u ld  b e  a c h ie v e d  a u t o m a t i c a l l y  and t h e  p r e p u l s e  

a m p l i tu d e  c o u ld  b e  a l t e r e d  by  c h a n g in g  L.
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CHAPTER IV

DESIGN OF APPARATUS USED IN EXPERIMENTS

4 .1  G e n e ra l  d e s c r i p t i o n  o f  l i n e a r  and c o a x i a l  f l a s h l a m p s

F i g u r e  4 .1  shows t h e  b a s i c  d e s i g n  o f  t h e  c o a x i a l  f l a s h l a m p s  u sed

i n  t h e  e x p e r i m e n t s .  The g e n e r a l  d e s i g n  o f  t h e  lamps was f a s h io n e d  a c c o r d in g

lo p e  

(56)

to  t h o s e  d e v e lo p e d  and u se d  by C la e s s o n  and L i n d q u i s t a n d  a l s o  u sed  by

S o ro k in  e t  a l

V a r io u s  l e n g t h s ,  w id th s  and a n n u l a r  gaps  w e re  u s e d ,  e a c h  f a s h io n e d  

on t h e  b a s i c  d e s i g n  shown in  F i g u r e  4 . 1 .  The w a l l s  o f t h e  f l a s h l a m p  w ere 

made o f  f u s e d  s i l i c a  o f  1 mm t h i c k n e s s .  The e l e c t r o d e s  w ere  made o f  b r a s s  

and w e re  g lu e d  to  t h e  q u a r t z  t u b e s  w i t h  " t o r r  s e a l " .  F ig u r e  4 .1  a l s o  shows 

th e  e l e c t r o d e s  and  th e  s y s te m  f o r  c o u p l i n g  th e  i n t e r i o r  o f  th e  f l a s h l a m p  to  

t h e  vacuum sy s te m .  ' The d i s c h a r g e  to o k  p l a c e  b e tw e e n  t h e  b r a s s  r i n g  e l e c t r o d e s  

in  t h e  a n n u l a r  s p a c e  l e f t  b e tw e e n  th e  two q u a r t z  t u b e s .  I n  t h e  i n s i d e  o f  

th e  i n n e r  tu b e  a dye c e l l  may b e  p l a c e d  t o  a b s o rb  t h e  f l a s h l a m p  r a d i a t i o n  

and th e  o u t s i d e  o f  t h e  o u t e r  tu b e  i s  c o a te d  w i t h  Kodak w h i t e  r e f l e c t a n c e  

c o a t i n g  w h ich  r e f l e c t s  l i g h t  b ac k  o n to  t h e  dye c e l l .

The p la s m a  d i s c h a r g e  p ro d u c e d  by t h e  d r i v i n g  c i r c u i t  u se d  by 

S o ro k in  e t  a l ^ ^ ^ \  r a r e l y ,  i f  e v e r  f i l l e d  t h e  a n n u l a r  r e g i o n .  They found 

th e y  r e q u i r e d  a t  l e a s t  3 mm w a l l  t h i c k n e s s  t o  p r e v e n t  t h e  im p u ls e  d i s c h a r g e  

from  s h a t t e r i n g  i t .  Due t o  o u r  more u n i fo rm  d i s c h a r g e  we w ere  a b l e  t o  u se  

tu b e s  w i t h  1 mm w a l l  t h i c k n e s s  s u c c e s s f u l l y .

NOTE ; Tlie r e a s o n  f o r  t h i s  i s  t h a t  i n  a u n i fo r m  d i s c h a r g e ,  t h e  p r e s s u r e

a c t s  r a d i a l l y  i n  a l l  d i r e c t i o n s  ( i n  a m anner b e s t  a b s o r b e d  by 

t h e  q u a r t z )  w h e re a s  t h e  a r c  d i s c h a r g e  p ro d u c e s  non u n i fo rm  

p r e s s u r e  waves w h ich  t e n d  to  s h a t t e r  th e  q u a r t z .
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F i g u r e  4 .2  shows th e  ty p e  o f l i n e a r  f l a s h l a m p  u s e d .  The w a l l  o f  

th e  f l a s h t u b e  was 1 ram t h i c k  made o f  f u s e d  q u a r t z .  B ra s s  e l e c t r o d e s  w ere 

a g a in  u s e d ,  g lu e d  to  t h e  q u a r t z  w i t h  " t o r r  s e a l " .  One e l e c t r o d e  was h o l lo w  

and f i t t e d  t o  a vacuum c o n n e c t o r  a s  shov/n.

4 .2  E x p e r im e n ta l  a r r a n g e m e n ts  u se d  f o r  a l t e r i n g  th e  g a s e s  and

p r e s s u r e s  w i t h i n  t h e  f l a s h l a m p s

\\Fhen i n d u s t r i a l  g ra d e  a r g o n ,  n i t r o g e n  o r  a tm o s p h e r i c  a i r  was u sed

w i t h i n  t h e  f l a s h t u b e s ,  a f l o w in g  s y s te m  was u s e d .  T h is  i s  shown

s c h e m a t i c a l l y  i n  F ig u r e  4 . 3 .  The f l a s h l a m p  was e v a c u a t e d  to  a b o u t  0 .5  t o r r

u s in g  t h e  r o t a r y  pump, w i t h  t h e  gas  s u p p ly  t u r n e d  o f f .  The e v a c u a t i n g  r a t e

and gas  i n  f lo w  r a t e  w ere  a d j u s t e d  w i t h  c o n t r o l l a b l e  l e a k  v a l v e s  to  a c h ie v e

t h e  d e s i r e d  p r e s s u r e .

When xenon was u s e d  as  t h e  gas  i n s i d e  t h e  f l a s h l a m p ,  a  s e a l e d

s y s te m  was r e q u i r e d  as  shown i n  F ig u r e  4 . 4 .  W ith  v a l v e s  C, E and F c l o s e d ,

th e  r o t a r y  pump and d i f f u s i o n  pump w ere  t u r n e d  on .  The r o t a r y  pump th e n

ro u g h ed  down t h e  s y s te m  t o  a few t o r r  and a l s o  was u sed  as  a b a c k in g  pump

to  t h e  d i f f u s i o n  pump. A f t e r  a b o u t  t e n  m in u te s  l i q u i d  n i t r o g e n  was

i n t r o d u c e d  i n t o  t h e  d i f f u s i o n  pump. A f t e r  a f u r t h e r  f i v e  m in u te s  v a lv e  A

was c l o s e d  and  v a l v e  C was o p en ed .  The o v e r a l l  p r e s s u r e  i n  t h e  s y s te m  was 

“ 5re d u c e d  t o  10 t o r r  u s i n g  t h i s  s y s te m .  Once t h i s  had  b ee n  a c h ie v e d ,  

v a l v e  D was c l o s e d  and v a l v e  E was opened  g e n t l y  u n t i l  t h e  r e q u i r e d  p r e s s u r e  

was r e c o r d e d  on t h e  m e t e r .  V a lv e s  E and  G w ere  th e n  c l o s e d  t o  a c h ie v e  a 

s e a l e d  f l a s h l a m p  sy s te m .  When e x h a u s t i n g  t h e  f l a s h l a m p  f o r  a r e f i l l  a t  a 

d i f f e r e n t  p r e s s u r e ,  t h e  s y s te m  was ro u g h e d  down t o  a few t o r r  a g a in  b e f o r e  

b e in g  ex p o se d  t o  t h e  d i f f u s i o n  pump.

4 .3  C o u p l in g  o f  f l a s h l a m p s  t o  t h e  B lu m le in  p u i s e r

An e l l i p t i c a l  c a v i t y  w i t h  low i n d u c t a n c e  c o n n e c t io n s  t o  th e  

p u i s e r  was d e s i g n e d  f o r  t h e  l i n e a r  ty p e  f l a s h l a m p .  The c a v i t y  c o u ld  be
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a d j u s t e d  t o  t a k e  f l a s h l a m p s  o f  2 " ,  4" o r  6" i n  l e n g t h  and c o u ld  a l s o  l o c a t e  

th e  dye c e l l  a c c u r a t e l y  a t  t h e  fo c u s  p o i n t  n o t  o c c u p ie d  by t h e  f l a s h l a m p .

P3 and P4 a r e  p h o to g r a p h s  show ing  t h e  d e s i g n  o f  t h e  c a v i t y .  The e a r t h y  

s i d e  o f  t h e  t r a n s m i s s i o n  l i n e  was c o n n e c te d  t o  t h e  body o f  t h e  c a v i t y .  The 

HT s i d e  o f  t h e  t r a n s m i s s i o n  l i n e  was c o n n e c te d  t o  one end o f t h e  f l a s h l a m p  

as shown i n  F ig u r e  4 . 5 .  D i s t a n c e  b e tw e e n  t h e  c o n d u c to r s  o f  t h e  t r a n s m i s s i o n  

l i n e  w ere  k e p t  t o  a minimum u n t i l  th e y  a c t u a l l y  c o n n e c te d  t o  t h e  c a v i t y .

'fhe c a v i t y  was p l a c e d  on a  k i n e m a t i c  m oun t,  a s  shown i n  t h e  p h o t o g r a p h s ,  t o  

e n a b le  e a s i e r  l i n i n g  up o f  t h e  dye  c e l l  when u s i n g  a h e l i u m  neon  l a s e r .

A c a v i t y  d e s i g n e d  t o  h o ld  t h e  c o a x i a l  f l a s h l a m p s  i s  shown i n  

F ig u r e  4 . 6 .  T h i s  c o u ld  a l s o  t a k e  f l a s h t u b e s  2 " ,  4" o r  6" lo n g .  The ea r th y ^  

s i d e  o f  t h e  B lu m le in  i s  c o n n e c te d  t o  t h e  body o f  t h e  c a v i t y ,  and t h e  HT 

s id e  i s  s h i e l d e d  fro m  th e  body  w i t h  t h e  u s e  o f  a  p e r s p e x  i n s e r t .  Once 

a g a in  t h e  d e s i g n  f a c i l i t a t e s  e a s y  c o n n e c t i o n  t o  t h e  t r a n s m i s s i o n  l i n e  w i t h  

minimum i n d u c t a n c e .

4 .4  D e s c r i p t i o n  o f  t h e  gas  c e l l  and i t s  c o u p l i n g  to  t h e  B lu m le in  

p u i s e r

F ig u r e  4 .7  shows th e  d e s i g n  o f  t h e  gas  c e l l  u sed  t o  c o n t a i n  t h e  

n i t r o g e n  f o r  e x c i t a t i o n  by  a t r a n s v e r s e  d i s c h a r g e  th ro u g h  t h e  gas  c e l l .

The c e l l  was made o u t  o f  p e r s p e x  and t h e  windows w ere  made of f u s e d  q u a r t z .  

Rubber "0"  r i n g s  w ere  u s e d  to  e n s u r e  an  a i r  t i g h t  c a v i t y .  The c e l l  was 

e v a c u a te d  from  one end  o f  t h e  c a v i t y  and n i t r o g e n  was i n t r o d u c e d  a t  t h e  

o th e r  en d .

4 .5  V a r io u s  dye c e l l s  u sed  f o r  d i f f e r e n t  f l a s h l a m p s  and c a v i t i e s

The dye c e l l s  w e re  made o f f u s e d  q u a r t z  o f  v a r i o u s  d i a m e t e r s  and

l e n g t h s ,  b u t  a l l  1 mm t h i c k .  I n  o r d e r  t o  a c h ie v e  a f lo w  o f  th e  dye two s i d e  

arms o f  s m a l l e r  d i a m e t e r  f u s e d  q u a r t z  w ere  j o i n e d  to  t h e  m ain  c e l l .  One
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PHOTOGRAPHS 3 AND 4

The e l l i p t i c a l  c a v i t y  f o r  t h e  l i n e a r  f l a s h l a m p  and  dye c e l l
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centiraetTe: d i a m e t e r  q u a r t z  windows ( s p e c t r o s i l  B q u a l i t y )  w e re  f i x e d  t o  

t h e  ends  o f  t h e  q u a r t z  tu b e  u s i n g  g l a s s  t r a n s f e r  t a p e ^ ^ '^ ^ \  T h is  method 

was found  m ost  s u c c e s s f u l .  P r e v i o u s l y  windows w ere  g lu ed ^ ^ ^ ^ ^  b u t  t h i s  

g lu e  i n t e r a c t e d  w i t h  t h e  m e th a n o l  s o l v e n t  we u sed  and t h e  windows f e l l  o f f .  

No d i r e c t  h e a t i n g  u s i n g  a f ] ame was u sed  on t h e  windows as  t h i s  w ould  r e s u l t  

i n  t h e  d i s t o r t i o n  o f  i t s  o p t i c a l  q u a l i t i e s .  F ig u r e  4 .8  shows t h e  two 

b a s i c  d e s i g n s  o f  dye c e l l  u s e d .  F ig u r e  4 .8 a  shows th e  ty p e  o f  c e l l  w h ich  

was i n s e r t e d  i n  t h e  l i n e a r  c a v i t y  and t h e  c o a x i a l  f l a s h l a m p s .  F ig u r e  4 .8 b  

shows a  dye c e l l - c o a x i a l  f l a s h l a m p  c o m b in a t io n .
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CHAPTER V

FLASHLAPIP CHARACTERISTICS

5 .1  I n t r o d u c t i o n

F our B lu m le in  p u l s e r s  w ere  b u i l t  and t h e i r  p e r fo rm a n c e s  w ere

e v a l u a t e d .

The f i r s t  o n e -  t h e  p r o t o t y p e -  had  c o n d u c to r s  s i x  i n c h e s  w id e .  The 

o u t e r  c o n d u c to r s  w ere  e i g h t  f e e t  lo n g  and t h e  i n n e r  c o n d u c to r  was f o u r  f e e t  

lo n g .  M elanex  ^200  p t h i c k  was u s e d  t o  i n s u l a t e  t h e  c o n d u c to r s  from  one 

a n o t h e r .  The p r o t o t y p e  l a s e r  h ad  a c a p a c i t y  o f  0 .0 4  pF i n  ea ch  arm o f  th e  

n e tw o rk  and c o u ld  be  c h a rg e d  t o  s e v e n  k i l o v o l t s ;  t h e r e f o r e  s t o r i n g  

a p p r o x im a te ly  one j o u l e .  The d u r a t i o n  o f  t h e  e l e c t r i c a l  p u l s e  from  t h i s  

s y s tem  was a p p r o x im a te ly  15 ns f o r  a m a tch ed  lo a d .

A f u r t h e r  two p u l s e r s  w e re  t h e n  b u i l t  e a ch  a b l e  t o  s t o r e  more 

j o u l e s  th a n  t h e  p r o t o t y p e .  One s y s te m  had  a c e n t r a l  c o n d u c to r  18 f e e t  l o n g ,  

6 in c h e s  w ide  w i t h  o u t e r  c o n d u c to r s  36 f e e t  lo n g  and 6 i n c h e s  w id e .  The 

o t h e r  s y s te m  had  a  c e n t r a l  c o n d u c to r  6 f e e t  lo n g  and 12 i n c h e s  w ide w i th

o u t e r  c o n d u c to r s  12 f e e t  lo n g  and 12 i n c h e s  w id e .  T h is  gave  u s  two sy s tem s

o f a p p r o x im a te ly  t h e  same c a p a c i t y ,  b u t  whose e l e c t r i c a l  p u l s e  l e n g t h s  

d i f f e r e d .  The m easu red  c a p a c i t y  o f  t h e  36 f e e t  s y s te m  was 0 .0 7 8  pF and t h a t  

o f  t h e  12 f e e t  s y s te m  was 0 .0 7 5  pF. The 36 f e e t  s y s te m  had  an  e l e c t r i c a l  

p u l s e  l e n g t h  o f  a p p r o x im a te ly  70 ns f o r  a m atched  lo a d  and in  t h e  12 f e e t  

sy s tem  t h e  p u l s e  l e n g t h  was a p p r o x im a te ly  20 ns  f o r  a  m atched  l o a d .  Each 

s y s tem  was c o n t a i n e d  i n  a  m e t a l  b ox  t o  t r y  and r e d u c e  p i c k  up n o i s e  on th e  

o s c i l l o s c o p e .  The 36 f e e t  s y s te m  c o u ld  be  c h a rg e d  t o  a p p r o x im a te ly  12 kV 

th u s  h o l d i n g  a b o u t  10 j o u l e s  and t h e  12 f e e t  s y s te m  c o u ld  b e  c h a rg e d  to  

a p p r o x im a te ly  18 kV t h u s  h o l d i n g  a b o u t  22 j o u l e s .

The f i n a l  p u i s e r  t o  b e  made c o n s i s t e d  o f  t h r e e  c o n d u c to r s  o f

a p p r o x im a te ly  t h e  same l e n g t h .  They w ere  24 f e e t  lo n g  and 12 i n c h e s  w id e .  

The c a p a c i t y  o f  t h e  s y s te m  was m easu red  t o  be  0 .1 9  pF i n  ea ch  arm. The
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e l e c t r i c a l  p u l s e  l e n g t h  f o r  t h i s  p u i s e r  was a p p r o x im a te ly  90 n s  f o r  a 

m atched  lo a d .  I t  c o u ld  b e  c h a rg e d  t o  a maximum o f  a b o u t  16 kV s t o r i n g  

a p p r o x im a te ly  50 j o u l e s .

W ith  t h e  12 f e e t  and 36 f e e t  s y s t e m s ,  t h e  i n i t i a l  and r e f l e c t e d

e l e c t r i c a l  p u l s e s  w ere  e a c h  s e p a r a t e d  by an e l e c t r i c a l  p u l s e  l e n g t h  f o r  a

m atched  lo a d .  W ith  t h e  24 f e e t  p u i s e r ,  t h e  i n i t i a l  and r e f l e c t e d
-0

e l e c t r i c a l  p u l s e s  w ere  s e p a r a t e d  by  o n ly  a  few n a n o s e c o n d s  f o r  a m atched  

l o a d .

F o r  t h e  e x p e r i m e n t a l  w ork  on t h e  f l a s h l a m p s  two o s c i l l o s c o p e s  

w ere u s e d .  I n i t i a l l y  t h e  " T e k t r o n ix  ty p e  454 was u s e d  w i t h  a p h o t o m u l t i p l i e r  

(W aveleng th  r a n g e  o f  p h o t o m u l t i p l i e r  was 1800-6000  X ) .  On t h e  h i g h e r  

e n e rg y ,  24 f e e t  p u i s e r  and l a t e r  e x p e r im e n t s  t h e  T e k t r o n i x  ty p e  519 

o s c i l l o s c o p e  was u sed  i n  c o n j u n c t i o n  w i t h  a  d i o d e . ,  (W av e len g th  r e s p o n s e  o f  

d io d e  was 3000-8000  X ) .
I n  a l l  e x p e r im e n t s  ( u n l e s s  o t h e r w i s e  s t a t e d )  t h e  p h o t o d e t e c t o r  

was p l a c e d  a t  t h e  n o rm a l  t o  t h e  f l a s h l a m p  a x i s  and p o i n t e d  a t  t h e  c e n t r e  

o f  t h e  f l a s h t u b e .

5 .2  A n a ly s i s  o f  r e s u l t s  f rom  t h e  p r o t o t y p e  p u i s e r

The p r o t o t y p e  B lu m le in  p u i s e r  can  b e  r e g a r d e d  as  g i v i n g  an 

a p p r o x im a te ly  15 ns b u r s t  o f  e l e c t r o n s  from  th e  an o d e ,  t h e n  w a i t i n g  

a p p r o x im a te ly  a n o t h e r  15 n s  b e f o r e  t h e  r e f l e c t e d  p u l s e  r e t u r n s .  The t im e  

t a k e n  f o r  t h e  e l e c t r o n s  t o  t r a v e l  f ro m  c a th o d e  t o  anode (a knovm d i s t a n c e )  

w i l l  y i e l d  t h e  d r i f t  v e l o c i t y  o f  t h e  e l e c t r o n s .  F o r  ex a m p le ,  i n  p h o to g ra p h  

P 5 , t h e  p u l s e  r i s e t i m e  i s  a p p r o x im a te ly  40 n s .  We can  assum e, f o r  

s u f f i c i e n t l y  h i g h  E / p ,  t h e  movement o f  t h e  e l e c t r o n s  down t h e  f l a s h t u b e  

w i l l  b e  f a i t h f u l l y  t r a n s m i t t e d  v i a  l i g h t  q u a n t a  b e i n g  e m i t t e d  from  e x c i t e d  

a to m s ,  and t h a t  t h e  p e a k  i n t e n s i t y  s h o u ld  o c c u r  j u s t  b e f o r e  t h e  a v a la n c h in g  

e l e c t r o n s  h i t  t h e  an o d e .  P h o to g ra p h  P5 shows t h e  l i g h t  o u t p u t  f ro m  a
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FIGURE 5 .1

S ch em a tic  r e p r e s e n t a t i o n  o f  p h o to g ra p h  P6, The d o t t e d  l i n e s  
e x t r a p o l a t e d  to  th e  b a s e  l i n e  d e n o te  th e  e l e c t r i c a l  p u l s e  
s e p a r a t i o n .

FLASHLAMP OUTPUTS

PHOTOGRAPH P5 PHOTOGRAPH P6

B lu m le in  v o l t a g e  12 îcV. 14 cm lo n g  B lu m le in  v o l t a g e  12 kV, 14 cm long
c o a x i a l  f l a s h l a m p  f i l l e d  w i t h  a i r  c o a x i a l  f l a s h l a m p  f i l l e d  w i th  a i r
a t  a p r e s s u r e  o f  0 .7  t o r r .  a t  a p r e s s u r e  o f 8 t o r r .
Sweep sp eed  200 n s / d i v .  Sweep speed  200 n s / d i v .
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14 cm lo n g  f l a s h t u b e  f i l l e d  w i t h  a i r  t o  a p r e s s u r e  o f  0 .7  t o r r .  The 

B lu m le in  p u i s e r  d e l i v e r e d  12 kV a c r o s s  t h e  f l a s h l a m p  g i v i n g  an

E/p  « 1200 v o l t s / c m  t o r r  i n  t h i s  c a s e ,  and an e l e c t r o n  d r i f t  v e l o c i t y  

'vlO cm s

P h o to g r a p h  P6 shows t h e  l i g h t  o u t p u t  from  th e  same f l a s h l a m p  a t  

a p r e s s u r e  o f  8 t o r r  i e  an  E /p  ~ 110. The num erous p ea k s  can  be e x p l a i n e d
é

w i th  t h e  a i d  o f  F ig u r e  5 . 1 .  E l e c t r o n s  g e n e r a t e d  f o r  15 n s  by  t h e  r e c t a n g u l a r  

sh ap e  p u l s e  f ro m  t h e  p u i s e r  l i b e r a t e s  p h o to n s  c a u s in g  an i n c r e a s e  o f  l i g h t  

o u t p u t  f o r  t h i s  p e r i o d  o f  t im e .  D u r in g  t h e  f o l l o w i n g  15 n s  t h e  e l e c t r o n s  

slow  down p r o d u c in g  fe w e r  and fe w e r  p h o to n s  as  t h e  a c c e l e r a t i n g  f i e l d  does  

n o t  e x i s t .  Due t o  t h e  m ism a tch  b e tw e en  p u i s e r  and f l a s h t u b e ,  t h e r e  e x i s t s  

a seco n d  e l e c t r i c a l  p u l s e  w h ich  m a n i f e s t s  i t s e l f  a c r o s s  t h e  f l a s h t u b e  f o r  

a f u r t h e r  p e r i o d  o f  15 n s .  T h is  p u l s e  i s  n o t  as  r e c t a n g u l a r  a s  t h e  i n i t i a l  

p u l s e  due t o  some a b s o r p t i o n  o f  t h e  f i r s t  p u l s e .  T h is  p u l s e  c a u s e s  

e l e c t r o n s  t o  a c c e l e r a t e  a g a in  c a u s in g  more c o l l i s i o n s  and r e l e a s i n g  more 

p h o to n s .  T h is  s i t u a t i o n  c o n t i n u e s  u n t i l  t h e  p u i s e r  i s  d i s c h a r g e d  and i n  

p h o to g ra p h  P6 one can  s e e  s i x  e l e c t r i c a l  p u l s e s .  The p u l s e  w i t h  l e a s t  

r e f l e c t i o n s  and m ost i n t e n s e  p ea k  l i g h t  o u t p u t  f o r  t h i s  s y s te m  c o r re s p o n d e d  

to  th e  f l a s h t u b e  w i t h  th e  lo w e s t  p r e s s u r e  f i l l  ( 0 .7  t o r r )  and th u s  th e  

h i g h e s t  E /p  and e l e c t r o n  d r i f t  v e l o c i t y .  T h e r e f o r e  t h e  l o n g e r  mean f r e e  

p a th  and g r e a t e r  E /p  r e s u l t s  i n  i n c r e a s e d  e n e rg y  o f  t h e  e l e c t r o n s  w hich  

i n c r e a s e s  t h e  number o f  p h o to n s  p ro d u c e d  due t o  c o l l i s i o n s *  Space c h a rg e  

e f f e c t s  c o u ld  p o s s i b l y  r e d u c e  th e  number o f  e l e c t r o n s  e m i t t e d  from  th e  

c a th o d e  i n  t h e  h i g h e r  p r e s s u r e ,  lo w er  E /p  c a s e .

A l th o u g h  th e  l i g h t  o u t p u t  was e x p e c t e d  to  b e  o f  l o n g e r  d u r a t i o n  

than, t h e  v o l t a g e  p u l s e  a c r o s s  t h e  t u b e ,  th e  f a c t  t h a t  t h e  h a l f  w id th  o f 

some o f  t h e  l i g h t  o u t p u t  p u l s e s  was a b o u t  200 ns  f o r  a v o l t a g e  p u l s e  o f

15 ns d u r a t i o n  i m p l i e d  a  v e r y  p o o r  im pedance m atch  b e tw e en  th e  B lu m le in
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p u i s e r  and f l a s h t u b e .  Only a v e r y  s m a l l  f r a c t i o n  o f  t h e  e n e r g y  o f  t h e  

f i r s t  and s u b s e q u e n t  p u l s e s  (due t o  r e f l e c t i o n )  was d e p o s i t e d .  I f  t h e  

i n i t i a l  im pedance ( r e s i s t i v e )  o f  t h e  f l a s h l a m p  c o u ld  b e  r e d u c e d  th e n  th e  

p eak  i n t e n s i t y  o f  t h e  l i g h t  o u t p u t  would  become g r e a t e r ,  t h e  p u l s e  d u r a t i o n  

would become l e s s  and p o s s i b l y  t h e  r i s e  t im e  would become s h o r t e r .  I t  was 

t h e s e  f a c t s  w h ich  l e d  us t o  t r y  and i o n i s e  t h e  gas  i n  t h e  f l a s h t u b e  b e f o r e  

t h e  a r r i v a l  o f  t h e  p u l s e  fro m  th e  B lu m le in ,  and t h i s  fo rm  o f  p r e i o n i s a t i o n  

was te rm e d  "k eep  a l i v e " .

T h is  a n a l y s i s  h a s  b e e n  s i m p l i f i e d  and q u a l i t a t i v e .  The l a r g e r  th e  

number o f  r e f l e c t i o n s ,  t h e  l o n g e r  t h e  l i g h t  o u t p u t  p u l s e  w i l l  be  due to  

t h e  e m is s io n  o f  e l e c t r o n s  from  t h e  c a th o d e .  However, we c a n n o t  t e l l  when t h e  

r e f l e c t e d  p u l s e  i s  to o  s m a l l  t o  i n i t i a t e  f u r t h e r  e l e c t r o n s  from  t h e  c a th o d e  b u t  

s t i l l  a c c e l e r a t e  e x i s t i n g  e l e c t r o n s  i n  t r a n s i t .  T hese  f a c t o r s  c o u ld  i n f l u e n c e  

th e  s i t u a t i o n  c o n s i d e r a b l y ,  p a r t i c u l a r l y  f o r  t h e  l o n g e r  B lu m le in  p u l s e r s  

w i th  l a r g e  e n e r g i e s  w hich  s u p p ly  l o n g e r  more e n e r g e t i c  p u l s e s  t o  t h e  f l a s h  

tu b e .

5 .3  A n a ly s i s  o f  t h e  l i g h t  o u t p u t  from  f l a s h l a m p s  u se d  i n  th e

d i f f e r e n t  B lu m le in  p u l s e r s

(a )  P u l s e  s h a p e s  o b t a i n e d  w i th  a l i n e a r  f l a s h t u b e

A l i n e a r  f l a s h l a m p  was f i r s t  u sed  w i t h  e a c h  o f  t h e  B lu m le in  

p u l s e r s  t o  e s t a b l i s h  t h e i r  o u t p u t  c h a r a c t e r i s t i c s .  The f l a s h t u b e  

was 9 cm lo n g  w i t h  an i n t e r n a l  d i a m e t e r  o f  6 mm, and was f i l l e d

w i t h  a i r  a t  v a r i o u s  p r e s s u r e s .

The f l a s h l a m p  o u t p u t  u s u a l l y  c o n s i s t e d  o f  two l i g h t  p u l s e s

f o r  t h e  12 f e e t  and 36 f e e t  p u l s e r s ,  and one l i g h t  p u l s e  f o r  t h e

24 f e e t  p u i s e r .

A t y p i c a l  f l a s h l a m p  o u t p u t  from  th e  36 f e e t  sy s tem  i s  shown 

i n  p h o to g r a p h  P7. The sweep sp ee d  was 50 n s  p e r  d i v i s i o n .  In  th e  

u p p e r  two t r a c e s  t h e  f l a s h l a m p  p r e s s u r e  was 0 .3 9  t o r r  w h e reas
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PHOTOGRAPH P7 PHOTOGRAPH P8

F la s h la m p  o u t p u t  f ro m  a  9 cm lo n g  
l i n e a r  f l a s h l a m p  f i l l e d  w i t h  a i r  t o  
p r e s s u r e s  o f

(a )  0 ,3 5  t o r r
(b ) 0 ,3 5  t o r r
(c )  10 t o r r
(d )  10 t o r r

Sweep sp e e d  50 n s / d i v i s i o n  B lu m le in  
v o l t a g e  14 kV.

F la s h la m p  o u t p u t  f ro m  a 9 cm lo n g  
l i n e a r  f l a s h l a m p  f i l l e d  w i t h  a rg o n  
t o  p r e s s u r e s  o f

(a )  5 t o r r
(b) 6 t o r r
(c )  7 t o r r
(d) 8 t o r r

Sweep s p e e d  100 n s / d i v i s i o n  
B lu m le in  v o l t a g e  14 kV.

PHOTOGRAPH P9

F la s h la m p  o u t p u t  f rom  a 9 cm lo n g  
l i n e a r  f l a s h l a m p  f i l l e d  w i t h  a i r  t o  
a p r e s s u r e  o f  5 t o r r .

Sweep sp e e d  100 n s / d i v i s i o n  
B lu m le in  v o l t a g e  14 kV, U pper 
t r a c e  w i t h  UV f i l t e r .  Lower t r a c e  
w i t h o u t  UV f i l t e r .

PHOTOGRAPH P u

F la s h la m p  o u t p u t  f ro m  a 14 cm lo n g  
c o a x i a l  f l a s h l a m p  f i l l e d  w i t h  a i r  
t o  a p r e s s u r e  o f  5 t o r r .

Sweep s p e e d  200 n s / d i v i s i o n  
B lu m le in  v o l t a g e  14 kV. Upper 
t r a c e  w i t h  UV f i l t e r .  Lower 
t r a c e  w i t h o u t  UV f i l t e r .

PHOTOGRAPH PIO

F la s h la m p  o u t p u t  f ro m  a 9 cm lo n g  l i n e a r  
f l a s h l a m p  f i l l e d  t o  a p r e s s u r e s  o f

(a )
Cb)
(c )
(d)

85 t o r r  -  sweep s p e e d  500 n s / d i v i s i o n  
75 t o r r  -  " " "
65 t o r r  -  "
55 t o r r  -  " " " "

B lu m le in  v o l t a g e  15 kV
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f o r  t h e  lo w er  two t r a c e s ,  t h e  p r e s s u r e  f i l l  i n  t h e  lamp was 10 t o r r  

The r e s u l t s  w e re  r e p e a t e d  f o r  e a c h  p r e s s u r e  to  show th e  

r e p r o d u c i b i l i t y  o f  t h e  r e s u l t s .  C a r e f u l  i n s p e c t i o n  o f p h o to g ra p h  

P7 shows a  seco n d  o u t p u t  p u l s e  o c c u r r i n g  n e a r  th e  t a i l  o f  th e  

i n i t i a l  o u t p u t  p u l s e .  T h is  d o u b le  p u l s e  e f f e c t  becomes more 

p ro n o u n c ed  when th e  f l a s h la m p  i s  f i l l e d  w i t h  a rg o n  w hich  we found 

t o  b e  more e a s i l y  i o n i s e d .  A lso  t h e  p r e s e n c e  o f  oxygen i n  t h e  

a i r  f i l l e d  f l a s h l a m p s ,  may ten d  t o  r e d u c e  i o n i s a t i o n .  Oxygen h as  

a h i g h  e l e c t r o n  a t t a c h m e n t  c o e f f i c i e n t ,  th u s  t h e r e  w i l l  be  l e s s  

f r e e  e l e c t r o n s  a v a i l a b l e  f o r  u se  i n  t h e  gas b reakdow n . P h o to g ra p h  

P 8 ,  w i t h  a sweep sp ee d  o f  100 n s  p e r  d i v i s i o n ,  shows how 

v a r i a t i o n  i n  p r e s s u r e ,  f o r  c o n s t a n t  i n p u t  v o l t a g e ,  a f f e c t s  t h e  

i n t e n s i t y  p r o f i l e  f rom  th e  l i n e a r  f l a s h la m p  f i l l e d  w i t h  a rg o n .

The f l a s h l a m p  p r e s s u r e s  w ere  5 ,  6 ,  7 , 8 t o r r  r e s p e c t i v e l y  moving 

fro m  t h e  lo w er  t r a c e  t o  t h e  u p p e r  t r a c e .  We can s e e  from  t h i s  

p h o to g ra p h  t h a t  as  t h e  p r e s s u r e  i n c r e a s e d ,  t h e  m ism atch  b e tw een  

f l a s h l a m p  and p u i s e r  i n c r e a s e d  and l e s s  e n e rg y  was d e p o s i t e d  in  

t h e  i n i t i a l  p u l s e .  T h is  l e f t  more e n e rg y  f o r  t h e  r e f l e c t e d  

p u l s e  and th e  p h o to g ra p h  shows how th e  seco n d  p ea k  g a in s  i n  

i n t e n s i t y  a s  t h e  f i r s t  p eak  l o s e s .  We found  t h a t  f l a s h la m p s  

f i l l e d  w i t h  a rg o n  s t r u c k  more e a s i l y  and co u ld  go t o  h i g h e r  

p r e s s u r e s  w i t h o u t  e x t i n g u i s h i n g  com pared w i th  a i r  f i l l e d  f l a s h 

lam ps .  The f a c t  t h a t  a rg o n  was more e a s i l y  i o n i s e d  i n  shown by 

c l o s e  e x a m in a t io n  o f  p h o to g ra p h s  P7 and P8. The t im e  f o r  i o n i s a 

t i o n  b e f o r e  t h e  f a s t  i n c r e a s e  o f  l i g h t  o u tp u t  i s  l o n g e r  f o r  th e  

a i r  f i l l e d  f l a s h l a m p  (P7 lo w er  two t r a c e s )  th a n  f o r  t h e  a rgon  

f i l l e d  ones  ( P 8 ) .
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I n  t h e  12 f e e t  (20 n s )  p u i s e r ,  t h e  d o u b le  p u l s e  e f f e c t  was 

much more p ro n o u n c e d ,  even  w i t h  a i r  i n s i d e  t h e  f l a s h t u b e .  In  

f a c t ,  t h e  seco n d  l i g h t  p u l s e  c o n s i s t s  o f  3 p u l s e s  j o i n e d  t o g e t h e r  

as  shown i n  p h o to g ra p h  P9 ( lo w e r  t r a c e ) . T h is  shows th e  l i g h t  

o u t p u t  p u l s e  f o r  th e  l i n e a r  f l a s h la m p  f i l l e d  w i th  a i r  t o  a 

p r e s s u r e  o f  5 t o r r .  The sweep sp e e d  i s  100 ns  p e r  d i v i s i o n .  The 

r e a s o n  f o r  t h e  p ro n o u n c ed  d o u b le  p u l s e  was due t o  t h e  e l e c t r i c a l  

p u l s e  b e i n g  o n ly  20 ns  lo n g  f o r  t h e  12 f e e t  p u i s e r  compared w i th  

t h e  70 n s  lo n g  e l e c t r i c a l  p u l s e  from  t h e  36 f e e t  p u i s e r .  The 36 

f e e t  p u i s e r  had  more t im e  to  i o n i s e  and d e p o s i t  more e n e rg y  i n t o  

t h e  f l a s h l a m p  i n  t h e  i n i t i a l  p u l s e  com pared w i t h  t h e  12 f e e t  

p u i s e r .  T h e r e f o r e  i t  i s  t o  be e x p e c t e d  t h a t  t h e  r e f l e c t e d  

e l e c t r i c a l  p u l s e  f o r  th e  12 f e e t  s y s te m  would  c o n t a i n  more e n e rg y  

r e l a t i v e  t o  t h e  f i r s t  p u l s e  compared w i t h  t h e  36 f e e t  p u i s e r .

T h is  m a n i f e s t s  i t s e l f  i n  a l a r g e r  seco n d  l i g h t  o u tp u t  p u l s e  from 

th e  f l a s h l a m p .

Th.e 24 f e e t ,  90 n an o se co n d  p u i s e r  was a b l e  to  s t o r e  more 

e n e rg y  th a n  th e  o t h e r  p u l s e r s  and th e  r e f l e c t e d  e l e c t r i c a l  p u l s e  

fo l lo w e d  th e  i n i t i a l  e l e c t r i c a l  p u l s e  a lm o s t  im m e d ia te ly .  A 

t y p i c a l  p u l s e  from  t h i s  p u i s e r  w i t h  th e  l i n e a r  f l a s h t u b e  i s  shov/n 

i n  p h o to g ra p h  PIO. A d io d e  was u sed  f o r  t h e  24 f e e t  s y s te m ,  to  

o b t a i n  a b e t t e r  s i g n a l  t o  n o i s e  r a t i o ,  and th e  o u tp u t  i s  p o s i t i v e .  

The p u i s e r  was c h a rg e d  to  15 kV and th e  t r a c e s  show th e  e f f e c t  o f  

i n c r e a s i n g  t h e  a i r  p r e s s u r e  w i t h i n  t h e  f l a s h t u b e .  The p r e s s u r e s  

w ere  5 5 , ^ 6 5 ,  75, 85 t o r r . ,  moving from  th e  lo w er  t r a c e  t o  th e  u p p e r  

t r a c e  r e s p e c t i v e l y .  The to p  t h r e e  t r a c e s  w ere o b t a i n e d  w i th  a 

sweep sp ee d  o f  500 n s  and th e  lo w er t r a c e  was 200 ns  p e r  d i v i s i o n .

m .
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As e x p e c t e d  t h e r e  was no o b v io u s  d o u b le  p u l s i n g ,  a l t h o u g h  c a r e f u l  

i n s p e c t i o n  of t h e  s i n g l e  p u l s e  shows s t r u c t u r e  due to  th e  

r e f l e c t e d  e l e c t r i c a l  p u l s e s .

These  p r e l i m i n a r y  e x p e r im e n t s  showed t h a t  t h e  12 f e e t  and 

36 f e e t  p u l s e r s  gave e s s e n t i a l l y  t h e  same s o r t  o f  f l a s h la m p  

o u t p u t ,  b u t  t h e  12 f e e t  p u i s e r  was more u s e f u l  f o r  s o r t i n g  o u t  th e  

f a s t  p r o c e s s e s  o c c u r r i n g  i n  a f l a s h la m p  compared w i t h  t h e  s low  

o n e s .  T hese  two p u l s e r s  w ere  u se d  e f f e c t i v e l y  t o  exam ine t h e  

e f f e c t  o f  c o n t in u o u s  p r e i o n i s a t i o n  on a f l a s h t u b e  r e p o r t e d  i n  t h e  

n e x t  c h a p t e r .  For t h e  r e s t  o f  t h e  a n a l y s i s ,  ho w ev er ,  o n ly  th e  

12 f e e t  p u i s e r  was u sed  a lo n g  w i t h  t h e  h i g h e r  e n e r g y ,  s i n g l e  l i g h t  

p u l s e ,  24 f e e t  p u i s e r .

(b) P u l s e  sh a p e s  o b t a i n e d  from  a c o a x i a l  f l a s h t u b e

A 14 cm lo n g  c o a x i a l  f l a s h l a m p ,  o f  th e  b a s i c  d e s i g n  d e s c r i b e d  

i n  C h a p te r  4 ,  was u se d  i n  c o n j u n c t i o n  w i t h  t h e  12 f e e t  and 24 f e e t  

p u l s e r s .  The f l a s h l a m p  had  an o u t s i d e  d i a m e te r  o f  2 .5  cm, 1 mm 

t h i c k  fu s e d  q u a r t z  w a l l s  and an a n n u l a r  gap o f 1 .5  mm. P h o to g ra p h s  

show ing  th e  g e n e r a l  p u l s e  sh ap e  a r e  i n c l u d e d  i n  t h i s  s e c t i o n  and 

c o m p ar iso n s  a r e  made w i t h  t h e  l i n e a r  f l a s h t u b e .

I n  t h e  12 f e e t  s y s te m  t h e  l i g h t  o u t p u t  p u l s e s  from  t h e  

c o a x i a l  f l a s h l a m p  w ere  v e r y  s i m i l a r  t o  t h o s e  o b t a i n e d  from  th e  

l i n e a r  f l a s h l a m p  e x c e p t  t h a t  t h e  i n i t i a l  p u l s e  was more i n t e n s e  

th a n  t h e  seco n d  p u l s e  f o r  lo w e r  lamp f i l l  p r e s s u r e s  compared w i th  

t h e  i n t e n s i t y  r a t i o  o f  f i r s t  and seco n d  p u l s e s  from  th e  l i n e a r  

f l a s h t u b e .  P h o to g r a p h  P l l  ( lo w e r  t r a c e )  shows th e  l i g h t  o u tp u t  

from  th e  c o a x i a l  f l a s h t u b e  u n d e r  i d e n t i c a l  v o l t a g e  and p r e s s u r e  

c o n d i t i o n s  ( c a p a c i t o r  v o l t a g e  15 k V , ' a i r  p r e s s u r e  o f  5 t o r r  w i t h i n
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t h e  f l a s h l a m p )  as  t h a t  u sed  w i t h  t h e  l i n e a r  f l a s h la m p  i n  o b t a i n i n g  

p h o to g ra p h  PIO. Com parison  o f  t h e s e  two p h o to g ra p h s  show t h a t  

more power i s  d e p o s i t e d  i n t o  t h e  f i r s t  p u l s e  and c o n s e q u e n t ly  

l e s s  i n t o  t h e  seco n d  p u l s e ,  f o r  a c o a x i a l  f l a s h t u b e  compared w i th  

a l i n e a r  f l a s h t u b e  f o r  i d e n t i c a l  o p e r a t i n g  c o n d i t i o n s .  F o r  h i g h e r  

p r e s s u r e s ,  h o w ev er ,  we s t i l l  o b t a i n  t h e  r e d u c t i o n  and th e n  

d i s a p p e a r a n c e  o f  t h e  f i r s t  p u l s e  w h i l s t  t h e  seco n d  p u l s e  t a k e s  

o v e r .  P h o to g ra p h  P12 shows t h e  seco n d  p u l s e  g row ing  to  th e  ex p en se  

o f  t h e  f i r s t  p u l s e .  The p r e s s u r e  a t  w hich  t h i s  t a k e s  p l a c e  i s  

22 t o r r  f o r  t h e  c o a x i a l  f l a s h l a m p .

The p r e s s u r e  a t  w h ich  t h e  f l a s h t u b e  would no l o n g e r  s t r i k e  

was h i g h e r  f o r  t h e  l i n e a r  f l a s h t u b e  (~45 t o r r )  compared w i th  th e  

c o a x i a l  f l a s h t u b e  (“̂ 25 t o r r ) .

The r i s e t i m e  o f  t h e  i n i t i a l  p u l s e  from  t h e  a n n u l a r  f l a s h t u b e  

w as ,  on a v e ra g e  o v e r  t h e  p r e s s u r e  r a n g e ,  a ro u n d  10 ns w here  as 

t h e  l i n e a r  f l a s h l a m p  had  a r i s e t i m e  o f  a ro u n d  20 ns  as  can  be 

s e e n  f ro m  g ra p h  5 . 2 .

The i n c r e a s e d  i n i t i a l  a b s o r p t i o n  o f  power and t h e  f a s t e r  

r i s e t i m e s  o b t a i n e d  u s in g  th e  c o a x i a l  f l a s h l a m p  c o u ld  be  due t o  

t h e  f o l l o w i n g  r e a s o n s .  The c o a x i a l  f l a s h l a m p  w i t h  a u n i fo rm  

d i s c h a r g e  h a s  l e s s  i n d u c t a n c e  th a n  a l i n e a r  f l a s h l a m p .  T h is  

would  r e d u c e  t h e  im pedance o f  t h e  f l a s h l a m p  t o  t h e  p u i s e r  s im p ly  

due t o  d e s i g n .  The f a s t  r i s e t i m e  may a l s o  be  due to  t h e  

a v a i l a b i l i t y  o f  e l e c t r o n s  from  t h e  tu b e  w a l l s ,  due to  s e c o n d a ry  

e m is s io n  fro m  th e  w a l l s ,  d u r i n g  th e  f i r s t  h i g h  f i e l d  p e r i o d .  The 

p la sm a  h a s  a much g r e a t e r  c o n t a c t  w i t h  t h e  c o n f i n i n g  w a l l s  i n  a 

c o a x i a l  f l a s h l a m p  compared w i t h  a l i n e a r  f l a s h l a m p .
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PHOTOGRAPH P12

F la s h la m p  o u t p u t  f ro m  a 14 cm lo n g  
c o a x i a l  f l a s h l a m p  f i l l e d  t o  a  . 
p r e s s u r e  o f  22 t o r r .

Sweep sp e e d  200 n s / d i v i s i o n  
B lu m le in  v o l t a g e  14 kV.

PHOTOGRAPH P16

F la s h la m p  o u t p u t  f rom  a 2 i n c h  
l i n e a r  f l a s h l a m p  f i l l e d  w i t h  x en o n  
t o  a p r e s s u r e  o f  50 t o r r .

Sweep s p e e d  200 n s / d i v i s i o n  
B lu m le in  v o l t a g e  12 kV.
Lower t r a c e  v iew e d  t h r o u g h  s a f e t y  
g l a s s .
U pper t r a c e  o b t a i n e d  n o r m a l l y .

PHOTOGRAPH P I 3

F la s h la m p  o u t p u t  f ro m  a 14 cm lo n g  
c o a x i a l  f l a s h l a m p  f i l l e d  t o  a 
p r e s s u r e  o f

(a )
(b)
(c )
(d)
(e)

50 t o r r  
45 t o r r  
40 t o r r  
35 t o r r  
30 t o r r

Sweep s p e e d  200 n s / d i v i s i o n  
B lu m le in  v o l t a g e  12 kV.

PHOTOGRAPH P14

F la s h la m p  o u t p u t  feora a 2 i n c h  
l i n e a r  f l a s h l a m p  f i l l e d  w i t h  
a rg o n  t o  a p r e s s u r e  o f

B lu m le in  v o l t a g e  14 kV,

PHOTOGRAPH P15

F la s h la m p  o u t p u t  f ro m  a  2 i n c h  
l i n e a r  f l a s h l a m p ,  w i t h  UV f i l t e r ,  
f i l l e d  w i t h  a rg o n  t o  a p r e s s u r e  o f

(a ) 50 t o r r (a ) 50 t o r r
(b) 2 7 ,5  t o r r (b) 2 7 ,5  t o r r
Cc) 1 2 ,5  t o r r (c ) 1 2 ,5  t o r r

• Cd) 2 ,5  t o r r (d) 2 ,5  t o r r
(e ) 1 ,5  t o r r (e ) 1 ,5  t o r r

Sweep s p e e d  100 n s / d i v i s i o n Sweep s p e e d  100 n s / d i v i s i o n
B lu m le in  v o l t a g e  14 kV.
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I n  t h e  24 f e e t  sy s te m ,  we n o t e  t h a t  t h e  l i n e a r  f l a s h t u b e  

showed one l i g h t  o u t p u t  p u l s e  w i t h  some s t r u c t u r e  w i t h i n  t h i s  

p u l s e  due to  t h e  r e f l e c t e d  e l e c t r i c a l  p u l s e .  When t h e  c o a x i a l  

f l a s h t u b e  was u sed  w i t h  t h e  24 f e e t  p u i s e r ,  t h i s  e f f e c t  became 

more p ro n o u n c ed  p a r t i c u l a r l y  f o r  h i g h e r  p r e s s u r e s .  T h is  can  be 

s e e n  i n  p h o to g ra p h  P13. The p u i s e r  was c h a rg e d  to  12 kV and th e  

p r e s s u r e  w i t h j n  t h e  f l a s h l a m p  was 30 , 35, 40 ,  45 , 50 t o r r  f rom  

th e  lo w er  to  t h e  u p p e r  t r a c e  r e s p e c t i v e l y .  The t im e b a s e  on th e  

o s c i l l o s c o p e  was s e t  t o  200 n s / d i v i s i o n .  We can  s e e  t h a t  th e  

l a t t e r  h a l f  o f  t h i s  l i g h t  o u tp u t  p u l s e  i n c r e a s e s  i n  a m p l i tu d e  

o v e r  t h e  i n i t i a l  h a l f .  We a r e  th u s  o b t a i n i n g  a s i m i l a r  e f f e c t  

shown i n  t h e  f l a s h l a m p s  i n  t h e  12 f e e t  p u i s e r .  H e re ,  h o w e v e r , '  th e  

e f f e c t  o c c u r s  i n  one f l a s h l a m p  p u l s e  due to  t h e  B lu m le in  

c o n f i g u r a t i o n ,  w h e re a s  t h e  p u l s e s  w ere  s e p a r a t e  i n  t h e  12 f e e t  

p u i s e r .  Hie r e a s o n  t h e  same e f f e c t  was n o t  o b s e rv e d  i n  t h e  l i n e a r  

f l a s h l a m p  i n  t h i s  h i g h e r  e n e rg y  p u i s e r  sy s tem  was p ro b a b ly  due 

t o  s a t u r a t i o n  e f f e c t s  o f  t h e  s u r f a c e  b r i g h t n e s s  o f  t h e  f l a s h l a m p .  

T h is  i s  a n a ly s e d  i n  more d e t a i l  i n  S e c t i o n  5 . 5 ,  w hich c o v e rs  

f l a s h l a m p s  u s e d  i n  t h e  24 f e e t  s y s te m  i n  more d e t a i l .

A l th o u g h  t h e  B lu m le in  p u l s e r s  h av e  b ee n  d e s c r i b e d  as  90 ns 

p u l s e r s  e t c ,  t h i s  h a s  b e e n  q u a l i f i e d  w i t h  " f o r  a m atched  lo a d " .  

When we c o n s i d e r  non l i n e a r  l o a d s  ( su c h  as f l a s h l a m p s )  and non 

c o a x i a l  c o n n e c t io n s  b e tw een  th e  s t r i p  l i n e  and f l a s h la m p  

a s s e m b l i e s ,  t h e  e l e c t r i c a l  p u l s e  i s  c o n s i d e r a b l y  d i f f e r e n t  f rom  

t h a t  e x p e c t e d  f o r  a m atched  lo a d .  S e l f  i n d u c t a n c e ,  v a r i a t i o n s  

i n  r i s e t i m e  and th e  e f f e c t  o f  t h e  s p a r k  gap u sed  t o  t r i g g e r  th e  

p u i s e r  make th e  s i t u a t i o n  v e r y  com plex in d e e d  and e x t r e m e ly  

d i f f i c u l t  to  t r u l y  r e l a t e  l i g h t  o u tp u t  p u l s e s  from  a f l a s h t u b e  to  

in co m in g  e l e c t r i c a l  p u l s e s  from  t h e  p u i s e r .
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5 , 4  F la sh la m p  o u t p u t  i n  t h e  w a v e le n g th  r a n g e  3000-4000 ^  com pared

w i t h  u n r e s t r i c t e d  s p e c t r a l  o u tp u t

L ig h t  o u t p u t  i n  t h e  w a v e le n g th  r a n g e  3000-4000 X from  th e  9 cm 

l i n e a r  f l a s h l a m p  i n  t h e  12 f e e t  p u i s e r  was exam ined . The l i m i t e d  s p e c t r a l  

r a n g e  was o b t a i n e d  by p u t t i n g  a Kodak 18A u l t r a - v i o l e t  f i l t e r  i n  f r o n t  o f  

t h e  p h o t o m u l t i p l i e r .  The f i l t e r  h ad  a p a s s  band  i n  th e  w a v e le n g th  r e g i o n  

3 000-4000  S and i n  t h i s  r e g i o n  i t  d e c r e a s e d  t h e  l i g h t  i n t e n s i t y  r e c o r d e d  

by  a p p r o x im a te ly  a h a l f .

Graph 5 .3  shows t h e  r e l a t i v e  i n t e n s i t i e s  o f  t h e  f i r s t  and seco n d  

p u l s e  seen  th ro u g h  th e  18A f i l t e r  as  d e s c r i b e d  above .  The r e l a t i v 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  b u i l d s  up t o  a maximum a t  a p p r o x im a te ly  22 t o r r  

and th e n  s t a r t s  d e c r e a s i n g .  At t h i s  p o i n t  t h e  second  p u l s e  b e g in s  t o  grow 

i n  i n t e n s i t y  from  i t s  p r e v io u s  c o n s t a n t  low l e v e l .  At a  p r e s s u r e  o f  35 t o r r  

b o t h  p u l s e s  ( f i r s t  and sec o n d )  i n  t h i s  w a v e le n g th  r e g i o n  th e n  d e c r e a s e  i n  

a m p l i tu d e  as  t h e  p r e s s u r e  w i t h i n  t h e  f l a s h la m p  i s  i n c r e a s e d  to  th e  p o i n t  

w here  a r c i n g  t a k e s  p l a c e .  (A s m a l l  i n c r e a s e  i n  t h e  p r e s s u r e  ( l e s s  th a n  

5 t o r r )  a t  w h ich  a r c i n g  t a k e s  p l a c e  p r e v e n t s  t h e  lamp from  s t r i k i n g ) .  The 

i n t e n s i t y  p r o f i l e ,  w i t h o u t  t h e  18A f i l t e r  i n  f r o n t  o f  th e  p h o t o m u l t i p l i e r ,  

f o r  t h e  f i r s t  and seco n d  p u l s e s  i n  e x a c t l y  t h e  same s y s te m  i s  shown i n  

g ra p h  5 . 4 .  The p r o f i l e  f o l lo w s  a s i m i l a r  s o r t  o f  p a t t e r n  a s  i n  g ra p h  5 .3  

w i t h  t h e  f i r s t  p u l s e  b e i n g  more i n t e n s e  th a n  th e  second  u n t i l  a p r e s s u r e  o f 

a p p r o x im a te ly  33 t o r r .  T h is  i s  t h e  p r e s s u r e  j u s t  b e f o r e  t h e  f la s h la m p  

s t a r t s  o b v i o u s l y  a r c i n g .  At t h i s  p o i n t  th e  seco n d  p u l s e  b e g in s  t o  grow 

more i n t e n s e  t h a n  th e  f i r s t  p u l s e .  C om parison w i t h  g ra p h  5 .3  i n d i c a t e s  th e  

s p e c t r a l  n a t u r e  o f  t h e  seco n d  p u l s e  i n  t h e  h i g h e r  p r e s s u r e  reg im e  i s  i n  th e  

v i s i b l e  ( g r e a t e r  t h a n  4000 S ) . P h o to g ra p h  P9 shows t h a t  m ost o f  t h e  e n e rg y  in  

t h e  f i r s t  p u l s e  l i e s  b e tw e en  3000-4000 R i n  th e  lo w er  p r e s s u r e  re g im e .  The
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GRAPE 5 . 3 :  UV RESPONSE FOR THE DOUBLE PULSE AS A FUNCTION OF PRESSURE

AT CONSTANT VOLTAGEî FOR A LINEAR FLASHTUBE IN THE 12 f t  SYSTEM
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GRAPH 5 , 4 :  VISIBLE RESPONSE FOR THE DOUBLE PULSE AS A
FUI^CTION OF PRESSURE AT CONSTANT VOLTAGE 
FOR A LINEAR FLASIITUBE IN THE 12 f t  SYSTEM.
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u p p e r  t r a c e  was o b t a i n e d  th ro u g h  t h e  18A f i l t e r ,  w h e reas  th e  lo w er  t r a c e  

was w i t h o u t  f i l t e r .  The p r e s s u r e  i n  th e  f l a s h l a m p  was 5 t o r r ,  and t h e  p u i s e r  

was c h a rg e d  t o  14 kV.

The o u t p u t  f rom  th e  l i n e a r  f l a s h t u b e ,  v iew ed  w i th  and w i t h o u t  

f i l t e r ,  u n d e r  t h e  i n f l u e n c e  o f a c o n t in u o u s  p r e i o n i s i n g  d i s c h a r g e  was a l s o  

exam ined .  The u s e  o f  f l a s h l a m p  p r e i o n i s a t i o n  was f i r s t  r e p o r t e d  by u s  a t  a 

c o n f e r e n c e  i n  B e r l i n  i n  1973, and i s  now u se d  by Dr S c h a f e r  

^ d e i o n i s a t i o n  i s  c o v e re d  i n  d e t a i l  i n  t h e  n e x t  c h a p t e r ) .  Graph 5 .5  shows 

th e  r e l a t i v e  i n t e n s i t y  o f  th e  f i r s t  and seco n d  p u l s e  v iew ed th r o u g h  t h e  ISA 

f i l t e r  w i t h  t h e  f l a s h t u b e  p r e i o n i s e d .  The r e l a t i v 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  i s  a lw ays  g r e a t e r  th a n  t h e  sec o n d  p u l s e .  The r e l a t i v e  i n t e n s i t y  o f  

t h e  s ec o n d  p u l s e  re m a in s  a t  a  f a i r l y  c o n s t a n t  low v a l u e .  Comparing 5 .5  

w i t h  g ra p h  5 . 3  (w here  g ra p h  5 . 3  shows th e  UV o u t p u t  w i t h o u t  any p r e i o n i s a 

t i o n )  shows t h a t  p r e i o n i s a t i o n  te n d s b k e e p  t h e  o u t p u t  i n t e n s i t y  a t  

a p p r o x im a te ly  t h e  same l e v e l  t h r o u g h o u t  th e  w o rk in g  p r e s s u r e  re g im e .

Graph 5 .6  shows t h e  o u t p u t  f ro m  t h e  l i n e a r  f l a s h t u b e  w i t h o u t  th e  

UV f i l t e r ,  b u t  w i t h  p r e i o n i s a t i o n ,  as  a  co m p ar iso n  w i t h  g ra p h  5 .5  w hich  

show t h e  r e s u l t s  w i t h  t h e  f i l t e r .  One ca n  o b s e r v e  from  g ra p h  5 .6  t h a t  we 

h av e  many p ea k s  and t r o u g h s  once a g a in  and a t  a p p r o x im a te ly  33 t o r r  t h e  

s ec o n d  p u l s e  s t a r t s  t o  t a k e  o v e r  i n  i n t e n s i t y  from  t h e  f i r s t  p u l s e .  A 

g ra p h  s i m i l a r  t o  g ra p h  5 .6  i s  d i s c u s s e d  i n  more d e t a i l  i n  t h e  n e x t  c h a p t e r  

w h ich  c o v e r s  o u t p u t  from  a p r e i o n i s e d  f l a s h t u b e .

The l i g h t  o u t p u t ,  w i t h  and w i t h o u t  UV f i l t e r ,  from  a 14 cm lo n g  

c o a x i a l  f l a s h t u b e  was a l s o  s t u d i e d  on t h e  12 f e e t  sy s te m .  The f l a s h t u b e  

had  an  o u t s i d e  d i a m e t e r  o f  2 .5  cm, 1 mm t h i c k  fu s e d  q u a r t z  w a l l s  and an 

a n n u l a r  gap o f  1 .5  mm. Graph 5 .7  shows th e  l i g h t  o u tp u t  from  t h i s  f l a s h  

lamp w i t h o u t  t h e  ISA UV f i l t e r  i n  p l a c e .  The w o rk in g  p r e s s u r e  r a n g e  o f  th e  

c o a x i a l  f l a s h l a m p  was l e s s  th a n  t h a t  o f  t h e  l i n e a r  on e .  A s i m i l a r  s o r t  o f
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CRAl'll 5 . 6 :  VISIBLE OUTPUT FOR LINEAR FLASHLAMP WITH
rR E IONTSATION IN THE 12 f t  SYSTEM
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CRAFll 5 . 7 ;  VISICUi OUTPUT FROM A COAXIAL FLASHLAMP IN THE 12 f t  SYSTEM
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e f f e c t  o c c u r s  th o u g h ,  i n  t h a t  t h e  f i r s t  p u l s e  i s  a lw ays  more i n t e n s e  th a n  

th e  s ec o n d  p u l s e  u n t i l  n e a r  t h e  h ig h  p r e s s u r e  end o f  th e  w o rk in g  r a n g e  w here 

t h e  sec o n d  p u l s e  becomes more i n t e n s e .  The f i r s t  p u l s e  i n c r e a s e s  i n  

i n t e n s i t y  t o  r e a c h  a maximum a t  16 t o r r .  The f i r s t  p u l s e  t h e n  r a p i d l y  f a l l s  

o f f  i n  i n t e n s i t y .  The sec o n d  p u l s e  s t a r t s  o f f  b e i n g  l e s s  i n t e n s e  and 

c o n t i n u e s  t o  i n c r e a s e  i n  i n t e n s i t y  t h r o u g h o u t  t h e  w o rk in g  p r e s s u r e  r a n g e ,  

f i n a l l y  becom ing  more i n t e n s e  th a n  th e  f i r s t  p u l s e  a t  a p p r o x im a te ly  19 t o r r .

The o u t p u t  from  th e  same f l a s h t u b e  w i t h  t h e  UV f i l t e r  i n  p l a c e  i s  

shown i n  g ra p h  5 . 8 .  The UV c o n t e n t  o f  t h e  f i r s t  and seco n d  p u l s e  f o l lo w  

e s s e n t i a l l y  t h e  same p r o f i l e  t h r o u g h  t h e  w o rk in g  p r e s s u r e  r a n g e  and t h e  

seco n d  p u l s e  n e v e r  becomes more i n t e n s e  th a n  t h e  f i r s t  once a g a in  

i n d i c a t i n g  th e  v i s i b l e  n a t u r e  o f  t h e  o u t p u t  a t  h i g h e r  p r e s s u r e s .  The 

maximum i n t e n s i t y  c o r r e s p o n d e d  t o  a  p r e s s u r e  o f 10 t o r r .

The 18A UV f i l t e r  was a l s o  u se d  on t h e  o u t p u t  from  a two in c h  

l i n e a r  f l a s h l a m p  c o u p le d  i n t o  t h e  24 f e e t  s y s te m .  The l i n e a r  f l a s h t u b e  

was f a s h io n e d  t o  t h e  d e s i g n  shown i n  C h a p te r  4 , had  a one m i l l i m e t e r  t h i c k  

fu s e d  q u a r t z  w a l l  and an i n t e r n a l  d i a m e t e r  o f  0 .3  cm. A i r  and th e n  

i n d u s t r i a l  g ra d e  a rg o n  was u s e d  i n  t h e  f l a s h l a m p  and b o th  g a s e s  gave th e  

same r e s u l t s  e x c e p t  t h a t  t h e  maximum w o rk in g  p r e s s u r e  o f  a i r  was 35 t o r r  

and t h a t  o f  a r g o n  was 50 t o r r .  The n e x t  s e c t i o n  ( 5 .5 )  exam ines  th e  o u tp u t  

f rom  t h i s  l i n e a r  f l a s h l a m p  i n  more d e t a i l .  A t y p i c a l  o u t p u t ,  w i t h o u t  th e  

UV f i l t e r  i s  shown i n  p h o to g ra p h  P14 . The 24 f e e t  p u i s e r  was c h a rg e d  to  

14 kV. The t im e  b a s e  was s e t  on 100 ns  p e r  d i v i s i o n  and th e  t r a c e s  show 

how t h e  o u t p u t  v a r i e d  as  a  f u n c t i o n  o f  p r e s s u r e ,  u s i n g  a r g o n .  S t a r t i n g  

a t  t h e  b o t to m  o f  t h e  p h o to g r a p h ,  t h e  p r e s s u r e s  u sed  w ere  1 . 5 ,  2 . 5 ,  1 2 .5 ,

27 .5  and 50 t o r r  r e s p e c t i v e l y .  P h o to g ra p h  P15 shows th e  same e x p e r im e n t  

r e c o r d e d  th ro u g h  an  18A UV f i l t e r .  The o u tp u t  t e n d s  t o  s e p a r a t e  i n t o  two
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p u l s e s ,  t h e  f i r s t  p u l s e  b e i n g  much s h o r t e r  i n  d u r a t i o n  th a n  th e  se c o n d .  

Whereas t h e  sec o n d  p u l s e  re m a in s  c o n s t a n t  i n  i n t e n s i t y ,  t h e  f i r s t  p u l s e  i s  

l e s s  i n t e n s e  f o r  t h e  lo w er  and h i g h e r  p r e s s u r e s  (1 .5  and 50 t o r r )  and i s  

a  maximum e q u a l  i n  i n t e n s i t y  t o  t h e  s ec o n d  p u l s e  f o r  i n t e r m e d i a t e  p r e s s u r e s .  

Com paring P15 w i t h  P14 ( w i th o u t  UV f i l t e r )  we s e e  t h a t  t h e  l i g h t  i n  th e  

r a n g e  3000-4000  X te n d s  t o  r e c o r d  t h e  f a s t e r  p r o c e s s e s  o c c u r r i n g  w i t h i n  t h e  

f l a s h l a m p  (due t o  t h e  n e a r  a b s e n c e  o f  t h e  two p u l s e  e f f e c t  i n  P14) and t h a t  

t h e  r e l a x a t i o n  p r o c e s s e s  o f  t h e  e x c i t e d  gas  t e n d  t o  e m i t  v i s i b l e  (>4000 R) 

l i g h t  a s  can  b e  s e e n  by  t h e  " f i l l i n g  in "  o f  t h e  a r e a  b e tw e en  t h e  two p u l s e s  

as  shown i n  p h o to g r a p h  P14.

A s u b s i d i a r y  e x p e r im e n t  p e r fo rm e d  w i t h  t h e  l i n e a r  f l a s h l a m p  i n  

t h e  24 f e e t  s y s te m  e s t a b l i s h e s  t h a t  t h e  f a s t  p r o c e s s e s  o c c u r r i n g  i n  a f l a s h 

lamp a r e  t h e  u l t r a  v i o l e t  p r o c e s s e s .  U s in g  a p a i r  o f  s a f e t y  g l a s s e s  w hich 

do n o t  a l l o w  l i g h t  b e lo w  4000 R t o  p e n e t r a t e ,  t h e  l i g h t  o u t p u t  f rom  th e  

l i n e a r  f l a s h l a m p  was com pared w i t h  t h a t  o b t a i n e d  w i t h  t h e  UV component 

rem oved. T h is  e f f e c t  i s  shown i n  p h o to g r a p h  P16. The t im e  b a s e  was s e t  t o  

200 n s  p e r  d i v i s i o n ,  t h e  p u i s e r  was c h a rg e d  t o  12 kV and t h e  f l a s h la m p  was 

f i l l e d  w i t h  xenon t o  a  p r e s s u r e  o f  50 t o r r .  The u p p e r  t r a c e  was o b t a in e d  

n o r m a l ly  and t h e  lo w e r  t r a c e  was o b t a i n e d  th ro u g h  t h e  s a f e t y  g l a s s e s .  As 

can  b e  s e e n ,  t h e  v i s i b l e  l i g h t  o u t p u t  showed a c o n s i d e r a b l y  s lo w e r  r i s e t i m e .

I n  c o n c l u s i o n ,  we n o t e  from  t h e  12 f e e t  sy s te m ,  low p r e s s u r e s  

y i e l d  an i n i t i a l  p u l s e  a lm o s t  e n t i r e l y  i n  th e  3000-4000  R w a v e le n g th  r e g io n  

w i t h  v e r y  l i t t l e  c o n t e n t  o f  UV l i g h t  i n  t h e  seco n d  p u l s e .  T h is  i s  due t o  

m o l e c u l a r  e m i s s i o n .  W ith  p r e s s u r e s  r e a c h i n g  th e  maximum w o rk in g  p r e s s u r e  

t h e  o u t p u t  t e n d s  t o  b e  e n t i r e l y  i n  t h e  v i s i b l e  r e g i o n  (>4000 R ) .
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In  t h e  h i g h e r  e n e rg y  24 f e e t  s y s te m ,  t h e  s i n g l e  p u l s e  o b t a i n e d  

w i t h o u t  f i l t e r  s p l i t s  i n t o  two p u l s e s  when v iew ed  th ro u g h  t h e  f i l t e r  w i t h  

e a c h  p u l s e  h a v in g  a  c o n s i d e r a b l e  f r a c t i o n  o f  t h e  l i g h t  i n t e n s i t y  i n  t h e  

s p e c t r a l  r a n g e  3000-4000  R.

5 .5  A n a ly s i s  o f  a  s h o r t  l i n e a r  f l a s h t u b e  i n  th e  24 f e e t  sy s tem

The o u t p u t  i n t e n s i t y  from  a 6 .4  cm l i n e a r  f l a s h t u b e  w i t h  a  3 mm 

i n t e r n a l  d i a m e t e r  was s t u d i e d  f o r  d i f f e r e n t  p r e s s u r e s  a t  c o n s t a n t  p u i s e r  

v o l t a g e s  and c o n s t a n t  p r e s s u r e s  a t  d i f f e r e n t  p u i s e r  v o l t a g e s  u s i n g  a i r  and 

a r g o n .  The r i s e t i m e  o f  t h e  l i g h t  o u t p u t  f o r  t h e  a i r  f i l l e d  f l a s h l a m p  i s  

shown i n  g ra p h  5 .9  and f o r  t h e  a rg o n  f i l l e d  f l a s h l a m p  i n  g ra p h  5 .1 0 .  As 

t h e  g ra p h s  show, t h e  change o f  g a s  w i t h i n  t h e  f l a s h l a m p  d id  n o t  h av e  any 

e f f e c t  on t h e  r i s e t i m e  o f  th e  l i g h t  o u tp u t  f rom  t h e  f l a s h t u b e .  The r e s u l t s  

show t h a t  f o r  b o t h  a rg o n  and a i r  f i l l e d  f l a s h l a m p s  t h e  r i s e t i m e  i s  r e d u c e d  

as  t h e  o v e r  v o l t i n g  o f  t h e  f l a s h l a m p  i s  i n c r e a s e d .  A ls o ,  i n  g e n e r a l ,  th e  

r i s e t i m e  t e n d s  t o  i n c r e a s e  w i t h  i n c r e a s i n g  p r e s s u r e  w i t h i n  t h e  f l a s h l a m p s .  

(Shown i n  g ra p h s  5 .9  and 5 . 1 0 ) .

A n o t i c e a b l e  f e a t u r e  o f  t h e s e  r e s u l t s  w i t h  t h e  6 .4  cm l i n e a r  

f l a s h l a m p  i n  t h e  h i g h e r  e n e rg y  24 f e e t  s y s te m  was t h e  l a c k  o f  i n c r e a s e  i n  

l i g h t  i n t e n s i t y  from  t h e  f l a s h l a m p  f o r  a g iv e n  i n c r e a s e  i n  p r e s s u r e  w i t h i n  

t h e  f l a s h l a m p ,  o r  a  g iv e n  i n c r e a s e  i n  v o l t a g e  a c r o s s  t h e  f l a s h l a m p .  (The 

v o l t a g e  r a n g e  was 12-16  kV w h ich  c o r r e s p o n d s  t o  an  e n e rg y  change  o f  

3 0 -5 0  j o u l e s ) .
(81)

A s i m i l a r  e f f e c t  was o b s e r v e d  by Furum oto  and Ceccon who 

e x p l a i n e d  i t  a s  a  s a t u r a t i o n  e f f e c t  o f  t h e  s u r f a c e  b r i g h t n e s s  i n  th e  

v i s i b l e ,  i e  t h e  w a l l s  o f  t h e  lamp c o o l  t h e  p l a s m a 's  o u t e r  s u r f a c e ,  and, even  

i f  t h e  i n t e r i o r  o f  t h e  p la sm a  i s  h o t t e r ,  t h e  lo n g  w a v e le n g th  r a J ^ a t i o n  from  

th e  i n t e r i o r  c a n n o t  p e n e t r a t e  th ro u g h .
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R e f e r r i n g  t o  C h a p te r  2 .2  on t h e  work by M ark iew fcz  and Emmett 

th e  o u t p u t  f rom  t h i s  f l a s h t u b e  p u i s e r  c o m b in a t io n  i s  s i m i l a r  to  th e  

c o m p u te r  p r i n t  o u t  i n d i c a t i n g  a  damping f a c t o r  o f  a p p r o x im a te ly  0 . 2 .  T h is  

c o m b in a t io n  i s  a c o n v e n ie n t  way o f  o b t a i n i n g  f a s t  r i s e t i m e  l i g h t  p u l s e s  o f  

c o n s t a n t  a m p l i tu d e  l i g h t  o u t p u t .  See p h o to g ra p h  P14 f o r  exam ple  (m id d le  

t r a c e ) .

D i f f e r e n t  r e s u l t s  w ere  o b t a i n e d  w i t h  a s h o r t e r  ( 4 .2  cm) c o a x i a l  

f l a s h l a m p  i n  t h e  24 f e e t  s y s te m  as  d e s c r i b e d  i n  t h e  n e x t  s e c t i o n .

5 .6  A n a ly s i s  o f  a s h o r t  c o a x i a l  f l a s h l a m p  i n  t h e  24 f e e t  s y s te m

A 4 .2  cm lo n g  c o a x i a l  f l a s h l a m p  was f i t t e d  t o  t h e  24 f e e t  sy s tem . 

The o u t s i d e  d i a m e t e r  o f  t h e  c o a x i a l  f l a s h l a m p  was 2 .3  cm. The w a l l s  w ere 

made o f  1 mm t h i c k  f u s e d  q u a r t z  and t h e  a n n u l a r  gap was 2 mm.

The s a t u r a t i o n  o f  s u r f a c e  b r i g h t n e s s  o b s e rv e d  w i t h  t h e  s h o r t

l i n e a r  f l a s h l a m p ,  was n o t  o b s e r v e d  w i t h  t h i s  c o a x i a l  f l a s h l a m p .  A t y p i c a l  

o u t p u t  f ro m  t h i s  f l a s h la m p  i s  shown i n  p h o to g ra p h  P17. The 24 f e e t  p u i s e r  

was c h a rg e d  to  14 kV and t h e  p r e s s u r e  w i t h i n  t h e  f l a s h la m p  i n c r e a s e d  from  

30 t o r r  t o  50 t o r r  i n  s t e p s  o f  5 t o r r  f ro m  t h e  lo w er  to  t h e  u p p er  t r a c e  

r e s p e c t i v e l y .  The t im e  b a s e  on t h e  o s c i l l o s c o p e  was s e t  t o  500 n s / d i v i s i o n .  

We can s e e  t h a t  t h e  i n t e n s i t y  p r o f i l e  once a g a in  v a r i e s  w i t h  i n c r e a s i n g  

p r e s s u r e  w i t h i n  t h e  f l a s h l a m p .  The i n t e n s i t y  o f  t h e  seco n d  p eak  i n  t h e  

p u l s e  re m a in s  a t  a  c o n s t a n t  l e v e l  and t h e  i n t e n s i t y  o f  t h e  f i r s t  p ea k  as  a 

f u n c t i o n  o f  p r e s s u r e  i s  p l o t t e d  i n  g ra p h  5 .1 1 .

The o u t p u t  i n t e n s i t y  shows a number o f  p ea k s  and i s  a  maximum a t  

50 t o r r .  T h is  p r e s s u r e  was t h e  maximum w o rk in g  p r e s s u r e  f o r  t h i s  f l a s h la m p  

i n  t h i s  e x p e r im e n t .

Even th o u g h  th e  o u t p u t  i n t e n s i t y  o f  t h e  l i g h t  p u l s e  v a r i e d  

c o n s i d e r a b l y ,  t h e  r i s e t i m e  re m a in ed  a lm o s t  c o n s t a n t  a t  200 n s .
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PHOTOGRAPH P I 7

F la s h la m p  o u t p u t  f ro m  a 412 cm lon jf  c o a x i a l  f l a s h l a m p  f i l l e d  
w i t h  a i r  to  p r e s s u r e s  o f

(a ) 50 t o r r

(b) 45 t o r r

(c ) 40 t o r r

(d) 35 t o r r

(e ) 30 t o r r

Sweep sp e e d  500 n s / d i v i s i o n  
B lu m le in  v o l t a g e  14 kV

PHOTOGRAPH P18

F la s h la m p  o u t p u t  f ro m  a 412 cm lo n g  c o a x i a l  f l a s h l a m p  f i l l e d  
w i t h  a i r  t o  p r e s s u r e s  o f

( a )  95 t o r r

(b )  90 t o r r

( c )  85 t o r r

Sweep s p e e d  200 n s / d i v i s i o n  
B lu m le in  v o l t a g e  12 kV
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R e f e r r i n g  once a g a in  to  t h e  d ia g ra m  i n  t h e  work o f  M ark iew icz  

and E m m e t t , t h i s  f l a s h t u b e  p u i s e r  c o m b in a t io n  i n d i c a t e s  a damping 

f a c t o r  o f  0 . 4 .

Thus f o r  t h e  24 f e e t  s y s te m  u s i n g  s h o r t  f l a s h l a m p s ,  th e  c o a x i a l  

ty p e  o f  lamp g iv e s  s h o r t e r  d u r a t i o n ,  more i n t e n s e  l i g h t  o u t p u t s  w i th  

r i s e t i m e s  s lo w e r  th a n  t h e  l i n e a r  ty p e  o f  f l a s h l a m p .

However, when t h e  p r e s s u r e  r a n g e  o f  t h e  c o a x i a l  f l a s h l a m p  i s  

e x te n d e d  t o  h i g h e r  p r e s s u r e s  w i t h  t h e  u s e  o f  a  p u l s e d  p r e i o n i s i n g  d e v i c e  

( t o  b e  d e s c r i b e d  i n  t h e  n e x t  c h a p t e r )  l i g h t  o u t p u t  f rom  th e  c o a x i a l  

f l a s h l a m p  i s  r e m a rk a b ly  s i m i l a r  to  t h a t  o b t a i n e d  by  th e  l i n e a r  f l a s h l a m p  

as  shown i n  p h o to g ra p h  P 18, The t h r e e  t r a c e s  a r e  f o r  p r e s s u r e s  85, 90,

95 t o r r  from  t h e  lo w er  t o  t h e  u p p e r  t r a c e  r e s p e c t i v e l y ,  and t h e  24 f e e t  

p u i s e r  was c h a rg e d  t o  12 kV. The o s c i l l o s c o p e  t im e  b a s e  was 200 n s /  

d i v i s i o n .

5 .7  C om parison  o f  t h e  o u t p u t  i n t e n s i t i e s  from  d i f f e r i n g  f l a s h t u b e s

A s e r i e s  o f  f l a s h l a m p s  w ere  f i t t e d  i n  t u r n  t o  t h e  12 f e e t ,  20 n s  

p u i s e r  and t h e  r e l a t i v e  o u t p u t  i n t e n s i t i e s  o f  v a r i o u s  g a s e s  o v e r  t h e  t o t a l  

w o rk in g  p r e s s u r e  r a n g e  o f  t h e  lamps w ere  o b t a i n e d .  F ig u r e  5 .1 2  g iv e s  th e  

r e l e v a n t  d e t a i l s  o f  t h e  f l a s h l a m p s  u s e d .

Ttie v o l t a g e  t o  th e  p u i s e r  was m a in t a in e d  a t  18 kV and i n  o r d e r  

n o t  t o  d i s t u r b  t h e  d i s t a n c e  b e tw e en  t h e  p h o to d io d e  and th e  f l a s h l a m p ,  

d i f f e r e n t  s i z e  a p e r  t u r e s  w ere  u sed  t o  c u t  down t h e  e f f e c t i v e  a r e a  o f 

p h o to  c a th o d e  i l l u m i n a t e d  th u s  r e d u c i n g  th e  s i g n a l  t o  t h e  T e k t r o n i x  519 

o s c i l l o s c o p e .

A s e r i e s  o f  g ra p h s  w ere  drawn from  t h e  above r e s u l t s .  Graphs 

5 .1 3  - ^ 5 . 1 6  show t h e  r e l a t i v e  o u t p u t  i n t e n s i t i e s  p l o t t e d  a g a i n s t  p r e s s u r e

w i t h i n  t h e  f l a s h t u b e s  f o r  4 d i f f e r e n t  g a s e s .  I t  i s  e v i d e n t  from  t h e s e  

g ra p h s  t h a t  l o n g e r  f l a s h t u b e s  h av e  a more l i m i t e d  w o rk in g  p r e s s u r e  ra n g e
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Plasm a
r e g i o n

L •» L e n g th  b e tw e e n  e l e c t r o d e s

" O uter  d ia m e t e r  o f  i n n e r  tu b e

D_ « I n n e r  d ia m e t e r  o f  o u t e r  tu b e
2

Y « A n n u la r  gap

F la s h la m p s L(cm) (cm) (cm) Y (cm)

Coax A 1 4 . 1 1 . 9 2 . 3 0 . 2

Coax B 1 4 .1 1 . 7 2 . 1 0 . 2

Coax C 1 4 .5 0 . 7 2 . 3 0 . 8

Coax D 8 . 8 2 . 4 2 . 7 0 . 1 5

Coax E 4 . 2 1 . 9 2 . 3 0 . 2

Coax F 4 . 2 0 . 6 1 .2 0 , 3

L i n e a r  G 6 . 4 - 0 . 4 -

FIGURE 5 , 1 2 :  RELEVANT FLASHLAMP PARAMETERS
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GRAPH 5 .1 5 :  RELAXIVH. INTEKSIXY VERSUS PRESSURE (ARGOS)

' FOR DIFFERENT FLASHTUBES.
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GRAPH 5 .1 6 ;  RELATIVE INTENSITY VERSUS PRESSURE (XENON)
FOR DIFFERENT FLASHTUBES
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t h a n  t h e  s h o r t e r  f l a s h t u b e s ,  and t h a t  n a r ro w  a n n u l a r  gap c o a x i a l  f l a s h t u b e s  

a r e  more lum inous  th a n  t h e  w id e  a n n u l a r  gap c o a x i a l  f l a s h t u b e s  and th e  

l i n e a r  f l a s h t u b e .  A l l  t h e  r e s u l t s  show two m a jo r  p eak s  i n  t h e  r e l a t i v e  

i n t e n s i t y  o u t p u t .  The f i r s t  p ea k  c o r r e s p o n d s  t o  t h e  maximum o u t p u t  from  

th e  i n i t i a l  p u l s e .  (N ote  t h e  12 f e e t  p u i s e r  g iv e s  two l i g h t  o u t p u t  p u l s e s ) .  

The d ip  i n  t h e  g ra p h s  th e n  c o r r e s p o n d s  t o  t h e  i n i t i a l  p u l s e  l o s i n g  i n t e n s i t y  

and t h e  s ec o n d  p u l s e  g a i n i n g  i n  i n t e n s i t y .  The sec o n d  p ea k  th e n  

c o r r e s p o n d s  t o  t h e  maximum o u t p u t  f rom  th e  seco n d  p u l s e .  I n  t h e  c o a x i a l  

f l a s h l a m p s ,  t h e  maximum o u t p u t  o f  t h e  seco n d  p u l s e  c o r r e s p o n d s  t o  a r c i n g  

w i t h i n  t h e  f l a s h t u b e s ,  and t h e  maximum i n i t i a l  p ea k  i s  o f  u n i fo rm  d i s c h a r g e .  

I t  was d i f f i c u l t  t o  d e t e c t  a r c i n g ,  v i s u a l l y ,  from  th e  l i n e a r  f l a s h l a m p .

The e x c e p t i o n  t o  t h e s e  r e s u l t s  was f l a s h t u b e  C. T h is  h ad  a v e r y  w ide 

a n n u l a r  gap ( 1 .5  cm) and th e  o u t p u t  from  t h i s  f l a s h l a m p  was a r c  l i k e  

f o r  p r e s s u r e s  g r e a t e r  t h a n  2 o r  3 t o r r .

From t h e s e  g ra p h s  we n o t e  t h a t  f l a s h t u b e  A f i l l e d  w i t h  a i r  and 

f l a s h t u b e  C f i l l e d  w i t h  n i t r o g e n  had  t h e  m ost lum inous second  p u l s e ,  c l o s e l y

fo l lo w e d  b y  f l a s h t u b e  E f i l l e d  w i t h  a r g o n .  However, as  n o te d  a b o v e ,  t h e

d i s c h a r g e  was an  a r c  and c o n s e q u e n t l y  n o t  v e r y  u s e f u l  f o r  u n i fo rm  pumping 

o f  an a c t i v e  medium.

The f l a s h l a m p s  w i t h  t h e  m ost lum inous  i n i t i a l  p ea k  c o r re s p o n d e d  

t o  f l a s h t u b e  E f i l l e d  w i t h  n i t r o g e n  and f l a s h t u b e  A f i l l e d  w i t h  a i r  c l o s e l y  

f o l lo w e d  by f l a s h t u b e  E f i l l e d  w i t h  a i r ,  f l a s h t u b e  D f i l l e d  w i t h  a i r  and

f l a s h t u b e  E f i l l e d  w i t h  a r g o n .

The b e s t  two f l a s h t u b e s  o v e r a l l  w ere  t h e r e f o r e  t h e  lo n g  c o a x i a l  

f l a s h l a m p  A and t h e  s h o r t  c o a x i a l  f l a s h la m p  E (b o th  h a v in g  a n a r ro w  a n n u la r  

g a p ) .  As t h e  o u t p u t  from  f l a s h la m p  A was more p r e s s u r e  s e n s i t i v e  th a n  

f l a s h t u b e  E , f l a s h t u b e  E was s e l e c t e d  f o r  pumping a  dye.
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Graphs 5 . 1 7 - 5 .2 2  w ere  drawn to  show t h e  e f f e c t  o f  d i f f e r e n t  

g a s e s  on t h e  same f l a s h t u b e  more c l e a r l y .  Each g ra p h  shows t h e  r e l a t i v e  

i n t e n s i t y  v e r s u s  p r e s s u r e  f o r  a number o f  g a s e s  w i t h i n  a g iv e n  f l a s h l a m p .  

From t h e s e  r e s u l t s  we s e e  t h a t  a rg o n  e x t e n d s  t h e  w o rk in g  p r e s s u r e  o f  e a ch  

f l a s h t u b e  and  t h a t  i t  co u ld  b e  a u s e f u l  gas  to  m ix w i t h  o t h e r  g a s e s  t o

g iv e  b e t t e r  f l a s h l a m p  o u t p u t s .  The r e s u l t s  a l s o  show t h a t  no one gas  was
if

t h e  b e s t  o v e r a l l  f o r  a g iv e n  f l a s h l a m p  and t h a t  d i f f e r e n t  g a s e s  p e r fo rm ed  

b e t t e r  i n  some f l a s h t u b e s  com pared w i t h  o t h e r s .  The n o t a b l e  e x c e p t i o n  to  

t h i s  was xenon . Xenon n e v e r  showed i t s e l f  t o  b e  a p a r t i c u l a r l y  lum inous 

g a s .  T h is  i s  s u r p r i s i n g  as many com m erc ia l  f l a s h l a m p s  a r e  f i l l e d  w i th

xenon . However, m ost com m erc ia l  f l a s h l a m p s  a r e  o f  t h e  l i n e a r  ty p e  w i th  an

a r c  d i s c h a r g e .  Graph 5 .2 2  i n  f a c t  shows xenon becom ing  more lum inous  f o r  

t h e  l i n e a r  f l a s h l a m p  a t  h i g h e r  p r e s s u r e s .

D u r in g  t h e  ch an g e  from  t h e  i n i t i a l  f a s t  r i s i n g  p u l s e  t o  t h e  second  

s low  r i s i n g  l o n g e r  d u r a t i o n  p u l s e ,  t h e r e  e x i s t s  a p o i n t  w here  t h e  two p u l s e s  

h av e  th e  same i n t e n s i t y .  The d o u b le  p e a k  was c r i t i c a l l y  p r e s s u r e  d ep e n d en t  

(<1 t o r r )  f o r  a  g iv e n  f l a s h t u b e  and a g iv e n  v o l t a g e  f o r  t h e  12 f e e t  sy s tem .  

I f  t h e  p o t e n t i a l  a p p l i e d  t o  t h e  f l a s h l a m p  was i n c r e a s e d ,  t h e  d o u b le  p u l s e  

o c c u r r e d  a t  a h i g h e r  p r e s s u r e ,  and t h e  f l a s h l a m p  p r e s s u r e  r a n g e  was e x te n d e d

The p r e s s u r e  a t  w h ich  t h e  d o u b le  p u l s e  o c c u r r e d  was n o te d  f o r  

d i f f e r e n t  p u i s e r  v o l t a g e s  f o r  a s e r i e s  o f  c o a x i a l  f l a s h l a m p s  f i l l e d  w i t h  a i r

i n  t h e  12 f e e t  p u i s e r .  A g ra p h  ( 5 .2 3 )  was drawn w i t h  f l a s h la m p  p r e s s u r e  X

d i s t a n c e  b e tw e e n  e l e c t r o d e s  (a s  t h e  o r d i n a t e )  a g a i n s t  v o l t a g e  (a s  th e  

a b s c i s s a e )  f o r  t h e  v o l t a g e  a t  w h ich  t h e  d o u b le  p u l s e  o c c u r r e d  i n  a g iv e n

p r e s s u r e  X e l e c t r o d e  (pd) s e p a r a t i o n .  The v o l t a g e  t o  t h e  12 f e e t  p u l s a r  was

v a r i e d  from  12 kV t o  20 kV, and w i t h i n  e x p e r i m e n t a l  e r r o r ,  s t r a i g h t  l i n e s  

w e re  o b t a i n e d ;  ( s e e  g ra p h  5 . 2 3 ) ,  f o r  c o a x i a l  f l a s h l a m p s  A and B. The
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GKAPH 5 .1 7 :  RELATIVE INTENSITY CE FLASHTUBE S AT CONSTANT VOLTAGE FOR
DIFFERENT CASES.
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GRAPH 5 .1 9 :  RELATIVE INTENSITY 07 PLASHTU3E D AT CONSTANT VOLTAGI
FOR DIFFERENT GASES
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GFJ*vPH 5 .2 1 ;  RELATIVE INTENSITY OF FLASHTUB2 G AT CONSTANT VOLTAGES FOR 
DIFFERENT GASES
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s h o r t e r  c o a x i a l  f l a s h l a m p  F s t a r t s  as  a s t r a i g h t  l i n e  and th e n  t a i l s  o f f  

to w ard s  h i g h e r  pd f o r  lo w er p u i s e r  v o l t a g e s .

An i n t e r e s t i n g  f e a t u r e  o f  t h i s  g ra p h  i s  t h a t  t h e  i n v e r s e  o f  t h e  

s l o p e  o f  t h e  l i n e  r e p r e s e n t s  an E /p  v a l u e .  A u s e f u l  way o f  d e s c r i b i n g  th e  

s t a t e  o f  a gas  i s  by t h e  r a t i o  o f  th e  f i e l d  s t r e n g t h  E to  p r e s s u r e  p .  T h is  

i s  an e s s e n t i a l  c r i t e r i o n  f o r  t h e  e n e rg y  o f  i o n s  a c q u i r e d  b e tw een  im p a c ts  

i n  an  e l e c t r i c a l  f i e l d  a t  c o n s t a n t  t e m p e r a t u r e .  E /p  i s  u s u a l l y  e x p r e s s e d

1 " i  -1i n  v o l t s  cm t o r r

U s in g  g ra p h  5 .2 3  we can  a s c r i b e  an E /p  v a l u e  t o  e a c h  f l a s h la m p  a t  

t h e  p o i n t  w here  t h e  d o u b le  p u l s e  e f f e c t  o c c u r s .  I f  we t a k e  t h e  d o u b le  p u l s e  

p o i n t  t o  be  t h e  change  o v e r  from  a u n i fo rm  d i s c h a r g e  t o  a  Townsend l i k e  

a r c  d i s c h a r g e ,  t h e n  once t h i s  p o i n t  h a s  b ee n  e s t a b l i s h e d  f o r  a g iv e n  

f l a s h t u b e ,  p r e s s u r e  and o p e r a t i n g  v o l t a g e ,  i t  i s  known f o r  o t h e r  o p e r a t i n g  

v o l t a g e s  on t h e  same sy s te m .

-1  -1F o r  t h e  12 f e e t  s y s te m  g ra p h  6 .6  g iv e s  E /p  = 65 V cm t o r r

-1  -1f o r  c o a x i a l  tu b e  A, E /p  -  8 7 .5  V cm t o r r  f o r  c o a x i a l  tu b e  D and 
- 1 - 1

E /p  = 99 V cm t o r r  f o r  c o a x i a l  tu b e  F ,  i n d i c a t i n g  t h e  s h o r t e r  th e  

f l a s h t u b e  t h e  h i g h e r  t h e  E /p  v a l u e  f o r  t h e  d o u b le  p u l s e  e f f e c t .
C

The r e l a t i v e  o u tp u t  i n t e n s i t y  from  th e  f l a s h t u b e s  depend on a 

number o f  f a c t o r s  i n c l u d i n g  l e n g t h  o f  f l a s h t u b e ,  a n n u l a r  gap t h i c k n e s s  

f o r  c o a x i a l  t u b e s ,  d i s c h a r g e  d i a m e te r  f o r  l i n e a r  t u b e s ,  volume to  s u r f a c e  

r a t i o  o f  t h e  p la s m a ,  p r e s s u r e  w i t h i n  t h e  f l a s h l a m p ,  gas  t y p e ,  v o l t a g e  

a c r o s s  t h e  f l a s h l a m p ,  and im pedance m atch  b e tw een  f l a s h l a m p  and p u i s e r .

I n  o u r  12 f e e t  s y s te m ,  two c o a x i a l  f l a s h l a m p s ,  nam ely  A and E gave t h e  b e s t  

p e r f o rm a n c e .  F l a s h t u b e  A was 1 4 .1  cm lo n g  (be tw een  e l e c t r o d e s )  had an 

o u t s i d e  d i a m e t e r  o f  2 .3  cm, 1 imn t h i c k  f u s e  q u a r t z  w a l l s  and an a n n u l a r
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GKAPII 5 . 2 3 :  GRAPH SHOWING PRESSURE x DISTANCE VERSUS VOLTAGE AT WHICH DOUBLE
PEAK OCCURS FOR DIFFERENT COAXIAL FLASHLAMPS
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gap o f  1 mm. I t  p e r fo rm e d  w e l l  with, a i r  as  t h e  gas  f i l l .  F l a s h t u b e  E 

was 4 .2  cm lo n g  (b e tw een  e l e c t r o d e s )  had  an o u t s i d e  d i a m e te r  o f  2 .3  cm 

1 ram t h i c k  f u s e d  q u a r t z  w a l l s  and an a n n u l a r  gap o f  1 mm. I t s  p e r fo rm a n c e  

was good f o r  a l l  g a s e s  s t u d i e d .  ( A i r ,  n i t r o g e n ,  a rg o n  and x e n o n ) .  O th e r  

c o a x i a l  tu b e s  w i t h  n a r r o w e r  o r  w id e r  a n n u l a r  gaps  d i d  n o t  p e r fo rm  so  w e l l .

r s i )
Furum oto  and Ceccon h av e  r e p o r t e d  on work done w i th  c o a x i a l  

f l a s h l a m p s  w i t h  v e r y  n a r ro w  a n n u l a r  g a p s .  They e x p e r im e n te d  w i t h  a n n u l a r  

gaps o f  0 .5  and 1 .0  mm. S u b se q u e n t  t e s t s ,  h o w ev er ,  showed t h a t  t h e  

optimum t h i c k n e s s  f o r  a 6 cm la n p  was 0 . 3 - 0 .3 5  mm and a p p r o x im a te ly  0 .4 5  mm 

f o r  a 12 cm lamp. They p o s t u l a t e d  t h e  o u tp u t  e f f i c i e n c y  was lo w er  f o r  

t h i c k e r  d i s c h a r g e  a n n u l i i  b e c a u s e  t h e  lo w er  d i s c h a r g e  r e s i s t a n c e  i n c r e a s e d  

th e  e l e c t r i c a l  m ism a tch  b e tw e en  t h e  lamp and t h e  d r i v e r  c i r c u i t .  They 

e s t a b l i s h e d  th e  im pedance o f  t h e i r  d i s c h a r g e  c i r c u i t  t o  be O .SSh W ith  a 

d i s c h a r g e  a n n u lu s  l e s s  th a n  0 .3  mm, t h e  s u r f a c e  t o  volume r a t i o  i n c r e a s e d  

t o  t h e  p o i n t  w here  t h e  p la sm a  c o o le d  s u f f i c i e n t l y  t o  d e c r e a s e  b r i g h t n e s s  

and t h e  i n c r e a s e  i n  p la sm a  r e s i s t a n c e  re d u c e d  th e  c u r r e n t  f lo w .  The lamp 

th e n  o p e r a t e d  i n  an overdam ped mode w i t h  a c o n s e q u e n t  l o s s  o f  power 

t r a n s f e r  e f f i c i e n c y .

I n  p r i n c i p l e  t h e r e  s h o u ld  b e  a . p o i n t  a t  w h ich  t h e r e  i s  an 

optimum p r e s s u r e ,  d i s c h a r g e  a n n u l a r  t h i c k n e s s ,  lamp l e n g t h  and gas  f i l l  

so  t h e  s y s te m  would  be c l o s e  t o  b e i n g  c r i t i c a l l y  damped.

H i r t h  e t  a l^ ^ ^ ^  s t u d i e d  t h e  o u tp u t  o f  rh o d am in e  6G w i t h  t h r e e  

d i f f e r e n t  f l a s h t u b e s .  They u se d  an a b l a t i n g  w a l l  lam p, a c o a x i a l  f l a s h 

lamp w i t h  a d i s c h a r g e  a n n u lu s  0 .5  mm and a n o t h e r  c o a x i a l  f l a s h la m p  w i th  a 

d i s c h a r g e  a n n u lu s  o f  2 .5  mm. They fo u n d  t h a t  t h e  i n t e n s i t y  from  th e  

c o a x i a l  lamp w i t h  a  0 .5  mm gap was n o t  p r e s s u r e  d e p e n d e n t .  However, u s in g  

th e  c o a x i a l  tu b e  w i t h  a  2 .5  ram gap ,  t h e  f l a s h l i g h t  i n t e n s i t y  depended  on 

p r e s s u r e  and th e y  o b t a i n e d  n e a r l y  tw ic e  t h e  l a s e r  e n e rg y  w i th  t h i s  lamp 

th a n  w ith ,  t h e  o t h e r  two lamps w h ich  y i e l d e d  a p p r o x im a te ly  t h e  same e n e r g y .
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I t  i s  i n t e r e s t i n g  t o  n o t e  h e r e  t h a t  i n  t h e  p u b l i s h e d  l i t e r a t u r e

“ 1 ~1on dye l a s e r s  pumped by f l a s h l a m p s ,  an E /p  f i g u r e  a ro u n d  50 V cm t o r r

i s  u s e d  m ost o f t e n .  F o r  t h e  12 f e e t  p u i s e r ,  t h e  lo w e s t  E /p  v a l u e  o b t a in e d
—1

was f o r  t h e  a rg o n  f i l l e d  f l a s h la m p  and t h i s  was a ro u n d  60 V cm t o r r  

Lower E /p  v a l u e s  c o u ld  b e  more e a s i l y  o b t a i n e d  u s i n g  t h e  24 f e e t  90 n an o 

second  p u i s e r .  (The g r e a t e r  c a p a c i t y  o f  t h i s  p u i s e r  a l lo w e d  f l a s h l a m p s  

t o  ru n  a t  h i g h e r  p r e s s u r e s  f o r  l e s s  v o l t a g e  a c r o s s  them ).  T h e r e f o r e  th e  

24 f e e t  p u i s e r  was d e s t i n e d  f o r  dye l a s e r  work and t h e  12 f e e t ,  20 nano

seco n d  p u i s e r  was d e s t i n e d  t o  pump a gas  c e l l  f i l l e d  w i t h  n i t r o g e n  to  

e n a b le  us t o  o b t a i n  a n i t r o g e n  pumped dye l a s e r .

5 .8  D i s c h a r g e  m echanism s f o r  f a s t  c o a x i a l  f l a s h l a m p s

I n  an e l e c t r i c a l  d i s c h a r g e  a t  low v a l u e s  o f  E /p  t h e  Townsend 

d i s c h a r g e  m echanism  p r e d o m in a te s .  The p r im a r y  i o n i s a t i o n  m echanism  i s  

e l e c t r o n  im p ac t  i o n i s a t i o n ,  and t h e  c u r r e n t  grows e x p o n e n t i a l l y  w i th  t im e .  

T hese  ty p e s  o f  t r a c e  w ere  o b t a i n e d  when t h e  c o a x i a l  f l a s h l a m p s  a r c e d  i n  o u r  

s y s te m .  Due t o  t h e  f i l a m e n t r y  d i s c h a r g e ,  t h e  c i r c u i t  i n d u c t a n c e  re m a in s  

h ig h  even  i n  a c o a x i a l  g eo m etry  and c u r r e n t  r i s e t i m e  and c o n s e q u e n t ly  l i g h t  

o u t p u t  r i s e t i m e  i s  lo n g .  c

(81)
The d i s c h a r g e  c h a r a c t e r i s t i c s  o b t a i n e d  by Furum oto w ere  v e r y  

s i m i l a r  t o  t h e  ones  we o b t a i n e d  b e f o r e  a r c i n g  o c c u r r e d .  The c h a r a c t e r i s t i c s  

a r e  q u i t e  u n l i k e  t h e  Townsend d i s c h a r g e  c h a r a c t e r i s t i c s  d i s c u s s e d  above .

The l i g h t  o u t p u t  t r a c e  showed a  l o t  o f  h a s h  and i t s  r i s i n g  edge  had  a

g r a d i e n t  g r e a t e s t  a t  i n i t i a t i o n  and d i d  n o t  i n c r e a s e  e x p o n e n t i a l l y  as  i n  

t h e  Townsend d i s c h a r g e .  A l s o ,  u n l i k e  th e  To\m send d i s c h a r g e ,  t h e  o u t p u t  was 

c o m p le t e ly  r e p r o d u c i b l e  even  t o  t h e  p o i n t  o f  r e p r o d u c i n g  h a s h .

I n  t h e  r e c e n t  y e a r s  R a e th e r s  K a n a la u fb a u  o r  K anal T heory  h a s  

b ee n  a p p l i e d  t o  e x p l a i n  t h e  r a p i d  r a d i a l  g ro w th  o f  an e l e c t r o n  a v a la n c h e .

In  t h i s  m odel,  t h e  e l e c t r o n s  a c c e l e r a t e d  i n  an im p re s s e d  f i e l d  a c r o s s  a gas
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s t a r t  an  a v a la n c h e  s i m i l a r  to  a Townsend d i s c h a r g e .  At h ig h  f i e l d s  and 

h i g h  c u r r e n t  a m p l i f i c a t i o n  r a t e s  t h e  e x t e r n a l  f i e l d  i s  soon  m o d i f i e d  by 

s p a c e  c h a rg e  e f f e c t s .  The p la sm a  i s  d i s t o r t e d  by t h e  e x t e r n a l  f i e l d  i n t o  

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

p ro d u c e d .  M eanw hile  h i g h  e n e rg y  UV p h o to n s  a r e  b e i n g  r e l e a s e d  by c o l l i s i o n s  

and r e c o m b in a t io n s  w i t h i n  t h e  p la sm a  c lo u d .  The p h o to n s  em a n a t in g  from  

t h e  p la sm a  i o n i s e  t h e  n e u t r a l  gas  s u r r o u n d i n g  t h e  p la s m a ,  and t h e  e l e c t r o n i c  

p r o d u c t s  o f  t h e  i o n i s a t i o n  a r e  r a p i d l y  a c c e l e r a t e d  to w ard  t h e  h ead  o f t h e  

p la sm a  c lo u d ,  s u f f e r i n g  i o n i s i n g  c o l l i s i o n s  on t h e  way. Each o f  t h e  

s e c o n d a ry  c h a n n e l s  can  l i k e w i s e  r e p e a t  t h e  p r o c e s s .

I n  t h e  a n a l y s i s  o f  K a n a la u fb a u ,  i n v e s t i g a t o r s  u se d  u n i f o rm  f i e l d s ,  

o r  s l i g h t  m o d i f i c a t i o n  o f  u n i fo rm  f i e l d s .  I n  a d d i t i o n  c u r r e n t s  w ere  k e p t  

low f o r  d i a g n o s t i c  p u r p o s e s ,  so  t h a t  s e l f  and m u tu a l  i n d u c t a n c e s  as  w e l l  as  

m a g n e t ic  f i e l d  e f f e c t s  c o u ld  be  i g n o r e d .  The f a s t  f l a s h l a m p ,  on th e  o t h e r  

h a n d ,  i s  p r i m a r i l y  a h i g h  c u r r e n t  p r o c e s s ,  and s e l f  i n d u c t a n c e  i s  a dom inan t  

p a r a m e t e r .  The h i g h  c u r r e n t  d i s c h a r g e s  c o n s e q u e n t ly  d e v e lo p s  h i g h  m a g n e t ic  

f i e l d s  w h ich  c a n n o t  be  i g n o r e d .  D e s p i t e  th e  d i f f e r e n c e ,  th e  Kanal th e o r y  

m o d i f i e d  t o  i n c l u d e  t h e  p r e s e n c e  o f  m a g n e t ic  f i e l d  e f f e c t s  was u se d  by
C/ O *1 \

Furum oto  and Ceccon t o  q u a l i t a t i v e l y  e x p l a i n  t h e  p r o c e s s  o b s e rv e d  

d u r i n g  t h e  d i s c h a r g e  o f  t h e  c o a x i a l  f l a s h l a m p .

I n  t h e  f a s t ,  c o a x i a l  lamp th e  d i s c h a r g e  s t a r t s  i n  a manner 

d e s c r i b e d  above f o r  t h e  K anal t h e o r y .  However, t h e  d i s c h a r g e  i s  c o n f in e d  

to  t h e  n a r ro w  a n n u l a r  c h a n n e l  b e tw e en  th e  two w a l l s  so  any b loom ing  o f  th e  

s t r e a m e r  t e n d s  t o  f i l l  t h e  d i s c h a r g e  volume q u i c k l y .  T h is  p r o c e s s  i s  a id e d  

by  t h e  m a g n e t ic  f i e l d  g e n e r a t e d  by  th e  o u t e r  c u r r e n t  s h e e t  w h ich  t e n d s  to  

c h a n n e l  e l e c t r o n s  a z i m u t h a l l y  to w ard s  r e g io n s  o f  low o r  no c u r r e n t  d e n s i t y .  

The a z im u th a l  m a g n e t ic  f i e l d  t e n d s  to  u n i f o r m ly  d i s t r i b u t e  t h e  p la sm a  

c u r r e n t  s h e e t .  Due to  t h i s  u n i fo rm  d i s t r i b u t i o n ,  t h e  s e l f  i n d u c t a n c e  o f
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t h e  lamp ca n  e a s i l y  d e c r e a s e  by an  o r d e r  o f  m a g n i tu d e  f ro m  t h e  v a l u e  g iv e n  

by a  s i n g l e  f i l a m e n t .  The c u r r e n t  can  t h e n  r i s e  r a p i d l y  b e c a u s e  o f  th e  

d e c r e a s e  i n  i n d u c t a n c e  o f  t h e  lamp and t h e  i n c r e a s e d  c u r r e n t  i n c r e a s e s  

K anal  f o r m a t i o n .  The s t o r e d  e n e rg y  i n  t h e  c a p a c i t o r  can  b e  r a p i d l y  d e p l e t e d  

i n  t h i s  s e l f - p r o p a g a t i n g  p r o c e s s .  The c u r r e n t  p u l s e  i s  n o t  e x p e c t e d  to  be  

s im p le  e x p o n e n t i a l  and t h e  c h a r a c t e r i s t i c  t o e  o f  a Townsend d i s c h a r g e  c u r r e n t  

i s  n o t  o b s e r v e d .  The h a s h  o b s e r v e d  by Furum oto  and Ceccon on t h e  c u r r e n t  

t r a c e s  w e re  a s c r i b e d  to  t h e  s u c c e s s o r s  o r  more e x a c t l y  p h o t o - s u c c e s s o r s  a s  

d e s c r i b e d  by R a e t h e r .
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CHAJ>TER VI

PREIONISATION

6 .1  Gas b reakdow n  a t  r a d i o  f r e q u e n c i e s

R a d i a t i o n  i s  a b s o r b e d  i n  t h e  r a d i o  f r e q u e n c y  r e g i o n  by t h e  same 

fu n d a m e n ta l  p r o c e s s  as  a t  a l l  o t h e r  w a v e le n g th s  -  i e  t h e  s e p a r a t i o n  o f  t h e  

e n e rg y  l e v e l s  c o n c e rn e d  i s  e q u a l  t o  one quan tum  o f  t h e  i n c i d e n t  r a d i a t i o n  -  

b u t  t h e  e n e rg y  o f  q u a n ta  a t  t h e s e  f r e q u e n c i e s  i s  v e r y  s m a l l ,  and i s  o n ly  

a b o u t  a  t e n  m i l l i o n t h  o f  an  e l e c t r o n  v o l t .  The s m a l l  s p l i t t i n g s  n e c e s s a r y  

t o  p ro d u c e  a b s o r p t i o n  i n  t h e  r a d i o  f r e q u e n c y  r e g i o n  a r e  t h o s e  n o rm a l ly  

a s s o c i a t e d  w i t h  t h e  h y p e r ^ f i n e  s t r u c t u r e  o f  e l e c t r o n i c  s p e c t r a ,  and 

c o r r e s p o n d  t o  t h e  d i f f e r e n t  o r i e n t a t i o n s  o f  t h e  n u c l e a r  moments i n  an  

a p p l i e d  f i e l d .  I n  a to m ic  s p e c t r a  t h e s e  e n e rg y  l e v e l  s p l i t t i n g s  p ro d u c e  

s m a l l  ch a n g es  i n  t h e  t o t a l  e n e rg y  o f  t h e  e l e c t r o n i c  t r a n s i t i o n ,  and a r e  

t h u s  r e s p o n s i b l e  f o r  t h e  h y p e r  f i n e  s t r u c t u r e ,  w h e r e a s ,  i n  t h e  r a d i o  

f r e q u e n c y  r e g i o n ,  i t  i s  t h e  t r a n s i t i o n s  b e tw e en  t h e s e  i n d i v i d u a l  e n e rg y  

l e v e l s  th e m s e lv e s  t h a t  p ro d u c e  t h e  a b s o r p t i o n  s p e c t r a .  T h is  ty p e  o f  

a b s o r p t i o n ,  h o w e v e r ,  would  n o t  c a u s e  breakdow n and i o n i s a t i o n  i n  a g a s .

When r a d i o  f r e q u e n c y  and m icrow ave f r e q u e n c i e s  a r e  u s e d ,  t h e

e l e c t r i c  f i e l d  o s c i l l a t e s  so  r a p i d l y  t h a t  t h e  f o r c e  on an e l e c t r o n  ch an g es

(92)d i r e c t i o n  b e f o r e  t h e  e l e c t r o n  can  t r a v e l  v e r y  f a r  . T h is  means t h a t  

e l e c t r o n s  a r e  n o t  sw ep t  o u t  o f  t h e  d i s c h a r g e  a r e a s  a s  th e y  a r e  when low er 

f r e q u e n c i e s  a r e  u s e d .  E l e c t r o n s  t h a t  l e a v e  t h e  d i s c h a r g e  a r e a  do so by 

th e  p r o c e s s  o f  d i f f u s i o n .  E l e c t r o n s  can  a l s o  b e  l o s t  t o  t h e  s y s te m  w i t h i n  

t h e  body  o f  t h e  d i s c h a r g e  by  r e c o m b in a t io n  o r  a t t a c h m e n t .  T h ere  w i l l  be 

r e l a t i v e l y  few  e l e c t r o n s  o f  v e r y  h i g h  e n e rg y  s t r i k i n g  t h e  w a l l s  o f t h e  

c o n t a i n e r .  F o r  t h i s  r e a s o n  t h e  p r o d u c t i o n  o f  s e c o n d a ry  e l e c t r o n s  a t  t h e  

w a l l s  n e e d  n o t  b e  c o n s i d e r e d ;  a l l  e l e c t r o n s  a r e  p ro d u c e d  w i t h i n  t h e  body 

o f  t h e  d i s c h a r g e  by  f i e l d  i o n i s a t i o n .
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C o n s id e r  t h i s  p r o c e s s  i n  d e t a i l  by  f o l l o w i n g  a s i n g l e  e l e c t r o n  

w h ich  we assum e h a s  p r a c t i c a l l y  z e r o  e n e r g y .  The e l e c t r i c  f i e l d  a c c e l e r a t e s  

i t  f o r  a  s h o r t  t im e  u n t i l  t h e  f i e l d  ch a n g es  d i r e c t i o n  o r  t h e  e l e c t r o n  

c o l l i d e s  w i t h  an a tom . The c o l l i s i o n ,  i n  g e n e r a l ,  w i l l  r e s u l t  i n  a  change  

i n  t h e  d i r e c t i o n  o f  m o t io n  o f  t h e  e l e c t r o n  b u t  w i l l  c a u s e  l i t t l e  l o s s  i n  

s p ee d  ( e l a s t i c  c o l l i s i o n ) .  On a v e ra g e  a  f r a c t i o n  2 m/M o f  t h e  e n e rg y  i s  

t r a n s f e r r e d  t o  t h e  a tom , w here  m and M a r e  t h e  m asses  o f  t h e  e l e c t r o n  and 

a tom  r e s p e c t i v e l y .  A f t e r  c o l l i s i o n  th e  e l e c t r o n  i s  a c c e l e r a t e d  by  th e  

e l e c t r i c  f i e l d  f o r  a n o t h e r  b r i e f  i n t e r v a l .  The e n e rg y  o f  t h e  e l e c t r o n  

i n c r e a s e s  and d e c r e a s e s  by  s m a l l  s t e p s ,  t h e  i n c r e a s e s  d e p e n d in g  on th e  

e l e c t r i c  f i e l d  a p p l i e d  a n d ,  i n  g e n e r a l ,  a d d in g  up to  more th a n  th e  d e c r e a s e s ,  

When t h e  e l e c t r o n  h a s  r e a c h e d  a  k i n e t i c  e n e rg y  g r e a t e r  th a n  t h e  lo w e s t  

e x c i t a t i o n  e n e rg y  o f  t h e  a tom , t h e r e  w i l l  b e  a  f i n i t e  ch a n c e  t h a t  t h e  n e x t  

c o l l i s i o n  w i l l  b e  i n e l a s t i c  and w i l l  r e s u l t  i n  a  ch an g e  i n  t h e  i n t e r n a l  

e n e rg y  o f  t h e  a tom  and l o s s  o f  m ost o f  t h e  e n e r g y  t o  t h e  e l e c t r o n .  U n le s s

t h e  s t a t e  so  e x c i t e d  i n  t h e  a tom  i s  m e t a s t a b l e ,  t h e  atom  w i l l  im m e d ia te ly

change  t o  t h e  g ro u n d  s t a t e  g i v i n g  o f f  i t s  c h a r a c t e r i s t i c s  r a d i a t i o n .  I f  

t h e  e l e c t r i c  f i e l d  i s  h i g h  en o u g h ,  some o f  t h e  e l e c t r o n s  w i l l  n o t  c o l l i d e  

i n e l a s t i c a l l y  u n t i l  t h e y  h a v e  more t h a n  t h e  i o n i s a t i o n  e n e r g y .  T h e re  w i l l  

t h e n  be  a  ch a n c e  t h a t  a  c o l l i s i o n  w i l l  p ro d u c e  a  sec o n d  e l e c t r o n  and a 

p o s i t i v e  i o n .  When t h e  e l e c t r i c  f i e l d  i s  l a r g e  en o u g h ,  su ch  c o l l i s i o n s  

w i l l  h ap p e n  so  o f t e n  t h a t  t h e  p r o d u c t i o n  r a t e  w i l l  become g r e a t e r  th a n  th e  

l o s s  r a t e  and b reak d o w n  w i l l  o c c u r .

6 .2  C o n t in u o u s  r f  e x c i t a t i o n  o f  a f l a s h l a m p

I n  o r d e r  t o  r e a l i s e  t h e  f u l l  b e n e f i t  o f  t h e  n o v e l  d e s i g n  o f  t h e  

B lu m le in  s y s te m ,  i t  i s  n e c e s s a r y  t o  m atch t h e  f l a s h t u b e  t o  th e  im pedance 

o f t h e  l i n e .  F o r  t h i s  p u rp o s e  we r e q u i r e  a  m o d e r a t e ly  d en se  p la sm a  i n  t h e  

f l a s h t u b e  p r i o r  t o  and d u r i n g  th e  a r r i v a l  o f  t h e  main s t r i p l i n e  e l e c t r i c a l
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(a )

S u c c e s s f u l  a t t e m p t  t o  c o u p l e  r f  pow er i n t o  a 
c o a x i a l  f l a s h t u b e

P in k  g lo w

W ire (5 amp m a in s )(b )

E n la r g e n e d  v i e w  sh o w in g  a r e a  t h a t  g lo w s  due t o  
t h e  r f  power b e i n g  d e p o s i t e d  i n  th e  g a e .

FIGURE 6 .2
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The r a d i o  f r e q u e n c y  power c o u ld  b e  c o u p le d  to  l i n e a r  f l a s h t u b e s  

more e a s i l y .  F ig u r e  6 . 3  shows t h e  a r r a n g e m e n t .  The s i n g l e  w i r e  f ro m  t h e  

r f  g e n e r a t o r  was enough  t o  r a d i a t e  e n e rg y  t o  t h e  two f l a s h l a m p  e l e c t r o d e s  

p r o d u c in g  i o n i s a t i o n  and a glow d i s c h a r g e .  As can  be  s e e n ,  one o f  t h e  

e l e c t r o d e s  o f  t h e  l i n e a r  lamp s e r v e d  a s  a gas  i n l e t  and o u t l e t .

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  a  c o a x i a l  f l a s h l a m p  w i t h  an 

a n n u l a r  gap o f  1 mm w ould  n o t  g iv e  o f f  a glow when r f  e n e rg y  was a p p l i e d  

w h e re a s  a s l i g h t l y  l a r g e r  gap -  I 5 mm c a u s e d  no t r o u b l e .  T h is  was p r o b a b ly

due t o  t h e  c o o l i n g  o f  any  w o u ld -b e  p la s m a  due t o  t h e  l a r g e  s u r f a c e  t o  volume

r e g i o n  a l lo w e d  t o  t h e  d i s c h a r g e .

6 . 3  L i m i t a t i o n s  o f  c o n t in u o u s  r f  p r e i o n i s a t i o n

U s in g  15 W o f  c o n t i n u o u s  r f  p ro d u c e d  a  u n i f o r m  p i n k i s h  glow up to  

5 t o r r  p r e s s u r e  w i t h i n  t h e  N2 f i l l e d  f l a s h l a m p .  An a r c  l i k e  glow p e r s i s t e d  

f o r  p r e s s u r e s  up t o  10 t o r r .  The e f f e c t  o f  t h e  "k eep  a l i v e "  on th e  o u t p u t  

c h a r a c t e r i s t i c s  o f  t h e  f l a s h l a m p  can  be  s e e n  f o r  p r e s s u r e s  up t o  16 t o r r  as  

w i l l  b e  d e s c r i b e d  l a t e r  i n  t h e  c h a p t e r  d e a l i n g  w i t h  o u t p u t  c h a r a c t e r i s t i c s  

o f  f l a s h l a m p s .

A l a r g e r  g e n e r a t o r  w i t h  o u t p u t  up t o  50 W o f  c o n t in u o u s  r f  power 

was t r i e d  i n  p l a c e  o f  t h e  s m a l l e r  g e n e r a t o r .  T h is  d i d  n o t  g r e a t l y  e x te n d

t h e  r a n g e  o f  " k eep  a l i v e "  e f f e c t s  how ever  and so  we d e c id e d  t o  d e v e lo p  a

h i g h  pow er p u l s e d  fo rm  o f  "k eep  a l i v e "  i n  o r d e r  t o  e x t e n d  i t s  r a n g e  to  

h i g h e r  p r e s s u r e s .

The f a i l u r e  o f  t h e  c o n t in u o u s  r f  d i s c h a r g e  a t  h i g h e r  p r e s s u r e s  

was due t o  e x t r a  i n e l a s t i c  e l e c t r o n  c o l l i s i o n s  p r e v e n t i n g  th e  e l e c t r o n s  

a c h i e v i n g  th e  r e q u i r e d  v e l o c i t y ,  and h e n c e  e n e r g y ,  t o  p ro d u c e  i o n i s a t i o n .

6 . 4  P u l s e d  p r e i o n i s a t i o n  o f  a f l a s h l a m p

To o b t a i n  t h e  p u l s e  r e q u i r e d  f o r  "k eep  a l i v e "  a n o t h e r  m o d i f i c a t i o n  

was added t o  t h e  end o f  t h e  b a s i c  t r i g g e r  p u l s e  g e n e r a t o r  a s  sho^m i n  

F ig u r e  6 . 4 .  The c o m p le te  e l e c t r i c a l  s e t  up i s  shown s c h e m a t i c a l l y  in
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Main charging l in e

O utput from  . 
p u l s e  g e n e r a t o r P r e s s u r i s e d  

s p a r k  gap10 MO

2 7 0 0  pF

t r i g g e r  wire^%

Coax c a b l e  t o  
f la s h la m p

1 0  MO 10 MO

FIGURE 6 . 4 :  MODIFICATION TO TRIGGER PULSE GENERATOR TO
OUTAXN A IŒEP ALIVE PULSE

A -  P ush  b u t t o n  

B *- 10  V t r i g g e r  p u l s e  

C “  D e la y  b o x

D -  T r i g g e r  p u l s e  g e n e r a t o r  

E -  M u l t i  c h a n n e l  s p a r k  gap 

F " B lu m le in  p u i s e r

G -  F la sh la m p  

H -  D e la y  b o x

I  -  T r i g g e r  p u l s e  g e n e r a t o r

J  -  Keep a l i v e  p u l s e  g e n e r a t o r

K -  B randenburg  h i g h  v o l t a g e  
power s u p p ly

FIGURE 6 . 5
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F ig u r e  6 . 4 b .  The m ain  c h a rg in g  l i n e  fe e d s  th e  c a p a c i t o r  (2700 pF) a s  w e ll

a s  t h e  m ain  p u i s e r .  The maximum e n e rg y  s t o r e d  by t h e  k ee p  a l i v e  c a p a c i t o r

~2
was a p p r o x im a te ly  45 x 10 j o u l e s .  The d i s c h a r g e  o f  th e  s m a l l  c a p a c i t o r  

was c o n t r o l l e d  by  a p r e s s u r i s e d  s p a r k  gap w h ich  i s  t r i g g e r e d  by t h e  m a s te r  

t r i g g e r  t h a t  i n i t i a t e s  t h e  w ho le  s y s te m .  A s u i t a b l e  d e l a y  (0 -1  ms) was 

p l a c e d  i n  th e  l i n e  so  a s  t o  c a u s e  t h e  "k e e p  a l i v e "  p u l s e  t o  o c c u r  p r i o r  

to  t h e  m ain  p u l s e .  The i n h e r e n t  d e l a y  i n  th e  "k e e p  a l i v e "  c i r c u i t  was 

a p p r o x im a te ly  1500 n s  w h e re a s  t h e  m ain  p u l s e  c o u ld  t a k e  a n y t h i n g  from  

400 n s  t o  s e v e r a l  m ic ro s e c o n d s  fro m  th e  t r i g g e r  t o  t h e  f l a s h l a m p  d i s c h a r g e  

d e p e n d in g  on t h e  p r e s s u r e  w i t h i n  t h e  f l a s h l a m p .

6 .5  The e f f e c t  o f  c o n t in u o u s  p r e i o n i s a t i o n  on a l i n e a r  f l a s h l a m p * s

o u t p u t  c h a r a c t e r i s t i c s

The e f f e c t  o f  p r e i o n i s a t i o n  on t h e  o u t p u t  c h a r a c t e r i s t i c s  o f  a 

f l a s h t u b e  was s l i g h t l y  d i f f e r e n t  f o r  t h e  d i f f e r i n g  B lu m le in  p u l s e r s  

em p lo y ed ,  and f o r  t h e  two t y p e s  o f  f l a s h l a m p  ( c o a x i a l  and l i n e a r ) .

A l i n e a r  f l a s h t u b e  was u s e d  t o  exam ine  t h e  e f f e c t s  o f  p r e i o n i s a 

t i o n .  I t  was 9 cm lo n g  and h ad  an i n t e r n a l  d i a m e t e r  o f  6 mm. A i r  was u sed  

i n s i d e  t h e  f l a s h t u b e  and  t h e  c o n t in u o u s  p r e i o n i s i n g  d e v ic e  was c o n n e c te d  to  

t h e  f l a s h l a m p  a s  d e s c r i b e d  i n  C h a p te r  6 . 2 .

I n  g e n e r a l ,  we found  t h a t  a l t h o u g h  th e  p r e i o n i s a t i o n  lo w ered  th e  

i n i t i a l  im pedance  o f  t h e  f l a s h l a m p  t o  th e  p u i s e r ,  t h e  im pedance was s t i l l  

t o o  h i g h  f o r  e f f i c i e n t  t r a n s f e r  o f  power and  a l a r g e  p r o p o r t i o n  o f th e  

e n e rg y  i n  t h e  f r o n t  edge  o f  t h e  p u l s e  was s t i l l  r e f l e c t e d  b a c k  i n t o  t h e  

l i n e .  The o v e r  v o l t i n g  o f  t h e  f l a s h t u b e ,  due t o  t h e  p u l s e  f ro m  th e  B lu m le in ,  

i o n i s e d  t h e  gas  i n s i d e  t h e  f l a s h l a m p  s t i l l  f u r t h e r ,  h o w e v e r ,  v e r y  r a p i d l y  

lo w e r in g  th e  im pedance  o f  t h e  lamp. F o r  a p u l s e  o f  lo n g  enough d u r a t i o n ,  

t h e  c o n t i n u e d  o v e r v o l t i n g  w i l l  f i n a l l y  c a u s e  t h e  im pedance  o f  t h e  lamp 

to  a d j u s t  i t s e l f  t o  t h e  b e s t  m a tc h in g  c o n d i t i o n  a l t h o u g h  t h e  p r o c e s s  i t s e l f
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m ig h t  b e  o s c i l l a t o r y .  T h e r e f o r e ,  once t h e  i n i t i a l  i o n i s a t i o n  p e r i o d  i s  

c o m p le te d ,  t h e  t r a n s f e r  o f  power i n t o  t h e  f l a s h t u b e  i s  m ax im ised .  I f  th e  

o v e r v o l t i n g  o f  t h e  f l a s h t u b e  i s  n o t  v e r y  l a r g e ,  a c o m p a r a t i v e l y  lo n g  t im e  

i s  n e e d e d  t o  p ro d u c e  a d e n s e  enough  p la sm a  r e q u i r e d  f o r  m atched  o p e r a t i o n ,  

e s p e c i a l l y  w i t h o u t  any p r e i o n i s a t i o n .  P h o to g ra p h  P19 shows su ch  a c o n d i t i o n ,  

T h is  was o b t a i n e d  fro m  t h e  36 f e e t  p u i s e r  c h a rg e d  t o  9 kV. Argon a t  a 

p r e s s u r e  o f  8 t o r r  was u se d  w i t h i n  t h e  l i n e a r  f l a s h l a m p .  The to p  t r a c e  

shows th e  e f f e c t  o f  "k eep  a l i v e "  as  conqpared w i t h  t h e  lo w e r  t r a c e  w h ich  was 

o b t a i n e d  w i t h o u t  k ee p  a l i v e ,  a l l  o t h e r  c o n d i t i o n s  r e m a in in g  t h e  same. Thus 

we s e e  t h e  p r e i o n i s a t i o n  h e l p s  t o  r e d u c e  t h e  t im e  f o r  c o m p le te  i o n i s a t i o n  

by  r e d u c i n g  t h e  i n i t i a l  m is m a tc h ,  w h ich  i n c r e a s e s  t h e  i n i t i a l  a b s o r p t i o n  

o f  pow er.

At l a r g e  o v e r v o l t i n g  c o n d i t i o n s ,  t h e  p u l s e  r i s e t i m e  i n  t h e  f l a s h

lamp can  b e  v e r y  r a p i d  ev en  w i t h o u t  any k eep  a l i v e .  T h is  can  be s e e n  from

p h o to g r a p h  P20 , o b t a i n e d  f ro m  t h e  36 f e e t  s y s te m  c h a rg e d  t o  12 kV. The t im e  

s c a l e  i s  50 n s  p e r  d i v i s i o n  and t h e  to p  two t r a c e s  a r e  w i t h  k eep  a l i v e  

w h e re a s  t h e  b o t to m  two a r e  w i t h o u t .  F la s h la m p  p r e s s u r e  was 10 t o r r .

When t h e  12 f e e t  s y s te m  was u s e d ,  i t  was n o t i c e a b l e  t h a t  t h e  d o u b le
u

p u l s e  e f f e c t  ( v i s i b l e  i n  p h o to g r a p h s  P19 and P20) became more p ro n o u n c ed  -  

( s e e  p h o to g r a p h  P21 f o r  exam ple  w h ich  shows t h e  o u t p u t  f ro m  l i n e a r  f l a s h  

lamp f i l l e d  t o  5 t o r r .  The sweep sp e e d  was 100 n s  p e r  d i v i s i o n ) .  T h is  was 

due t o  t h e  d i f f e r e n c e  o f  e l e c t r i c a l  p u l s e  l e n g t h  b e tw e e n  t h e  two s y s te m s .

F o r  t h e  12 f e e t  s y s te m  t h e  e l e c t r i c a l  p u l s e  l e n g t h  was a p p r o x im a te ly  20 ns 

f o r  a m a tch ed  lo a d  w h e re a s  t h e  36 f e e t  s y s te m  had  en  e l e c t r i c a l  p u l s e  

l e n g t h  o f  a p p r o x im a te ly  70 ns  f o r  a m a tch ed  l o a d .  Thus t h e  36 f e e t  s y s te m  

was a b l e  t o  d e p o s i t e  more e n e rg y  i n t o  t h e  f l a s h l a m p  i n  t h e  f i r s t  p u l s e ,

t h a n  t h e  12 f e e t  s y s te m ,  a s  was m e n t io n e d  i n  C h a p te r  5 .
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PHOTOGRAPH P I 9

F la s h la m p  o u t p u t  f ro m  a 9 cm lo n g  l i n e a r  f l a s h l a m p  f i l l e d  w i t h  
a rg o n  t o  a p r e s s u r e  o f  8 t o r r .

Sweep s p e e d  50 n s / d i v i s i o n  
B lu m le in  v o l t a g e  9 kV

Sweep s p e e d  5 0 ^  s / d i v i s i o n  
B lu m le in  v o l t a g e  9 kV

Upper t r a c e  w i t h  k ee p  a l i v e .
Lower t r a c e  w i t h o u t  k ee p  a l i v e .

PHOTOGRAPH P20

F la s h la m p  o u t p u t  f ro m  a  9 cm lo n g  l i n e a r  f l a s h l a m p  f i l l e d  w i t h  
n i t r o g e n  t o  a p r e s s u r e  o f  10 t o r r .

Sweep s p e e d  (a )  100 n s / d i v

(b) 50 n s / d i v

( c )  100 n s / d i v

(d) 50 n s / d i v

B lu m le in  v o l t a g e  12 kV

U pper two t r a c e s  w i t h  k e e p  a l i v e .
Lower two t r a c e s  w i t h o u t  k e e p  a l i v e .

PHOTOGRAPH P21

F la s h la m p  o u t p u t  f ro m  a  9 cm lo n g  l i n e a r  f l a s h l a m p  f i l l e d  w i t h  
n i t r o g e n  t o  a p r e s s u r e  o f  5 t o T f .

L
Sweep s p e e d  100 n s / d i v  
B lu m le in  v o l t a g e  14 kV

PHOTOGRAPH P22

F la s h la m p  o u t p u t  f ro m  a  9 cm lo n g  l i n e a r  f l a s h l a m p  w i t h  k e e p  a l i v e ,  
f i l l e d  w i t h  n i t r o g e n  t o  a  p r e s s u r e  o f  10 t o r r .

Sweep s p e e d  50 n s / d i v  
B lu m le in  v o l t a g e  14 kV
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When t h e  k eep  a l i v e  was u se d  on t h e  12 f e e t  s y s te m ,  t h e  amount 

of  e n e rg y  d e p o s i t e d  i n t o  t h e  i n i t i a l  p u l s e  grew and c o n s e q u e n t l y  t h e  seco n d  

p u l s e  g o t  s m a l l e r .  Compare p h o to g ra p h  P21 w i t h  P22 . In  p h o to g ra p h  P22 th e  

k ee p  a l i v e  was u s e d .  ( P r e s s u r e  i n  lamp was 10 t o r r  and sweep sp eed  was 50 ns  

p e r  d i v i s i o n ) .  R e s u l t s  show ing  th e  r e l a t i v e  i n t e n s i t i e s  o f  t h e  f i r s t  and 

s ec o n d  p u l s e s  as  a f u n c t i o n  o f p r e s s u r e ,  a t  f i x e d  v o l t a g e ,  w i t h  and w i t h o u t  

k eep  a l i v e ,  f o r  t h e  12 f e e t  s y s te m  a r e  shown i n  g ra p h s  6 . 5 ( a )  and 6 . 5 ( b ) .

Graph 6.5 (a )  shows t h a t  f o r  p r e s s u r e s  up to  6 t o r r ,  t h e  l i g h t  o u t p u t  from  

t h e  l i n e a r  f l a s h t u b e  d u r i n g  t h e  f i r s t  p u l s e  h a s  b e e n  more th a n  d o u b le d .

Due♦t o  t h i s ,  t h e  r i s e t i m e  o f  t h e  f i r s t  p u l s e  i s  s l i g h t l y  l o n g e r  w i t h  keep

a l i v e  t h a n  w i t h o u t  k ee p  a l i v e  as  c a n  b e  s e e n  from  g ra p h  6 . 5 ( c ) .  (Graph

6 . 5 ( c )  shows th e  r i s e t i m e  o f  t h e  f i r s t  p u l s e  i n  t h e  12 f e e t  s y s te m ,  w i t h

and w i t h o u t  k ee p  a l i v e ) .  R e f e r r i n g  b a c k  to  g r a p h  6 . 5 ( a )  we s e e  t h a t  f rom

6 t o r r  t o  20 t o r r  t h e  k ee p  a l i v e  does  n o t  h a v e  so  much e f f e c t  on t h e  l i g h t  

o u t p u t ,  and bey o n d  20 t o r r  t h e  e f f e c t  i s  n e g l i g i b l e .  (T h is  was due t o  th e  

p r e i o n i s a t i o n  d e c r e a s i n g  w i t h  i n c r e a s i n g  p r e s s u r e  a s  was m en t io n ed  i n  

C h a p te r  6 . 3 ) .

Thus we s e e  t h a t  f o r  i t s  e f f e c t i v e  r a n g e  (1 -2 0  t o r r )  t h e  k eep  

a l i v e  r e d u c e s  t h e  i n i t i a l  im pedance  o f  t h e  f l a s h t u b e  t o  t h e  p u i s e r  

e f f e c t i v e l y  enough  t o  d e p o s i t  more e n e rg y  i n t o  t h e  i n i t i a l  p u l s e  a c r o s s  

t h e  f l a s h t u b e ,  a s  one w ould  b e  a b l e  t o  a c h ie v e  w i t h o u t  k eep  a l i v e .  W ith 

r e f e r e n c e  to  g ra p h  6 . 5 ( b ) ,  we s e e  t h a t  t h e  r e l a t i v e  i n t e n s i t y  o f  t h e  seco n d  

p u l s e  w i t h  k eep  a l i v e  does  r e d u c e  t o  a l e v e l  b e lo w  t h a t  o b t a i n e d  w i t h o u t  

k eep  a l i v e  f o r  a f l a s h l a m p  p r e s s u r e  o f  10 t o r r .  F o r  lo w er  p r e s s u r e  

(L-7 t o r r ) ,  h o w e v e r ,  t h e  i n t e n s i t y  o f  th e  seco n d  p u l s e  o b t a i n e d  w i t h  k eep  

a l i v e  i s  g r e a t e r  t h a n  t h a t  o b t a i n e d  w i t h o u t  k eep  a l i v e .  T h is  i m p l i e s  t h a t  

f o r  t h i s  p r e s s u r e  r a n g e  t h e  im pedance  o f  t h e  f l a s h l a m p  compared w i t h  t h e  

p u i s e r  was i n  s u c h  a m ism a tch ed  c o n d i t i o n  t h a t  e f f e c t i v e  e n e rg y  d e p o s i t i o n
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GRAPH 6 . 5 a :  EFFECT OF KA OH THE FIRST PULSE FOR-THE
12 ft. SYSTEM AND LINEAR FLASHTUBE
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was p r o h i b i t e d  ev en  a f t e r  two e l e c t r i c a l  p u l s e s ,  w i t h o u t  k eep  a l i v e ,  and

t h a t  w i t h  k eep  a l i v e  c l o s e r  m a tc h in g  was a c h ie v e d .

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

p u l s e d  "k eep  a l i v e "  s y s te m  was n e x t  u sed  i n  t h e  12 f e e t  s y s te m  and th e  

r e s u l t s  a r e  d e s c r i b e d  i n  t h e  n e x t  s e c t i o n .

6 .6  The e f f e c t  o f  p u l s e s  k ee p  a l i v e  on f l a s h l a m p  o u t p u t  c h a r a c t e r i s t i c s

The e f f e c t  o f  a p u l s e d  k eep  a l i v e  c o u p le d  t o  a l i n e a r  and a 

c o a x i a l  f l a s h l a m p  (a s  d e s c r i b e d  i n  C h a p te r  6 .2 )  i n  t h e  12 f e e t  s y s te m  was 

s t u d i e d .  The l i n e a r  f l a s h l a m p  G was 6 .4  cm lo n g  (b e tw een  e l e c t r o d e s ) ,  had 

1 mm t h i c k  f u s e d  q u a r t z  w a l l s  and an i n t e r n a l  d i a m e t e r  o f  0 .3  cm. The 

c o a x i a l  f l a s h l a m p ,  E, was 4 .2  cm lo n g  (b e tw een  e l e c t r o d e s ) ,  an o u t s i d e  

d i a m e t e r  o f  2 .3  cm, 1 mm t h i c k  fu s e d  q u a r t z  w a l l s  and an a n n u l a r  gap o f  1 mm.

W ith  th e  s h o r t  l i n e a r  f l a s h l a m p  i n  t h e  12 f e e t  s y s te m ,  t h e  f i r s t

l i g h t  p u l s e  was s m a l l  o v e r  t h e  w ho le  p r e s s u r e  r a n g e  w i t h o u t  k ee p  a l i v e .  The 

sec o n d  p u l s e  was more i n t e n s e  t h a n  t h e  f i r s t  p u l s e  e x c e p t  f o r  t h e  p r e s s u r e  

r a n g e  20 -25  t o r r .  H ere  t h e  f i r s t  and se c o n d  p u l s e  w ere  o f  a p p r o x im a te ly  

t h e  same i n t e n s i t y .  (The h a l f  w id t h  o f  t h e  seco n d  p u l s e  i n c r e a s e d  by  more 

t h a n  a  f a c t o r  o f  two f o r  t h i s  p r e s s u r e  r a n g e ) .

The p u l s e d  k ee p  a l i v e  h ad  v e r y  l i t t l e  e f f e c t  on t h e  f i r s t  p u l s e  

a s  ca n  b e  s e e n  f ro m  g ra p h  6 .7  w h ich  shows r e l a t i v 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  v e r s u s  p r e s s u r e  f o r  t h e  s h o r t  l i n e a r  f l a s h t u b e ,  w i t h  and w i t h o u t  

k eep  a l i v e .  The p u l s e d  k ee p  a l i v e  h ad  much more e f f e c t  on t h e  second  p u l s e ,  

h o w e v e r ,  as  can  be  s e e n  from  g ra p h  6 . 8 .  T h is  g ra p h  shows th e  r e l a t i v e  

i n t e n s i t y  o f  t h e  se c o n d  p u l s e  v e r s u s  p r e s s u r e  f o r  t h e  s h o r t  l i n e a r  f l a s h  

t u b e  w i t h  and w i t h o u t  k eep  a l i v e .  . As can  be  s e e n ,  t h e  o u t p u t  i n t e n s i t y  

u s i n g  p u l s e d  k ee p  a l i v e  i s  g r e a t e r  th a n  t h a t  w i t h o u t  k ee p  a l i v e  o v e r  th e  

w o rk in g  p r e s s u r e  r a n g e .  The w o rk in g  p r e s s u r e  r a n g e  h a s  a l s o  b ee n  e x te n d e d  

from  ^^45 t o r r  \̂;65 t o r r  w i t h  t h e  u s e  o f  k eep  a l i v e .
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CKMMI 6 . 8 :  RELATIVE INTENSITY VERSUS PRESSURE (AIR) FOR LINEAR FLASHTUBE G
(2nd PULSE) IN THE 12 f t  SYSTEM WITH AND WITHOUT KEEP ALIVE
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The o u t p u t  f ro m  th e  4 .2  cm c o a x i a l  f l a s h l a m p  in  t h e  12 f e e t  

s y s te m  d i f f e r e d  from  t h a t  o b t a i n e d  w i th  t h e  lo n g  c o a x i a l  f l a s h la m p  

d e s c r i b e d  e a r l i e r .  Up t o  a ro u n d  25 t o r r ,  t h e  o u t p u t  c o n s i s t e d  o f  a s i n g l e

f a s t  r i s i n g  p u l s e  ( 20 n s  r i s e t i m e ) .  Between 25 and 30 t o r r  t h i s  p u l s e

showed t h e  d o u b le  p ea k  e f f e c t  (a s  d e s c r i b e d  i n  C h a p te r  5 . 7 ) .  Beyond 

30 t o r r ,  a s lo w e r  r i s e t i m e  lo n g e r  d u r a t i o n  p u l s e  was o b t a i n e d .

The p u l s e d  keep  a l i v e  h ad  v e r y  l i t t l e  e f f e c t  on t h e  o u tp u t  

i n t e n s i t y  from  t h e  4 .2  cm c o a x i a l  f l a s h l a m p .  I t  d i d ,  ho w ev er ,  e x te n d  t h e

w o rk in g  p r e s s u r e  r a n g e  o f  t h e  f l a s h l a m p  from  '\.60 t o r r  t o  ^100  t o r r  a l t h o u g h

f o r  p r e s s u r e s  beyond  ^^40 t o r r ,  t h e  o u t p u t  was a r c - l i k e .  The o u t p u t  

i n t e n s i t y  was g r e a t e s t  f o r  a p r e s s u r e  o f  a ro u n d  80 t o r r .

When t h e  c o a x i a l  f l a s h l a m p  was u se d  w i t h o u t  k eep  a l i v e ,  f o r  

p r e s s u r e s  >^50 t o r r  t h e r e  w e re  d i f f e r e n c e s  o f  m ic ro seco n d s  b e tw een  

i n i t i a t i o n  o f  t h e  s p a r k  gap and t h e  a r r i v a l  o f  t h e  l i g h t  p u l s e  from  th e  

f l a s h l a m p .  When p u l s e d  k eep  a l i v e  was u s e d ,  t h e  f l a s h l a m p  o c c u r r e d  a t  t h e  

" u s u a l  t im e "  and j i t t e r  ( d i f f e r e n c e  i n  t im e  b e tw e en  when th e  s i g n a l  s h o u ld  

a r r i v e  and when i t  d id  a r r i v e )  was r e d u c e d  t o  l e s s  th a n  100 n s .

The r e l a t i v e  i n t e n s i t y  (maximum i r r e s p e c t i v e  o f  p u l s e )  v e r s u s  

p r e s s u r e  f o r  t h e  l i n e a r  and  c o a x i a l  f l a s h l a m p  w i t h  p u l s e d  k eep  a l i v e  i s  

shown i n  g ra p h  6 . 9 .  I f  t h i s  g ra p h  i s  com pared w i t h  g ra p h  5 .9  w h ich  shows 

th e  o u t p u t  i n t e n s i t y  o f  f l a s h l a m p  E to  b e  g r e a t e r  th a n  t h a t  from  t h e  l i n e a r  

f l a s h l a m p  G, th e n  we s e e  t h a t  t h e  p u l s e d  keep  a l i v e  h a s  more e f f e c t  on 

t h e  r e l a t i v e  i n t e n s i t y  from  th e  l i n e a r  f l a s h l a m p  th a n  from  t h e  c o a x i a l  

f l a s h l a m p .

T hus ,  even  when h i g h  d r i v i n g  v o l t a g e s  a r e  u s e d ,  t h e  l i n e a r  

f l a s h l a m p  b e n e f i t t e d  s i g n i f i c a n t l y  from  a p r e p u l s e  i n  te rm s  o f  o u t p u t  

i n t e n s i t y ,  and t h e  c o a x i a l  f l a s h l a m p  y i e l d e d  r e l a t i v e l y  j i t t e r  f r e e  o u t p u t  

w i t h  an i n c r e a s e d  w o rk in g  p r e s s u r e  r a n g e .
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6. 7 Tlie e f f e c t  o f  p u l s e d  keep  a l i v e  on l a s e r  o u t p u t

(93)
A p a p e r  p u b l i s h e d  r e c e n t l y  by  O r n s t e i n  and D e r r  shows how

e f f e c t i v e  a p r e p u l s e  can b e  when pumping o r g a n i c  dyes  w i t h  a l i n e a r  f l a s h 

lamp. They u sed  a 10 cm lo n g  xenon f i l l e d  l i n e a r  lamp w i t h  a 3 mm i n n e r  

d i a m e t e r .  The m ain  d i s c h a r g e  c i r c u i t  c o n s i s t e d  o f  a  c o a x i a l  0 .2  yF 

c a p a c i t o r  i n  s e r i e s  w i th  a t h y r a t r o n .  The p r e p u l s e  c i r c u i t  c o n s i s t e d  o f  a 

0 .0 1  yF c a p a c i t o r  i n  s e r i e s  w i t h  a s p a r k  gap .

The p r e p u l s e  enhancem en t o f  l a s e r  power was o b s e rv e d  t o  be  a 

f u n c t i o n  o f  pow er s u p p ly  v o l t a g e ,  d e c r e a s i n g  g r a d u a l l y  as  t h e  v o l t a g e  

a c r o s s  t h e  f l a s h l a m p  was i n c r e a s e d  -  c o r r o b o r a t i n g  o u r  p r e c e d i n g  w ork .

One o f  t h e  s i g n i f i c a n t  a d v a n ta g e s  o f  u s i n g  t h e  p r e p u l s e  i s  t h a t  th e  

same l a s e r  power o u t p u t  i s  o b t a i n e d  a t  a much lo w er  d r i v i n g  v o l t a g e  w i t h  

th e  p r e p u l s e  t h a n  i s  r e q u i r e d  w i t h o u t  t h e  p r e p u l s e .  T h is  l e n g th e n s  t h e  

f l a s h l a m p  l i f e t i m e ,  one o f  t h e  m a jo r  e x p e n s e  f a c t o r s  i n  t h e  dye l a s e r  sy s te m .  

A n o th e r  a d v a n ta g e  i s  t h a t  t h e  a / e r a g e  power o f t h e  l a s e r  can  be  s i g n i f i c a n t l y  

i n c r e a s e d  s i n c e  h i g h e r  r e p e t i t i o n  r a t e s  a r e  p o s s i b l e  b e f o r e  o v e r h e a t i n g  th e  

lamp.

T a b le  6 .1 0  h a s  b e e n  r e p ro d u c e d  from  t h e i r  r e s u l t s  and i t  shows 

l a s e r  power as  a f u n c t i o n  o f  power s u p p ly  v o l t a g e  f o r  Rh6G and e s c u l i n .  F o r  

b o t h  d y es  more l a s e r  power was o b t a i n e d  a t  11 kV w i t h  t h e  p r e p u l s e  t h a n  was 

o b t a i n e d  a t  15 kV w i t h o u t  t h e  p r e p u l s e .

A c o l l e a g u e  h a s  a l s o  t r i e d  a  p u l s e d  k eep  a l i v e  sy s tem  on c o a x i a l  

f l a s h l a m p  d r i v e n  by  a Marx g e n e r a t o r .  The c o a x i a l  f l a s h l a m p  was 18 cm 

lo n g  w i t h  an  a n n u l a r  gap o f  8 mm and an  o u t s i d e  d i a m e t e r  o f  47 mm. The 

w a l l s  o f  t h e  f l a s h l a m p  w ere  2 .5  mm t h i c k .  W ith o u t  p u l s e d  k eep  a l i v e  t h e  

lamp c o u ld  o n ly  be r u n  a t  6 0 -7 0  t o r r .  W ith  p u l s e d  keep  a l i v e ,  i t  was 

p o s s i b l e  t o  i n c r e a s e  t h e  p r e s s u r e  t o  220 t o r r  s t i l l  m a i n t a i n i n g  a u n i f o rm  

d i s c h a r g e  -  s i g n i f i c a n t l y  i n c r e a s i n g  t h e  l i g h t  o u t p u t  T h is  sy s tem

was u se d  to  pump i o d i n e  v a p o u r .
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TABLE 6 .1 0

PREPLUSE ENHANCEMENT OF LASER POWER VS FLASHLAMP VOLTAGE

F la s h la m p
V o l ta g e

(kV)

Rhodamine 6G (X = 5940 R) 
L a s e r  Power (kW)

E s c u l i n  (X = 4690 £ )  
L a s e r  Power (kW)

W ith o u t
P r o p u l s e

W ith
P r o p u l s e

W ith o u t
P r o p u l s e

W ith
P r o p u l s e

8 0 .9 1 .6 0 •  ■ • • « •

9 1 .2 5 5 .2 5 .  •  • « •  •

10 2 .7 5 8 .9 •  •  • •  •  •

11 4 .9 1 2 .4 0 .1 2 2 .5

12 6. 4 1 6 .3 0 .3 1 2 .8

13 . 7 .7 5 1 7 .9 0 .8 1 5 .6

14 9 .5 1 8 .1 1 .2 5 7 .3

15 11 .7 5 1 8 .6 1 .5 0 1 0 .0
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CHAPTER V II  

SPECTRAL ANALYSIS

7 .1  I n t r o d u c t i o n

A c c o rd in g  t o  t h e  quantum  t h e o r y ,  no r a d i a t i o n  can  b e  e m i t t e d  from

an a tom  u n l e s s  i t  r e c e i v e s  e n e rg y  a t  l e a s t  e q u a l  to  t h a t  n e c e s s a r y  t o  r a i s e

th e  e l e c t r o n  fro m  t h e  l o w e s t  t o  t h e  sec o n d  lo w e s t  o r b i t .  C o r re s p o n d in g  to

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

a tom , V. I t  f o l l o w s  t h a t  i f  v  i s  t h e  v e l o c i t y  o f  t h e  e l e c t r o n  r e q u i r e d  to

2do t h i s ,  we h a v e  mv /2  = V^ = hv w here  v i s  t h e  f r e q u e n c y  o f t h e  r e s o n a n c e

l i n e .  I f  a gas  i s  bom barded  w i t h  e l e c t r o n s  w i t h  j u s t  t h i s  e n e r g y ,  th e

o p t i c a l  e l e c t r o n  i n  t h e  atoms can  b e  r a i s e d  t o  t h e  f i r s t  e x c i t e d  l e v e l  and

' - 1 8a f t e r  a  s h o r t  t im e  (^10 s )  f a l l s  b ac k  to  t h e  n o rm a l  s t a t e ,  a s p e c t r a l  

l i n e  b e i n g  e m i t t e d  i n  t h e  p r o c e s s .  Only a s i n g l e  l i n e  w i l l  be  e m i t t e d .

When t h e  v e l o c i t i e s  o f  t h e  i n c i d e n t  e l e c t r o n s  a r e  i n c r e a s e d  a sec o n d  l i n e  

i s  e m i t t e d .  W ith  s t i l l  h i g h e r  v e l o c i t i e s ,  a t h i r d  l i n e ,  th e n  a f o u r t h  e t c ,  

w i l l  i n  t u r n  b e  r a d i a t e d ,  u n t i l ,  when t h e  i o n i s a t i o n  p o t e n t i a l  i s  r e a c h e d  

t h e  w h o le  o f  t h e  a r c  s p e c t r u m  w i l l  b e  g iv e n  o u t ^ ^ ^ ^ \

A c o n t in u o u s  s p e c t ru m  i s ,  i n  g e n e r a l ,  o b t a i n e d  from  s o l i d s  and 

l i q u i d s .  I n  t h e s e  s t a t e s  o f  m a t t e r  t h e  atoms and m o le c u le s  a r e  c l o s e  

t o g e t h e r ,  and e l e c t r o n  o r b i t a l  ch an g es  i n  a p a r t i c u l a r  a tom  a r e  i n f l u e n c e d  

by n e i g h b o u r i n g  a tom s t o  su ch  an e x t e n t  t h a t  r a d i a t i o n s  o f  a l l  d i f f e r e n t  

w a v e le n g th s  a r e  e m i t t e d .  I n  a  gas  th e  atoms a r e  f a r  a p a r t  and a r e  a b l e  t o  

e m i t  d e f i n i t e  f r e q u e n c i e s  u n t i l  t h e  gas i s  a t  a  f a i r l y  h ig h  p r e s s u r e .

The l i n e s  th e n  become b ro a d e n e d  b e c a u s e  o f  th e  more f r e q u e n t  c o l l i s i o n s  and 

o t h e r  e f f e c t s .  T h is  b r o a d e n in g  i n c r e a s e s  w i t h  p r e s s u r e ,  so  t h a t  f i n a l l y  

t h e  l i n e s  merge i n t o  a c o n t in u o u s  s p e c t r u m  as  t h e  gas  a p p ro a c h e s  t h e  l i q u i d  

s t a t e ( 1 4 4 ) .
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T h ere  e x i s t s  many ty p e s  o f  r a d i a t i o n  from  a  p la s m a ,  b u t  t h e

i m p o r t a n t  ty p e s  when c o n s i d e r i n g  p u l s e d  d i s c h a r g e  lamps a r e  e x c i t a t i o n

( l i n e )  r a d i a t i o n ,  r e c o m b in a t io n  r a d i a t i o n  and b r e m s s t r a h l u n g  r a d i a t i o n .

E x c i t a t i o n  o r  l i n e  r a d i a t i o n  i s  due t o  a t r a n s i t i o n  b e tw een  any

two bound e n e rg y  l e v e l s ,  i e  E -E = hv ( s e e  F ig u r e  7 . 1 ) .  T here  i s  anm n mn

i n f i n i t e  a r r a y  o f  e n e rg y  l e v e l s  and t r a n s i t i o n s  a r e  p e r m i s s i b l e  p r o v i d i n g

t h e y  obey s e l e c t i o n  r u l e s .  I  s h a l l  i n c l u d e  band  s p e c t r a  u n d e r  t h i s  h e a d in g .

Band s p e c t r a  a r e  o b t a i n e d  from  m o le c u le s  and c o n s i s t  o f  a s e r i e s  o f  bands

e a c h  s h a r p  a t  one end  b u t  " f a d i n g "  a t  t h e  o t h e r  en d .  C a r e f u l  e x a m in a t io n

r e v e a l s  t h a t  t h e  b an d s  a r e  made up o f  num erous f i n e  l i n e s  v e r y  c l o s e  t o

ea c h  o t h e r  c o r r e s p o n d i n g  to  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  su p e r im p o sed

on e v e r y  e l e c t r o n i c  e n e rg y  l e v e l .

The r e c o m b i n a t io n  r a d i a t i o n  i s  c o n s i d e r e d  to  be  o f  t h e  e l e c t r o n i c

volum e t y p e .  T h is  i s  due t o  a  t r a n s i t i o n  from  a f r e e  e n e r g y  l e v e l  t o  a

bound e n e rg y  l e v e l .  Suppose we h av e  a p o s i t i v e  ( i e  f r e e )  e n e rg y  l e v e l

2
shown a s  x  i n  F ig u r e  7 .1 .  T h is  l e v e l  i s  o f  e n e rg y  5 mv . I f  t h i s  e l e c t r o n  

was c a p t u r e d  by  an io n  s u c h  t h a t  t h e  e l e c t r o n  made a t r a n s i t i o n  down to  Ej 

s a y ,  t h e n  t h e  e n e r g y  r a d i a t e d  i s  ^

= 5 -E j

and s i n c e  t h e  u p p e r  l e v e l s  a r e  c o n t i n u o u s ,  t h e  r a d i a t i o n  e m i t t e d  i s  o f  a 

c o n t in u u m  n a t u r e .

B r e m s s t r a h lu n g  r a d i a t i o n  i s  one ty p e  o f  t r a n s i t i o n  b e tw een  two 

unbound o r  f r e e  e n e rg y  l e v e l s .  (O th e r  ty p e s  b e i n g  c y c l o t r o n  r a d i a t i o n  and 

c e re n k o v  r a d i a t i o n ) .  C l a s s i c a l l y ,  t h e  e l e c t r o m a g n e t i c  t h e o r y  p r e d i c t s  

t h a t  an a c c e l e r a t e d  e l e c t r i c  c h a rg e  w i l l  r a d i a t e  e l e c t r o m a g n e t i c  w aves ,  

w h e re a s  we c o u ld  a l s o  lo o k  upon th e  r a d i a t i o n  a s  b e i n g  due t o  t h e  coulomb 

i n t e r a c t i o n  b e tw e e n  p a r t i c l e s  u n d e r  a c c e l e r a t i o n .  I f  an e l e c t r o n  i n  a  f r e e
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State is deflected by an ion (for example) such that the electron ends 

up in a different continuum state (usually of lower energy) then we obtain 

Bremsstrahlung radiation,

7 .2  E x p e r im e n ta l  work

The m echanism  o f  l i g h t  p r o d u c t i o n  by  t h e  d i s c h a r g e  i n  a f l a s h la m p  

i s  u s u a l l y  r e g a r d e d  as  b l a c k  body c o n t in u u m  r a d i a t i o n  from  th e  h o t  p la s m a ,  

(138) ( 1 t l ) ^  w i t h  t h e  s p e c t r a l  d i s t r i b u t i o n  c o n s i s t i n g  o f  a co n t in u u m ,

(79)r a n g in g  from  th e  u l t r a  v i o l e t  t o  t h e  i n f r a  red ,  w i t h  s u p e r im p o se d  l i n e s  

S o ro k in  e t  a l^ ^ ^ ^  e s t i m a t e d  h i s  c o a x i a l  f l a s h l a m p  a p p ro x im a te d  

t o  a b l a c k  body s o u r c e  a t  48000°K, w h e re a s  Furum oto e t  a l^ ^ ^ ^  showed t h a t  

h i s  c o a x i a l  f l a s h l a m p  was a b l a c k  body r a d i a t o r  i n  t h e  v i s i b l e  p o r t i o n  o f  

t h e  s p e c t r u m  w i t h  a  s u r f a c e  t e m p e r a t u r e  o f  21000°K. G o l d s t e i n  e t  a l^ ^ ^ ^ ^  

hav e  sho\m  t h a t  a b l a c k  body  t e m p e r a t u r e  o f  19000°K and F e r r a r ^ ^ ^ ^ ^  a 

t e m p e r a t u r e  o f  20000-30000°K  i s  a c h ie v e d  i n  t h e i r  a b l a t i n g  w a l l  f l a s h l a m p s .

An i n d i c a t i o n  o f  t h e  b l a c k  body t e m p e r a t u r e  o f  th e  f l a s h l a m p s  

can  b e  o b t a i n e d  fro m  t h e  p ea k  power d e p o s i t i o n  i n t o  t h e  f l a s h l a m p ,  t h e

(142)
r a d i a t i n g  a r e a  o f  t h e  f l a s h l a m p ,  and t h e  u s e  o f t h e  S te fa n - B o l tz m a n n  law

assu m in g  an e l e c t r i c a l  t o  r a d i a n t  power c o n v e r s i o n  o f  100%.

The t o t a l  amount o f  l i g h t  e m i t t e d  by  th e  lamp a t  a p a r t i c u l a r

w a v e le n g th  depends  on t h e  a v e ra g e  b l a c k  body t e m p e r a t u r e  m a in t a in e d  d u r i n g

t h e  p la sm a  h e a t i n g  p e r i o d  i n  w h ich  e n e rg y  i s  s u p p l i e d  e l e c t r i c a l l y  t o  th e

(138)
p la s m a ,  and d u r i n g  th e  c o o l i n g  p e r i o d  o r  a f t e r - g l o w

(\  38^
F o r 10 ys p u l s e s  i n  l i n e a r  f l a s h t u b e s .  B aker  e t  a l  fo u n d

t h e  e x a c t  d e t a i l s  o f  t h e  gas  f i l l  w ere  n o t  v e r y  i m p o r t a n t  i n  d e t e r m in in g  

t h e  r a d i a t i o n  c h a r a c t e r i s t i c s  once t h e  h i g h  t e m p e r a t u r e  p la sm a  had fo rm ed . 

They o b t a i n e d  10 ys d u r a t i o n  p u l s e s  ( i n  t h e  25 0 -3 0 0  nm r e g io n )  u s i n g  

e l e c t r i c a l  e n e r g i e s  from  100-500  j o u l e s .
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The p u l s e s  from  o u r  f l a s h t u b e s  w ere  o f much s h o r t e r  t im e  

d u r a t i o n  and th e  e l e c t r i c a l  e n e r g i e s  u sed  w e re  <50 j o u l e s .  U nder t h e s e  

c i r c u m s t a n c e s ■we fo u n d  th e  r a d i a t i o n  c h a r a c t e r i s t i c s  t o  v a r y  w i t h  v o l t a g e  

a c r o s s  t h e  f l a s h t u b e  and p r e s s u r e  w i t h i n  t h e  f l a s h t u b e .

The l i g h t  o u t p u t  f ro m  v a r i o u s  f l a s h l a m p s  i n c l u d i n g  b o t h  l i n e a r  

and c o a x i a l  ty p e s  was a n a ly s e d  u s in g  a  t im e  i n t e g r a t e d  H i l g e r  W atts  

s p e c t r o m e t e r  w h ich  u t i l i s e s  a f u s e d  q u a r t z  p r i s m .  The s l i t  w id th  used  

v a r i e d  from  2 0 -5 0  ym and  Kodak p l a t e s  ty p e  HP3 w ere  u sed  f o r  r e c o r d i n g  t h e  

s p e c t ru m .

A b r i e f  o v e r a l l  lo o k  a t  t h e  s p e c t r a l  p l a t e s  b e f o r e  g o in g  i n t o  

d e t a i l  show t h a t  f o r  a  g iv e n  v o l t a g e ,  low p r e s s u r e s  g iv e  p ro n o u n c ed  band 

s t r u c t u r e ,  f ro m  t h e  c o a x i a l  ty p e  f l a s h l a m p s ,  m o s t ly  i n  t h e  u l t r a  v i o l e t  

p o r t i o n  o f  t h e  s p e c t ru m .  The s p e c t r a l  o u t p u t  f rom  th e  l i n e a r  f l a s h l a m p

d i f f e r s  c o n s i d e r a b l y  from  t h e  s p e c t r a  o f  t h e  c o a x i a l  f l a s h l a m p s  a t  low

gas p r e s s u r e s .  As t h e  p r e s s u r e  i s  i n c r e a s e d  s p e c t r a l  l i n e s  a p p e a r  i n  th e  

v i s i b l e  r e g i o n  o f  t h e  s p e c t r u m  f o r  b o t h  t h e  l i n e a r  and c o a x i a l  f l a s h l a m p s .

F o r  h i g h e r  p r e s s u r e s ,  c o n t in u u m  r a d i a t i o n  w i t h  s t r u c t u r e  su p e r im p o se d  i s  

v i s i b l e  from  t h e  l i n e a r  f l a s h t u b e  and t h e  s h o r t e r  c o a x i a l  f l a s h t u b e s  (where 

t h e  p r e s s u r e  ca n  b e  i n c r e a s e d  e n o u g h ) . C ontinuum  r a d i a t i o n  i s  more e a s i l y  

o b t a i n e d  fro m  l i n e a r  r a t h e r  t h a n  c o a x i a l  f l a s h l a m p s .

P l a t e s  PLl and PL 2 compare t h e  o u t p u t  from  a l i n e a r  f l a s h l a m p

f o r  t h e  same ra n g e  o f  p r e s s u r e s  f o r  two d i f f e r e n t  p u i s e r  v o l t a g e s .  A p a r t  

fro m  p l a t e  PL2 b e in g  f a r  more i n t e n s e  th a n  p l a t e  P L l ,  ( o n ly  ex p o sed  to  3 

f l a s h l a m p  s h o t s  i n  p l a t e  PL2 com pared w i t h  9 f l a s h l a m p  e x p o s u r e s  i n  p l a t e  

P L l ) ,  i t  a l s o  shows a v e r y  good exam ple  o f  s e l f  r e v e r s a l .  T h is  i s  p ro d u c ed  

by a b s o r p t i o n  i n  t h e  c o o l e r  o u t e r  l a y e r s  o f  t h e  s o u r c e .  Comparing p l a t e s  

PLl and PL2 shows t h i s  e f f e c t  c l e a r l y .

P r a c t i c a l l y  i d e n t i c a l  r e s u l t s  w ere  o b t a in e d  when i n d u s t r i a l  

g r a d e  a rg o n  r e p l a c e d  t h e  n i t r o g e n  w i t h i n  t h e  l i n e a r  f l a s h l a m p  o t h e r  c o n d i t i o n s
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PLATE PL I

The s p e c t r a l  o u t p u t  f ro m  a  l i n e a r  f l a s h l a m p  f i l l e d  w i t h  n i t r o g e n .  
The B lu m le in  v o l t a g e  was 12 kV. The p l a t e  shows Hg l i n e s  and t h e n  
s p e c t r a l  o u t p u t s  c o r r e s p o n d i n g  to  lamp p r e s s u r e s  o f  1 . 5 ,  2 . 5 ,  5 ,  
10, 15 ,  25 , 35 t o r r  r e s p e c t i v e l y .  The f l a s h l a m p  was t r i g g e r e d  
n i n e  t im e s  f o r  e a c h  e x p o s u r e .
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PLATE PL2

The s p e c t r a l  o u t p u t  from  a  l i n e a r  f l a s h l a m p  f i l l e d  w i t h  n i t r o g e n .
The B lu m le in  v o l t a g e  was 18 kV. The p l a t e  shows Hg l i n e s  and * *
th e n  s p e c t r a l  o u t p u t s  c o r r e s p o n d i n g  t o  lamp p r e s s u r e s  o f  1 . 5 ,  2 . 5 ,
5 ,  10 ,  1 5 ,  2 5 ,  35 t o r r  r e s p e c t i v e l y .  The f l a s h l a m p  was t r i g g e r e d  
t h r e e  t im e s  f o r  e a c h  e x p o s u r e .
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b e i n g  u n ch a n g ed ,  t h e  m ain d i f f e r e n c e  b e i n g  a more i n t e n s e  s p e c t r u m  from  

th e  a rg o n  f i l l e d  lamp com pared w i t h  t h e  n i t r o g e n  f i l l e d  lamp. (T h is  i s  

e x p e c t e d  -  n o t e  r e s u l t s  shown on g ra p h  5 .2 1  show ing  o u tp u t  i n t e n s i t y  from  

th e  l i n e a r  f l a s h l a m p  f o r  d i f f e r e n t  gas  f i l l s ) .

P l a t e  PL3 shows t h e  s p e c t r u m  of a  l i n e a r  f l a s h t u b e  c o n t a i n i n g  

a i r  a t  20 t o r r .  F our  b an d  sy s tem s  a r e  p r e s e n t :  t h e  b an d s  o f  NO

(2 3 0 0 -2 7 0 0  X ) ,  n e g a t i v e  n i t r o g e n  b an d s  (N^, 2900-5000  X) sec o n d  p o s i t i v e  

n i t r o g e n  b a n d s  (N^, 5 500-7000  X ). P l a t e  PL4 shows t h e  a b s e n c e  o f  v i s i b l e  

o u t p u t  f o r  low p r e s s u r e s  ("v5 t o r r )  w i t h i n  c o a x i a l  f l a s h t u b e  B, and how 

t h e  v i s i b l e  s p e c t r a l  l i n e s  a p p e a r  a g a in  as  t h e  p r e s s u r e  i s  i n c r e a s e d  

('vlO t o r r ) .  (T h is  c o n f i r m s  t h e  r e s u l t s  on f l a s h t u b e s ,  u s i n g  t h e  18A 

f i l t e r ,  a n a ly s e d  i n  t h e  l a s t  C h a p t e r ) .

P l a t e  PL5 i s  a  t y p i c a l  s p e c t r a l  o u t p u t  f o r  t h e  s h o r t e r  c o a x i a l  

f l a s h t u b e  w here  a h i g h e r  p r e s s u r e  r a n g e  was a c h ie v e d .  The c o a x i a l  f l a s h  

tu b e  was f i l l e d  w i t h  a i r  f o r  a p r e s s u r e  r a n g e  1-70  t o r r  f o r  t h i s  p l a t e .

From p l a t e  PL5, and F i g u r e  7 .2  w h ich  shows t h e  a b s o r p t i o n  and 

e m is s io n  b an d s  f o r  rh o d am in e  6G and POPOP, i t  i s  o b v io u s  t h a t  a p r e s s u r e  

i n  e x c e s s  o f  50 t o r r  i s  r e q u i r e d  f o r  t h i s  c o a x i a l  tu b e  t o  e f f i c i e n t l y  

pump t h e  rh o d am in e  d y e .  F o r  dyes  l i k e  POPOP, h o w ev er ,  ( a b s o r p t i o n  band  

27 5 -4 0 0  nm) low p r e s s u r e  f i l l s  a r e  p r e f e r a b l e .

(138)
I t  i s  i n t e r e s t i n g  to  n o t e  t h e  work done by B aker and King 

on UV e m is s io n  f ro m  a  l i n e a r  f l a s h l a m p .  They e s t a b l i s h e d  t h a t  xenon 

f i l l e d  f l a s h l a m p s  w e re  a p p r e c i a b l y  more e f f i c i e n t  t h a n  low p r e s s u r e  

a b l a t i n g  w a l l  f l a s h l a m p s  a t  p ro d u c in g  l i g h t  i n  t h e  2 5 0-300  nm r e g io n  when 

m ic ro s e c o n d  d u r a t i o n  e x c i t a t i o n  p u l s e s  w ere  u s e d ,  t h e  e f f i c i e n c y  b e in g  

in d e p e n d e n t  o f  p r e s s u r e  above 50 t o r r  o f  x en o n .  The l o s s  i n  e f f i c i e n c y  

i n  t h e  a b l a t i n g  w a l l  r e g i o n  a p p e a r s  t o  b e  due t o  a l a r g e  p a r t  o f  t h e  

i n p u t  e n e rg y  c a u s in g  w a l l  h e a t i n g ,  r e s u l t i n g  i n  a t h r e s h o l d  i n p u t  e n e rg y
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PLATE PL3

S p e c t r a l  o u t p u t  f ro m  a  l i n e a r  f l a s h l a m p .  B lu m le in  v o l t a g e  
18 kV. The p l a t e  shows Hg l i n e s  and t h e  s p e c t r a l  c o r r e s p o n d s  
t o  f i v e  f l a s h l a m p  e x p o s u r e s  f o r  t h e  f o l l o w i n g  c o n d i t i o n s :

Gas ty p e P r e s s u r e
( t o r r )

A i r 5
A i r 20
Argon 5
A rgon 20
N i t r o g e n 5
N i t r o g e n 20
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PLATE PL4

S p e c t r a l  o u t p u t  f ro m  c o a x i a l  f l a s h t u b e  B. B lu m le in  v o l t a g e  
18 kV. The p l a t e  shows Hg l i n e s  and  t h e  s p e c t r a  c o r r e s p o n d s  
t o  f i f t e e n  f l a s h l a m p  e x p o s u r e s  f o r  t h e  f o l l o w i n g  c o n d i t i o n s :

^  ̂ P r e s s u r e
- ( t o r r )

A i r  2
A i r  10
N i t r o g e n  1
N i t r o g e n  5
N i t r o g e n  10
A rgon 1
Argon 5
Argon 10
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PLATE PL5

The s p e c t r a l  o u t p u t  f ro m  c o a x i a l  f l a s h t u b e  G f i l l e d  w i t h  a r g o n .  
The B lu m le in  v o l t a g e  was 18 kV. The p l a t e  shows Hg l i n e s  and 
th e n  s p e c t r a l  o u t p u t s  c o r r e s p o n d i n g  t o  lamp p r e s s u r e s  o f  1 , 5 ,  
10, 2 0 ,  30 ,  4 0 ,  5 0 ,  6 0 ,  70 t o r r  r e s p e c t i v e l y .  The f l a s h l a m p  was 
t r i g g e r e d  f i v e  t im e s  f o r  e a c h  e x p o s u r e .
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F lu o r e s c e n c e

( R e l a t i v e  I n t e n s i t y )
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F lu o r e s c e n c e
( R e l a t i v e  I n t e n s i t y )
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b e lo w  w h ich  UV p r o d u c t i o n  i s  v e r y  i n e f f i c i e n t .  By u s in g  t h e  s h o r t e s t  

d u r a t i o n  c u r r e n t  p u l s e s ,  l e s s  h e a t  f lo w  i n t o  t h e  body o f  t h e  tu b e  w a l l  

t a k e s  p l a c e  d u r in g  t h e  w a l l  a b l a t i o n  p r o c e s s ,  r e d u c i n g  t h e  t h r e s h o l d  e n e rg y  

a n d  m aking  t h e  o v e r a l l  e f f i c i e n c y  a p p ro a c h  t h a t  o f  t h e  h i g h  p r e s s u r e  xenon 

f i l l e d  f l a s h l a m p  u n d e r  s i m i l a r  o p e r a t i n g  c o n d i t i o n s .  However, w i t h  t h e  

s h o r t e s t  d i s c h a r g e  c u r r e n t  p u l s e  g e n e r a t e d  ('vl p s )  a b l a t i o n  mode o p e r a t i o n  

s t i l l  re m a in s  l e s s  e f f i c i e n t  th a n  t h e  xenon  f i l l e d  mode. From t h e  p o i n t  

o f  v ie w  o f  m in im is in g  t h e  o p t i c a l  p u l s e  r e q u i r e m e n t  and m a x im is in g  t h e  p ea k  

UV po w er ,  w h i l s t  m a i n t a i n i n g  a good o v e r a l l  e f f i c i e n c y ,  th e y  found  a xenon 

f i l l  p r e s s u r e  o f  t o r r  a good com prom ise .  H igh  p r e s s u r e s  r e s u l t  i n  much 

h i g h e r  s h o c k  l o a d i n g s  on t h e  t u b e  e n v e lo p e  and i n c r e a s e  t h e  p r o b a b i l i t y  o f  

e x p l o s i o n .  Lower p r e s s u r e s  l e a d  t o  an  a p p r e c i a b l e  r e d u c t i o n  i n  e f f i c i e n c y .  

T hese  a u t h o r s  w e re  i n t e r e s t e d  i n  pumping an i o d i n e  p h o to  d i s s o c i a t i o n  l a s e r ,

201



CHAPTER V I I I  

THE NITROGEN LASER

8 .1  I n t r o d u c t i o n
(95)

I n  1963, Heard  r e p o r t e d  l a s e r  a c t i o n  i n  t h e  seco n d  p o s i t i v e

band  s y s te m  o f  m o l e c u l a r  n i t r o g e n  a t  3371 X u s i n g  a f a s t  r i s i n g ,  h i g h

v o l t a g e  d i s c h a r g e .  L e o n a r d a n d  G e r r y w e r e  t h e  f i r s t  t o  u s e  t r a n s v e r s e

e x c i t a t i o n  o f  t h e  l a s e r  t o  o b t a i n  h i g h  o u t p u t  pow er,  and th e y  p r e d i c t e d

t h a t  h i g h e r  o u t p u t  pow ers  ('vMW) c o u ld  b e  o b t a i n e d  by  u s i n g  f a s t e r  e x c i t a t i o n

(82 )
m echan ism s. Shipman c o n f i rm e d  t h i s  u s i n g  a low i n d u c t a n c e  p u i s e r  

s y s te m ,  t r i g g e r e d  by s i x  d i e l e c t r i c  s w i t c h e s  i n  su c h  a  m anner as  t o  p ro d u c e

a  t r a v e l l i n g  wave o f  e x c i t a t i o n  a lo n g  t h e  l a s e r  t u b e .  S in c e  t h i s  t im e

( 8 3 ) ( 8 9 ) ( 9 8 - 1 0 4 )  ^ ^  ̂  ̂ . .s e v e r a l  w o rk e rs  h av e  o b t a i n e d  s t i m u l a t e d  e m is s io n  u s i n g

d i s c h a r g e s  o f  h i g h  c u r r e n t  d e n s i t i e s  e s t a b l i s h e d  w i t h  an  e x t r e m e ly  f a s t  

i n i t i a l  r i s e .

The n i t r o g e n  l a s e r  i s  a  v e r y  good o p t i c a l  pumping s o u r c e  o f  

e x c i t a t i o n  f o r  o r g a n ic  d y e s .  Most dyes  h av e  some a b s o r p t i o n  aro u n d  th e  

3371 X o u t p u t  l i n e  o f  n i t r o g e n  and  t h e  f a s t  r i s e t i m e  s h o r t  d u r a t i o n  p u l s e  

o f  h i g h  power from  t h e  l a s e r  n e g a t e s  q u e n c h in g  m echan ism s. Any p r o s p e c t i v e  

dye  f o r  u s e  w i t h  a f l a s h l a m p  s h o u ld  b e  t e s t e d  f o r  l a s i n g  by  pumping i t  

w i t h  a p u l s e .  I f  t h e  l a s e r  d o es  n o t  p ro d u c e  s t i m u l a t e d  e m is s io n  i n  

t h e  dye th e n  a  f l a s h l a m p  w i l l  n o t .

Numerous l a s e r  d y e s ,  o p e r a t i n g  from  t h e  n e a r  u l t r a  v i o l e t  th ro u g h  

th e  v i s i b l e  s p e c t r u m  and i n t o  th e  n e a r  i n f r a  r e d ,  can  be pumped v e r y

e f f i c i e n t l y  w i t h  t h e  n i t r o g e n  l a s e r 112) ^ and  s t r i k i n g l y  l a r g e  t u n i n g

(1 1 3 -1 1 5 )  1r a n g e s  a r e  p o s s i b l e .
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8 .2  The i n v e r s i o n  c r i t e r i o n
3

I f  we p o p u l a t e  t h e  C l e v e l  o f  i n  a t im e  w h ich  i s  s h o r t

.enough w i t h  r e s p e c t  t o  i t s  n a t u r a l  r a d i a t i v e  l i f e t i m e  ( - 4 0  n s ) ^  I t

3 3i s  p o s s i b l e  t o  e s t a b l i s h  a p o p u l a t i o n  i n v e r s i o n  b e tw e e n  t h e  C and B ir

l e v e l s  o f  t h e  sec o n d  p o s i t i v e  s y s te m  o f  t o  o b t a i n  s t i m u l a t e d  e m is s io n

The B^m^ l e v e l  h a s  a l i f e t i m e  5 -8  y s .  T h e r e f o r e ,  we may c o n s i d e r

t h e  l a s e r  a t  3371 X as  a  t h r e e  l e v e l  l a s e r T h e  g round  s t a t e  (1)

3b e i n g  c o n s i d e r e d  a s  X’ t h e  low l e v e l  (2) b e i n g  B t t  and t h e  h i g h  l e v e l
3

(3) b e i n g  C tt̂ . F ig u r e  8 .1  shows t h e  p o t e n t i a l  e n e r g i e s  o f  t h e  n i t r o g e n

m o le c u le  f o r  t h e  f i r s t  and sec o n d  b a n d s .  (See A ppend ix  V).

C o n s i d e r a t i o n  o f  t h e  r a t e  e q u a t i o n s  f o r  t h e  n i t r o g e n  l a s e r  r e v e a l s

t h e  r e q u i r e m e n t  f o r  r a p i d  e x c i t a t i o n .  L e t  N^, and th e  p o p u l a t i o n

d e n s i t i e s  o f  l e v e l s  1 , 2 and 3 r e s p e c t i v e l y .  L e t  X^j b e  t h e  c o l l i s i o n

e x c i t a t i o n  r a t e  w i t h  e l e c t r o n s  f ro m  l e v e l  i  t o  l e v e l  j  w i th  i  < j ,  and

t h e  c o l l i s i o n  d e - e x c i t a t i o n  r a t e  f ro m  l e v e l  j  i .  L e t  x . .  b e  t h e  r a d i a t i v e
J i

l i f e t i m e  from  j  t o  i  and R^. b e  t h e  in d u c e d  e m is s io n  r a t e  w hich  i n c l u d e s  

t h e  l i n e w i d t h ,  t h e  E i n s t e i n  c o e f f i c i e n t  B, and t h e  e n e rg y  d e n s i t y .  The 

r a t e  e q u a t i o n s  a r e  th en ^ ^ ^ ^ ^

dN^

d t  ^13 ^ 1  ^23 ^2  1^31 ^32 "^31

 ̂ = X _  N, + (t ZI  + N., -  (t Z}  + Y„, + X . . 1  N.. + R^d t  12 1 V 32 321 3 V 21 21 237 2 32

d t  ( ^ 1 2  ^ 1 ^  ^1 ( j 2 1  ^ 2 l )  ^2  ■^(^31 ^ 3 l )  ^3

N.
S z /  ^
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w here  and a r e  th e  s t a t i s t i c a l  w e ig h t s  o f  t h e  h ig h  and low l a s e r  

l e v e l s  r e s p e c t i v e l y .

The in d u c e d  e m is s io n  and a b s o r p t i o n  r a t e s  a r e  n e g l e c t e d  a lo n g  

w i t h  t h e  d e - e x c i t a t i o n  r a t e  t h r o u g h  c o l l i s i o n  from  th e  l a s e r  l e v e l  t o  th e  

g ro u n d  s t a t e S i n c e  t h e  C s t a t e  i s  m e t a s t a b l e  we may p u t

a c c o rd a n c e  w i t h  t h e  F ra n c k  Condon p r i n c i p l e  we may assume 

^13 ^ ^ 1 2 ' a l s o  assum e > t ( s i n c e  x^^ ~ ^0 n s  and  x^ j  = 10  y s)

Assuming t h a t  and t h e  pumping r a t e s  a r e  c o n s t a n t s  th e n  we

o b t a i n ,  u s i n g  t h e  above c o n d i t i o n s ,

N3 = Hi X^3 t  -  I Xi^ (Y32 .

u s i n g  a seco n d  o r d e r  e x p a n s io n ,  and

• . * 2  = i «1 h s  (7 3 2  +

Thus t o  o b t a i n  p o p u l a t i o n  i n v e r s i o n ,  i e  we r e q u i r e

t  <

^32 ^32

T h is  means t h a t  p o p u l a t i o n  i n v e r s i o n  can  o n ly  t a k e  p l a c e  d u r i n g  a t im e  o f

f - i V l
t h e  o r d e r  o f ,  b u t  s h o r t e r  t h a n ,  ',^^32 ^ 32 /  * n e g l e c t  compared

-1w i t h  x ^2 th e n  e x c i t a t i o n  r a t e  m ust be s h o r t e r  th a n  t h e  r a d i a t i v e  l i f e t i m e

o f  t h e  C^TTu s t a t e .  However, f o r  e l e c t r o n  d e n s i t i e s  > 6 x 10^^  cm ^ a t

t e m p e r a tu r e s  o f  4 eV, c o l l i s i o n a l  m ix in g  o f  t h e  l a s e r  l e v e l s  c a n n o t  be

14 - 3
i g n o r e d .  T h is  means Y^2 > T^2 f o r  > 6 x  10 cm and th e  i n v e r s i o n  

d u r a t i o n  i s  s h o r t e n e d .  We now s e e  t h a t  more e f f i c i e n t  pumping would be  

o b t a i n e d  by e x c i t i n g  n i t r o g e n  i n  a t im e  s h o r t e r  th a n  40 n s .
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8 .3  D ependence o f  l a s e r  power d e n s i t y  on v a r i o u s  p a r a m e te r s

A i i ( 1 1 9 )  c o n s i d e r e d  t h e  c a s e  o f  t h e  n i t r o g e n  m o le c u le  as  a l a s i n g  

s y s te m ,  c o u p le d  t o  an e l e c t r i c  c i r c u i t  c o n s i s t i n g  o f  a c a p a c i t o r  w i t h  a 

c a p a c i t a n c e  C c h a rg e d  o r i g i n a l l y  to  some v o l t a g e  V^, a f i x e d  e x t e r n a l  

r e s i s t a n c e  and i n d u c t a n c e  L. The l a s i n g  medium, a s  p a r t  o f  t h e  e l e c t r i c  

c i r c u i t ,  a c t s  a s  a  v a r i a b l e  r e s i s t a n c e  R ( t )  w hich  i s  t h e  sum o f  t h e  p la sm a  

r e s i s t a n c e  ( i o n - e l e c t r o n  c o l l i s i o n s )  and t h e  r e s i s t a n c e  due t o  e l e c t r o n  

n e u t r a l  c o l l i s i o n s .  I n  t h i s  c a s e ,  h o w e v e r ,  t h e  l a t t e r  i s  th e  m ost 

i m p o r t a n t .  The e l e c t r o n s  a r e  ohmic h e a t e d  and l o s e  t h e i r  e n e r g i e s  by 

e x c i t i n g  and  i o n i s i n g  t h e  m o le c u le s .  The c i r c u i t  e q u a t i o n  u sed  by A l i^ ^ ^ ^ ^  

was

 ̂ f  "  ̂  ̂ %
O

w here  R^ = R^ + R ( t )  and R ( t )  i s  o b t a i n e d  fro m  th e  m o b i l i t y  d a ta ^ ^ ^ ^ ^  f o r

th e  e l e c t r o n s  i n  n i t r o g e n .  The r a t e  e q u a t i o n s ,  i n c l u d i n g  e l e c t r o n  im p ac t

m ix in g  o f  l a s e r  l e v e l s ,  c o u p le d  t o  t h e  c i r c u i t  e q u a t i o n  w ere  s o lv e d  u n d e r

(97)s a t u r a t i o n  a p p r o x im a t io n s  . The s a t u r a t i o n  a s s u m p t io n  advanced  by

G e rry  i s

N3-N 2 «  and = N2 = N

The c a l c u l a t i o n s  o f  t h e  s a t u r a t e d  power o u t p u t  w ere  s o lv e d  

n u m e r i c a l l y  f o r  two d i f f e r e n t  a p p ro a c h e s  i n  w h ich  e n e rg y  i s  s u p p l i e d  t o  

t h e  s y s te m .

One, a f a s t  r i s i n g  c u r r e n t  d i s c h a r g e  ( r i s e t i m e  n s )  and 

d e c a y in g  s lo w ly  (method A ) ,  and t h e  o t h e r  a  s i n e  wave c u r r e n t  d i s c h a r g e  

w i t h  a p e r i o d  l a r g e  com pared t o  t h e  l a s e r  l i f e t i m e  (method B ) . The 

s a t u r a t e d  pow er o u t p u t  f o r  A was a b o u t  50 t im e s  l a r g e r  th a n  f o r  m ethod B.
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On th e  o t h e r  hand  t h e  p u l s e  h a l f  w id th  was n a r r o w e r  by  a f a c t o r  o f  two.

From a p h y s i c a l  s t a n d  p o i n t  we se e  t h a t  more e l e c t r o n s  a r e  c r e a t e d  a t  a

f a s t e r  r a t e  and a r e  h o t t e r  f o r  m ethod A th a n  t h a t  f o r  m ethod B. Thus A l i

c o n s i d e r e d  m ethod A to  h a v e  h i g h  p o t e n t i a l i t y  i n  te rm s  o f t h e  power o u t p u t(9>7 ^
and t h i s  was c o r r o b o r a t e d  by S h ip m a n 's  r e s u l t s .

The e f f e c t s  o f  e x c i t a t i o n  o f  t h e  v i b r a t i o n a l  l e v e l s  and c o l l i s i o n a l

m ix in g  c a u s e  a c o n s i d e r a b l e  amount o f  e l e c t r o n  e n e rg y  to  b e  l o s t  i n  t h e

v i b r a t i o n a l  l e v e l s  -  n a r ro w in g  t h e  power p u l s e  a p p r e c i a b l y .  T h is  i s

b e c a u s e  t h e  e l e c t r o n s  h a v e  c o o le d  down to  ^̂ 4 eV a f t e r  2 n s  from  t h e  o n s e t

o f  t h e  d i s c h a r g e ,  w h ere  t h e  r a t e  o f  e n e rg y  l o s s  t o  t h e  v i b r a t i o n a l  l e v e l s

p re d o m in a te s  any o t h e r  l o s s  r a t e s  ( t h i s  i s  t r u e  f o r  t h e  e l e c t r o n  t e m p e r a tu r e

r a n g e  o f  T^ <6 e V ) . T h is  i m p l i e s  h o w ev er ,  t h a t  e l e c t r o n  im p a c t  e x c i t a t i o n

o f  t h e  u p p e r  l a s e r  l e v e l  h a s  b ee n  c u r t a i l e d .  F r o m / ^ l i ' s  t h e o r y  c o l l i s i o n a l

m ix in g  a l s o  c a u s e s  n a r ro w in g  ( o r  t h e  s h u t  o f f )  o f  t h e  power p u l s e  and some

r e d u c t i o n  i n  t h e  p e a k  pow er.  U t i l i s i n g  e x p e r i m e n t a l  d a t a  i n  h i s  e q u a t i o n s ,

A l i  c o n s i d e r e d  t h e  r a t e  o f  c o l l i s i o n a l  d e - e x c i t a t i o n  t o  ex c eed  t h e  r a t e  o f

14 - 3r a d i a t i v e  d ec ay  a t  > 6 x  1 0  cm .

T hus ,  t h e  f i r s t  r e q u i r e m e n t  i s  t o  m in im ise  c i r c u i t  i n d u c t a n c e .

The f a s t e r  t h e  c u r r e n t  r i s e s ,  i e  t h e  s m a l l e r  t h e  c i r c u i t  i n d u c t a n c e ,  t h e

h i g h e r  t h e  p ea k  pow er d e n s i t y  and t h e  s h o r t e r  t h e  w id th  o f t h e  p u l s e

becom es.  T h is  a r i s e s  f o r  h i g h  c u r r e n t s  w i t h  f a s t  r i s e t i m e s  s i n c e  t h e

i o n i s a t i o n  r a t e  i s  h i g h e r  and t h e  e l e c t r o n s  h av e  r e l a t i v e l y  more e n e rg y

d u r i n g  th e  t im e  p e r i o d  0 -2  n s .  The l a s e r  power d e n s i t y  i s  b a s i c a l l y

p r o p o r t i o n a l  t o  t h e  r a t e  o f  e x c i t a t i o n  o f  t h e  u p p e r  l a s e r  l e v e l  w hich  i s

a f u n c t i o n  o f  e l e c t r o n  d e n s i t y  and t e m p e r a t u r e .  T h is  means power d e n s i t y

i n c r e a s e s  w i t h  i n c r e a s e  i n  N and T and a l s o  t h e  h o t t e r  t h e  e l e c t r o n se e

t h e  l e s s  t h e  e n e r g y  t h a t  i s  l o s t  t o  t h e  e x c i t a t i o n  o f  g round  s t a t e  v i b r a 

t i o n a l  l e v e l s .  F o r  T^ < 4 eV, t h e  r a t e  o f  e n e rg y  l o s s  by  e l e c t r o n s  i n
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t h e  e x c i t a t i o n  o f  g round  s t a t e  v i b r a t i o n a l  l e v e l s  i s  g r e a t e r  th a n  o t h e r  

r a t e  p r o c e s s e s ,  i e  i o n i s a t i o n  o f  m o le c u le  and e x c i t a t i o n  o f  u p p e r  l a s e r  

l e v e l .  T hese  r a t e s  a r e  e s s e n t i a l  t o  a  h i g h e r  l a s e r  power d e n s i t y  so  t h a t  

t h e  e f f i c i e n c y  o f  a n i t r o g e n  l a s e r  depends  on h a v in g  th e  e l e c t r o n  

t e m p e r a t u r e  above 4 eV.

The l a s e r  power d e n s i t y  and d u r a t i o n  a r e  d e p e n d e n t  on t h e  

p r e s s u r e  i n  t h e  l a s e r  c a v i t y .  The p ea k  power d e n s i t y  i n c r e a s e s  and a r r i v e s  

e a r l i e r  as  t h e  gas  p r e s s u r e  i n c r e a s e s  w h i l s t  t h e  p u l s e  d u r a t i o n  d e c r e a s e s .

The e n e rg y  d e n s i t y  h a s  an optimum v a l u e  a t  a p r e s s u r e  2 5 -3 0  to r r ^ ^ ^ ^

As t h e  gas  p r e s s u r e  i n c r e a s e s  beyond  30 t o r r  t h e  e l e c t r o n s  a r e  c o o l e r  

l e a d i n g  t o  l e s s  e x c i t a t i o n  t o  t h e  u p p e r  l a s e r  l e v e l ;  t h e  e l e c t r o n s  l o s e  

t h e i r  e n e r g i e s  m o s t ly  i n  e x c i t i n g  t h e  v i b r a t i o n a l  l e v e l s  o f  t h e  g round  

s t a t e .

I n c r e a s i n g  t h e  c a p a c i t o r  v o l t a g e  V^, i n c r e a s e s  t h e l a s e r  power 

d e n s i t y .  T h is  i s  due t o  t h e  i n t e n s e  e l e c t r i c  f i e l d s  g i v i n g  h i g h e r  E /p  

v a l u e s .  H ig h e r  E /p  v a l u e s  im p ly  h i g h e r  e l e c t r o n  d r i f t  v e l o c i t i e s  and 

h i g h e r  e l e c t r o n  d e n s i t i e s  and t h e s e  i n  t u r n  im p ly  h i g h e r  c u r r e n t s .

The n a r ro w in g  o f  t h e  l a s e r  p u l s e  depends  on s e v e r a l  f a c t o r s .

The l a s e r  l i n e  3371 & h a s  a lo w e r  l e v e l  w hich  i s  lo n g  l i v e d  compared w i th  t h e  

r a d i a t i v e  l i f e t i m e ,  i t s e l f ,  t h i s  l i m i t s  t h e  d u r a t i o n  o f  t h e

l a s e r  p u l s e  t o  a t im e  t  <'^3 2 * ^ i ^ h  i n c r e a s i n g  l a s e r  d e n s i t y  t h e  in d u ced  

e m is s io n  r a t e  p r e d o m in a te s  o v e r  t h e  s p o n ta n e o u s  e m is s io n  te rm .  The 

e f f e c t i v e  l i f e t i m e  i s  p r a c t i c a l l y  t h e  i n v e r s e  o f  t h e  in d u c e d  e m is s io n  

r a t e ,  so  t h a t  p u l s e  n a r r o w in g  w ould  b e  e x p e c t e d .
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8 .4  C a l c u l a t i n g  th e  optimum E /p  v a l u e

I t .  i s  p o s s i b l e  t o  c a l c u l a t e  t h e  E /p  v a l u e  r e q u i r e d  f o r  optimum

e f f i c i e n c y  o f  t h e  n i t r o g e n  l a s e r . C a r t w r i g h t h a s  c a l c u l a t e d

t h e  t o t a l  c r o s s  s e c t i o n s  f o r  t h e  e x c i t a t i o n  o f  t h e  sev e n  lo w e s t  t r i p l e t

e l e c t r o n i c  s t a t e s  o f  n i t r o g e n  as  a f u n c t i o n  o f  t h e  e l e c t r o n  e n e rg y  from

v" = 0 o f  t h e  g ro u n d  & ta te  ( F i g u r e  8 . 2 ) .  The d ia g ra m  i n d i c a t e s  t h a t  th e

e l e c t r o n s  s h o u ld  h a v e  an e n e rg y  o f  14 eV i n  o r d e r  t o  p ro v o k e  t h e  h i g h e s t

3 3p o p u l a t i o n  i n v e r s i o n  b e tw e en  C ir^  and B l e v e l s .  ( I n  f a c t ,  as  t h e

c u rv e  i s  n o t  s y m m e t r i c a l  on e a c h  s i d e  o f  t h e  maximum and t h e  e l e c t r o n s

(l  1 81a r e  n o t  m o n o - e n e r g e t i c ,  i t  i s  b e t t e r  t o  t a k e  a v a l u e  o f  a b o u t  16 eV)

The mean f r e e  p a t h ,  X, o f  t h e  e l e c t r o n s  a t  16 eV i n  a s  a

.  .  . (118) f u n c t i o n  o f  p r e s s u r e  i s

X = (oN) ^

w here  a  i s  t h e  t o t a l  c r o s s  s e c t i o n  and N i s  t h e  number o f  m o le c u le s  p e r

u n i t  volum e and p e r  t o r r .  H e re ,  t h e n ,  o i s  t h e  sum o f  t h e  c r o s s  s e c t i o n s

a t  16 eV to  e x c i t e  t o  t h e  v a r i o u s  e l e c t r o n i c  s t a t e s .

The fo r m u la e  i s  v a l i d  f o r  a  m o n o - e n e r g e t i c  beam o f  e l e c t r o n s .

As t h i s  i s  n o t  t h e  c a s e  h e r e ,  t h e  v a l u e  o b t a i n e d  w i l l  b e  a  minimum one due

t o  t h e  e l e c t r o n  a c c e l e r a t i o n  and c r o s s  s e c t i o n  v a r i a t i o n .

2A c c o rd in g  to  F i g u r e  8 . 2 ,  ct -  5 tt a^ w here  a^ i s  t h e  f i r s t

Bohr r a d i u s  o f  t h e  h y d ro g e n  atom . T h is  y i e l d s  X = 0 .0 6 4  cm^^^^^ f o r  one 

t o r r .  The maximum f i e l d  E t h a t  g iv e s  an e n e r g y  o f  16 eV to  t h e  e l e c t r o n s

a t  a  p r e s s u r e  o f  one t o r r  i s  E = 16 /X , w h ich  g iv e s  a v a l u e  o f  E /p  = 250 V

- 1 - 1cm t o r r

8 .5  E x p e r im e n ta l  r e s u l t s

The 12 f e e t ,  20 n s  p u i s e r  was u se d  t o  o b t a i n  n i t r o g e n  l a s e r  

p u l s e s .  T h is  p u i s e r  and th e  c e l l  u se d  t o  c o n t a i n  t h e  n i t r o g e n  was 

d e s c r i b e d  i n  C h a p te r  IV. At one end  o f  t h e  45 cm c e l l  was p l a c e d  a 98%
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e l e c t r o n i c  s t a t e s  o f  N2 from  v"  = 0  o f  t h e  g ro u n d  s t a t e  as  a 
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f ig u re  8 . 2
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r e f l e c t i n g  a lu m in iu m  m i r r o r .  When a i r  a t  a p r e s s u r e  o f  25 t o r r  was used  

i n  t h e  c e l l ,  t h e  o u t p u t  from  th e  s y s te m  was e n t i r e l y  i n  t h e  u l t r a  v i o l e t  

r e g i o n ,  b e tw e en  4000 R and 2500 S ,  w i t h o u t  show ing  any p ro n o u n ced  s u p e r -  

f l u o r e s c e n c e  a t  3371 X.  However, when i n d u s t r i a l  g ra d e  n i t r o g e n  was u s e d ,  

i n  a f lo w in g  m an n er ,  we s u c c e s s f u l l y  g e n e r a t e d  s u p e r r a d i a n t  r a d i a t i o n  

a t  3371 X.  The d u r a t i o n  o f  t h e  q ) t i c a l  o u t p u t  a t  h a l f  i t s  p ea k  a m p l i tu d e  

was 6 n s  as  i s  shown i n  p h o to g r a p h  P23. T h is  p h o to g ra p h  shows a t y p i c a l  

p u l s e  and th e  t im e  s c a l e  i s  2 0  n s  p e r  d i v i s i o n .

Graph 8 .3  shows t h e  v a r i a t i o n  o f  r e l a t i v e  i n t e n s i t y  as  a  f u n c t i o n  

o f  E /p  f o r  t h i s  s y s te m .  T h is  was o b t a i n e d  by  u s i n g  a f i x e d  v o l t a g e  and 

v a r y i n g  t h e  p r e s s u r e  i n  t h e  c e l l .  As can  b e  s e e n  t h e r e  e x i s t s  an optimum 

E /p  v a l u e  a ro u n d  350. T h is  i n  some way s u p p o r t s  G o d a r d s p o s t u l a t i o n  

( s e e  c h a p t e r  8 .4 )  a s  no  a c c o u n t  was t a k e n  o f  t h e  v o l t a g e  d o u b l in g  e f f e c t  

i n h e r e n t  i n  t h e  B lu m le in  p u i s e r .

F u r t h e r  work i s  b e i n g  done on t h e  n i t r o g e n  l a s e r  by my c o l l e a g u e s  

i n  te rm s  o f  a more s o p h i s t i c a t e d  m a tc h in g  s y s te m  f o r  t h e  B lu m le in  p u i s e r  

and gas  c e l l ,  and p u l s e  c h a r g in g  o f  t h e  p u i s e r  t o  h i g h e r  v o l t a g e s .  They 

a r e  a l s o  i n t e r e s t e d  i n  a h ig h  r e p e t i t i o n  r a t e  n i t r o g e n  l a s e r  f o r  pumping 

o r g a n i c  d y e s .

8 . 6  R e s o n a to r  c o n f i g u r a t i o n s  f o r  l a s e r  pump dye l a s e r s

A s im p le  dye l a s e r  s t r u c t u r e  was u se d  i n  many o f  t h e  e a r l y

(35)i n v e s t i g a t i o n s .  T t  i s  s t i l l  u s e f u l  f o r  e x p l o r a t o r y  s t u d i e s  o f  new dyes  

I t  c o n s i s t s  o f  a s q u a r e  s p e c t r o - p h o t o m e t e r  c u v e t t e  f i l l e d  w i t h  t h e  dye 

s o l u t i o n  ( F i g u r e  8 .4 )  w h ich  i s  e x c i t e d  by  t h e  beam from  a s u i t a b l e  l a s e r .

As shoifn i n  t h e  f i g u r e ,  t h e  r e s o n a t o r  i s  form ed by  t h e  two g l a s s  a i r  

i n t e r f a c e s  o f  t h e  p o l i s h e d  s i d e s  o f  t h e  c u v e t t e  (h eav y  l i n e s  i n  F ig u r e  

8 i 4 ( a ) ) a n d  t h e  e x c i t i n g  l a s e r  and dye l a s e r  beams a r e  a t  r i g h t  a n g l e s .
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FIGURE 8 . 3 :  VARIATION OF RELATIVE INTENSITY OF N LASER OUTPUT
Wl'm E /P  V t o r r “ l  cra"^ •
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Dye s o lu t io n

L a s e r

X.
(a ) D

L a s e r

AR

(b) AR

L a s e r

D

R(Xg) « 100% R(X^) *(1-T)%

L a s e r

pumping l a s e r  beamX

dye l a s e r  beam

AR -  a n t i  r e f l e c t i o n  c o a t i n g

FIGURE 6 . 4 :  ÏUÎSONATOR CONFIGURATIONS FOR LASER PUMP DYE LASERS
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R e f l e c t i v e  c o a t i n g s  on t h e  windows c o n s i s t i n g  o f s u i t a b l e  m e t a l l i c  o r  

m u l t i p l e  d i e l e c t r i c  l a y e r s  en h an ce  Q o f  t h e  r e s o n a t o r .  I t  i s  a l s o  

p o s s i b l e  t o  u s e  a n t i - r e f l e c t i v e  c o a t i n g  o r  B re w s te r  windows a t  t h e  c u v e t t e  

and s e p a r a t e  r e s o n a t o r  m i r r o r s  ( F i g u r e  8 . 4 ( b ) ) .  I n  t h e  t r a n s v e r s e  pumping 

a r r a n g e m e n t  t h e  p o p u l a t i o n  i n v e r s i o n  i n  t h e  dye s o l u t i o n  i s  n o n - u n i f o r m  

a lo n g  t h e  e x c i t i n g  l a s e r  beam, s i n c e  t h e  e x c i t i n g  beam i s  a t t e n u a t e d  i n  

t h e  s o l u t i o n .  C o n s e q u e n t ly ,  i n  a  h i g h e r  c o n c e n t r a t i o n ,  t h r e s h o l d  m ig h t  

o n ly  b e  r e a c h e d  i n  a  t h i n  l a y e r  d i r e c t l y  b e h in d  t h e  e n t r a n c e  window of 

t h e  e x c i t i n g  beam. T h is  g iv e s  r i s e  t o  l a r g e  d i f f r a c t i o n  l o s s e s  and beam 

d i v e r g e n c e  a n g l e s .

A b e t t e r  c o n f i g u r a t i o n  f o r  l a s e r  pumped dye l a s e r s  i s  t h e  

l o n g i t u d i n a l  a r r a n g e m e n t  o f  ( F ig u r e  8 .4 (c ) ) .  I n  t h i s  a r r a n g e m e n t ,  t h e  

e x c i t i n g  l a s e r  beam p a s s e s  t h r o u g h  one o f  t h e  r e s o n a t o r  m i r r o r s  o f  t h e  dye 

l a s e r .  F o r  b e s t  e f f e c t  t h i s  i s  c o a te d  by  a  d i e l e c t r i c  m u l t i - l a y e r  m i r r o r  

w i t h  a v e r y  low r e f l e c t i o n  c o e f f i c i e n t  a t  t h e  e x c i t i n g  l a s e r  w a v e le n g th  

and a h i g h  one a t  t h e  dye  l a s e r  w a v e le n g th .  C o n c e n t r a t i o n  and d e p th  o f  

s o l u t i o n  s h o u ld  b e  a d j u s t e d  so  t h a t  t h e  e x c i t a t i o n  power i s  v e r y  n e a r l y  

u n i fo rm  i n  t h e  w h o le  volum e o f  t h e  c u v e t t e .  T h is  r e s u l t s  i n  a much lo w er  

beam d i v e r g e n c e .

S u p e r r a d i a n t  dye l a s e r s  can  e i t h e r  be  pumped by  a n o rm al g i a n t  

p u l s e  l a s e r  o r  by  u l t r a  s h o r t  p u l s e s .  In  t h e  f i r s t  c a s e  ( F ig u r e  8 . 4 ( d ) )  

t h e  e x c i t i n g  l a s e r  p u l s e  p a s s e s  th r o u g h  a c u v e t t e  whose o p t i c a l  l e n g t h  

i s  s m a l l  com pared t o  t h e  e x c i t i n g  p u l s e  l e n g t h .  As e x p e c t e d ,  i n  t h i s  

m odel th e  s u p e r r a d i a n t  dye l a s e r  i n t e n s i t i e s  a r e  a lm o s t  e q u a l  i n  t h e  

fo rw a rd  and backw ard  d i r e c t i o n  and t h e  beam d i v e r g e n c e  i s  d e te r m in e d  by t h e  

a s p e c t  r a t i o  o f  t h e  c u v e t t e .
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Pump l a s e r s  w h ich  h av e  b e e n  u sed  so  f a r  w i t h  one o r  o t h e r  o f  

t h e s e  a r r a n g e m e n ts  i n c l u d e  a r g o n - i o n  (514 n m ), neodymium (1 .0 6  pm) and i t s  

h a rm o n ic s  (532 nm, 354 nm and 266 nm) , ru b y  (694 nm) and i t s  ha rm o n ic  

(347 nm ), n i t r o g e n  (337 nm) and o t h e r  dye l a s e r s .

PHOTOGRAPH P23

N i t r o g e n  l a s e r  o u t p u t  p u l s e .  O s c i l l o s c o p e  t im e  b a s e  
was s e t  t o  2 0  n s / d i v  and t h e  h a l f - w i d t h  o f  t h e  p u l s e  
i s  6 n s .
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CHAPTER IX 

ORGANIC DYE OUTPUTS

9 .1  I n t r o d u c t i o n

The u s e  o f  a lo n g  f l a s h l a m p  (as  s u g g e s t e d  by  H o l z r i c h t e r  e t

makes t h e  u s e  o f  an e q u a l l y  lo n g  dye c u v e t t e  a d v i s a b l e .  T h is  i n  t u r n  makes

a f lo w  s y s te m  a lm o s t  m a n d a to ry ,  b e c a u s e  i n  a lo n g  c u v e t t e  even  s m a l l  th e rm a l

g r a d i e n t s  can  s e v e r e l y  d e g ra d e  th e  r e s o n a t o r  c h a r a c t e r i s t i c s .  I f  t h e

r e p e t i t i o n  r a t e  o f  t h e  pump p u l s e  i s  i n c r e a s e d  above a b o u t  one s h o t  p e r

m in u te ,  t h e  h e a t  g e n e r a t e d  v i a  r a d i a t i o n l e s s  t r a n s i t i o n s  i n  th e  dye

m o le c u le s  and e n e rg y  t r a n s f e r  t o  th e  s o l v e n t  can  c a u s e  S c h l i e r e n  i n  t h e

(35)c u v e t t e  w h ich  d e t e r i o r a t e s  t h e  dye l a s e r  o u t p u t s  . A f lo w  sy s tem ,w o u ld

e n s u r e  a  f r e s h  s o l u t i o n  f o r  e v e ry  s h o t  n e g a t i n g  t h e  above d e t e r i o r a t i o n .

The dye f lo w  i n  t h e  c u v e t t e  o f  a  f l a s h l a m p  pumped dye l a s e r  may

b e  l o n g i t u d i n a l  o r  t r a n s v e r s e .  I n  b o t h  c a s e s  t h e  f lo w  s h o u ld  be  h i g h

enough  t o  b e  i n  t h e  t u r b u l e n t  re g im e .  T h is  r a p i d l y  m ixes  t h e  l i q u i d  and

h en c e  r e d u c e s  th e r m a l  g r a d i e n t s  due t o  non u n i fo rm  pump l i g h t  a b s o r p t i o n

i n  t h e  c u v e t t e .  I t  i s  i m p o r t a n t ,  h o w ev er ,  n o t  t o  have  any b u b b le s  g r e a t e r

( 122)t h a n  50 p w i t h i n  t h e  c u v e t t e  a s  t h i s  s e r i o u s l y  d e p l e t e s  t h e  l a s e r s

p e r fo rm a n c e .  Any "0"  r i n g  s e a l s  o r  h o s e s  c o n n e c t i n g  t h e  c u v e t t e  w i th  t h e

c i r c u l a t i n g  pump s h o u ld  c o n s i s t  o f  s i l i c o n e  r u b b e r  f o r  u s e  w i t h  m e th an o l

o r  e t h a n o l  s o l v e n t s .  Com mercial r u b b e r  "0"  r i n g s  and c l e a r  p l a s t i c  h o s e s

(35)u s u a l l y  g iv e  o f f  a b s o r b in g  o r  q u e n c h in g  f i l l e r s  and p l a s t i c i s e r s  and 

h e n c e  s h o u ld  n o t  b e  u se d .

For t h e  s o l v e n t s  l i k e  d im e th y l- fo rm a m id e  o r  d i m e t h y l - s u l f o x i d e ,  

t e f l o n  c o a t i n g s  a r e  r e q u i r e d  on "0 "  r i n g s  and h o s e s .  A s i m i l a r  c h o ic e  o f 

m a t e r i a l s  i s  r e q u i r e d  w i t h  th e  pump and t h e  r e s e r v o i r  o f  th e  dye s o l u t i o n .  

M a g n e t i c a l l y  c o u p le d  c e n t r i f u g a l  o r  t o o t h e d  w hee l  pumps made o f t e f l o n  and 

s t a i n l e s s  s t e e l  a r e  w e l l  s u i t e d  f o r  t h i s  a p p l i c a t i o n .  Membrane pumps, on
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t h e  o t h e r  h a n d ,  l e a d  t o  l e s s  r e p r o d u c i b l e  r e s u l t s  b e c a u s e  o f  t h e  p u l s a t i o n  

i n  t h e  f lo w  r a t e .

The e f f i c i e n c y  o f a dye l a s e r  i s  a f u n c t i o n  o f a g r e a t  number o f  

p a r a m e t e r s :  e n e rg y  and r i s e t i m e  o f  t h e  d r i v e r  c i r c u i t ,  r e f l e c t i v i t y  o f

t h e  c a v i t y  m i r r o r s ,  dye c o n c e n t r a t i o n ,  dye c e l l  s i z e  and f l a s h t u b e  d e s i g n .  

I n  t h i s  s e c t i o n  I  s h a l l  lo o k  more c l o s e l y  a t  dye c e l l  c o n c e n t r a t i o n  and dye 

c e l l  s i z e .

(123)A t h e o r e t i c a l  p a p e r  by  B l i t  e t  a l  c o n s i d e r s  t h e  d i s t r i b u t i o n

o f  a b s o r b e d  pump power i n  f l a s h l a m p  pumped dye l a s e r s .  T h e i r  c a l c u l a t i o n  

t a k e s  i n t o  a c c o u n t  b o t h  th e  g e o m e t r i c a l  p a r a m e te r s  ( d i a m e te r  o f  th e  dye 

tu b e  and w a l l  t h i c k n e s s )  and t h e  r e l e v a n t  p h y s i c a l  p a r a m e t e r s ,  su ch  as  th e  

i n d i c e s  o f  r e f r a c t i o n  o f  t h e  tu b e  m a t e r i a l  and dye s o l u t i o n ,  dye c o n c e n t r a 

t i o n ,  a b s o r p t io n ,  s p e c t r u m  o f  t h e  dye and e m is s io n  s p e c t r u m  o f  t h e  f l a s h .

•They assum e t h e  dye s o l u t i o n  i s  c o n t a i n e d  i n  a c y l i n d r i c a l  tu b e

made o f  m a t e r i a l  w h ich  i s  t r a n s p a r e n t  t o  t h e  pumping l i g h t  (See F ig u r e  9 . 1 ) .

The medium o u t s i d e  h a s  an in d e x  o f  r e f r a c t i o n  n assum ed c o n s t a n t  w i t ho

r e s p e c t  t o  t h e  w a v e le n g th  o f  t h e  pump r a d i a t i o n  s i n c e  v a r i a t i o n s  o v e r  t h e  

r e l e v a n t  r a n g e  a r e  s m a l l .  The tu b e  h a s  an  i n n e r  r a d i u s  R and an e x t e r n a l  

r a d i u s  R^, and i t s  l e n g t h  i s  much l a r g e r  th a n  i t s  d i a m e t e r ,  so  t h a t  end 

e f f e c t s  a r e  n e g l e c t e d .  The c a l c u l a t i o n  i s  p e r fo rm e d  f o r  a c o a x i a l  

c o n f i g u r a t i o n  w h ich  c o n s i s t s  o f  two c o a x i a l  t u b e s .  The i n n e r  tu b e  c o n t a i n s  

t h e  dye s o l u t i o n ,  and t h e  f l a s h  o c c u r s  i n  t h e  volum e b e tw e e n  t h e  two 

c y l i n d e r s .  The a u t h o r s  s t a t e  t h e  r e s u l t s  s h o u ld  a l s o  be  v a l i d  f o r  

c o n f i g u r a t i o n s  o f  t h e  c l o s e d  wrap t y p e ,  i n  w h ich  a number o f  f l a s h l a m p s  

s u r r o u n d  t h e  dye tu b e^^^ ^^  so  t h a t  c y l i n d r i c a l  symmetry i s  m a i n t a i n e d .

The a u t h o r s  assum e t h e  f l a s h l a m p  t o  b e  a t  a h i g h  enough t e m p e r a t u r e  so t h a t  

i t s  e m is s io n  b e h a v e s  a s  b l a c k  body r a d i a t i o n .  The in d e x  o f  r e f r a c t i o n  o f  

t h e  t u b e  m a t e r i a l  i s  c o n s i d e r e d  t o  b e  n ^ ,  and t h e  c a l c u l a t i o n  a l lo w s  f o r
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FIGURE 9 . 1 :  CROSS SECTION OF FLASHLAMP DYE CELL ARRANGEMENT
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p a r t i a l  r e f l e c t i o n  a t  t h e  p la s m a ,  q u a r t z  i n t e r f a c e .  The in d e x  o f r e f r a c t i o n  

o f  t h e  s o l u t i o n  i s  n ^ , and i n  many p r a c t i c a l  s i t u a t i o n s  n^ > n^ (eg  

q u a r t z  tu b e  and a dye s o l u t i o n  i n  w a te r  o r  e t h a n o l ) .  I n  su ch  c a s e s  a 

c r i t i c a l  a n g l e  e x i s t s  and i t  i s  p o s s i b l e  a p h o to n  w i l l  n o t  p e n e t r a t e  t h e  

s o l u t i o n .  T h is  p h o to n  w i l l  z i g - z a g  i n s i d e  t h e  tu b e  w a l l  and e v e n t u a l l y  

b e  r e a b s o r b e d  i n  t h e  f l a s h  r e g i o n .  Fo r  an a n g l e  o f  i n c i d e n c e  l e s s  th a n  

t h e  c r i t i c a l  a n g l e ,  h o w ev er ,  t h e  p h o to n  can  p e n e t r a t e  i n t o  t h e  dye s o l u t i o n .  

The t r a n s m i s s i o n  c o e f f i c i e n t s  b e tw e en  t h e  p la sm a  q u a r t z  b o u n d a ry  and t h e  

q u a r t z - d y e  c e l l  b o u n d a ry  i s  g iv e n  by  F r e s n e l ' s  e q u a t i o n ^ ^ ^ ^ ^ .  The 

c a l c u l a t i o n  a l s o  t a k e s  i n t o  a c c o u n t  w h e th e r  t h e  p h o to n  i s  a b s o rb e d  d u r in g  

i t s  f i r s t  p a s s  th ro u g h  t h e  s o l u t i o n  o r  w h e th e r  i t  w i l l  r e a c h  th e  i n n e r  

s u r f a c e  o f  t h e  tu b e  w a l l ,  and w h e th e r  o r  n o t  t h e  p h o to n  i s  th e n  r e f l e c t e d  

b a c k  i n t o  t h e  s o l u t i o n  o r  l o s t  t o  t h e  p la s m a .  I n  t h e  a c t u a l  c a l c u l a t i o n ,  

a l a r g e  number o f  su c h  s i n g l e  p h o to n s  a r e  c o n s i d e r e d  and  t h e  c a l c u l a t i o n  

i s  b a s e d  on t h e  Monte C a r lo  m e t h o d ( T o  a s s i g n  an i n i t i a l  d i r e c t i o n  

f o r  t h e  p h o to n ,  a random number i s  ch o se n .  The w a v e le n g th  a s s i g n e d  t o  t h e
L

p h o to n  i s  d e t e r m in e d  I n  a s i m i l a r  f a s h i o n ) . F o r  e a c h  p h o to n  a r a d i u s  p 

i s  o b t a i n e d ,  a t  w h ich  i t  i s  a b s o r b e d .

The a u t h o r s  t h e n  d i v i d e  R i n t o  N i n t e r v a l s  and d e f i n i n g

= i  (R /N ) , (0  < i < N) t h e y  o b t a i n  N n u m b ers ,  w h ich  g iv e  t h e  number o f

p h o to n s  a b s o r b e d  b e tw e en  p£_^ and p ^ .  The f r a c t i o n  o f  t h e  t o t a l  pump

e n e r g y ,  w h ich  i s  a b s o r b e d ,  i s  fo u n d  by d i v i d i n g  \  by t h e  t o t a l  number
i

o f  p h o to n s  sam p led .  The a b s o r b e d  pump e n e rg y  p e r  u n i t  volum e 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  = N ^/p^

w here
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A h i s t o g r a m  o f  w i l l  g iv e  t h e  a b s o r p t i o n  p r o f i l e  d e s i r e d ,  i e  t h e  pump 

e n e rg y  a b s o rb e d  p e r  u n i t  volume as a f u n c t i o n  o f  t h e  d i s t a n c e  from  th e  

a x i s  o f  t h e  dye tu b e .

The above  p r o c e d u r e  i s  q u i t e  g e n e r a l  and can  b e  a p p l i e d  to  any 

dye  f o r  w h ich  t h e  p h y s i c a l  p a r a m e te r s  a r e  known. The a p p l i c a t i o n  of t h e  

c a l c u l a t i o n  t o  rh o d am in e  6 G i n  e t h a n o l  i s  d i s c u s s e d .  As e x p e c t e d ,  t h e  

a b s o r p t i o n  p r o f i l e  a s  a  f u n c t i o n  o f  p /R  depends  on t h e  p r o d u c t  o f  t h e  i n n e r

r a d i u s  o f  t h e  dye tu b e  (R) and th e  c o n c e n t r a t i o n  (N^) , and n o t  on e a c h  o f

17 -2  15 “ 2t h e s e  a l o n e .  V a lu e s  o f  N^R b e tw e en  3 x 10 cm and 3 x 10 cm , w hich
_3 _5

a r e  t y p i c a l  v a l u e s  u sed  (10 - 1 0  m-6 f o r  2R = 1 cm) i n  Rh 6 G l a s e r s ,

w ere  c h o s e n .  A n o th e r  p a r a m e te r  w h ich  a f f e c t s  t h e  p r o f i l e  i s  t h e  r a t i o  R^/R, 

and v a l u e s  b e tw een  1 .1  and 1 .5  w ere  i n v e s t i g a t e d .  The b l a c k  body te m p e ra 

t u r e  o f  t h e  f l a s h  was ch o se n  a t  a number o f  v a l u e s  b e tw e en  2 0 0 0 0  and 

30000°K, w h ich  a r e  t y p i c a l  f o r  f a s t  d i s c h a r g e  f l a s h l a m p s  u sed  to  pump dye 

l a s e r s .  The a b s o r p t i o n  c r o s s  s e c t i o n  f o r  Rh 6 G a t  w a v e le n g th s  above 600 nm

i s  p r a c t i c a l l y  z e r o .  S in c e  UV r a d i a t i o n  c a u s e s  p h o t o - d i s s o c i a t i o n ,  t h i s

6128^
r a d i a t i o n  i s  f r e q u e n t l y  f i l t e r e d  o u t  i n  p r a c t i c e  . B l i t  and G a n ie l

t h e r e f o r e  sam pled  o n ly  p h o to n s  in  t h e  w a v e le n g th  r a n g e  2 3 0-600  nm. For 

e a c h  c a l c u l a t i o n  2 x  10^ p h o to n s  w e re  sam pled  and t h e  i n t e r v a l  (0 ,R ) d i v i d e d  

i n t o  50 s e g m e n ts .  T h is  was found  to  y i e l d  s a t i s f a c t o r y  s t a t i s t i c s .  Some 

t y p i c a l  r e s u l t s  a r e  r e p ro d u c e d  i n  F ig u r e s  9 .2  and  9 . 3 .  I t  was found  t h a t  

no s i g n i f i c a n t  change  i n  t h e  a b s o r p t i o n  p r o f i l e  o c c u r s  f o r  b l a c k  body 

t e m p e r a t u r e s  b e tw e e n  20000°K and 30000°K. T h is  i s  n o t  s u r p r i s i n g ,  s i n c e  

a t  a l l  t e m p e r a t u r e s  i n  t h i s  r a n g e  th e  p ea k  e m is s io n  o c c u r s  a t  w a v e le n g th s  

w e l l  b e lo w  t h e  lo w e s t  w a v e le n g th  o f  t h e  p h o to n s  sam p led .

As can  b e  s e e n  from  F ig u r e  9 . 2 ,  t h e  a b s o r p t i o n  p r o f i l e  depends  

r a t h e r  c r i t i c a l l y  on t h e  p r o d u c t  N^R. I f  a homogeneous p r o f i l e  i s  d e s i r e d .
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t h e n  i n  Rh 6 G t h e  optimum v a l u e  i s  a b o u t  3 x  10^^ cm ^ ( ^ 1 .7  x 10 ^ m/£

f o r  R = 0 .5  cm). However, a t  t h i s  c o n c e n t r a t i o n  o n ly  ab o u t  30% o f  t h e

sam pled  p h o to n s  a r e  a b s o r b e d  in  t h e  dye s o l u t i o n .  At h i g h e r  c o n c e n t r a t i o n s ,

t h e  t o t a l  a b s o r p t i o n  i n c r e a s e s ,  b u t  th e  a b s o r p t i o n  p r o f i l e  becomes v e ry

16 - 2In h o m o g en eo u s . At N^R = 3 x 10 cm , a l r e a d y  65% o f  t h e  sam ple  p h o to n s  

a r e  a b s o r b e d ,  b u t  t h e  e n e rg y  p e r  u n i t  volum e a t  t h e  edge  o f t h e  tu b e  i s  

a b o u t  t h r e e  t im e s  l a r g e r  th a n  on th e  tu b e  a x i s .  T h is  t r e n d  w i l l  b e  even  

more p ro n o u n c ed  a t  h i g h e r  c o n c e n t r a t i o n s .  Too h i g h  c o n c e n t r a t i o n s  t h e r e f o r e  

r e n d e r  a l a r g e  p a r t  o f  t h e  dye s o l u t i o n  u s e l e s s ,  s i n c e  m ost o f  t h e  

e x c i t a t i o n  w i l l  t h e n  o c c u r  a t  an a n n u l a r  r e g io n  c l o s e  t o  t h e  tu b e  w a l l .

Tlie e f f e c t  o f  w a l l  t h i c k n e s s  on t h e  pumping p r o f i l e  i s  demon

s t r a t e d  i n  F ig u r e  9 . 3 ,  w here  t h e  a u t h o r s  p l o t  some pumping p r o f i l e s  f o r  

15 -1
N^R = 3 X 10 cm a t  a  number o f  v a l u e s  o f  R^/R. At h i g h e r  v a l u e s  of

R^/R th e  a b s o r p t i o n  a t  t h e  edge  (p /R  1) i n c r e a s e s  a t  t h e  e x p e n s e  o f  t h e

a b s o r p t i o n  f u r t h e r  i n t o  t h e  s o l u t i o n  (p /R  < 1 ) .  I f  a  homogeneous pumping

15 -2p r o f i l e  i s  d e s i r e d ,  r a t h e r  low c o n c e n t r a t i o n s  (N^R = 3 x 10 cm ) and 

r e l a t i v e l y  t h i c k  w a l l s  (R^/R = 1 .5 )  a r e  s u p e r i o r .  O v e r a l l  e f f i c i e n c y ,  

h o w ev er ,  w i l l  b e  r a t h e r  low. At h i g h e r  c o n c e n t r a t i o n s ,  t h e  e f f e c t  o f  R/R^ 

becomes l e s s  i m p o r t a n t .

9 .2  E x p e r im e n ta l  a r r a n g e m e n t

As m e n t io n e d  e a r l i e r ,  t h e  24 f e e t  (90 n s )  p u i s e r  was u sed  f o r  

t h e  dye w ork .  A 6 cm l i n e a r  f l a s h t u b e  was u se d  i n  c o n j u n c t i o n  w i th  t h e  

e l l i p t i c a l  c a v i t y  d e s c r i b e d  i n  S e c t i o n  4 . 3 ,  and a  c o a x i a l  and t r i a x i a l  

f l a s h l a m p  dye c e l l  c o m b in a t io n  w ere  a l s o  t r i e d .  The c o a x i a l  f l a s h l a m p -  

dye c e l l  c o m b in a t io n  was t h e  ty p e  w here  t h e  i n n e r  w a l l  o f  t h e  f l a s h l a m p  

was a l s o  t h e  o u t e r  w a l l  o f  t h e  dye c e l l .  Such a d e s ig n  i s  shown in  

S e c t i o n  4 .3 .  The t r i - a x i a l  c o n f i g u r a t i o n  c o n s i s t e d  o f  a  c o a x i a l  f l a s h la m p
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w i t h  a dye c e l l  i n s e r t e d  w i t h i n  t h e  i n n e r  t u b e .  Dye c e l l s  u sed  i n s i d e  

th e  c o a x i a l  f l a s h l a m p  and i n  t h e  e l l i p t i c a l  c a v i t y  a r e  shown in  

s e c t i o n  4 .5 .

The dye u sed  i n  t h e s e  p r e l i m i n a r y  e x p e r im e n ts  was rhodam ine  6 G 

and t h e  s o l v e n t  u sed  was m e th a n o l  ( u l t r a  g r a d e ) . The dye was c i r c u l a t e d  

u s i n g  a  p e r i s t a l t i c  pump, w h ic h ,  due to  o u r  f a s t  p u l s e s  and s low  r e p e t i t i o n  

r a t e , d i d  n o t  seem t o  h av e  an a d v e r s e  e f f e c t  on t h e  o u t p u t  from  th e  dye .

We d i d  n o t  u se  a f i l t e r  s y s te m  f o r  rem ov ing  b u b b le s  and t h i s  m eant t h a t  t h e  

t im e  b e tw een  s h o t s  n e e d e d  t o  b e  lo n g  to  remove t h e  b u b b le s  c a u se d  by th e  

f l a s h l a m p  d i s c h a r g e i n d u c i n g  sh o ck  w av es .  No t r i p l e t  q u en c h in g  

a d d i t i v e s  w ere  u sed  b u t  t h e  dye i n  t h e  r e s e r v o i r  was i n  c o n t a c t  w i t h  th e  

l a b o r a t o r y  a i r  a t  a tm o s p h e r i c  p r e s s u r e  ( b e f o r e  t h e  s y s te m  was s e a l e d  f o r  

c i r c u l a t i n g  p u r p o s e s ) .

B road—b an d  a lu m in iu m  r e f l e c t o r s  w ere  u se d  and t h e s e  w ere  

o b t a i n e d  from  o u r  own e v a p o r a t i o n  p l a n t .  The m i r r o r s  assum ed t o  be 

t o t a l l y  r e f l e c t i n g ,  r e f l e c t e d  a b o u t  98% o f  t h e  l i g h t  f rom  a h e l i u m - n e o n  

l a s e r  (6328 ^ )  and  t h e  p a r t i a l l y  r e f l e c t i n g  m i r r o r s  u sed  w ere  t y p i c a l l y  

60% r e f l e c t i n g  w i t h  t r a n s m i s s i o n  a ro u n d  25% and th u s  l o s s  a ro u n d  15% a t  

6328

The i n s i d e  o f  t h e  l i n e a r  f l a s h l a m p  e l l i p t i c a l  c a v i t y  c o n t a i n e d  an 

a lu m in iu m  c o a te d  s t e e l  sh im  a p p r o x im a te ly  1 /2 0 0 0 "  t h i c k .  The e x t e r i o r  

o f  t h e  c o a x i a l  f l a s h l a m p s  w ere  c o a te d  i n  w h i t e  r e f l e c t a n c e  made by Kodak. 

T h is  r e f l e c t e d  99.9% o f  t h e  i n c i d e n t  l i g h t  upon i t .

I n  t h e s e  p r e l i m i n a r y  i n v e s t i g a t i o n s ,  no p r e p u l s e  enhancem ent

was u s e d .
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9 .3  F l a s h t u b e  c o u p l i n g  t o  t h e  a c t i v e  m ed ia

U sin g  th e  l i n e a r  f l a s h l a m p  i n  c o n j u n c t i o n  w i th  t h e  e l l i p t i c a l

c a v i t y  we d id  n o t  manage to  o b t a i n  any l a s i n g  a c t i o n .  A lth o u g h  th e  o u tp u t  

f ro m  t h e  l i n e a r  f l a s h l a m p  was n o t  so  i n t e n s e  as t h a t  f rom  th e  c o a x i a l  

f l a s h l a m p  t h e  m ost p r o b a b le  r e a s o n  f o r  t h e  l a c k  o f  l a s i n g  a c t i o n  was t h e  

p o o r  c o u p l in g  b e tw e en  t h e  l i n e a r  f l a s h l a m p  and t h e  dye c e l l .

A l th o u g h  t h e  two in c h  c o a x i a l  f l a s h l a m p  (E) was t h e  m ost

lu m in o u s ,  t h e  c o u p l i n g  o f  t h e  pump l i g h t  i n t o  t h e  dye c u v e t t e  was n o t  as

e f f i c i e n t  a s  t h e  c o a x i a l  f l a s h t u b e  -  dye c e l l  c o m b in a t io n  (F ) .  R e f e r r i n g  

t o  t h e  i n t r o d u c t i o n  a t  t h e  b e g i n n i n g  o f t h i s  c h a p t e r  we s e e  t h i s  i s  most 

l i k e l y  t o  b e  due f u r t h e r  p r o b a b i l i t y  of pump l i g h t  b e i n g  r e f l e c t e d  from  th e  

dye c e l l .  L a s in g  a c t i o n  was a c h ie v e d  u s i n g  c o a x i a l  f l a s h t u b e  (E) b u t  th e  

e l e c t r i c a l  e n e rg y  i n p u t  r e q u i r e d  f o r  l a s i n g  a c t i o n  was g r e a t e r  th a n  t h a t  

r e q u i r e d  by t h e  c o a x i a l  f l a s h t u b e  -  dye c e l l  c o m b in a t io n  ( F ) . I n  t h i s  

c o m b in a t io n ,  o n ly  one q u a r t z  w a l l  s e p a r a t e s  t h e  a c t i v e  m ed ia  from  th e  

f l a s h t u b e  p la sm a  t h u s  i n c r e a s i n g  a b s o r p t i o n  o f  t h e  p la s m a  p h o to n s  by t h e  

a c t i v e  m ed ia .

A l th o u g h  t h e  lo w e r  t h r e s h o l d  c o n d i t i o n s  w ere  o b t a i n e d  f o r  c o a x i a l  

s y s te m  (F) t h i s  i s  n o t  n e c e s s a r i l y  t h e  b e t t e r  o f  t h e  two ty p e s  o f  sy s tem .

ffi 9 ̂
H i r t h  e t  a l  r e p o r t e d  a s e r i o u s  l i m i t a t i o n  o f  t h e  e n e rg y  and o f  th e

p u l s e  r e p e t i t i o n  r a t e  o f  c o a x i a l  f l a s h l a m p  e x c i t e d  dye l a s e r s  due to  th e

u l t r a s o n i c  wave i n i t i a t e d  by  t h e  e l e c t r i c a l  d i s c h a r g e  w h ich  p r o p a g a t e s
(129)

t h r o u g h  t h e  dye c e l l  d u r i n g  t h e  l a s e r  e m i s s i o n .  Ewanizky and W righ t  

and  B l i t ,  F i s h e r  and G a n i e l h a v e  a l s o  o b s e rv e d  t h i s  e f f e c t  and th e  

l a t t e r  a u t h o r s  s u g g e s t  ways o f rem ov ing  t h e  sh o ck  wave e f f e c t .  They 

s u g g e s t  i n f r a  r e d  a b s o r p t i o n  by  t h e  dye as  b e i n g  r e s p o n s i b l e  f o r  t h e  

sh o ck  wave f o r m a t i o n  i n  t h e  l i q u i d .  Two ways a r e  s u g g e s t e d  t o  remove t h e
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sh o c k  e f f e c t s .  The f i r s t  i s  t o  u s e  a p y r e x  dye c e l l  (w h ich  h a s  s t r o n g  

a b s o r p t i o n  i n  t h e  i n f r a - r e d )  o r  u s e  a t r i a x i a l  s y s te m  and u se  d i s t i l l e d  

w a t e r ,  f o r  ex a m p le ,  b e tw e e n  th e  i n t e r i o r  o f  th e  f l a s h l a m p  and t h e  e x t e r i o r  

o f  t h e  dye c e l l .  The i n f r a - r e d  r a d i a t i o n  fro m  t h e  f l a s h l a m p  i s  c o m p le te ly  

a b s o r b e d  i n  t h e  w a te r  s u r r o u n d i n g  t h e  lamps and does n o t  r e a c h  th e  dye 

s o l u t i o n .  T h is  a r r a n g e m e n t  h a s  t h e  a d d i t i o n a l  a d v a n ta g e  t h a t  t h e  pump 

l i g h t  can  b e  f i l t e r e d  by  v a r i o u s  a d d i t i v e s  t o  t h e  w a t e r ,  and pump l i g h t  

n o r m a l ly  o u t s i d e  t h e  z b s o r p t io n  b an d  o f  t h e  dye can  p o s s i b l y  b e  c o n v e r t e d  

i n t o  r a d i a t i o n  i n  t h e  r i g h t  w a v e l e n g th .b y  t h e  a d d i t i v e s .

9 .4  L a s in g  a c t i o n  from  rh odam ine  6 G i n  m e th an o l

L a s in g  a c t i o n  from  rh o d am in e  6 G i n  m e th a n o l  was f i r s t  a c h ie v e d  

u s i n g  c o a x i a l  f l a s h l a m p  (E) w h ich  h ad  an  a r c  c h a n n e l  1 .5  mm w ide  and 

4 .2  cm lo n g .  I n d u s t r i a l  g ra d e  a rg o n  a t  a  p r e s s u r e  o f  9 0 -1 0 0  t o r r  was u sed  

i n  t h e  f l a s h l a m p .  P h o to g r a p h  P24 (sweep s p e e d  200 n s / d i v i s i o n )  was 

o b t a i n e d  u s i n g  a p h o to d io d e  (HI.,62) 18 i n c h e s  away f rom , and i n  l i n e  w i t h ,  

t h e  l a s e r  c a v i t y .  The t r a c e s  show f l u o r e s c e n c e  and f i n a l l y  l a s i n g  o u t p u t
c

as  t h e  e l e c t r i c a l  e n e rg y  t o  t h e  p l u s e r  i s  i n c r e a s e d .  The to p  t r a c e  was 

o b t a i n e d  f o r  20 j o u l e s  e l e c t r i c a l  i n p u t  (10 kV) and t h e  l a s i n g  a c t i o n  

a p p e a re d  f o r  e l e c t r i c a l  i n p u t  o f  32 j o u l e s  (13 k V ) . The c a v i t y  had 

a lu m in iu m  c o a te d  windows o f  98% and 60% r e f l e c t i v i t y .  T r a n s m is s io n  th ro u g h  

t h e  p a r t i a l l y  r e f l e c t i n g  m i r r o r  was a b o u t  25%. The f l a s h l a m p  was w rapped 

w i t h  a lu m in iu m  f o i l  and t a p e d  t o  p r e v e n t  b reakdow n  fro m  t h e  e l e c t r o d e s .

A n o th e r  i m p o r t a n t  f a c t o r  i n f l u e n c i n g  s t i m u l a t e d  e m is s io n  from  

t h e  s y s te m  was t h e  d i s t a n c e  b e tw e e n  t h e  end o f  t h e  dye c e l l  and t h e  

r e f l e c t i n g  m i r r o r .  I n  o u r  c a s e ,  i f  t h i s  gap was two c e n t i m e t e r s  o r  more 

no l a s i n g  a c t i o n  was o b s e r v e d .  Due t o  t h e  dye tu b e  d e s ig n  and t h e  m i r r o r  

mount a s se m b ly  we c o u ld  n o t  d e c r e a s e  t h i s  d i s t a n c e  b e lo w  one c e n t i m e t e r .  A 

dye t u b e  whose end windows w e re  t h e  c a v i t y  m i r r o r s  w ould  v a s t l y  im prove th e  

e f f i c i e n c y  o f  t h e  sy s tem .
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PHOTOGRAPH P24

O u tp u t  from Rhodamine. 6 G in  m e th an o l  as  t h e  v o l t a g e  t o  t h e  
f l a s h la m p  i s  i n c r e a s e d  from

(a) 10 kV -  f l u o r e s c e n c e

(b) 11 kV -  f l u o r e s c e n c e

(c) 12 kV -  f l u o r e s c e n c e

(d) 13 kV -  l a s i n g  t h r e s h o l d

Sweep speed  200 n s / d i v .

PHOTOGRAPH P25

O u tp u t  from Rhodamine 6 G i n  m e th an o l  f o r  an e l e c t r i c  i n p u t  
o f  24 j o u l e s .

Sweep sp eed  100  n s / d i v .

PHOTOGRAPH P26

O u tp u t  from  Rhodamine 6G i n  m e th an o l  f o r  an e l e c t r i c  i n p u t  
o f  40 j o u l e s .

Sweep sp ee d  100 n s / d i v .
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A l a s e r  p u l s e ,  c l o s e  to  t h r e s h o l d ,  from  t h e  f l a s h l a m p  dye c e l l  

c o m b in a t io n  (F) i s  shown in  p h o to g r a p h  P25 (sweep sp eed  100 n s / d i v i s i o n ) . 

T h i s  was o b t a i n e d  w i t h  24 j o u l e s  o f  e l e c t r i c a l  e n e rg y .  P h o to g ra p h  P26 

shows t h e  ty p e  o f  p u l s e s  o b t a i n e d  f o r  40 j o u l e s  o f  e l e c t r i c a l  o u t p u t .
_3

Tlie c o n c e n t r a t i o n  o f  Rh 6 G i n  m e th a n o l  was 1 x  10 m/&. V i s u a l  o b s e r v a 

t i o n  o f  t h e  s p a t i a l  p r o f i l e  o b t a i n e d  by lo o k i n g  a t  t h e  o u t p u t  im p in g in g  on 

a  p i e c e  o f  c a r d b o a r d  showed a homogeneous p r o f i l e  ( i n  ag re e m e n t  w i t h  

t h e o r y  c f  s e c t i o n  8 . 1 ) .  O u tp u t  e n e rg y o f  t h e s e  p u l s e s  was a p p r o x im a te ly  

0 .2  m i n i - j o u l e s  as  m easu red  on an ITL l a s e r  c a l o r i m e t e r .  The t im e  s c a l e  

on p h o to g ra p h  P26 i s  100 ns p e r  d i v i s i o n ,  th u s  we h a v e r ^ 2 .5  kW o u t p u t .

The l i f e  o f  t h e  f l a s h l a m p s  u se d  in  o b t a i n i n g  th e  p r e l i m i n a r y  

r e s u l t s  w ere  f a i r l y  l i m i t e d ,  a s  th e y  c r a c k e d  a f t e r  a ro u n d  20 s h o t s .  T h is  

was due t o  a r c i n g  w i t h i n  t h e  f l a s h l a m p .  P u l s e  c h a r g i n g  t o  h i g h e r  v o l t a g e s  

o r  t h e  u s e  o f  "k eep  a l i v e "  c o u ld  c u r e  t h i s  p ro b lem .

9 .5  D i s c u s s i o n

The f i r s t  cw dye l a s e r  a c t i o n  was a c h ie v e d  i n  mid 1970^^^^ u s i n g  

rh o d am in e  6 G i n  a s o l u t i o n  o f  w a te r  and T r i t o n - X - 1 0 0 .  W ater h a s  a v e r y  

low t e m p e r a t u r e  c o e f f i c i e n t  o f  r e f r a c t i v e  i n d e x  and  t h e  T r i to n -X - 1 0 0  was 

added  as a  d e a g g r e g a t i n g  a g e n t  t o  p r e v e n t  t h e  f o r m a t i o n  o f  d im ers  i n  th e  

w a te r  s o l u t i o n .  T h is  i s  n e c e s s a r y  a s  t h e  a g g r e g a t e s  i n v a r i a b l y  a b s o rb  

a t  t h e  l a s e r  w a v e le n g th .  The soap  a d d i t i v e  h a s  t h e  f u r t h e r  a d v a n ta g e  

t h a t  i t  a c t s  a s  an e f f i c i e n t  t r i p l e t  s t a t e  q u e n c h in g  a g e n t  as  w e l l .  The

cw dye l a s e r  u s u a l l y  pumped by cw a rg o n  io n  beam f o c u s s e d

-1o n to  a  s m a l l  dye c e l l  t h r o u g h  w h ich  dye i s  f l o w in g  ^ 2 0 0  cm s

The c o n s t r u c t i o n  o f  a s t a b l e  n a r ro w  band  dye l a s e r  u s i n g  a 

n i t r o g e n  l a s e r  a s  a  pump s o u r c e p r o d u c i n g  h i g h  p u l s e  r e p e t i t i o n  

r a t e s  t o g e t h e r  w i t h  t h e  s h o r t  p u l s e  l e n g t h  and h i g h  i n t e n s i t y  open num erous
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p r o m is in g  a p p l i c a t i o r s ,  i n  n o n - l i n e a r  s p e c t r o s c o p y .  M o reo v er ,  t h e  f a s t

r i s e t i m e  e l i m i n a t e s  t h e  p ro b le m  o f  t r i p l e t  s t a t e  a b s o r p t i o n  and p r o v i d e s

low t h r e s h o l d s .  Numerous l a s e r  d y e s ,  o p e r a t i n g  from  th e  n e a r  u l t r a  v i o l e t

t h r o u g h  th e  v i s i b l e  s p e c t r u m  and i n t o  t h e  n e a r  i n f r a  r e d ,  can  be pumped

e f f i c i e n t l y  w i t h  t h e  n i t r o g e n  l a s e r ^ ^ ^ ^  1 1 2 )^

L a s e r  a c t i o n  i n  f l a s h l a m p  pumped dye s o l u t i o n s  was f i r s t  r e p o r t e d

by S o ro k in  and L an k a rd  i n  1 9 6 7 ^ ^ ^ \

The e a r l y  i n v e s t i g a t i o n s  i n t o  t h e  c h a r a c t e r i s t i c s  o f  o r g a n ic  dye

l a s e r s  p u t  g r e a t  em p h as is  on th e  r o l e  o f  t h e  t r i p l e t  s t a t e s  i n  q u e n c h in g  th e

l a s e r  a c t i o n .  S o ro k in  and c o - w o r k e r s p r e s e n t e d  a  d e t a i l e d  a n a l y s i s  o f

t h e s e  e f f e c t s ,  c o n c lu d in g  t h a t  r i s e  t im e s  b e lo w  ^1  ys a r e  n ee d ed  f o r  th e

f l a s h l a m p  pumping p u l s e ,  i f  l a s i n g  i s  t o  b e  a c h ie v e d  i n  x a n th e n e  ty p e  d y e s .

A c c o r d in g ly  th e y  b u i l t  a  f a s t  r i s e t i m e  ('v300 n s )  f l a s h l a m p  s y s te m .  A

t y p i c a l  f e a t u r e  e n c o u n te r e d  i n  t h e i r  e x p e r im e n ts  was t h a t  t h e  l a s i n g  a c t i o n

was t e r m i n a t e d  b e f o r e  t h e  pumping p u l s e  d e c r e a s e d  b ac k  to  t h e  t h r e s h o l d

(27)
v a l u e .  Schm id t and S c h a f e r  fo u n d  t h i s  e f f e c t  even  more p ro n o u n ced  i n  

t h e i r  e x p e r i m e n t s .  T h is  phenomenon o f  e a r l y  t e r m i n a t i o n  was i n i t i a l l y  

a t t r i b u t e d  t o  a c c u m u la t io n  o f  dye m o le c u le s  i n  t h e  lo n g  l i v e d  t r i p l e t  s t a t e s ,  

c a u s in g  q u e n c h in g  o f  t h e  l a s e r  a c t i o n  by t r i p l e t  s t a t e  l o s s e s .  ,

I n  l a t e r  e x p e r i m e n t s ,  h o w e v e r , i t  was fo u n d  t h a t  u n d e r  c e r t a i n  

c o n d i t i o n s  t h e  r i s e t i m e  r e q u i r e m e n t s  f o r  t h e  pump p u l s e  can  be

s u b s t a n t i a l l y  r e l a x e d .  S u a v e ly  and S c h a f e r u s e d  oxygen s a t u r a t e d

s o l u t i o n s  o f  rh o d am in e  6 G i n  m e th a n o l  and o b t a i n e d  lo n g  p u l s e s  (^TOO y s )  o f 

l a s e r  l i g h t .

The phenomenon o f  e a r l y  t e r m i n a t i o n  o f  t h e  l a s i n g  a c t i o n  s t i l l  

a p p e a re d  and was e x p l a i n e d  i n  t h i s  c a s e  by  th e r m a l  l e n s i n g  e f f e c t s  t h a t
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d i s t o r t  t h e  o p t i c a l  c a v i t y T h e s e  e f f e c t s  h ave  b ee n  show n^^^’ ^^^ to

t a k e  p l a c e  a f t e r  20 -30  y s , e x p l a i n i n g  t h e  e x p e r i m e n t a l  r e s u l t s  (4 0 -5 0  ys

p u l s e  w i d t h s )  q u i t e  w e l l .  More r e c e n t l y ,  h o w e v e r ,  P a p p a lo rd o  e t  a i ( 1 3 2 ) ( 5 1 )

i n v e s t i g a t e d  t h e  e f f e c t  o f  a d d in g  c y c l o - o c t a t e t r a e n e  (COT) a s  a t r i p l e t

q u e n c h in g  (TQ) a g e n t  to  Rh6G s o l u t i o n s  i n  e t h a n o l .  T hese  i n v e s t i g a t o r s  w ere

a b l e  t o  o b t a i n  l a s e r  p y l s e s  t h a t  d id  n o t  show th e  e a r l y  t e r m i n a t i o n  e f f e c t ,

- 2by u s i n g  e i t h e r  h ig h  enough ( 3 .5  x 10 m/&) c o n c e n t r a t i o n s  o f  COT o r  by

f i l t e r i n g  t h e  UV r a d i a t i o n  o u t  o f  t h e  s p e c t r u m  a t  low er COT c o n c e n t r a t i o n .  

T h e i r  r e s u l t s  i n  o b t a i n i n g  lo n g  l a s e r  p u l s e s  (up to  650 y s )  p o i n t  tow ard  th e
(55)

a b s e n c e  o f  th e r m a l  e f f e c t s  s u g g e s t e d  by S n av e ly  . Long p u l s e  dye l a s e r  

e m i s s io n  was a l s o  r e p o r t e d  by  M a r l in g  e t  g q ( 4 8 ) (5 0 )  dyes  o t h e r  th a n  

Rli6 G, a g a in  by  a d d in g  TQ a g e n t s  t o  t h e  l a s e r  s o l u t i o n .  An i m p o r t a n t  

c o n s i d e r a t i o n  i n  im p ro v in g  th e  e f f i c i e n c y  o f  f l a s h la m p  pumped dye l a s e r s  i s  

t h e  e l i m i n a t i o n  o f  t h e  e a r l y  t e r m i n a t i o n  e f f e c t  m e n t io n e d  e a r l i e r .  I n  t h e  

c a s e s  w here  t h i s  d i f f i c u l t y  h a s  b e e n  o v e r c o m e t h e  pumping p u l s e s  w ere  

r e l a t i v e l y  lo n g  w i t h  r a t h e r  s lo w  r i s e t i m e s  -  t y p i c a l l y  a  few h u n d re d s  o f  

j o u l e s  w ere  d i s c h a r g e d  i n  h u n d re d s  o f  m ic r o s e c o n d s .  H uth  e t  a l^ ^ ^ ^  p o i n t e d  

o u t  t h a t  v e r y  l a r g e  pump r a t e s  w e re  r e q u i r e d  f o r  e f f i c i e n t  o p e r a t i o n  due to  

t h e  h i g h  s a t u r a t i o n  i n t e n s i t y  f o r  dye l a s e r s .  W ith  h i g h  pow er,  h ig h  e n e rg y  

l a s e r  p u l s e s  a n o t h e r  e a r l y  t e r m i n a t i o n  m a n i f e s t e d  i t s e l f - 

P r o p a g a t i o n  o f  u l t r a s o n i c  waves i n i t i a t e d  by t h e  f l a s h l a m p  d i s c h a r g e  l i m i t e d  

t h e  p u l s e  d u r a t i o n  to  t h e  time r e q u i r e d  f o r  t h e  sh o ck  wave t o  r e a c h  th e  

a x i s  o f  t h e  dye c e l l .  (S hock  v e l o c i t y  was m easu red  t o  b e  ^1600 ms 1 ) ( ^ 2 ) ( 1 3 0 )  

B l i t  e t  a l^ ^ ^ ^ ^  s u g g e s t e d  i n f r a - r e d  a b s o r p t i o n  by  t h e  dye a s  b e in g  

r e s p o n s i b l e  f o r  sh o c k  wave f o r m a t i o n  and showed t h a t  one c o u ld  once a g a in  

o b t a i n  lo n g  p u l s e s ,  ev en  f o r  h i g h  p o w e rs ,  i f  one f i l t e r e d  o u t  t h e  i n f r a - r e d  

com ponent f ro m  t h e  f l a s h t u b e s .
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E n e r g ie s  o f  12 32 j 0 3 3 )  3 3 g b e e n  r e p o r t e d

f o r  f l a s h l a m p  pumped dye l a s e r s ,  and en h a n ced  o u t p u t  pow ers can  be  o b t a i n e d  

by u s i n g  a p r e p u l s e  d e l i v e r e d  t o  t h e  f l a s h l a m p  b e f o r e  th e  m ain p u l s e  a r r i v e s ,

On t h e  s h o r t e r  t im e  s c a l e ,  mode l o c k i n g  o f  a dye l a s e r  may be

(g a in  mod 

(1 3 5 ) (1 3 6 )

a c h ie v e d  by  pumping w i t h  a  mode lo c k e d  sy s tem ^^^^^  (g a in  m o d u l a t i o n ) ,  o r  by

u s i n g  a s a t u r a b l e  a b s o r b e r  i n  t h e  c o n v e n t i o n a l  way

The o r g a n i c  dye s o l u t i o n  l a s e r  i s  a t  t h e  p r e s e n t  t im e  t h e  m ost 

v e r s a t i l e  c o n t i n u o u s l y  t u n a b l e  s o u r c e  o f  c o h e r e n t  l i g h t .  The m ost 

p r a c t i c a l  m ethods o f  t u n i n g  dye l a s e r s  a r e  ( 1 ) c h a n g in g  th e  dye and ( 2 ) 

i n t r o d u c i n g  a f r e q u e n c y  s e l e c t i v e  e le m e n t  i n t o  t h e  c a v i t y .

The dye l a s e r  h a s  num erous p o t e n t i a l  a p p l i c a t i o n s  a s  a  t u n a b l e  

c o h e r e n t  l i g h t  s o u r c e  i n  p h y s i c s ,  c h e m i s t r y ,  p h o t o - b i o l o g y  and i n  

co m m u n ica t io n s  and d i s p l a y  s y s te m s .
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CONCLUSIONS

I n  t h i s  t h e s i s ,  t h e  c r i t e r i a  f o r  e f f i c i e n t  o p t i c a l  e x c i t a t i o n  

o f  a l i q u i d  was c o n s i d e r e d .  The p r o p e r t i e s  o f  s t r i p  l i n e  p u l s e r s  w ere  

c o n s i d e r e d  i n  d e t a i l  and a s e r i e s  o f  o r i g i n a l  p u l s e  g e n e r a t o r s  w ere  

d e v e lo p e d  and e v a l u a t e d .  T hese  s t r i p  l i n e  p u l s e  g e n e r a t o r s  w ere  u sed  to  

e x c i t e  s p e c i a l l y  d e s ig n e d  c o a x i a l  and l i n e a r  f l a s h l a m p s .

A c o n t in u o u s  and a  p u l s e d  p r e i o n i s i n g  d e v i c e  was d e v e lo p e d  and 

shown t o  h a v e  s i g n i f i c a n t  e f f e c t  on th e  o u t p u t  c h a r a c t e r i s t i c s  o f  a 

f l a s h l a m p  p a r t i c u l a r l y  when low o v e r v o l t i n g  o f  t h e  f l a s h l a m p  was u s e d .  The 

c o n t i n u o u s  p r e i o n i s a t i o n  re d u c e d  t h e  r i s e t i m e  and i n c r e a s e d  t h e  l i g h t  o u t p u t  

fro m  a f l a s h l a m p .  The p u l s e d  p r e i o n i s a t i o n  was found  to  i n c r e a s e  t h e  ' 

w o rk in g  p r e s s u r e  o f  t h e  f l a s h l a m p  and t o  r e d u c e  t h e  " j i t t e r "  i n  t h e  a r r i v a l  

o f  t h e  l i g h t  p u l s e .  The u se  o f  a  p r e i o n i s i n g  d e v i c e  was f i r s t  r e p o r t e d  

by us  i n  a c o n f e r e n c e  i n  B e r l i n  i n  1973. S c h a f e r  h as  a d o p te d  p r e i o n i s a t i o n  

f o r  h i s  f l a s h l a m p s  s i n c e  t h a t  t im e .  More r e c e n t l y  O r n s t e i n  and D e r r  have  

u sed  a  p r e p u l s e  w h ich  e n a b le d  them to  g e t  m ore  l a s e r  power u s in g  a m ain  

d r i v i n g  v o l t a g e  o f  11 kV t h a n  th e y  o b t a i n e d  u s i n g  15 kV w i t h o u t  a p r e p u l s e .  

The u l t r a  v i o l e t  (30 0 0 -4 0 0 0  £ )  l i g h t  o u t p u t  f rom  l i n e a r  and c o a x i a l  f l a s h 

lamps was s t u d i e d  and w i t h  o u r  f l a s h l a m p - p u l s e r  c o m b in a t io n  i t  was p o s s i b l e  

t o  o b t a i n  s h o r t  d u r a t i o n  p u l s e s  w i t h  r i s e t i m e s  l e s s  t h a n  15 n s .  T h is  was 

r e p o r t e d  a t  t h e  1 1 th  I n t e r n a t i o n a l  C o n g ress  on High Speed P h o to g ra p h y  (1975) .

One o f  t h e  p u l s e r s  was u s e d  t o  pump a gas  c e l l .  When a i r  a t  a 

p r e s s u r e  o f  25 t o r r  was u sed  w i t h i n  t h e  c e l l ,  t h e  o u t p u t  from  t h e  sy s tem  

was e n t i r e l y  i n  t h e  u l t r a  v i o l e t  r e g i o n  b e tw e e n  4000 and 2500 R, w i t h o u t  

show ing  any p ro n o u n c ed  s u p e r  f l u o r e s c e n c e  a t  3371 X.  However, when 

i n d u s t r i a l  g r a d e  n i t r o g e n  was u s e d ,  i n  a f lo w  sy s te m ,  we s u c c e s s f u l l y  

g e n e r a t e d  s u p e r r a d i a n t  e m i s s io n  a t  3371 X.  The d u r a t i o n  o f  t h e  o p t i c a l  

o u t p u t  a t  h a l f  i t s  p ea k  a m p l i tu d e  was 6 n s .
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P r e l i m i n a r y  e x p e r im e n ts  on e x c i t i n g  rh o d am in e  6G i n  m e th a n o l  

u s i n g  a c o a x i a l  f l a s h l a m p  dye  c e l l  c o m b in a t io n  w ere  c a r r i e d  o u t .  L a s e r  

p u l s e s  o f  e n e rg y  0 .2  mJ w ere  o b t a i n e d .  The t o t a l  p u l s e  w id th  was l e s s  

t h a n  100 n s .  T h is  c o r r e s p o n d s  t o  an  o p t i c a l  power i n  t h e  y e l l o w  o f  2 kW.

F u r t h e r  work on t h i s  p r o j e c t  s h o u ld  be d i r e c t e d  to w ard s  a more 

c o m p re h e n s iv e  s tu d y  o f  e x c i t i n g  a v a r i e t y  o f  d y es  i n c l u d i n g ,  e s p e c i a l l y ,  

dyes  w i t h  a b s o r p t i o n  b an d s  i n  t h e  u l t r a  v i o l e t .  Work h a s  a l r e a d y  begun 

on pumping an  i o d i n e  v a p o u r  u s i n g  a c o a x i a l  f l a s h l a m p  w i t h  p u l s e d  

p r e i o n i s a t i o n ,  and on a r e p e t i t i v e l y  p u l s e d  n i t r o g e n  l a s e r  u s i n g  a m o d i f ie d  

B lu m le in  p u i s e r .  The pumping o f  g a s e s  (eg  oxygen) u s i n g  e l e c t r o n  beams 

o r  g as  d i s c h a r g e s  i s  becom ing  p o p u l a r  ( p a r t i c u l a r l y  i n  t h e  US) owing to  

t h e i r  p ro m is e  i n  t h e  f i e l d s  o f  n u c l e a r  f u s i o n  and i s o t o p e  s e p a r a t i o n .
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APPENDIX I

THE BEER-LAMBERT ABSORPTION LAW^^^^^ .

The a b s o r p t i o n  o f  a m o n o -ch ro m a tic  beam o f  l i g h t  by  a homogeneous 

a b s o r b in g  s y s te m  i s  d e s c r i b e d  by t h e  com bined B ee r -L am b er t  Law. One form  

o f  t h e  law i s :

f  =■ lO-ECL  
o

w here  I ^  = t h e  l i g h t  e n e rg y  ( o r  number o f  q u a n ta )  o f  s t r i c t l y  m o n o -ch ro m a tic  

l i g h t  i n c i d e n t  p e r  u n i t  o f  t im e  a t  t h e  f r o n t  o f  a column o f  a  s i n g l e  

a b s o r b in g  s p e c i e s  o f  c o n c e n t r a t i o n  C m o l e s / l i t r e .

I  = t h e  e n e rg y  p e r  u n i t  t im e  t r a n s m i t t e d  t h ro u g h  t h e  c o lu m n 'o f  

m a t e r i a l  L cm i n  l e n g t h  and

£ = ( l i t r e / m o l e - c m )  i s  t h e  m o la r  e x t i n c t i o n  c o e f f i c i e n t  and i s  a 

c o n s t a n t  f o r  a  g iv e n  p u r e  a b s o r b in g  s p e c i e s  a t  a g iv e n  w a v e le n g th  and i s  

a m easu re  o f  t h e  p r o b a b i l i t y  t h a t  t h e  quantum  -  m o le c u le  i n t e r a c t i o n  w i l l  

l e a d  t o  a b s o r p t i o n  o f  t h e  quantum .

NOTE : £ i s  a l s o  c a l l e d  t h e  m o la r  a b s o r p t i v i t y ,  t h e  m o la r  a b s o rb a n c y

in d e x ,  and t h e  a b s o r p t i o n  c o e f f i c i e n t .  The u s e  o f  t h e  b a s e  o f 

n a t u r a l  l o g a r i t h m s  i s  o f t e n  made i n  f o r m u l a t i n g  t h e  a b s o r p t i o n  

law .

I  _ -aCL
I  ^o

w here  a , ~  2 .3 0 3 c  = th e  a b s o r p t i o n  c o e f f i c i e n t .  However, th e  form  o f

(55)t h e  law  used  i n  dye l a s e r  l i t e r a t u r e  (S n a v e ly  ) i s

I  = I  .
• o

“ 3w here  N i s  t h e  c o n c e n t r a t i o n  e x p r e s s e d  as  N m o le c u le s  cm and £ i s  th e

2
m o l e c u l a r  d e c a d ic  e x t i n c t i o n  c o e f f i c i e n t  and h a s  d im e n s io n s  o f  cm , and i s  

a l s o  known as  t h e  a b s o r p t i o n  c r o s s  s e c t i o n  f o r  a s i n g l e  dye m o le c u le .
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APPENDIX I I  

OXYGEN QUENCHING 01 TRIPLET STATES

The p o p u l a t i o n  o f  t h e  t r i p l e t  s t a t e ,  N^, can  d ecay  b ack  t o  t h e  

g ro u n d  s t a t e  th ro u g h  a  v a r i e t y  o f  p r o c e s s e s  i n  f l u i d  s o l u t i o n .  T hree  

i m p o r t a n t  p r o c e s s e s  a r e  r e p r e s e n t e d  by t h e  te rm s  on t h e  r i g h t  hand  s i d e  o f 

(1)

dl^_

d t
0 , N. . . .  (1)

w here  N^ i s  t h e  c o n c e n t r a t i o n  o f  t r i p l e t s ,  | 0^ 

oxygen  and i s  t h e  r a t e  a r i s i n g  fro m  p h o s p h o r e s c e n t  d ec ay ,

i s  t h e  c o n c e n t r a t i o n  o f  

Og i s

t h e  d e a c t i v a t i o n  r a t e  from  c o l l i s i o n s  b e tw e en  dye m o le c u le s  i n  t h e  t r i p l e t

s t a t e  and oxygen m o le c u l e s .  N^ i s  t h e  r a t e  d e p e n d e n t  on c o l l i s i o n s

b e tw e e n  two e x c i t e d  m o le c u le s  i n  t h e  t r i p l e t  s t a t e .

The r a d i a t i v e  t r a n s i t i o n  fro m  th e  e x c i t e d  t r i p l e t  s t a t e  t o  th e

s i n g l e t  g round  s t a t e  i s  f o r b i d d e n ,  and t h e r e f o r e  K i s  r e l a t i v e l y  sm a l l  
-1

(K^ 'v200 s ) .  Q uench ing  r e a c t i o n s  a r e  known to  b e  d i f f u s i o n  c o n t r o l l e d ,  

and t h e  r a t e  o f  r e a c t i o n  i s  d e te r m in e d  by  t h e  f r e q u e n c y  o f  c o l l i s i o n s .

T h is  f r e q u e n c y  i s ,  i n  g e n e r a l ,  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  s o l v e n t

v i s c o s i t y T y p i c a l  v a l u e s  o f  [^ 2
9 - 3

a r e  10 £yfm-s) and 10 m/&

r e s p e c t i v e l y .  Thus th e  n o n - r a d i a t i v e  q u e n c h in g  r a t e  i s  a p p r o x im a te ly  f o u r  

o r d e r s  o f  m ag n i tu d e  l a r g e r  t h a n  r a d i a t i v e  d e c a y .  T r i p l e t - t r i p l e t  q u e n c h in g  

w i l l  depend on th e  number o f  t r i p l e t s  g e n e r a t e d ,  b u t  f o r  t y p i c a l  c a s e s  t h i s  

q u e n c h in g  r a t e  w i l l  b e  s e v e r a l  o r d e r s  o f  m ag n i tu d e  s m a l l e r  th a n  th e  r a t e  

f o r  oxygen q u e n c h in g .

To c a l c u l a t e  t h e  c o n c e n t r a t i o n  o f  d i s s o l v e d  oxygen ,  one n ee d s  

t h e  s o l u b i l i t i e s  t h a t  can  b e  d e f in e d  i n  te rm s  o f  th e  O s tw ald  c o e f f i c i e n t .
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The Ostw a ld  c o e f f i c i e n t ,  &, i s  d e f i n e d  a s  t h e  r a t i o  o f  th e  volume

o f g a s ,  V^, a b s o r b e d  a t  any p a r t i a l  p r e s s u r e  and t e m p e r a t u r e  by th e  volum e

o f  l i q u i d ,  V i e
^ V

 ̂ . . .  (2)

The number o f  m o les  o f  gas  a b s o r b e d  i s

P V
n = (3)

w here  P^ i s  t h e  p a r t i a l  p r e s s u r e  o f  t h e  g a s ,  R = 0 .0 8 2 1  1 -a tm /m -k  i s  t h e  

u n i v e r s a l  gas  c o n s t a n t ,  and T i s  t h e  a b s o l u t e  t e m p e r a t u r e .  U s in g  (2) and 

(3) t h e  m o l a r i t y  o f  d i s s o l v e d  gas  i s

P &
^  = ■■ o r  u s i n g  P^ = 0 .2 1  atm

= (8 .5  X 10 )Z m/Z
Z
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APPENDIX I I I  

PROPERTIES OF THE STRIP LINE

The s t r i p  l i n e  i s  a t r u e  t r a n s m i s s i o n  l i n e  h a v in g  d i s t r i b u t e d

p a r a m e t e r s  a lo n g  w hich  t h e  d i s c h a r g e  wave f r o n t  t r a v e l s  a t  t h e  v e l o c i t y  of

l i g h t  i n  th e  d i e l e c t r i c  w h ich  s e p a r a t e s  t h e  s t r i p ,  i e  C ^ /n .

S t r i p  l i n e s  may t a k e  s e v e r a l  form s t h e  s i m p l e s t  o f  w h ich  i s  shown 

i n  F i g u r e  A l.  The p r o p e r t i e s  o f  s t r i p l i n e s  do n o t  d i f f e r  s i g n i f i c a n t l y  

from  t r a n s m i s s i o n  l i n e s  w i t h  c i r c u l a r  c r o s s  s e c t i o n .

I n  c a r r y i n g  o u t  t h e  a n a l y s i s  o f  a t r a n s m i s s i o n  l i n e  i t  i s  assumed 

t h a t  e a c h  e le m e n t  o f  l e n g t h  Ax may be  t r e a t e d  as  i f  e q u i v a l e n t  t o  t h e  

c i r c u i t  shown i n  F ig u r e  A2 w i t h  f i x e d  v a l u e s  o f  R, L, C and G i n  t h e  l i m i t

as  Ax i s  made t o  a p p ro a c h  z e r o .  As u s u a l

R = r e s i s t a n c e  p e r  u n i t  l e n g t h  

L = i n d u c t a n c e  p e r  u n i t  l e n g t h  

C = c a p a c i t a n c e  p e r  u n i t  l e n g t h  

G = t r a n s v e r s e  c o n d u c ta n c e  p e r  u n i t  l e n g t h  

F o r  t h e  s t r i p  l i n e  u sed  i n  t h e  p r e s e n t  w ork  R^ and L^ can  be assumed to  b e  

e q u a l  r e s p e c t i v e l y  t o  R^ and L^.

S in c e  Ax i s  s m a l l ,  t h e  c u r r e n t s  and t h e  p o t e n t i a l  d i f f e r e n c e  ^at 

t h e  p o i n t  x = Ax may b e  e x p r e s s e d  i n  te rm s  o f  t h e  c u r r e n t s  and p o t e n t i a l  

d i f f e r e n c e s  a t  t h e  p o i n t  x  by  means o f  M a c la u r in s  e x p a n s io n

^ (Ax)^

x + A X  X \ d x y
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A p p ly in g  K i r c h o f f ’ s emf law a ro u n d  t h e  r e c t a n g l e  fo rm ed  by th e  

i n p u t  and o u t p u t  t e r m i n a l s  o f  t h e  s e c t i o n ,  we o b t a i n

 ̂ ( h x  + h x . A x ) Ax + V
x+Ax

 ̂ ( h x  + h x + A x )  ('^2 + jwLg) Ax -  = 0 . . .  (3)( h x  + I

U sin g  ( 1 ) ,  (2) and (3 ) we o b t a i n

^ h x  W )  Ax + - -- _  (%! + j “ L J  Ax
X

d l
^ h x  Ax + . . .  1 (^R 2  + jw L z)  AX + Ax + . . .  = 0 . . .  (4a )

C o l l e c t i n g  t e r m s ,  d i v i d i n g  by Ax, and th e n  a l l o w i n g  Ax to  a p p r o a c h  z e r o  and 

we o b t a i n

h x  { \  '  -  h x  (^^2 + "  ( f ) ,  = °  • • •

The c u r r e n t  i n  an open w i r e  l i n e  can  be  r e s o l v e d  i n t o  two co m p o n en ts ,  

t o  b e  d i s t i n g u i s h e d  i n  t h e  f o l l o w i n g  by s u b s c r i p s  C ( f o r  c o - d i r e c t i o n a l )  and 

0 ( f o r  o p p o s i t e ) . T hese  com ponents  a r e  d e f i n e d  t o  s a t i s f y  t h e  f o l l o w i n g  

r e l a t i o n s

^Ix “ ^Clx ^Olx’ h x  " ^C2x ^02x

^C2x ^Clx’ ^02x ^Olx ■■■

F o r  t h e  p u rp o s e s  o f  t r a n s m i s s i o n  i t  i s  d e s i r a b l e  t o  d r ive ,  and 

a r r a n g e  o p e n - w i re  l i n e s  s y m m e t r i c a l l y  i n  su ch  a m anner t h a t

^ C x  "  ^ 0 2 x  "  l o i x  =  - I x  • • •

open w i r e s  t h a t  s a t i s f y  (6) a r e  b a l a n c e d .
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F o r  p r a c t i c a l  p u r p o s e s  (6) i s  a lw ay s  s a t i s f i e d  f o r  t h e  c u r r e n t s  

on t h e  i n n e r  c o n d u c to r  and on th e  i n n e r  s u r f a c e  o f  t h e  o u t e r  c o n d u c to r  o f  

a  c o a x i a l  l i n e .  A n tenna  c u r r e n t s ,  i f  th e y  e x i s t  on a c o a x i a l  l i n e ,  a r e  on

th e  o u t e r  s u r f a c e  o f  t h e  o u t e r  c o n d u c to r .

P u t t i n g

R 5 + R^, L = and Z = R + jwL . . .  (7)

w here  R, L and Z a r e  t h e  t o t a l  r e s i s t a n c e ,  i n d u c t a n c e  and im pedance p e r

lo o p  u n i t  l e n g t h .  U s in g  (6) and ( 7 ) ,  (4b) becomes

=  "(fX ■ ■ ■

The v o l t a g e  a c r o s s  PP ' i s   ̂ (Vx + V% + Ax). Thus u s i n g  K i r c h o f f s  c u r r e n t  law

h x  = I l x + A x  + a + V a x > (G + j w c )  AX . . .  ( 9 )

U sin g  ( 1 ) ,  (2) and (9) and d i v i d i n g  by Ax b e f o r e  a l l o w in g  t h i s  t o  a p p r o a c h

z e r o ,  we o b t a i n

y

w h e re  y  s t a n d s  f o r  t h e  t o t a l  s h u n t  a d m i t t a n c e  p e r  u n i t  l e n g t h

y = G + jtüC . . .  (11)

The f i r s t - o r d e r  d i f f e r e n t i a l  e q u a t i o n s  (8) and (10) a r e  t h e  

t r a n s m i s s i o n  l i n e  e q u a t i o n s .  The v a r i a b l e s  can  be  s e p a r a t e d ,  and th e  

e q u a t i o n s  r e p l a c e d  by  two o f  t h e  seco n d  o r d e r .

X

-  '  ( %  ■ (è ) ■
X
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I t  i s  c o n v e n ie n t  to  d e f i n e  a q u a n t i t y  y ,  known as  t h e  com plex 

p r o p a g a t i o n  c o n s t a n t  as  f o l lo w s

Y = yZ = (G + jwc) (R + jwL)

The r e a l  and im a g in a ry  p a r t s  o f  y a r e  a and  3. Thus

 ̂ y = a  + y3

a = a t t e n u a t i o n  c o n s t a n t  ( p e r  u n i t  l e n g t h )

3 = p h a s e  c o n s t a n t  ( n e p e r s  p e r  u n i t  l e n g t h )

The g e n e r a l  s o l u t i o n  o f  (12) i s

V = A exp ( -y x )  + B exp (yx)

. . .  (14)

. . .  (15a)

or

V = a  co sh  yx  + b s i n h  y x

R e w r i t i n g  (13)

I  = - 1 dV
(R + jcoL) dx 

and s u b s t i t u t i n g  i n t o  (15a) we o b t a i n

. . .  (15b)

I  = (R- / j w L )  [ f  exp (-YX) - B exp (y x )J

G + jwC 
R + jo)L A exp ( -y x )  -  B exp yx . . .  (16)

w h e re  we h av e  u sed  (14) .
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Ih e  f a c t o r

\ G  + jwC/

h a s  d im e n s io n s  o f  im pedance and i s  c a l l e d  t h e  c h a r a c t e r i s t i c  im pedance o f

t h e  l i n e .  I t  i s  d e n o te d  by Z . Thuso

R +
G + jwcy . . .  (17)

7 - 1At f r e q u e n c i e s  g r e a t e r  th a n  a b o u t  10 s wL >> R and mC »  G.

Hence

. . .  (18)

w h ich  i s  a r e a l  q u a n t i t y  i n d e p e n d e n t  o f  f r e q u e n c y .

From e q u a t i o n  (14) we can  w r i t e  t h e  p r o p a g a t i o n  c o n s t a n t  th u s

Y = ot + j, R + jtol) 0  + jmC

Now (a^  -  3^) = RG -  LC . . .  (19)

2a3 = w (LG + CR)

S q u a r in g  and a d d in g  y i e l d s

(a^  t  3^)^  = (RG -  LC)^ + J  (LG + CR)^

Hence from  (19) and (21)

. . .  (20)

. . .  (21)

a = 5 R“ +
1.

+ IRC -  LC^ . . .  (2 2 a )

-  (RG -  CO LC . . .  (22b)

a i s  z e r o  i f  R = G = 0 

a t  h i g h  f r e q u e n c y  3 « w
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Hence t h e  p h a s e  v e l o c i t y  i s

= _ i _  .  A
P LC r /E ; .

w here  i s  th e  v e l o c i t y  o f  e l e c t r o m a g n e t i c  waves i n  v a c u o ,  and i s  th e

r e l a t i v e  p e r m i t i v i t t y  o f  t h e  d i e l e c t r i c .

F o r  a l i n e  h a v in g  LG = RC, th e n  fro m  (22a) and (22b)

a = / rG . . .  (23a)

3 = to yLC . . .  (23b)

and t h e  v e l o c i t y  o f  p r o p a g a t i o n  i s

V = - p z  . . .  (23c)
A c

i e  t h e  a t t e n u a t i o n  and t h e  v e l o c i t y  o f  p r o p a g a t i o n  a r e  i n d e p e n d e n t  o f  

f r e q u e n c y ,  and th e  l i n e  i s  d i s t o r t i o n l e s s .

REFLECTION COEFFICIENT AND STANDING WAVES 

From (12) we ca n  p u t

2
^  = (R + jiüL) (G + jwC) V = Y^V . . .  (24)
dx

A g e n e r a l  s o l u t i o n  o f  w h ich  i s

V = A exp ( -y x )  + B exp (yx)

From (15) and (16) we h av e

1 1
A exp ( -y x )  -  B exp ( y x ) |  . . .  (25)

From (24) and (25) we can  o b t a i n  an  e x p r e s s i o n  from  t h e  im pedance Z^, a t  

any p o i n t ,  d e f i n e d  as
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V _ 2 I A exp ( -y x )  + B exp (yx) \
I  o A exp ( -y x )  -  3 exp (yx) I

Hence i f  we c o n s i d e r  a l i n e  o f  l e n g t h  I  t e r m i n a t e d  w i t h  an im pedance

w here

Z -  |Z I exp (y a ) t h e n

2
T _ A exp (-y&) + B exp (y&) 

Z^ A exp (-y&) -  B exp (y&) o r

f r ____________B exp (jyl)
Z^ + Z^ A exp (-y&) *’ ‘ ^

S in c e  B exp (y&) r e p r e s e n t s  t h e  r e f l e c t e d  wave a t  t h e  t e r m i n a t i o n  and 

A exp (-y&) r e p r e s e n t s  t h e  fo rw a rd  wave, th e n  t h e  r a t i o  o f  t h e s e  two 

q u a n t i t i e s  i s  c a l l e d  t h e  ( v o l t a g e )  r e f l e c t i o n  c o e f f i c i e n t  a t  th e  t e r m i n a t i o n .  

L e t  t h i s  be d e n o te d  k ^ ,  th e n

T, = B exp (y&)
T A exp (-y&)

w hich  may be  w r i t t e n

k^  = exp (y . . .  (27)

From (26) we s e e  t h a t

Zrp -  Z
4  = z p f  • • •  (2 8 )

I n  (27) i s  t h e  r a t i o  o f  t h e  a m p l i tu d e s  o f  t h e  r e f l e c t e d  and 

fo r w a rd  waves a t  t h e  p o i n t  o f  r e f l e c t i o n ,  and (|)  ̂ i s  t h e  p h a s e  change  w hich  

o c c u r s  on r e f l e c t i o n .
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T h ere  a r e  t h r e e  c a s e s  o f  s p e c i a l  i n t e r e s t :

(a )  i f  = Z^, th e n  = 0 . T h e re  i s  no  r e f l e c t e d  wave and a l l  

t h e  power i s  a b s o r b e d  i n  t h e  p u r e  r e s i s t a n c e  Z^. The l i n e  i s  s a i d  

t o  b e  m atched  o r  p r o p e r l y  t e r m i n a t e d .

(b) i f  Z^ = 0 ,  c o r r e s p o n d in g  to  a s h o r t  c i r c u i t ,  t h e n  k^ = -1

and t h e  r e f l e c t e d  v o l t a g e  wave i s  o f  t h e  same a m p l i tu d e  as  t h e

i n c i d e n t  one b u t  o f  o p p o s i t e  s i g n .

(c )  i f  Z^ 0°, a s  i n  t h e  c a s e  w here  t h e  l i n e  i s  open c i r c u i t e d ,

k^  = 1 and r e f l e c t i o n  o f  t h e  v o l t a g e  wave o c c u r s  w i t h o u t  change

i n  p h a s e .

S in c e  t h e  p h a s e  o f  t h e  backw ard  component o f  c u r r e n t  i s  r e v e r s e d  

r e l a t i v e  t o  t h a t  o f  t h e  c o r r e s p o n d i n g  v o l t a g e  com ponen t,  t h e  c u r r e n t  

r e f l e c t i o n  c o e f f i c i e n t  i s  w r i t t e nVl̂
"  Zf + Zo

C o n s e q u e n t ly ,  t h e  c u r r e n t  r e f l e c t i o n  c o e f f i c i e n t  i s  +1 f o r  a  s h o r t  c i r c u i t  

and - 1  f o r  an  open  c i r c u i t e d  l i n e .
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APPENDIX IV

STEFAN -  BOLTZMANN LAW

The r a t e  o f  e m i s s io n  o f  e n e rg y  p e r  u n i t  a r e a  o f  a s u r f a c e  i s  i t s  

e m i s s iv e  pow er,  E. From some o f  t h e  e a r l y  m easu rem en ts  on e m is s iv e  p o w e rs ,  

S t e f a n  p o i n t e d  o u t  t h a t  t h e s e  p o w e rs ,  and h en c e  t h e  i n t e n s i t y  o f  r a d i a t i o n  

e m i t t e d  by a g iv e n  body a t  d i f f e r e n t  t e m p e r a t u r e s ,  a p p e a re d  t o  be  

p r o p o r t i o n a l  t o  th e  f o u r t h  power o f  t h e  a b s o l u t e  t e m p e r a t u r e  o f  t h e  e m i t t e r ,  

S u b s e q u e n t ly  B oltzm ann  showed by  therm odynam ic  r e a s o n i n g  t h a t  t h i s  r e s u l t  

s h o u ld  be  a c c u r a t e l y  t r u e  f o r  a b l a c k  b o d y ,  f o r  w h ich  t h e r e f o r e

4
E = oT

w h ere  a i s  a c o n s t a n t ,  r e f e r r e d  t o  a s  S t e f a n ' s  c o n s t a n t  and

“5 —2 —1 “ 4a = 5 .7 0  X 10 e r g  cm s deg
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APPENDIX V 

SPECTROSCOPIC NOTATION

An e l e c t r o n i c  s t a t e  i s  c h a r a c t e r i s e d  by  th e  component o f  th e  

o r b i t a l  a n g u l a r  momentum o f  t h e  e l e c t r o n s  i n  t h e  d i r e c t i o n  o f  t h e  m o le c u la r

a x i s  i n  te rm s  o f  t h e  quan tum  number A, t o t a l  e l e c t r o n  s p i n  S, and symmetry

p r o p e r t i e s  o f  th e  s t a t e .

S t a t e s  w i t h  A = 0 ,  1 , 2 , 3 . . . .  a r e  d e n o te d  by  th e  C reek  l e t t e r s  

TT, A, . . . .  The com ponent o f  th e  s p i n  i n  t h e  d i r e c t i o n  o f  t h e  m o le c u l a r  

a x i s  can  assum e 2S + 1 v a l u e s ,  w i t h  a c o r r e s p o n d i n g  s p l i t t i n g  o f  e a c h  te rm  

o r  e n e rg y  l e v e l .  The m u l t i p l i c i t y  2S + 1 o f t h e  te rm  i s  shown by a s u p e r

s c r i p t  a t  t h e  l e f t  eg

(S = 1 , S =  ̂ r e s p ) .

Upon r e f l e c t i o n  i n  a p l a n e  i n  w h ich  t h e  m o le c u l a r  a x i s  l i e s ,  t h e  

a x i a l  component o f  th e  o r b i t a l  a n g u l a r  momentum o f  t h e  e l e c t r o n  ch an g es  

s i g n  (b e c a u s e  i t  i s  a  p seu d o  -  o r  p o l a r  v e c t o r ) ;  c o r r e s p o n d i n g  t o  t h i s  f a c t ,  

t h e  te rm s  w i t h  non z e r o  o r b i t a l  a n g u l a r  momentum a r e  d o u b ly  d e g e n e r a t e .

More p r e c i s e l y ,  t h e s e  te rm s  a r e  s p l i t  i n t o  two as  a r e s u l t  o f  t h e  i n t e r 

a c t i o n  b e tw e e n  t h e  r o t a t i o n  o f  t h e  m o le c u le  and t h e  m o t io n  o f  t h e  e l e c t r o n s .  

T h is  phenomenon i s  c a l l e d  A - t y p e  d o u b l in g  (" lam bda"  -  ty p e  d o u b l i n g ) .  I f ,  

h o w ev er ,  A = 0 ,  t h e  r e f l e c t i o n  does  n o t  change t h e  e l e c t r o n  e n e rg y  a t  a l l ;  

t h e  wave f u n c t i o n  i s  m u l t i p l i e d  b y  e i t h e r  +1 o r  - 1 .  T h is  symmetry o f  t h e  

^ te rm s  i s  shown by  a s u p e r  s c r i p t  a t  t h e  r i g h t :  ^ .

I f  th e  m o le c u le  c o n s i s t s  o f  i d e n t i c a l  a to m s ,  th e n  s t i l l  a n o t h e r  

symmetry p r o p e r t y  a p p e a r s ,  n am e ly ,  t h e  e n e rg y  i s  i n v a r i a n t  w i th  r e s p e c t  

t o  a s im u l t a n e o u s  ch an g e  i n  s i g n  o f  t h e  c o o r d i n a t e s  o f  a l l  e l e c t r o n s  and 

n u c l e i .  The wave f u n c t i o n  i s  i n  t h i s  c a s e  m u l t i p l i e d  by  e i t h e r  +1 o r  - 1 ,  

w h ich  i s  d e n o te d  by t h e  s u b s c r i p t s  g and u on th e  r i g h t ,  f o r  exam ple ,

^ g ’ ^u* ^ r u l e ,  t h e  g round  s t a t e  o f  d i a t o m ic  m o le c u le s  i s  c o m p le te ly
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s y m m e t r i c a l  and th e  g round  te rm  i s  E x c e p t io n s  a r e  t h e  0^ m o le c u le ,

whose g round  t e rm  i s  , and th e  NO m o le c u le ,  whose g round  te rm  i s

A llow ed  t r a n s i t i o n s  b e tw e en  d i f f e r e n t  e l e c t r o n i c  s t a t e s  ( d i p o l e  

t r a n s i t i o n s  w i t h  e m is s io n  o r  a b s o r p t i o n  o f  l i g h t )  a r e  s u b j e c t  t o  c e r t a i n  

s e l e c t i o n  r u l e s .  T hese  r u l e s  depend  on th e  ty p e  o f  c o u p l i n g  be tw een  th e  

o r b i t a l  m o t io n  o f  t h e  e l e c t r o n s ,  t h e i r  s p i n ,  and t h e  r o t a t i o n  o f  th e  

m o le c u le .  The f o l l o w i n g  a r e  th e  s e l e c t i o n  r u l e s  f o r  th e  many i m p o r t a n t  

c a s e s :  AA = 0 ,  _+ 1; t h e  m u l t i p l i c i t y  2S + 1 re m a in s  u n ch an g ed ;  t r a n s i t i o n s  

^ ^  and t r a n s i t i o n  g ->■ g o r  u u a r e  f o r b id d e d  ( t h e  two l a s t  r u l e s

a r e  in d e p e n d e n t  o f  t h e  ty p e  o f  c o u p l i n g ) .
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