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A b s t r a c t

T h is  t h e s i s  d e s c r i b e s  t h e  d e v e lo p m e n t o f a n  i n t r a c a v i t y  f r e q u e n c y  

d o u b le d  dye l a s e r  from  a  co m m erc ia l S p e c t r a - P h y s ic s  380D s i n g l e  

f r e q u e n c y  r i n g  dye l a s e r ,  an d  th e  a p p l i c a t i o n  o f  t h i s  sy s te m  to  a  

num ber o f  s p e c t r o s c o p i c  s t u d i e s  i n  d i s c h a r g e s .

E v a l u a t i o n  o f  t h e  s t a b i l i t y  o f  t h e  l a s e r  c a v i t y  i s  c a r r i e d  o u t ,  

by  co m p u te r  c a l c u l a t i o n ,  i n  o r d e r  t o  o p t im is e  th e  o p t i c a l  com ponent 

s e t  u se d  i n  th e  f r e q u e n c y  d o u b le d  dye l a s e r .  U sin g  a n  ADA (ammonium 

d ih y d ro g e n  a r s e n a t e )  c r y s t a l ,  17 mW o f  c o n t in u o u s  wave u l t r a - v i o l e t ,  

t u n a b le  o v e r  t h e  ra n g e  2 9 2 -3 0 2  nm, h a s  b e e n  p ro d u c e d . The l i n e w i d t h ,  

w hen th e  l a s e r  i s  s t a b i l i s e d ,  i s  a b o u t  500 kHz i n  t h e  UV.

3
The CW UV o u tp u t  h a s  b e e n  u s e d  t o  m easu re  h e l iu m  t r i p l e t  (2  S)

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

p r e s s u r e  (1 -8  T o r r )  an d  c u r r e n t  ( 2 .5 - 8 0  mA). A maximum d e n s i t y  o f  

12 -3
10x10 cm i s  m easu red  f o r  a  p r e s s u r e  o f  2 T o r r  and  c u r r e n t  o f  60mA. 

The m easu red  m e t a s t a b l e  d e n s i t i e s  a r e  u se d  i n  a  r a t e  e q u a t io n

a n a l y s i s  to  e x t r a c t  v a lu e s  o f  t h e  r a t e  c o e f f i c i e n t  f o r  d e s t r u c t i o n  (b y

3 -8  3 - 1
c o l l i s i o n s  w i th  e l e c t r o n s )  o f  th e  2 S m e ta s t a b l e s  (1 .6 x 1 0  cm s f o r

p = 2 T o r r ) .

A s tu d y  o f  t h e  o p to g a lv a n ic  s i g n a l  g e n e r a te d  when i r r a d i a t i n g  a 

n eo n  p o s i t i v e  co lum n  d i s c h a r g e  w i th  l a s e r  l i g h t  o f  w a v e le n g th

5 8 8 .2  nm, c o r r e s p o n d in g  t o  t h e  l s ^ - 2 p ^  t r a n s i t i o n ,  i s  c a r r i e d  o u t .  

The s i g n a l  i s  fo u n d  to  ch a n g e  s i g n  a s  th e  dye l a s e r  pow er i s

i n c r e a s e d ,  f o r  some d i s c h a r g e  c o n d i t i o n s .  S p a t i a l  s t u d i e s  o f  th e  

o p to g a lv a n ic  s i g n a l  i n  c o n j u n c t i o n  w i th  a b s o r p t i o n  and  e m is s io n

s t u d i e s  a r e  c a r r i e d  o u t  t o  i n v e s t i g a t e  th e  e v o l u t i o n  o f  th e  p o p u la t i o n

d e n s i t i e s  o f l e v e l s  c o n n e c te d  to  th e  I s ^  and  2p^ l e v e l s .  A r a t e

e q u a t io n  m odel i s  d e v e lo p e d  w h ich  d e m o n s tr a te s  th e  im p o r ta n c e  o f th e



I s 3 p o p u la tio n  d e n s ity  in  e x p la in in g  the observed s ig n  r e v e r s a l .

A h ig h  r e s o l u t i o n  s tu d y  o f  two t r a n s i t i o n s  i n  t h e  UV, i n  th e  

t u n g s t e n  s p e c tru m , i s  p r e s e n t e d .  The ev e n  i s o to p e  s p l i t t i n g s  and  th e  

h y p e r f i n e  s p l i t t i n g  b e tw e e n  th e  two s t r o n g e s t  h y p e r f in e  co m ponen ts on 

t r a n s i t i o n s  a t  2 9 4 .4  nm and  2 9 4 .7  nm h av e  b e e n  r e s o lv e d  by s a t u r a t e d  

a b s o r p t i o n  s p e c t r o s c o p y .  From  c e n t r e  o f  g r a v i t y  c o n s i d e r a t i o n s  th e  

h y p e r f in e  s p l i t t i n g s  o f  t h e  t h r e e  l e v e l s  in v o lv e d  i n  th e  two 

t r a n s i t i o n s  h av e  b e e n  p r e d i c t e d  a s  1630 MHz f o r  th e  l e v e l ,

-5 0 6  MHz f o r  th e  369^ l e v e l  and  225 MHz f o r  th e  368^ l e v e l .

A s im p le  w a v em e te r u s in g  a  c o r n e r - c u b e  M ic h e ls o n  i n t e r f e r o m e t e r

i s  d e s c r i b e d .  D i g i t a l  c o u n t in g  c i r c u i t s  t o  p r o v id e  a  d i r e c t  r e a d in g  o f

e i t h e r  th e  fu n d a m e n ta l  o r  se c o n d  h a rm o n ic  w a v e le n g th  h a v e  b e e n

d e s ig n e d  and c o n s t r u c t e d .  W a v e le n g th  r e a d in g s  a c c u r a t e  to  1 p a r t  i n  
6

10 a r e  a c h ie v e d .



P u b l i c a t i o n s  from  t h i s  T h e s is

1 .  L a s e r  a b s o r p t i o n  m e a su re m e n ts  o f  a to m ic  m e ta s t a b l e  d e n s i t i e s ,  

D M Kane and M H Dunn, J .P h y s .B :A t .M o l ,P h y s .  L6 (1 9 8 3 ) ,  2 7 0 9 -2 7 1 9 .

2 . O p to g a lv a n ic  s i g n a l s  g e n e r a te d  i n  a  n eo n  p o s i t i v e  co lum n d i s c h a r g e  

by  r e s o n a n t  chopped CW r a d i a t i o n ,  D M K ane, t o  be p u b l i s h e d  O p t. 

C ommun.

3 . I s o to p e  and h y p e r f i n e  s p l i t t i n g s  f o r  two UV t r a n s i t i o n s  i n  

t u n g s t e n  I ,  DM Kane and  M H D unn, p r e s e n te d  a t  th e  S ix th  N a t io n a l  

Quantum  E l e c t r o n i c s  C o n fe r e n c e ,  B r ig h to n ,  S ep tem b er 1 9 8 3 .

4 . S t a b i l i t y  c a l c u l a t i o n s  f o r  a  co m m erc ia l r i n g  dye l a s e r  r e s o n a t o r  

w i th  two f o c i ,  D M Kane and M H Dunn, s u b m itte d  t o  O p t. Commun.



CONTENTS

C h a p te r  1 -  I n t r o d u c t i o n

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

R e f e r e n c e s  

F ig u r e s

C h a p te r  2 -  F re q u e n c y  D oub led  R in g  Dye L a s e r

2 .1  I n t r o d u c t i o n  8

2 .2  R eview  o f  S in g le  Mode Dye L a s e r s  9

2 .3  The S p e c t r a - P h y s ic s  380D R in g  Dye L a s e r  17

2 .3 .1  U n i d i r e c t i o n a l  D e v ic e  18

2 .3 .2  The B i r é f r i n g e n t  F i l t e r  20

2 . 3 .3  A i r  S p aced  E t a l o n  22

2 .3 .4  T h in  E t a l o n  23

2 .3 .5  S c a n n in g  D ual G a lv a n o m e te r  M ounted Q u a r tz  P l a t e s  24

2 . 3 .6  F re q u e n c y  S t a b i l i s a t i o n  25

2 .4  S t a b i l i t y  R e g io n  C a l c u l a t i o n s

2 .4 .1  Ray P r o p a g a t io n  by th e  M a tr ix  M ethod 26

2 .4 .2  A p p l i c a t i o n  t o  th e  S p e c t r a - P h y s ic s  380D C a v i ty  31

2 .4 .3  R e s u l t s  34

2 .5  S econd H arm on ic  G e n e r a t io n  37

2 .6  E x p e r im e n ta l  SHG i n  th e  380D 42

2 .7  F u r t h e r  Im p ro v em en ts  49

R e fe re n c e s

F ig u r e s



3
C h a p te r  3 -  L a s e r  A b s o r p t io n  M easu rem en t o f th e  H elium  2 S

M e ta s t a b l e  D e n s i ty

3 .1  I n t r o d u c t i o n  50

3 .2  P r i n c i p l e  o f  t h e  L a s e r  A b s o r p t io n  M ethod 53

3
3 .3  A p p l i c a t i o n  t o  H e liu m  2 S M e ta s ta b le s  55

3 .4  R a te  E q u a t io n  A n a ly s i s  58

3 .5  Summary 65

R e f e r e n c e s

F ig u r e s

C h a p te r  4 -  O p to g a lv a n ic  S p e c t r o s c o p y  i n  Neon

4 .1  I n t r o d u c t i o n  67

4 .2  R eview  o f  O p to g a lv a n ic  S p e c t r o s c o p y  68

4 .3  The I s ^  an d  2 p ^  E n e rg y  L e v e ls  i n  Neon 74

4 .4  E x p e r im e n ta l  S tu d ie s  a t  5 8 8 .2nm i n  Neon 76

4 . 4 .1  A x ia l  O p to g a lv a n ic /A b s o r p t io n  S tu d ie s  78

4 . 4 .2  Time V a r i a t i o n  o f  t h e  A x ia l  O p to g a lv a n ic  S ig n a l s  80

4 . 4 .3  T r a n s v e r s e  O p to g a lv a n ic  S tu d ie s  82

4 . 4 .4  O p to g a lv a n ic /E m is s io n  S tu d ie s  84

4 . 4 .5  R e s u l t s  i n  O th e r  D is c h a r g e s  86

4 .5  R a te  E q u a t io n  A n a ly s i s  86

4 .5 .1  A n a ly s i s  87

4 . 5 .2  N u m e r ic a l R e s u l t s  and  D i s c u s s io n  90

4 .6  Summary and C o n c lu s io n  95

R e fe r e n c e s

F ig u r e s



C h a p te r  5 -  S a t u r a t e d  A b s o r p t io n  S p e c tro s c o p y  i n  T u n g s te n  I

5 .1  I n t r o d u c t i o n  99

5 .2  S a t u r a t e d  A b s o r p t io n  S p e c t ro s c o p y  101

5 .2 .1  S a t u r a t i o n  S p e c t r o s c o p y  i n  Two L e v e l Atoms 102

5 .2 .2  C ro s s o v e r  R e so n a n c e s  108

5 .3  T h eo ry  o f  I s o t o p e  S h i f t s  ' 109

5 .4  P r e v io u s  R e s u l t s  From I s o t o p e  S h i f t  M easu rem en ts  i n

T u n g s te n  I  115

5 .5  S a tu r a t e d  A b s o r p t io n  S p e c t r a  117

5 .6  Summary 125

R e f e r e n c e s

F ig u r e s

A p p en d ix  A -  The W avem eter 

I n t r o d u c t i o n  

The I n t e r f e r o m e t e r  

M ethod o f A lig n m e n t 

The P r e s e t  C ount 

The E l e c t r o n i c s  

R e f e r e n c e s  

F ig u r e s

A1

A2

A3

A5

A7

A p p en d ix  B -  S t a b i l i t y  R e g io n  C a l c u l a t i o n s  -  C om puter P ro g ram s B1 

-  A lig n m e n t P r o c e d u r e  f o r  I n c o r p o r a t i n g  th e

F re q u e n c y  D o u b lin g  E le m e n ts  B2

A p p en d ix  C -  C om puter P ro g ra m s U sed i n  A n a ly s in g  H eliu m  2 ,S 

M e ta s t a b l e  D e n s i t i e s C l

A p p en d ix  D -  C hange i n  th e  E l e c t r o n  D e n s i ty  i n  a  D is c h a rg e D1



A p p en d ix  E -  M ethod o f S o lv in g  N eon P o s i t i v e  Column R a te

E q u a t io n s  , E l

-  C om puter P ro g ra m s



CHAPTER 1

INTRODUCTION



-  1

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

D evelopm en t o f  t u n a b le  l a s e r s  and t h e i r  u s e  i n  l a s e r  s p e c t r o s c o p y  

a r e  two t i g h t l y  i n t e r c o n n e c t e d  f i e l d s  o f  r e s e a r c h .  The need  f o r  

s p e c i f i c  w a v e le n g th s  o f  l a s e r  l i g h t  t o  c a r r y  o u t k ey  fu n d a m e n ta l  

e x p e r im e n ts  m o t iv a te s  many a d v a n c e s  i n  tu n a b le  l a s e r  t e c h n o lo g y .  

C o n v e r s e ly ,  d e v e lo p m e n ts  l e a d in g  to  e x te n d e d  w a v e le n g th  r a n g e s ,  

d e c r e a s e d  l i n e w i d t h  an d  i n c r e a s e d  f r e q u e n c y  s t a b i l i t y  i n  tu n a b le  

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

T o d ay , t h e r e  i s  a  w id e  v a r i e t y  o f  tu n a b le  l a s e r  s o u r c e s  

a v a i l a b l e ,  su c h  a s  CW and  p u ls e d  dye l a s e r s ,  F - c e n t r e  l a s e r s  and  

tu n a b le  d io d e  l a s e r s ,  e t c .  A ls o ,  t h e r e  i s  a  l a r g e  num ber o f  n o n l i n e a r  

te c h n iq u e s  ( s u c h  a s  s e c o n d  h a rm o n ic  g e n e r a t i o n  (SHG), sum and

d i f f e r e n c e  f r e q u e n c y  m ix in g ,  p a r a m e t r i c  o s c i l l a t i o n ,  f o u r  wave m ix in g )  

w h ich  c a n  be u se d  to  g e n e r a t e  w a v e le n g th s  n o t  d i r e c t l y  o b t a i n a b l e  i n  

s i n g l e  l a s e r  t r a n s i t i o n s .  C om bining th e  b a s i c  w a v e le n g th  ra n g e  

o b ta in e d  from  tu n a b le  l a s e r s  w i th  t h a t  o b ta in e d  by n o n l i n e a r  

t e c h n iq u e s ,  m o st o f  th e  w a v e le n g th  s p e c tru m  from  th e  UV (^ZlOnm ) to  

t h e  n e a r  i n f r a  re d  (y3pm ) i s  c o v e re d .

I n  th e  p r e s e n t  w ork  a n  i n t r a c a v i t y  f r e q u e n c y  d o u b le d  r i n g  dye

l a s e r  i s  d e v e lo p e d  from  a  S p e c t r a - P h y s ic s  380D l a s e r  t o  p r o v id e  a  

s i n g l e  f r e q u e n c y  CW s o u r c e  o f  UV r a d i a t i o n  i n  t h e  ra n g e  290-300nm . 

T h is  l a s e r  i s  t h e n  u s e d  i n  a  v a r i e t y  o f  s p e c t r o s c o p i c  s t u d i e s

i n c l u d i n g  m ea su re m e n ts  o f  h e l iu m  m e ta s t a b l e  d e n s i t i e s  i n  a  p o s i t i v e  

co lum n d i s c h a r g e ,  o p to g a lv a n ic  s t u d i e s  i n  a  .n eo n  p o s i t i v e  co lum n 

d i s c h a r g e  and  s u b -D o p p le r  r e s o l u t i o n  s t u d i e s  i n  t u n g s t e n .
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L a s e r  s p e c t r o s c o p y  f i r s t  becam e p r a c t i c a l  w i th  th e  d ev e lo p m e n t o f  

r e l i a b l e  dye l a s e r s .  ( F o r  a  r e c e n t  re v ie w  o f  dye l a s e r s  s e e  S c h a f e r  

[ 1 ] ) .  The a b s o r p t i o n / e m i s s i o n  s p e c tru m  o f  a n  o r g a n ic  dye i s  shown i n  

f i g u r e  1 .1 .  A lso  show n i n  f i g u r e  1 .1  i s  th e  e x c i t a t i o n  and  s t i m u l a t e d  

e m is s io n  c y c le  c a u s e d  by o p t i c a l l y  pum ping a n  o r g a n ic  d y e . I f  a 

s u i t a b l e  r e s o n a t o r  i s  p r o v id e d ,  l a s e r  o s c i l l a t i o n  c a n  o c c u r  o v e r  a  

b ro a d  band c o r r e s p o n d in g  to  t r a n s i t i o n s  from  th e  lo w e s t  v i b r a t i o n a l  

l e v e l  o f t h e  f i r s t  e x c i t e d  s i n g l e t  l e v e l  to  th e  e x c i t e d  v i b r a t i o n a l  

l e v e l s  o f  t h e  g ro u n d  s t a t e  o f  t h e  dye m o le c u le .  The g e n e r a l  s t r a t e g y  

f o r  c o n v e r t in g  a  l a s e r  w i th  g a i n  o v e r  a  b ro a d  band  i n t o  a  s o u r c e  o f  

t u n a b le  c o h e r e n t  r a d i a t i o n  i s  shown i n  f i g u r e  1 .2 .  S e v e r a l  f r e q u e n c y  

s e l e c t i v e  e le m e n ts  ( p r i s m s ,  g r a t i n g s ,  b i r é f r i n g e n t  tu n in g  p l a t e s ,  

F a b ry  P e r o t  é t a l o n s )  a r e  u s u a l l y  r e q u i r e d  to  o b t a i n  o s c i l l a t i o n  on  

o n ly  a  s i n g l e  l o n g i t u d i n a l  c a v i t y  mode (w h e re  th e  s p a c in g  i n  f r e q u e n c y  

b e tw e e n  l o n g i t u d i n a l  m odes i s  c /2 L , L b e in g  th e  c a v i t y  l e n g t h ) .

The g e n e r a t i o n  o f  CW UV r a d i a t i o n  by f r e q u e n c y  d o u b l in g  CW dye 

l a s e r  r a d i a t i o n  i n  a  n o n l i n e a r  c r y s t a l  i s  now a  s t a n d a r d  t e c h n iq u e .  

Many n o n l i n e a r  m a t e r i a l s  h a v e  b e e n  u sed  a s  f r e q u e n c y  d o u b le r s  [2 ] 

(p o ta s s iu m  d ih y d ro g e n  p h o s p h a te  and i t s  is o m o rp h s ,  l i t h i u m  fo r m a te ,  

l i t h i u m  i o d a t e ,  p o ta s s iu m  p e n ta b o r a t e  and u r e a ,  f o r  e x a m p le ) .  The 

w a v e le n g th s  o b t a i n a b l e  u s in g  th e s e  m a t e r i a l s  by a n g le  tu n in g  and  

t e m p e r a tu r e  t u n in g  a r e  su m m arised  i n  f i g u r e s  1 .3  and  1 .4 .  A 

c o n s id e r a b l e  i n c r e a s e  i n  th e  e f f i c i e n c y  o f  SHG c a n  be o b ta in e d  by 

p l a c i n g  th e  n o n l i n e a r  c r y s t a l  i n s i d e  th e  dye l a s e r  c a v i t y ,  w h e re  th e  

a v a i l a b l e  fu n d a m e n ta l  pow er i s  much h i g h e r .
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C h a p te r  2 i s  c o n c e rn e d  w i th  th e  d e v e lo p m e n t o f  a n  i n t r a c a v i t y  

f r e q u e n c y  d o u b le d  dye l a s e r  b a s e d  on th e  S p e c t r a - P h y s ic s  380D, I t  

s t a r t s  w i th  a  re v ie w  o f  s i n g l e  mode dye l a s e r  d e v e lo p m e n t,  

c o n c e n t r a t i n g  on  r i n g  dye l a s e r s .  Such sy s te m s  may be d e s ig n e d  to  

g iv e  optim um  v i s i b l e  o u tp u t  pow er o r  t o  p r o v id e  h ig h  i n t r a c a v i t y  

p o w ers  f o r  e f f i c i e n t  i n t r a c a v i t y  sec o n d  h a rm o n ic  g e n e r a t i o n  (SHG). I n  

th e  l a t t e r  c a s e  a  v e r y  s m a l l  am ount o f  th e  fu n d a m e n ta l  pow er i s  

c o u p le d  o u t o f  th e  c a v i t y .  The s i n g l e  mode dye l a s e r s  a r e  d e s c r ib e d  

i n  te rm s  o f  fu n d a m e n ta l  pow er o u tp u t ,  l i n e w i d t h  ( w i th  o r  w i th o u t  

s t a b i l i s a t i o n )  and  se c o n d  h a rm o n ic  pow er g e n e r a te d  (w h e re  th e  sy s te m  

h a s  b e e n  u se d  f o r  SHG). F o llo w in g  th e  re v ie w  o f  s in g le -m o d e  dye 

l a s e r s  t h e  i n t r a c a v i t y  e le m e n ts  o f  th e  S p e c t r a - P h y s ic s  380D r i n g  dye 

l a s e r ,  w h ich  i s  u s e d  i n  th e  p r e s e n t  w ork , a r e  d e s c r i b e d .  The ty p e s  o f  

e le m e n ts  a r e  common to  m ost r i n g  dye l a s e r s .  As th e  380D i s  t o  be 

u s e d  f o r  i n t r a c a v i t y  SHG i n  a n  ADA c r y s t a l ,  i t  i s  n e c e s s a r y  t o  

c o n s id e r  th e  e f f e c t  w h ich  in t r o d u c i n g  th e  c r y s t a l  h a s  o n  th e  s t a b i l i t y  

o f  th e  c a v i t y .  C om pute r c a l c u l a t i o n s  o f th e  s t a b i l i t y  r e g io n s  f o r  th e  

t a n g e n t i a l  and  s a g i t t a l  p la n e s  o f  th e  380D c a v i t y  a r e  p e r fo rm e d . I t  

i s  fo u n d  t h a t  t o  a c h ie v e  optim um  o v e r la p  o f  th e  s t a b i l i t y  r e g io n s  w hen 

u s in g  a  15mm lo n g  ADA c r y s t a l ,  a  15mm lo n g  q u a r tz  rhomb s h o u ld  be 

in c lu d e d  i n  th e  same arm o f th e  c a v i t y  a s  th e  ADA c r y s t a l  and a  1.5mm 

lo n g  q u a r tz  rhomb s h o u ld  r e p l a c e  th e  s ta n d a r d  a s t ig m a t i s m  c o m p e n s a to r  

i n  th e  dye j e t  arm  o f  th e  c a v i t y .  When u s in g  a  20mm lo n g  ADA c r y s t a l ,  

a  20mm lo n g  q u a r tz  rhomb s h o u ld  be in c lu d e d  i n  th e  same arm  a s  th e  

c r y s t a l  and no a s t ig m a t i s m  c o m p e n sa to r  s h o u ld  be p la c e d  i n  th e  j e t  

arm .
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The p r i n c i p l e s  o f  SHG a r e  o u t l in e d  i n  C h a p te r  2 ,  b e f o r e  th e  

r e s u l t s  o f  i n t r a c a v i t y  f r e q u e n c y  d o u b lin g  i n  th e  380D a r e  p r e s e n t e d .  

A maximum UV p o w er o f  l7mW h a s  b e e n  m easu red  o u t s i d e  th e  c a v i t y  

( c o r r e s p o n d in g  to  29mW b e in g  g e n e r a te d  i n  th e  c r y s t a l ) .  T h is  was 

g e n e r a te d  by 25W o f i n t r a c a v i t y  fu n d a m e n ta l  p o w er. More t y p i c a l l y ,  

12mW o f u s a b le  UV p o w er was e a s i l y  o b ta in e d .  E x p e r im e n ta l ly ,  i t  was 

fo u n d  t h a t  th e  r e d u c t i o n  i n  i n t r a c a v i t y  pow er c a u se d  by th e  

i n t r o d u c t i o n  o f  a n  a s t ig m a t i s m  co m p e n sa tin g  rhomb (l-Sram  lo n g )  i n  th e  

dy e  j e t  arm  f a r  o u tw e ig h e d  an y  a d v a n ta g e  o f  m ore c o m p le te  o v e r la p  o f  

t h e  s t a b i l i t y  r e g io n s  f o r  th e  t a n g e n t i a l  and  s a g i t t a l  p la n e s  o f  th e  

c a v i t y .  T h u s , t h e  optim um  s e t  o f  f r e q u e n c y  d o u b l in g  o p t i c s  i s  a  20mm 

lo n g  ADA c r y s t a l  and  a  20mm lo n g  q u a r tz  rhomb i n  th e  a u x i l i a r y  w a i s t  

arm  o f  th e  c a v i t y ,  w i th  no a s t ig m a t i s m  c o m p e n s a to r  i n  th e  dye j e t

a rm . T h is  c o m b in a t io n  g iv e s  maximum o v e r la p  o f  t h e  s t a b i l i t y  r e g io n s

w h i l s t  m in im is in g  th e  num ber o f  i n t r a c a v i t y  e le m e n ts .  The UV pow er 

g e n e r a te d  i s  re d u c e d  from  optim um  by p h a se  m ism a tch  e f f e c t s  c a u se d  by 

a b s o r p t i o n  i n  th e  c r y s t a l .  T h is  a b s o r p t i o n  i s  e s t i m a t e d .

3
I n  C h a p te r  3 m e a su re m e n ts  o f  h e l iu m  2 S m e ta s t a b l e  d e n s i t i e s  i n  a

p o s i t i v e  co lum n d i s c h a r g e  a r e  p r e s e n t e d .  T h ese  a r e  o b ta in e d  u s in g  th e

s in g le -m o d e  UV o u tp u t  o f  t h e  f r e q u e n c y  d o u b le d  r i n g  dye l a s e r  a s  t h e

3 3r a d i a t i o n  s o u r c e  t o  m e a su re  th e  a b s o r p t i o n  o n  th e  2 S -5  P t r a n s i t i o n  

a t  294 .51nm . The a d v a n ta g e s  o f  u s in g  l a s e r  a b s o r p t i o n  a r e ;  ( i )  i t  

a l lo w s  d i r e c t  m easu rem en t o f  th e  a b s o r p t i o n  a t  l i n e  c e n t r e ;  ( i i )  th e  

g a s  te m p e r a tu r e  may be c a l c u l a t e d  from  th e  m easu red  D o p p le r -w id th  o f

th e  a b s o r p t i o n  l i n e  p r o f i l e ;  an d  ( i i i )  t h e  g e o m e try  i s  s im p le .  T h e re

a r e  a l s o  a d v a n ta g e s  i n  u s in g  a  UV t r a n s i t i o n  r a t h e r  th a n  a  v i s i b l e  

t r a n s i t i o n :  ( i )  th e  l a r g e r  D o p p le r  w id th  im p l ie s  t h a t  i t  i s  much l e s s

l i k e l y  t h a t  f i n e  s t r u c t u r e  w i l l  l e a d  to  a  n o n -G a u s s ia n  a b s o r p t i o n  

p r o f i l e ;  and  ( i i )  th e  u p p e r  l e v e l  o f  th e  t r a n s i t i o n  i s  h ig h e r  i n
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e n e rg y  a n d , t h e r e f o r e ,  i s  l e s s  p o p u la te d  ( t h e  p o p u la t i o n  d e n s i t y  o f 

t h e  lo w e r  l e v e l  i s  o n ly  o b ta in e d  i n  th e  l i m i t  o f  n e g l i g i b l e  u p p e r  

l e v e l  p o p u l a t i o n  d e n s i t y ) .

3
The im p ro v ed  a c c u r a c y  o f  th e  m easu red  He 2 S d e n s i t i e s ,  o v e r  

th o s e  o b ta in e d  by a b s o r p t i o n  m easu rem en ts  u s in g  b ro a d  band s o u r c e s ,

3
a l lo w s  a  new a p p ro a c h  t o  th e  r a t e  e q u a t io n  a n a l y s i s  f o r  th e  He 2 S 

m e t a s t a b l e s .  The e x p e r im e n ta l  m e ta s t a b l e  d e n s i t i e s  a r e  u s e d  i n  th e
3

r a t e  e q u a t io n  d e s c r i b i n g  th e  He 2 S d e n s i t y  t o  d ed u c e  v a lu e s  o f  th e
3

r a t e  c o e f f i c i e n t s  f o r  e x c i t a t i o n  o f  He 2 S by e l e c t r o n  c o l l i s i o n s  and
3

t h e  d e s t r u c t i o n  o f  He 2 S m e t a s t a b l e s  by e l e c t r o n  c o l l i s i o n  l e a d in g  to  

th e  c r e a t i o n  o f  m ore h i g h l y  e x c i t e d  s p e c i e s .  I t  i s  fo u n d  t h a t  t h e  He
3

2 S d e n s i t y  a t  h i g h e r  p r e s s u r e s  (4 - 8  T o r r )  i s  l a r g e r  t h a n  t h a t

p r e d i c t e d  by th e  e x c i t a t i o n  and  d e s t r u c t i o n  p r o c e s s e s  u s u a l l y  assum ed

to  a f f e c t  t h i s  d e n s i t y .  S e v e r a l  a d d i t i o n a l  e x c i t a t i o n  p r o c e s s e s  f o r  
3

t h e  2 S s t a t e  a r e  ex am in ed  i n  a n  a t te m p t  t o  a c c o u n t  f o r  t h i s  

d i s c r e p a n c y .

The a b s o r p t i o n  e x p e r im e n t  i n  h e liu m  d e m o n s t r a te s  th e  u s e f u ln e s s  

o f  a  s in g le -m o d e  r i n g  dye l a s e r  a s  a  d i s c h a r g e  d i a g n o s t i c  t o o l .  T h is  

them e i s  ex p an d ed  i n  C h a p te r  4 w h ich  d e s c r i b e s  o p to g a lv a n ic  

s p e c t r o s c o p y  on  th e  I s ^ - ^ p g  t r a n s i t i o n  a t  5 8 8 .2nm i n  n e o n . I n  

o p to g a lv a n ic  s p e c t r o s c o p y  i t  i s  th e  ch an g e  i n  i o n i s a t i o n  i n  a 

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

( i n d i r e c t l y ) .  F o r  a  t r a n s i t i o n  o r i g i n a t i n g  on  a  m e ta s t a b l e  s t a t e ,  

l i k e  th e  n eo n  l s ^ - 2 p 2  t r a n s i t i o n ,  t h i s  n o rm a lly  c o r r e s p o n d s  t o  a  

d e c r e a s e  i n  t h e  i o n  d e n s i t y  due to  i r r a d i a t i o n .  I n  th e  e x p e r im e n ts  

d e s c r i b e d ,  a  r e v e r s a l  i n  t h e  s ig n  o f  th e  o p to g a lv a n ic  s i g n a l  on a  

m e ta s t a b l e  t r a n s i t i o n  a s  th e  i r r a d i a t i n g  pump pow er i s  i n c r e a s e d  i s  

o b s e r v e d ,  f o r  th e  f i r s t  t im e .  T h is  r e v e r s a l  c o r re s p o n d s  to  a  d e c r e a s e  

i n  th e  i o n  d e n s i t y  f o r  s m a l l  i r r a d i a t i n g  pow ers c h a n g in g  to  an
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i n c r e a s e  i n  th e  i o n  d e n s i t y  f o r  h ig h e r  i r r a d i a t i n g  p o w e rs . The 

r e v e r s a l  o c c u rs  o n ly  f o r  a  l i m i t e d  ra n g e  o f  p r e s s u r e s  and  c u r r e n t s .  A 

r a t e  e q u a t io n  a n a l y s i s  i s  d e v is e d  to  f i n d  a  m echanism  w h ich  l e a d s  to  

su c h  a  r e v e r s a l .  I t  i s  fo u n d  t h a t  th e  i n c r e a s i n g  d e n s i t y  o f  th e  I s ^  

m e ta s t a b l e  s t a t e  c a u s e d  by i r r a d i a t i o n  a t  5 8 8 .2nm c a n  q u a l i t a t i v e l y  

e x p l a i n  th e  o b s e rv e d  r e v e r s a l .  P r e v io u s ly  i t  h a s  b e e n  assum ed  t h a t  

t h i s  l e v e l  d o e s  n o t  a f f e c t  th e  ch an g e  i n  i o n i s a t i o n  c a u s e d  by 

i r r a d i a t i o n  on  th e  l s ^ - 2 p ^  t r a n s i t i o n s .

The m ost p u rs u e d  a p p l i c a t i o n  o f s i n g l e  mode dye l a s e r s  i n  l a s e r  

s p e c t r o s c o p y  h a s  so  f a r  b e e n  h ig h  r e s o l u t i o n  s t u d i e s .  A num ber o f  

t e c h n i q u e s ,  i n c l u d i n g  s a t u r a t e d  a b s o r p t i o n ,  in te r m o d u la te d  

f l u o r e s c e n c e ,  p o l a r i s a t i o n  s p e c t r o s c o p y ,  i n te r m o d u la te d  o p to g a lv a n ic  

s p e c t r o s c o p y  and  two p h o to n  s p e c tr o s c o p y  [ 3 , 4 ] ,  r e s o lv e  r e s o n a n c e s  

b e lo w  th e  D o p p le r  w id th .  O th e r  t e c h n iq u e s ,  u s in g  a  c o l l im a te d  a to m ic  

beam c r o s s e d  t r a n s v e r s e l y  w i th  a  l a s e r  beam o r  an  a c c e l e r a t e d  i o n  beam 

c o - l i n e a r  w i th  a  l a s e r  beam , re d u c e  th e  e f f e c t i v e  D o p p le r  w id th  and  

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

I n  many i n s t a n c e s  th e  p r e c i s i o n  a c h ie v e d  by h ig h  r e s o l u t i o n  l a s e r  

s p e c t r o s c o p y  i s  n o t  a s  good a s  t h a t  a c h ie v e d  by r a d io - f r e q u e n c y  

t e c h n iq u e s ,  b u t  t h e  two a r e  l a r g e l y  c o m p le m e n ta ry . T h is  i s  

d e m o n s tra te d  by th e  m easu rem en t o f  t h e  h y d ro g e n  IS  Lamb s h i f t  by 

D o p p le r  f r e e  l a s e r  s p e c t r o s c o p y  [ 5 ,6 ]  and  th e  m easu rem en t o f  i s o t o p e  

s h i f t s .  T h ese  m e a su re m e n ts  c a n  n o t  be p e r fo rm e d  by r a d io - f r e q u e n c y  

m e th o d s . O f te n  th e  l i m i t a t i o n  i n  th e  p r e c i s i o n  o f  th e  m easu red  

f r e q u e n c y  s e p a r a t i o n s  a r i s e s  from  th e  c a l i b r a t i o n  o f  th e  m easu red  

s p e c t r a  u s in g  i n t e r f e r o m e t e r s .
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I n  C h a p te r  5 a  s a t u r a t e d  a b s o r p t i o n  e x p e r im e n t ,  m e a s u r in g  th e  

e v e n  i s o to p e  s h i f t s  an d  one h y p e r f in e  s p l i t t i n g  i n  WI, i s  d e s c r i b e d .  

The s a t u r a t e d  a b s o r p t i o n  s p e c t r a  on  two UV t r a n s i t i o n s  a t  294 .440nm  

an d  294 .698nm  ( a i r  a t  1 5 * 0 , 1 a tm o s p h e re )  a r e  g e n e r a t e d .  The e v e n

i s o t o p e  p e a k s  a r e  s e p a r a t e d  by a b o u t  100 MHz. The r e l a t i v e  s h i f t s  

b e tw e e n  p a i r s  o f  e v e n  i s o t o p e s ,  A (1 8 2 - 1 8 4 ) /A (1 8 4 - 1 8 6 ) , i s  m easu red  a s  

1 .1 4 + 0 .0 5  a t  294 .440nm  and  a s  1,10HK).05 a t  294 .698nm . T h ese  v a lu e s  

a r e  i n  a g re e m e n t w i th  p r e v io u s  m easu rem en ts  o n  v i s i b l e  t r a n s i t i o n s  

w i th  l a r g e r  s p l i t t i n g s ,  p e r fo rm e d  by e m is s io n  s p e c t r o s c o p y .  Two o f  

t h e  h y p e r f in e  co m p o n e n ts , due t o  h av e  a l s o  b e e n  r e s o lv e d .

I n  A p p en d ix  A a  c o r n e r - c u b e  w av em ete r w h ich  i s  u s e d  f o r  m e a s u r in g  

t h e  w a v e le n g th  o f  t h e  r i n g  dye l a s e r  o u tp u t  ( e i t h e r  fu n d a m e n ta l  o r  

se c o n d  h a rm o n ic )  i s  d e s c r i b e d .  The m e c h a n ic a l  and  e l e c t r o n i c  d e s ig n  

h a s  b e e n  r e f i n e d  so  t h a t  w a v e le n g th  m easu rem en t i s  r o u t i n e .
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2 .1  I n t r o d u c t i o n

F o r  th e  s p e c t r o s c o p i c  s t u d i e s  p ro p o s e d , a  l a s e r  s o u rc e  p r o v id in g  

tu n a b le  o u tp u t  i n  th e  UV an d  v i s i b l e  w i th  a  l i n e w id th  o f  l e s s  th a n  

1 MHz i s  r e q u i r e d .  T h is  s u g g e s t s  a  s i n g l e  mode dye l a s e r  w h ich  may be 

u s e d  a s  a  s o u rc e  f o r  se c o n d  h arm o n ic  g e n e r a t i o n  (SHG). The 

d e v e lo p m e n t o f  su c h  l a s e r s ,  i n  p a r t i c u l a r  r i n g  dye l a s e r s ,  and  t h e i r  

u s e  f o r  i n t r a c a v i t y  s e c o n d  h a rm o n ic  g e n e r a t i o n  i s  r e v ie w e d . A

S p e c t r a - P h y s ic s  380D r i n g  dye l a s e r  h a s  b een  u se d  i n  t h i s  w ork and th e  

i n t r a c a v i t y  e le m e n ts  an d  s t a b i l i s a t i o n  o f  t h i s  c a v i t y  a r e  o u t l i n e d .

The 380D r i n g  dye l a s e r  c a v i t y  h a s  two f o c i .  The dye j e t  i s

l o c a t e d  a t  one and  t h e  o t h e r  i s  a u x i l i a r y .  The a u x i l i a r y  fo c u s  

p r o v id e s  a  p o in t  o f  h ig h  i n t r a c a v i t y  fu n d a m e n ta l i n t e n s i t y  w h ich  may 

b e  e x p l o i t e d  f o r  e f f i c i e n t  SHG. The c a v i t y ,  a s  d e l i v e r e d ,  i s  

a s t i g m a t i c a l l y  c o m p en sa ted  b u t  th e  i n t r o d u c t i o n  o f  a  B re w s te r  a n g le d  

ADA (ammonium d ih y d ro g e n  a r s e n a t e )  c r y s t a l  a t  th e  a u x i l i a r y  beam w a is t  

c a u s e s  a s t ig m a t is m  i n  t h e  beam . To m in im ise  t h i s  a s t ig m a t i s m ,

c o m p e n sa tin g  q u a r tz  rhom bs may a l s o  be in t r o d u c e d .  I t  i s  d e s i r a b l e  to

h a v e  th e s e  rhombs w i th  t h e  same o p t i c a l  p a th l e n g th  a s  t h e  n o n l in e a r  

c r y s t a l  so  t h a t  beam w a lk - o f f  i s  a l s o  c o r r e c t e d .  C om puter 

c a l c u l a t i o n s  m o d e l l in g  th e  380D c a v i t y  a r e  p e r fo rm e d . T h ese

c a l c u l a t i o n s  p r e d i c t  o p t i c s  c o m b in a tio n s  f o r  i n t r a c a v i t y  SHG w h ich  

g iv e  a  c a v i ty  w e l l  co m p e n sa te d  a g a i n s t  a s t ig m a t i s m .

The p r i n c i p l e s  o f  SHG a r e  o u t l i n e d .  The e f f e c t s  o f  non-optim um

f o c u s in g  o f th e  fu n d a m e n ta l  beam i n  th e  n o n l i n e a r  c r y s t a l  and

th e r m a l ly  in d u c e d  p h a s e  m ism a tc h  a r e  f o r m a l i s e d .  The p e r fo rm a n c e  o f 

t h e  380D r in g  dye l a s e r  f o r  i n t r a c a v i t y  SHG i n  ADA i s  c h a r a c t e r i s e d  

e x p e r im e n ta l l y .  The o p t i c s  c o m b in a tio n s  p r e d ic t e d  t o  g iv e  a w e l l  

a s t i g m a t i c a l l y  co m p en sa ted  c a v i t y  a r e  com pared i n  te rm s  o f SHG 1
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e f f i c i e n c y .  The UV p o w er g e n e r a te d  shows a m arked  d e c r e a s e ,  a t  h ig h

i n t r a c a v i t y  p o w e rs , o v e r  t h a t  e x p e c te d  from  th e  th e o r y  o f  Boyd and 

K le in m an  [ 5 4 ] .  T h is  d e c r e a s e  i s  w e l l  d e s c r ib e d  i n  te rm s  o f th e r m a l ly  

in d u c e d  p h ase  m ism a tc h . A maximum o f 17mW o f u s a b le  UV r a d i a t i o n  i s  

g e n e r a te d  u s in g  4.5W o f  5 1 4 .5nm A r l a s e r  pow er t o  pump th e  dye 

l a s e r .

2 .2  R eview  o f  S in g le  Mode Dye L a s e r s

F o r  th e  p u rp o s e  o f  s p e c t r o s c o p i c  s t u d i e s  o f  a to m s and m o le c u le s ,  

u s in g  b o th  D o p p le r - l im i t e d  and  s u b -D o p p le r  t e c h n i q u e s ,  a  s i n g l e  

f r e q u e n c y  s c a n a b le  l a s e r  i s  t h e  m ost v e r s a t i l e  and  u s e f u l  t o o l .  Dye 

l a s e r s  a r e  e x c e l l e n t  t u n a b l e  l i g h t  s o u rc e s  due to  th e  b ro a d  

f l u o r e s c e n c e  s p e c tru m  o f  t h e  a c t i v e  m edium . I n  th e  tw e n ty  y e a r s  dye 

l a s e r s  h av e  b e e n  a v a i l a b l e ,  c o n s id e r a b l e  e f f o r t  h a s  b e e n  made to  

d e c r e a s e  th e  e f f e c t i v e  b a n d w id th , i n c r e a s e  th e  o u tp u t  pow er and

e f f i c i e n c y ,  and  to  i n c r e a s e  t h e  c o v e ra g e  o f t h e  f r e q u e n c y  sp e c tru m  by 

t h e  i n t r o d u c t i o n  o f  new d y e s  and  th e  u s e  o f n o n l i n e a r  te c h n iq u e s  f o r  

f r e q u e n c y  c o n v e r s io n .

The f i r s t  s i n g l e  f r e q u e n c y  CW dye l a s e r  r e p o r t e d  [1 ] was a  

s t a n d in g  wave c a v i t y  i n c o r p o r a t i n g  a  B re w s te r  a n g le  d i s p e r s i n g  p r is m  

an d  an  u n c o a te d  g l a s s  é t a l o n  ( t h i c k n e s s  2mm, n = 1 .7 5 )  a s  shown i n  

f i g u r e  2 .1 .  A b a n d w id th  o f  35 MHz, s t a b l e  to  180 MHz f o r  s e v e r a l  

m in u te s ,  was a c h ie v e d  w i th  t h i s  sy s te m  and th e  o u tp u t  was d e m o n s tra te d  

t o  be a  s i n g l e  l o n g i t u d i n a l  c a v i t y  m ode. I t  r e q u i r e d  v e r y  c a r e f u l  

c a v i t y  a d ju s tm e n t  t o  a c h ie v e  t h i s .  N e v e r th e l e s s ,  t h e  s i n g l e  mode 

o u tp u t  was tu n e d  o v e r  3 GHz, by  v e r y  s m a l l  c h a n g es  i n  th e  a n g le  o f  M^, 

b e f o r e  o th e r  l o n g i t u d i n a l  m odes w e re  o b se rv e d  to  o s c i l l a t e .



- l o ­

i n  a  c a v i t y  s i m i l a r  to  t h a t  i n  f i g u r e  2 .1 ,  b u t ,  r e p l a c i n g  th e  2mm 

t h i c k  é t a l o n  by one 10mm lo n g  w i th  r e f l e c t i v e  c o a t in g s  (R=63% ), 

S c h ro d e r  e t  a l  [2 ]  o b ta in e d  10 mW o f s i n g l e  mode o u tp u t  pow er w i th  a

f r e e  ru n n in g  l i n e w i d t h  a s  s m a l l  a s  2 MHz, u s in g  I.5W  o f  5 1 4 ,5nm Ar"*" 

pump p o w er. T h is  c o r r e s p o n d s  t o  a n  e f f i c i e n c y  o f  l e s s  t h a n  2%. The 

u s e  o f  a  h ig h  r e f l e c t i v i t y  é t a l o n  h a s  g r e a t l y  re d u c e d  th e  e f f i c i e n c y  

o f  t h e  dye l a s e r  (w h ic h  c a n  be a s  much a s  35% ), due t o  a b s o r p t i o n  and  

r e f l e c t i o n  l o s s e s .  T h is  s m a l l  l i n e w i d t h  was a c h ie v e d  by s t a b i l i s i n g  

th e  dye t e m p e r a tu r e  t o  1 /1 0 0  ®C, r e d u c in g  th e  f l u c t u a t i o n s  i n  th e  pump 

p o w er t o  l e s s  t h a n  20mW, o p t im i s in g  th e  d e s ig n  o f  t h e  dye c e l l  to  

a v o id  t u r b u l e n t  f lo w  i n  th e  pumped r e g io n  and  m aking  t h e  w h o le  sy s te m  

m e c h a n ic a l ly  r i g i d .  W ith  a  l a t e r ,  s i m i l a r  c a v i t y  d e s ig n  [3 ] th e y  

a c h ie v e d  50 mW o f  s i n g l e  mode o u tp u t  pow er f o r  1.7W pump p o w e r. 

I n c r e a s i n g  th e  pump pow er bey o n d  t h i s  l e v e l  l e a d s  t o  m u lti-m o d e  

o p e r a t i o n .  T h is  i s  a  b a s i c  c h a r a c t e r i s t i c  o f  a l l  s t a n d in g  wave CW dye 

l a s e r s  u s in g  p r is m s  ( o r  b i r é f r i n g e n t  f i l t e r s )  and  é t a l o n s  t o  o b t a i n  

s i n g l e  mode o p e r a t i o n .  I t  i s  due t o  t h e  e f f e c t  o f  s p a t i a l  h o le  

b u r n in g .  The s t a n d in g  w ave i n s i d e  th e  l a s e r  g e n e r a t e s  a n  i n v e r s i o n  

g r a t i n g  i n  th e  dye b e c a u s e  t h e  p o p u l a t i o n  i n v e r s i o n  g e n e r a te d  by th e  

pump l a s e r  i s  d e p l e t e d  o n ly  a t  t h e  a n t i  n o d es o f th e  s t a n d in g  wave o f  

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

n o n - d e p le te d  p o p u l a t i o n  i n v e r s i o n  r e g io n s  w i l l  e v e n tu a l ly  be 

s u f f i c i e n t  t o  overcom e t h e  g r e a t e r  l o s s e s  f o r  t h a t  m ode, a s  th e  pump 

pow er i s  i n c r e a s e d .  Thus a d d i t i o n a l  modes w i th  t h e i r  a n t in o d e s  

o c c u r r in g  i n  th e  n o n - d e p le te d  p o p u l a t i o n  i n v e r s i o n  r e g io n s  w i l l  s t a r t  

t o  o s c i l l a t e .  To be a b l e  t o  i n c r e a s e  th e  pump pow er and m a in ta in  

s i n g l e  mode o p e r a t i o n  m ore h i g h l y  s e l e c t i v e  é t a l o n s  ( l a r g e r  

r e f l e c t i v i t i e s )  t o  d i s c r i m i n a t e  a g a i n s t  a d j a c e n t  m odes a r e  r e q u i r e d .  

The g r e a t e r  ro u n d  t r i p  l o s s  i n t r o d u c e d ,  due to  a b s o r p t i o n  and  f r o n t  

s u r f a c e  r e f l e c t i o n  l o s s e s ,  f u r t h e r  re d u c e s  th e  e f f i c i e n c y  o f  th e
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l a s e r .  T h u s , t h e s e  s y s te m s  h a v e  i n h e r e n t  pow er l i m i t a t i o n s .

A n o th e r  a p p ro a c h  t o  o b t a i n  s i n g l e  mode o p e r a t i o n  i n  a  s t a n d in g  

wave l a s e r  i s  t o  u s e  a n  i n t r a - c a v i t y  M ic h e ls o n  i n t e r f e r o m e t e r  f o r  

f r e q u e n c y  s e l e c t i o n .  The f i r s t  su c h  l a s e r  r e p o r t e d ,  w i th  a  s i n g l e  

M ic h e ls o n  mode s e l e c t o r  r e p l a c i n g  th e  o u tp u t  m i r r o r  [ 4 ] ,  i s  shown i n  

f i g u r e  2 .2 a .  A d o u b le  M ic h e ls o n  mode s e l e c t o r  and  t r i p l e  M ic h e ls o n  

mode s e l e c t o r  [7 ]  a r e  show n i n  f i g u r e  2 .2 b .  R e s u l t s  o b ta in e d  w i th  

M ic h e ls o n  mode s e l e c t o r s  a r e  su m m arised  i n  T a b le  I*

T he d i s a d v a n ta g e s  o f  t h e s e  sy s te m s  a r e  th e  d e l i c a t e  p a th

d i f f e r e n c e  a d ju s tm e n t s  t h a t  m u st be made to  a c h ie v e  s i n g l e  mode

o p e r a t i o n  and  t h e  " o p t i c a l  l e a k s "  w h ich  r e s u l t  from  im p e r f e c t  

d e s t r u c t i v e  i n t e r f e r e n c e  o f  t h e  beam s i n  d i r e c t i o n s  A ^, A^ an d  A^ i n  

f i g u r e  2 .2 b .  C o m p ariso n  o f  th e  s i n g l e  f r e q u e n c y  e f f i c i e n c y  r e p o r t e d

u s in g  a  t r i p l e  M ic h e ls o n  i n t e r f e r o m e t e r  [7 ] w i th  t h a t  o b ta in e d  i n  a  

p r o to ty p e  f o r  th e  S p e c t r a - P h y s ic s  380D r in g  dye l a s e r  i s  show n i n  

f i g u r e  2 .2 c .  The r i n g  l a s e r  h a s  a  h ig h e r  e f f i c i e n c y  a t  low  po w ers  b u t  

a t  h ig h e r  pow ers th e  r e s u l t s  f o r  th e  t r i p l e  M ic h e ls o n  s t a n d in g  wave 

l a s e r  te n d  a s y m p t o t i c a l l y  t o  th o s e  o b ta in e d  w i th  th e  r in g  l a s e r .  The 

a d v a n ta g e  o f  t h e s e  M ic h e ls o n  mode s e l e c t o r s  i s  t h a t  th e y  a r e  low  l o s s  

an d  may be f i t t e d  on an y  c o n v e n t io n a l  s ta n d in g  wave dye l a s e r  a t  a  

r e a s o n a b le  p r i c e .  H ow ever, th e y  a r e  d i f f i c u l t  t o  a l i g n  and  s c a n  and 

t h e i r  u s e  i s  n o t  common.

I n v e s t i g a t i o n s  o f  f l a s h la m p  pumped r in g  dye l a s e r s  [8 - 9 ]  had  

show n t h e i r  b a n d w id th  t o  b e  c o n s i d e r a b l y  l e s s  t h a n  t h a t  o f  e q u i v a l e n t  

l i n e a r  dye l a s e r s  and  t h e i r  o u tp u t  t o  be  m ore s t a b l e .  T h is  m o t iv a te d  

w ork  to  o b t a i n  a  CW r i n g  dye l a s e r ,  o p e r a t i o n  o f  w h ich  was f i r s t  

a c h ie v e d  by G reen  e t  a l  [ 1 0 ] .  The r i n g  dye l a s e r  c a v i t y  th e y  u se d  i s

show n i n  f i g u r e  2 .3 .  I n  a  r i n g  l a s e r  c a v i t y ,  two e s s e n t i a l l y



Table I

R e s u l t s  U s in g  M ic h e ls o n  Mode S e l e c t o r s

M ic h e ls o n  Mode 

S e l e c t o r

Pump Pow er 

(W)

Dye M a x .S in g le  Mode 

O u tp u t Pow er i n  

M ain Beam (mW)

L in e w id th

(MHz)

S in g le  [4 ] 0 . 6 - 0 . 8 Rh6 G 3 -4 15

S in g le  [5 ] 0 .7 Rh6 G 5 30

D oub le  [ 6 ] 5 Rh6 G >250 + 2

D oub le  [7 ] 5 Rh6 G 600 30

T r i p l e  [7 ] 7 Rh6 G 1 0 0 0 30

D oub le  [7 ] 4 .5 O x a z in e 250
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in d e p e n d e n t  t r a v e l l i n g  w aves a r e  g e n e r a l l y  p ro d u c e d . T h ese  two w aves 

i n t e r f e r e  t o  g e n e r a t e  a  s t a n d in g  wave a s  th e y  do  i n  a  l i n e a r  c a v i t y .  

By in t r o d u c i n g  a  s m a l l  d i f f e r e n t i a l  l o s s  b e tw e e n  th e  two d i r e c t i o n s  o f  

p r o p a g a t io n  i t  i s  p o s s i b l e  t o  p ro d u c e  a  s i n g l e  t r a v e l l i n g  wave and  

th u s  m in im is e  th e  s p a t i a l  h o le  b u rn in g  e f f e c t s  due to  th e  s t a n d in g

w av e . T h u s , a  r e d u c t i o n  i n  th e  b a n d w id th  i s  e x p e c te d  f o r  a  r i n g  l a s e r  

o p e r a t i n g  i n  a  s i n g l e  d i r e c t i o n .  G reen  e t  a l  u se d  a  p a s s iv e  

u n i d i r e c t i o n a l  d e v ic e  t o  o b t a i n  s i n g l e  t r a v e l l i n g  wave o p e r a t i o n .  

M i r r o r  5 i n  f i g u r e  2 .3  f e e d s  b a c k  p a r t  o f  th e  l i g h t  t r a n s m i t t e d  

th ro u g h  M4 fro m  t h e  c o u n te r  c lo c k w is e  wave i n t o  th e  c lo c k w is e  wave

d i r e c t i o n .  W ith  m i r r o r  5 p r o p e r l y  a l i g n e d  th e  s t a n d in g  wave r a t i o  was 

5 0 :1  n e a r  t h r e s h o l d ,  d ro p p in g  t o  1 0 :1  a t  20% ab o v e  t h r e s h o l d .  I n

s t a n d in g  wave o p e r a t i o n ,  4 o r  5 m odes o s c i l l a t e d  c o r r e s p o n d in g  to  a  

b a n d w id th  o f  20 GHz. T h is  w as re d u c e d  to  3 .5  GHz w i th  a  s t a n d in g  wave 

r a t i o  o f 1 0 :1 .  W ith  th e  a d d i t i o n  o f  a  s i n g l e  u n c o a te d  é t a l o n  w i th  a  

FSR o f  15 GHz, s t a b l e  s i n g l e  f r e q u e n c y  o p e r a t i o n  was a c h ie v e d .  The 

l i n e w i d t h  was l e s s  t h a n  20  MHz w i th  a  lo n g  te rm  s t a b i l i t y  o f  b e t t e r  

t h a n  50 MHz. B u t ,  w i th  t h e  u s e  o f  a  p a s s iv e  o p t i c a l  i s o l a t o r ,  t h i s

s y s te m  was n o t  s u i t e d  f o r  o b t a in in g  h ig h  o u tp u t  pow ers due to  th e  

i n c r e a s e  i n  c o u p l in g  b e tw e e n  th e  c o u n te r  c lo c k w is e  and c lo c k w is e  

d i r e c t i o n s  c a u se d  by l i g h t  s c a t t e r e d  from  th e  o p t i c a l  e le m e n ts  i n  th e  

c a v i t y .

S c h ro d e r  e t  a l  [1 1 ] c o n s t r u c t e d  a  h ig h  pow er s in g le -m o d e  CW r i n g  

dye l a s e r  a l s o  u s in g  a  p a s s i v e  u n i d i r e c t i o n a l  d e v ic e  b u t  i n c o r p o r a t i n g  

a  p r is m  an d  two F a b ry  P e r o t  é t a l o n s  ( t ^  = 0.16mm, R^ = 60%, t ^  « 2mm, 

R^ = 30%) t o  a c h ie v e  s i n g l e  mode o p e r a t i o n  ( f i g u r e  2 . 4 ) .  W ith  t h i s

s y s te m  th e y  o b ta in e d  s i n g l e  mode o u tp u t  pow ers o f  1.2W a t  595nm f o r  7W 

pump pow er a t  514nm , c o r r e s p o n d in g  to  a  s lo p e  e f f i c i e n c y  o f  19%. 

(C o n v e r tin g  t h i s  l a s e r  to  a  s t a n d in g  wave c a v i t y ,  by th e  i n s e r t i o n  o f  

M^ and  M  ̂ d o t t e d  i n  f i g u r e  2 . 4 ,  th e  2mm t h i c k  F ab ry  P e r o t  é t a l o n  had
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t o  be c o a te d  f o r  a  r e f l e c t i v i t y  o f  60% i n  o r d e r  t o  a c h ie v e  s i n g l e  mode 

o u tp u t  up t o  a  pump pow er o f  7W. A s i n g l e  mode o u tp u t  pow er o f  200mW

w as o b ta in e d  w i th  a  c o n v e r s io n  e f f i c i e n c y  o f 4% i n  th e  s t a n d in g  wave

l a s e r . )  T h is  l a s e r  was u se d  f o r  t h e  f i r s t  i n t r a c a v i t y  se c o n d  h a rm o n ic  

g e n e r a t i o n  i n  a  r i n g  dye l a s e r  [ 1 1 ] .  U sin g  an  ADA c r y s t a l  and th e  

same é t a l o n s  a s  i n  t h e  s t a n d in g  wave l a s e r ,  55mW o f  s i n g l e  mode UV 

p ow er was g e n e r a te d  i n  b i s t a b l e  o p e r a t i o n .  F u r t h e r  d e v e lo p m e n ts  o f  

r i n g  dye l a s e r  s y s te m s  h a v e  b e e n  h e a v i l y  w e ig h te d  to w a rd s  a c h ie v in g  

h ig h  i n t r a c a v i t y  fu n d a m e n ta l  p o w ers  f o r  e f f i c i e n t  SHG.

W a g s ta f f  an d  Dunn [1 2 ] d e v e lo p e d  a  s i n g l e  mode r in g  dye l a s e r  

w i th  i n t r a c a v i t y  SHG i n  ADA fro m  w h a t had p r e v io u s ly  b e e n  a  s t a n d in g  

w ave sy s te m  [ 1 3 ] .  T h is  s y s te m  i s  shown i n  f i g u r e  2 .5 .  I n i t i a l l y  t h e  

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

f i l t e r  and  a  2mm s o l i d  é t a l o n .  A 2mm t h i c k  q u a r t z  p l a t e  ( p l a c e d  i n  

t h e  c a v i t y  a t  B r e w s t e r 's  a n g le  and  t i l t e d  a b o u t t h i s  on  a s c a n n in g  

g a lv a n o m e te r )  was u s e d  f o r  s c a n n in g  th e  fu n d a m e n ta l  f r e q u e n c y  o f  th e  

l a s e r .  A F a ra d a y  r o t a t o r  i n  c o m b in a t io n  w i th  a  q u a r t z  r o t a t o r y  p l a t e

( s e c t i o n  2 . 3 .1 )  w as u s e d  to  a c h ie v e  u n i d i r e c t i o n a l  o p e r a t i o n .  A

l in e w i d t h  o f  +20 MHz i n  th e  UV w i th  a  lo n g e r  te rm  d r i f t  o f  +100 MHz 

maximum e x c u r s io n  f o r  t im e s  up t o  1  m in  was m easu red  u s in g  a  c o n f o c a l

i n t e r f e r o m e t e r .  The a n g le s  o f  i n c id e n c e  on th e  m i r r o r s  o f  t h e  c a v i t y

a ,  8  and  y ,  w e re  c h o s e n  t o  c o m p e n sa te  f o r  a s t ig m a t i s m  and com a. W ith  

t h i s  c a v i t y ,  3mW o f  s i n g l e  mode UV was th e n  g e n e r a te d  f o r  4.5W ,

5 1 4 .5nm pump p o w er. T h is  c o u ld  be tu n e d  i n  th e  ra n g e  292 -  302nm a n d , 

u s in g  a  s im p le  s e r v o  c o n t r o l  c i r c u i t ,  t h e  l a s e r  f r e q u e n c y  was lo c k e d  

t o  a n  e x t e r n a l  r e f e r e n c e  c a v i t y  and  c o u ld  be s c a n n e d  c o n t in u o u s ly  

th ro u g h  6 GHz i n  t h e  UV. T h is  sy s te m  was m o d if ie d  to  i n c l u d e  a  

tw o - p l a t e  b i r é f r i n g e n t  f i l t e r ,  a n  a i r - s p a c e d ’é t a l o n  com posed o f  two |

L i t  tro w  p r is m s  [ 1 4 ] ,  an d  a  0.2mm s o l i d  é t a l o n ,  a s  th e  f r e q u e n c y  ''jj
j

s e l e c t i v e  e le m e n ts .  The s c a n n in g  ra n g e  was th e n  i n c r e a s e d  to  30 GHz j
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w h i le  th e  o t h e r  c h a r a c t e r i s t i c s  re m a in ed  u n c h a n g e d . The 

u n i d i r e c t i o n a l  d e v ic e  was a l s o  m o d if ie d  to  re d u c e  i t s  p h y s i c a l  s i z e .

S p e c t r a - P h y s ic s  I n c  ( J a r r e t t  and Young) p u b l i s h e d  th e  f i r s t  

d e t a i l s  o f  t h e i r  380 s e r i e s  o f  r i n g  dye l a s e r s  i n  1979 [ 1 5 ] .  They 

o b ta in e d  a s  much a s  0.9W o f  s i n g l e  f r e q u e n c y  580nm r a d i a t i o n  from  Rh6 G

-j"
u s in g  4w o f  514 .5nm  A r l a s e r  pump. I n t r a c a v i t y  SHG i n  a  20mm lo n g  

ADA c r y s t a l  g e n e r a te d  20mW o f  s i n g l e  f r e q u e n c y  UV r a d i a t i o n .

A c o m p u te r - c o n t r o l l e d  r i n g  dye l a s e r  w i th  i n t r a c a v i t y  SHG was 

d e v e lo p e d  by M a r s h a l l  e t  a l  [ 1 6 ] .  T h is  had  s i n g l e  mode UV o u tp u t s  o f  

up  t o  lOmW w i th  a  b a n d w id th  o f  100 MHz, c o n t in u o u s ly  t u n a b le  o v e r  an  

i n t e r v a l  o f  3200 GHz i n  t h e  w a v e le n g th  ra n g e  285 -  311 mn ( t h e  ADA 

c r y s t a l  c o u ld  be c o o le d  o r  h e a te d  to  a c h ie v e  t h i s  w a v e le n g th  r a n g e ) .

T h is  sy s te m  s u p e r s e d e d  a n  e a r l i e r  one u s in g  e x t r a c a v i t y  SHG i n  a  25mm 

lo n g  ADA c r y s t a l  t o  g iv e  up to  ImW o f s i n g l e  f r e q u e n c y  UV [ 1 7 ] .  The

c a v i t y  d e s ig n  i s  s i m i l a r  t o  t h a t  o f  th e  380 s e r i e s  e x c e p t  th e  a n g le s  

o f  in c id e n c e  on  th e  c a v i t y  m i r r o r s  a r e  much s m a l l e r .  I t  i n c o r p o r a t e s

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

s e l e c t i v i t y ,  and  s c a n n in g .

The f i r s t  r e p o r t  o f  i n t r a c a v i t y  d o u b lin g  o f  a  s i n g l e  mode r in g  I
I

dye l a s e r  u s in g  a  dy e  o t h e r  t h a n  Rh6 G w as made by W e b s te r  e t  a l  [ 1 8 ] .  j

They d e s ig n e d  a  s i x  m i r r o r  c a v i t y  s p e c i f i c a l l y  f o r  o p e r a t i o n  u s in g  |
I

c o u m a r in  515 (c o u m a r in  3 0 ) .  U s in g  a  t h r e e  p l a t e  b i r é f r i n g e n t  f i l t e r  |

an d  a n  u n c o a te d  é t a l o n  (FSR = 1 6 .2  GHz) to  o b t a i n  s i n g l e  mode I

o p e r a t i o n ,  th e y  w e re  a b l e  t o  g e n e r a t e  60yW o f s i n g l e  mode UV a t  254nm I
Î

(b a n d w id th  <50 MHz) i n  a  c o o le d  ADP c r y s t a l  w i th  i t s  end  f a c e s  c u t  a t  

B r e w s t e r 's  a n g l e .  The UV w as t u n a b le  i n  th e  ra n g e  250-260nm . T h is  

r a d i a t i o n  was u se d  to  g e n e r a t e  p a r t i a l  s c a n s  o f  th e  2 5 3 .7nm t r a n s i t i o n  

i n  Hg w i th  s u b -D o p p le r  r e s o l u t i o n .  |
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C o u i l la u d  e t  a l  [1 9 ] r e p o r t e d  th e  u s e  o f  t h e  C o h e re n t  R a d i a t i o n  

m odel 6 99-21  CW r i n g  dye l a s e r  [2 0 ] t o  p ro d u c e  s i n g l e  f r e q u e n c y  UV 

po w ers  o f  m ore th a n  lOmW n e a r  296nm, c o n t in u o u s ly  s c a n a b le  o v e r  

60 GHz, by pum ping w i th  19W ( a l l  l i n e s )  from  a n  A r l a s e r .  The 

i n t r a c a v i t y  n o n l i n e a r  c r y s t a l  r e p l a c e s  th e  a s t ig m a t i s m  c o m p e n s a tin g  

rhomb n o rm a lly  f i t t e d  a t  th e  a u x i l i a r y  w a is t  and  so  t h e  c a v i t y  i s  

f u l l y  co m p en sa ted  i f  a  n o n l i n e a r  c r y s t a l  o f d im e n s io n s  and r e f r a c t i v e  

in d e x  s i m i l a r  t o  t h e  s t a n d a r d  rhomb i s  u s e d .  U s in g  Rh6 G i n  a  w a te r  

b a s e d  Ammonyx LO s o l u t i o n ,  a s  much a s  5.6W o f  s i n g l e  f r e q u e n c y  

fu n d a m e n ta l  r a d i a t i o n  w as g e n e r a t e d  w i th  24W ( a l l  l i n e s )  o f  A r^  l a s e r  

pum ping [ 2 0 ] .

The S p e c t r a - P h y s ic s  380A r i n g  dye l a s e r  h a s  b e e n  u se d  by E l i e l  e t  

a l  [2 1 ,2 2 ]  t o  o b t a i n  s i n g l e  f r e q u e n c y  UV r a d i a t i o n  to  u s e  i n  

t r a n s v e r s e  c r o s s e d  a to m ic  b e a m / l a s e r  beam s p e c t r o s c o p i c  s t u d i e s .

I n i t i a l l y  th e y  p la c e d  a  20mm r i g h t  a n g le  f a c e d  ADA c r y s t a l  a t  th e  

a u x i l i a r y  w a i s t  and  g e n e r a te d  0.5mW o f UV w i th  a  2 MHz l i n e w i d t h  and  

7 GHz s c a n w id th ,  t u n a b l e  fro m  292-305nm  [ 2 1 ] ,  u s in g  2.5W 5 1 4 .5nm pump 

p o w e r. S u b s e q u e n t ly  th e y  o b ta in e d  25mW s i n g l e  f r e q u e n c y  UV w i t h  a

2 MHz b an d w id th  and  a  s c a n  ra n g e  o f  30 GHz a t  4W pump pow er [ 2 2 ] .  |
1

T h is  im p ro v em en t w as a c h ie v e d  by p l a c in g  a  20mm B r e w s te r  a n g le  f a c e d  ;i
I

ADA c r y s t a l  a t  th e  a u x i l i a r y  w a i s t  and  a  20mm f u s e d  s i l i c a  i

c o m p e n sa tin g  rhomb b e tw e e n  th e  c r y s t a l  and M2 ( s e e  f i g u r e  2 .1 6 )  t o  

co m p e n sa te  f o r  beam d i s p l a c e m e n t .  E m p i r i c a l l y  i t  was fo u n d  t h a t  |

I
rem o v in g  th e  s t a n d a r d  a s t ig m a t i s m  c o m p e n sa tin g  rhomb from  b e tw e e n  M  ̂ %

a n d  M  ̂ i n c r e a s e d  th e  s i n g l e  f r e q u e n c y  UV c o u p le d  o u t o f  t h e  c a v i t y  :j

fro m  lOmW to  25mW. T h is  m eth o d  i s  th e  one a d o p te d  i n  th e  p r e s e n t  w ork 

w h e re  a  S p e c t r a - P h y s ic s  380D r i n g  dye l a s e r  i s  em p lo y ed . R unge e t  a l  

[2 3 ]  a d o p te d  a  s i m i l a r  schem e i n  a  380D r i n g  dye l a s e r  and g e n e r a te d  

lOmW o f  s i n g l e  f r e q u e n c y  UV f o r  7W o f  5 1 4 .5nm pump pow er u s in g  a  20mm
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lo n g  B r e w s te r - c u t  ADA c r y s t a l  w i th o u t  any  c o m p e n sa tin g  rhom bs.

F o r  a  num ber o f  a p p l i c a t i o n s  in v o lv in g  t r a n s i e n t  c o n d i t i o n s ,  a  

r a p id  s c a n n in g  r a t e  o f  t h e  s i n g l e  f r e q u e n c y  o u tp u t  i s  r e q u i r e d .  

M o d i f i c a t io n s  t o  th e  C o h e re n t  R a d i a t i o n  699 r i n g  dye l a s e r  h av e  b e e n  

o u t l i n e d  by P h i l l i p s  [2 4 ] t o  g iv e  c o n t in u o u s  s c a n s  o f  up to  8  GHz w i th  

r e p e t i t i o n  r a t e s  o f  s e v e r a l  k i l o h e r t z ,  o b s e r v in g  maximum s c a n n in g  

r a t e s  o f  60 T H z /s e c .  R ea and  H an so n  [2 5 ] m o d if ie d  a  S p e c t r a - P h y s ic s  

380c r i n g  dye l a s e r  t o  a l lo w  s c a n  r e p e t i t i o n  r a t e s  i n  e x c e s s  o f  4 kHz

an d  e x te n d e d  th e  s i n g l e  mode s c a n n in g  ra n g e  from  30 GHz t o  75 GHz.

A c tiv e  s t a b i l i s a t i o n  o f  th e  C o h e re n t  R a d ia t i o n  699 r in g  dye l a s e r  

h ad  p ro v e d  d i f f i c u l t  w hen UV w as b e in g  g e n e r a te d  by i n t r a c a v i t y  SHG. 

F o r  t h i s  r e a s o n ,  B lo o m f ie ld  e t  a l  [2 6 ] u se d  a  p a s s i v e  en h an cem en t 

c a v i t y  f o r  se c o n d  h a rm o n ic  g e n e r a t i o n .  T h is  was a  se c o n d  699 c a v i t y  

w i th o u t  th e  f r e q u e n c y  s e l e c t i o n  e le m e n ts  o r  u n i d i r e c t i o n a l  d e v ic e .  

T h is  c a v i t y ,  w i th  a  f i n e s s e  o f  2 0 , was pumped w i th  1.4W o f  s i n g l e  

f r e q u e n c y  5 8 9 .Onm r a d i a t i o n  fro m  a  c o h e r e n t  6 9 9 -2 1  r i n g  dye l a s e r .  A 

23mm ADA c r y s t a l  w i th  B re w s te r  s u r f a c e s  was p la c e d  i n  one o f  th e  beam 

w a i s t s ;  90° p h a s e  m a tc h in g  was em ployed  w i th  th e  c r y s t a l  t e m p e r a tu r e  

s t a b l e  to  0 .0 3 ° C . The p e a k  s i n g l e  f r e q u e n c y  UV th u s  g e n e r a te d  was 

m ore th a n  50mW. The en h a n cem en t c a v i t y  was lo c k e d  o n  re s o n a n c e  by 

a n a ly s in g  th e  r e f l e c t e d  l i g h t  from  th e  in p u t  m i r r o r  [ 2 7 ] ,  U s in g  th e  

sam e p a s s iv e  c a v i t y  C o u i l l a u d  e t  a l  [2 8 ] g e n e r a te d  4mW o f s i n g l e

f r e q u e n c y  CW UV r a d i a t i o n  n e a r  265nm by sum f r e q u e n c y - m ix in g .  The

o u tp u t s  o f  a  Rh6 G r i n g  dye l a s e r  (1 .25W ) and a  488nm A r l a s e r  (3 .5W )

w e re  m ixed i n  a  c r y s t a l  o f  ADP. S u b s e q u e n t ly ,  th e y  g e n e r a te d  s i n g l e

mode CW UV r a d i a t i o n  b e tw e e n  243nm and  247nm by sum f re q u e n c y -m ix in g

“1“
t h e  o u tp u t s  o f  a n  u l t r a v i o l e t  A r l a s e r  a t  3 6 3 .8nm an d  a  re d  LD700 dye 

l a s e r  i n  ADP. P ow ers o f  a b o u t  lOOyW, b u t  up to  ImW h a v e  b e e n  p ro d u c e d  

[ 2 9 ] ,  [ 3 0 ] .  R a d i a t i o n  a ro u n d  243nm i s  r e q u i r e d  f o r  th e  two p h o to n
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e x c i t a t i o n  o f  th e  h y d ro g e n  Lyman a lp h a  l i n e .  T h is  fo rm s p a r t  o f  t h e  

c o n t in u in g  s e r i e s  o f  e x p e r im e n ts  m e a su r in g  th e  IS Lamb s h i f t  by 

D o p p le r  f r e e  s p e c t r o s c o p i c  t e c h n i q u e s .

Maje w s k i  [3 1 ] d e v e lo p e d  a  s i n g l e  f r e q u e n c y  UV r a d i a t i o n  s o u r c e  

b a s e d  on i n t r a c a v i t y  SHG u s in g  a n  a n g le - tu n e d  L ilO ^  c r y s t a l  i n  a  380D 

r i n g  dye l a s e r .  U s in g  Rh6 G an d  DOM d y e s  he  o b ta in e d  a  tu n in g  ra n g e  o f

293-330nm  w i th  a  maximum o b t a i n a b l e  pow er o f  15mW and l i n e w i d t h  

b e tw e e n  180 and  500 kH z. The c a v i t y  was m o d if ie d  by s e p a r a t i n g  th e

t h i n  o p t i c a l l y  a c t i v e  q u a r t z  p l a t e  i n  th e  u n i d i r e c t i o n a l  d e v ic e  

( f i g u r e  2 .8 )  fro m  th e  F a ra d a y  r o t a t o r  and  m oving i t  to w a rd s  M  ̂ ( f i g u r e  

2 . 6 ) .  The c a v i t y  pow er c o u ld  th e n  be  o p t im is e d  by a  s im p le  t i l t  o r  

d i s p la c e m e n t  o f  t h e  p l a t e .  A ls o ,  t o  m in im ize  th e  c o u p l in g  b e tw e e n  th e  

b i r é f r i n g e n t  f i l t e r  an d  t h e  c r y s t a l  a  s i n g l e  p l a t e  b i r é f r i n g e n t  f i l t e r  

was u se d  a n d , s i m u l t a n e o u s ly ,  t h e  t h i n  é t a l o n  was r e p o s i t i o n e d  to w a rd s  

M  ̂ ( f i g u r e  2 . 6 ) .  C o n tin u o u s  s c a n s  up to  75 GHz ( f u n d a m e n ta l )  w e re  

t h e n  o b ta in e d .

2 .3  The S p e c t r a - P h y s ic s  380D R in g  Dye L a s e r

The f o l lo w in g  i s  a  b r i e f  d i s c u s s i o n  o f  th e  i n t r a c a v i t y  e le m e n ts  

o f  t h e  S p e c t r a - P h y s ic s  380D r i n g  dye l a s e r  ( f i g u r e  2 , 6 ) .  The

p e r fo rm a n c e  o f  t h i s  l a s e r  o p e r a t i n g  w i th  d i f f e r e n t  d y e s  i s  shown i n  

f i g u r e  2 .7  [ 3 2 ] .
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2 . 3 ,1  U n i d i r e c t i o n a l  D e v ic e

I f  a  r i n g  l a s e r  i s  a l lo w e d  to  o s c i l l a t e  i n  th e  two p o s s i b l e  

d i r e c t i o n s ,  a  s t a n d in g  wave i s  g e n e r a t e d  and s p a t i a l  h o le  b u rn in g  i n  

t h e  g a in  medium w i l l  o c c u r .  A f a r  m ore s e r io u s  l i m i t a t i o n  i n  s i n g l e  

mode o p e r a t i o n  o f  r i n g  dye l a s e r s  i s  b i s t a b l e  o p e r a t i o n .  The l a s e r  

s w i tc h e s  from  one d i r e c t i o n  o f  o s c i l l a t i o n  to  t h e  o t h e r  a s  

m ic ro b u b b le s  an d  v e l o c i t y  f l u c t u a t i o n s  i n  th e  dy e  j e t  p e r t u r b  

o s c i l l a t i o n .  T h is  b i s t a b l e  b e h a v io u r  h a s  b e e n  p r e d i c t e d  t h e o r e t i c a l l y

[ 3 3 ] .  I n  r i n g  dye l a s e r s  w i th  a  l a r g e  am ount o f  b a c k s c a t t e r i n g  th e  

s w i tc h in g  i s  s u p p r e s s e d  [3 4 ] b u t  t h i s  i s  a n  u n f a v o u r a b le  d e s ig n  

c r i t e r i o n  f o r  o b t a in in g  h ig h  v a lu e s  o f  s t a b l e  o u tp u t  p o w er. T h u s , th e  

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

u s e f u l  s i n g l e  mode o p e r a t i o n  o f  a  r i n g  dye l a s e r .

The m ost s u c c e s s f u l  u n i d i r e c t i o n a l  d e v ic e  to  d a t e  i s  a  F a ra d a y  

r o t a t o r  c o u p le d  w i th  a  c o m p e n s a tin g  p l a t e  [ 1 2 ] ,  [ 1 5 ] ,  [3 5 ] d e p ic t e d  i n  

f i g u r e  2 .8 .  The F a ra d a y  r o t a t o r  c o n s i s t s  o f  a  l e n g t h  o f  a  g l a s s  w i th  

a  h ig h  V e rd e t  c o n s t a n t ,  V, low  a b s o r p t i o n ,  h ig h  th e r m a l  c o n d u c t i v i t y  

an d  s m a l l  r a t e  o f  ch a n g e  o f  r e f r a c t i v e  in d e x  w i th  t e m p e r a tu r e .  The 

r o t a t o r  i s  s u r ro u n d e d  by s u i t a b l e  m ag n e ts  t o  g iv e  a  l a r g e  a x i a l  

m a g n e tic  f i e l d .  C r y s t a l l i n e  q u a r t z ,  F R -5 , and  SF-2 a r e  commonly u s e d  

g l a s s e s  and  d i s c  m a g n e ts ,  f a b r i c a t e d  from  c o b a l t  sam arium  i n  a  p o ly m er 

b a s e ,  g iv e  l a r g e  a x i a l  m a g n e t ic  f i e l d s .  The e x p e c te d  r o t a t i o n  o f  th e  

p o l a r i s a t i o n  d i r e c t i o n ,  i s  g iv e n  by

0 = VBL m in  a r c

( 1 )

w h e re  B i s  t h e  m a g n e t ic  f i e l d  and  L th e  l e n g th  o f  t h e  g l a s s .  As th e  

m a g n e t ic  f i e l d  h a s  o p p o s i t e  s i g n s  f o r  th e  two d i r e c t i o n s  o f  t r a v e l  

th ro u g h  th e  F a ra d a y  r o t a t o r ,  t h e  l i n e a r  p o l a r i s a t i o n  o f  t h e s e
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d i r e c t i o n s  a r e  r o t a t e d  by  + 9  an d  - 0  r e s p e c t i v e l y .  T h is  i s  fo l lo w e d  by 

a  r o t a t o r y  p l a t e ,  u s u a l l y  o f  c r y s t a l l i n e  q u a r t z  c u t  w i th  t h e  o p t i c  

a x i s  n o rm al t o  th e  f a c e s  o f  t h e  p l a t e .  The n a t u r a l  r o t a t o r y  pow er o f  

c r y s t a l l i n e  q u a r t z  i s  21° mm ^ a t  63 3 nm so  l e n g t h s  o f  th e  o r d e r  0 . 1  -  

0.2mm a r e  r e q u i r e d .  B o th  d i r e c t i o n s  o f  o s c i l l a t i o n  h a v e  t h e i r  

p o l a r i s a t i o n  d i r e c t i o n  r o t a t e d  by +<j) by t h i s  p l a t e .  I f  i s  e q u a l  to  

9 t h e n  one d i r e c t i o n  o f  o s c i l l a t i o n  h a s  z e ro  n e t  r o t a t i o n  w h i le  th e  

o t h e r  h a s  a  n e t  r o t a t i o n  o f  2 0 . T h is  l a t t e r  wave w i l l  s u f f e r  F r e s n e l  

l o s s e s  a t  th e  B r e w s te r - a n g le d  s u r f a c e s  o f  t h e  c a v i t y  ( j e t ,  

b i r é f r i n g e n t  f i l t e r ,  SHG c r y s t a l ,  c c m p e n sa tin g  and  s c a n n in g  rh o m b s) . 

The r o t a t i o n  s h o u ld  be s u f f i c i e n t  t h a t  t h e s e  l o s s e s  a r e  l a r g e  enough  

t o  c o m p le te ly  s u p p r e s s  t h i s  d i r e c t i o n  o f  o s c i l l a t i o n .  A s m a l l  l o s s  i s  

s u f f i c i e n t  (*^ 1 %) b e c a u s e  o f  t h e  s t r o n g  c o m p e t i t io n  b e tw e e n  th e  two 

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

C o h e re n t I n c .  h a v e  d e v e lo p e d  two r e l a t e d  d e v ic e s  u s in g  B re w s te r  

a n g le d  F a ra d a y  g l a s s  e le m e n ts  [ 3 6 ] .  One i s  c o n s t r u c te d  by o p t i c a l l y  

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

s i m i l a r  p i e c e  o f  r i g h t -  h an d e d  q u a r tz  o f  s l i g h t l y  d i f f e r e n t  

t h i c k n e s s .  T h is  rhom b i s  t h e n  p la c e d  i n  an  a x i a l  m a g n e t ic  f i e l d  and  

t h e  F a ra d a y  r o t a t i o n  and  t h e  o p t i c a l  a c t i v i t y  r o t a t i o n  ta k e  p l a c e  i n  

t h i s  same c o m p o s ite  l e n g t h  o f  c r y s t a l l i n e  q u a r t z .  T h is  u n i d i r e c t i o n a l  

d e v ic e  i s  u s e f u l  f o r  th e  b lu e  end  o f  t h e  v i s i b l e  sp e c tru m  w h e re  t h e r e  

i s  s u f f i c i e n t  F a ra d a y  r o t a t i o n  i n  a  s h o r t  l e n g t h  o f  q u a r t z .
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2 . 3 . 2  The B ir é fr in g e n t  F i l t e r

The o v e r a l l  g a i n  f o r  a  dye l a s e r  i s  maximum f o r  a n  o u tp u t  

p o l a r i s a t i o n  p a r a l l e l  t o  t h e  pump p o l a r i s a t i o n  [ 3 7 ] .  B re w s te r  a n g le d  

s u r f a c e s  i n  th e  c a v i t y  a r e  p la c e d  to  c o n s e rv e  t h i s  p o l a r i s a t i o n .  I n  

t h e  c a s e  o f  t h e  380 s e r i e s  o f  r i n g  dye l a s e r s  th e  A r pump l a s e r  

p o l a r i s a t i o n  i s  r o t a t e d  by 90° t o  a l lo w  a  h o r i z o n t a l  r i n g  c a v i t y  

g e o m e try . W ith  th e  p o l a r i s a t i o n  th u s  d e f in e d  i t  i s  p o s s i b l e  to  u s e  a  

s i n g l e  b i r é f r i n g e n t  p l a t e  ( u s u a l l y  c r y s t a l l i n e  q u a r t z ) ,  w i th  

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

a s  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 .  The l i n e a r l y  p o l a r i s e d  l i g h t  

i n c i d e n t  o n  th e  p l a t e  i s ,  f o r  m ost w a v e le n g th s ,  t r a n s f o r m e d  i n t o  

e l l i p t i c a l l y  p o l a r i s e d  l i g h t  w h ich  th e n  s u f f e r s  r e f l e c t i o n  l o s s e s  a t  

e a c h  s u b s e q u e n t  B r e w s te r  s u r f a c e .  H ow ever, f o r  some w a v e le n g th s ,  th e  

n e t  r o t a t i o n  w i l l  be z e r o .  T h ese  w a v e le n g th s  a r e  t h e r e f o r e  s e l e c t e d  

f o r  o s c i l l a t i o n .

The w a v e le n g th  t r a n s m i t t e d  w i th  z e ro  n e t  r o t a t i o n  d e p e n d s ,  

f i r s t l y ,  on  th e  a n g le  b e tw e e n  th e  i n c i d e n t  p o l a r i s a t i o n  v e c t o r  and  th e  

o p t i c  a x i s  a n d , s e c o n d ly ,  o n  th e  t h i c k n e s s  o f  t h e  p l a t e .  T u n a b i l i t y  

i s  a c h ie v e d  by r o t a t i n g  th e  p l a t e  i n  i t s  own p la n e  a s  t h i s  ch a n g e s  th e  

a n g le  b e tw e en  th e  o p t i c  a x i s  o f  th e  q u a r tz  and  th e  p o l a r i s a t i o n  

d i r e c t i o n .  S e v e r a l  p l a t e s  w i th  t h i c k n e s s e s  o f  i n t e g e r  r a t i o  and  

i d e n t i c a l  o r i e n t a t i o n s  o f  t h e  o p t i c  a x i s  w i l l  t r a n s m i t  t h e  same 

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

t o  th e  t h i c k n e s s  o f t h e  p l a t e s  so  by s t a c k in g  s e v e r a l  p l a t e s ( h a v i n g  

i n t e g r a l  t h i c k n e s s  r a t i o s )  t o g e t h e r ,  a  v e r y  n a rro w  l i n e w i d t h  may be 

o b ta in e d .
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C a lc u la tio n  o f  th e  tr a n sm iss io n  c h a r a c t e r is t ic s  o f a s e t  o f

b i r é f r i n g e n t  p l a t e s  i s  an  e ig e n - v a lu e  p ro b lem  s p e c i f i c  to  th e

p a r t i c u l a r  l a s e r  c a v i t y  d e s i g n .  Bloom [38 ] h a s  s o lv e d  t h i s  p ro b lem

f o r  a  s im p le  r i n g  r e s o n a t o r  u s in g  t h e  J o n e s -  m a t r ix  fo r m a lis m . H oltom

an d  T esch k e  [39 ] u s e d  S to k e s  fo rm a lis m  to  e v a lu a t e  f a v o u r a b le

t h i c k n e s s  r a t i o s  f o r  a  t h r e e  p l a t e  b i r é f r i n g e n t  f i l t e r  f o r  s u p p r e s s in g

s id e b a n d s .  The optim um  d e s ig n  was L ;2 L :9 L , w h ere  L i s  t h e  t h i c k n e s s

o f  t h e  t h i n n e s t  p l a t e .  F a v o u r a b le  t r a n s m i s s i o n  was a l s o  p r e d i c t e d  f o r

a  f i l t e r  L :2 L ;1 5 L . P r e u s s  an d  G o le  [40 ] d e v e lo p e d  a  s i m p l i f i e d  J o n e s

m a t r ix  t r e a tm e n t  w h e re  th e y  assum ed  th e  fa v o u re d  p o l a r i s a t i o n

e ig en -m o d e  o f  t h e  c a v i t y  o s c i l l a t e s ,  ig n o re d  th e  o p t i c a l  a c t i v i t y  and

b i r é f r i n g e n t  s p l i t t i n g  i n  t h e  c r y s t a l l i n e  q u a r t z ,  assum ed  th e  l o s s  o f

t h e  com ponen t p e r p e n d i c u l a r  t o  t h e  l a s e r  p o l a r i s a t i o n  was 1 0 0 % a t  e a c h

B re w s te r  i n t e r f a c e  and  to o k  no a c c o u n t  o f  i n t e r a c t i o n  b e tw e e n  th e

b i r é f r i n g e n t  f i l t e r  an d  t h e  l a s e r .  Thus th e y  o b ta in e d  an  a p p ro x im a te

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

2 .9 a )  by m u l t i p l y i n g  th e  t r a n s m i s s i o n  f u n c t i o n s  o f  t h e  i n d i v i d u a l

b i r é f r i n g e n t  p l a t e s .  The r e s u l t s  th e y  o b ta in e d  f o r  a  L ;2 L :1 5 L  d e s ig n

w i th  L = 0.381m m , w i th  t h e  p l a t e s  s e t  a t  an  a n g le  9 = 32.8* t o  t h e  r a y

a x i s  and  an  a n g le  ÿ = 50* b e tw e e n  th e  o p t i c  a x i s  and  t h e  c a v i t y

p o l a r i s a t i o n  v e c t o r  a r e  shown i n  f i g u r e  2 .9 b .  The c o m p o s ite  c u r v e  h a s

t h e  FSR o f  th e  t h i n n e s t  p l a t e  an d  th e  r e s o l u t i o n  o f  t h e  t h i c k e s t

p l a t e .  The p l a t e s  h av e  to  b e  c u t  so  t h a t  t h e i r  t h i c k n e s s e s  a r e  i n  th e
4

r e q u i r e d  i n t e g r a l  r a t i o  to  b e t t e r  th a n  one p a r t  i n  1 0  t o  a c h ie v e  th e  

o v e r la p  o f  t r a n s m i s s i o n  m axima shown i n  f i g u r e  2 .9 b .

I f  c o n t in u o u s  t u n in g  i s  to  be o b ta in e d  th e  o p t i c  a x e s  o f  a l l  

t h r e e  p l a t e s  n eed  t o  b e  a l i g n e d  a c c u r a t e l y  i n  th e  same p l a n e .  M udare 

an d  O 'S h e a  [4 1 ] h a v e  d e v e lo p e d  a  m ethod  b a se d  on  m a x im is in g  th e  tu n in g  

r a n g e  o f  th e  dye l a s e r  a s  t h e  b i r é f r i n g e n t  p l a t e s  a r e  a d d e d . Dunn
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[4 2 ] h a s  d e v e lo p e d  an  a l ig n m e n t  m ethod  w here  th e  p l a t e s  a r e  m ounted  i n  

t h e i r  h o ld e r  so  t h e  o p t i c  a x i s  i s  a t  a p p r o x im a te ly  45** to  th e  p la n e  o f  

p o l a r i s a t i o n  o f  th e  l a s e r .  Then a  l i n e a r l y  p o l a r i s e d  HeNe l a s e r  

o r i e n t e d  to  g iv e  minimum r e f l e c t i o n  from  th e  f r o n t  s u r f a c e  o f  th e  

t h i n n e s t  p l a t e ,  i s  u s e d ,  an d  t h e  s u b s e q u e n t  p l a t e s  a r e  r o t a t e d  to  

m in im is e  a l l  r e f l e c t e d  s p o t s .  I d e a l l y  t h e r e  s h o u ld  be no r e f l e c t e d  

s p o t s  a t  a l l .

The t h r e e  p l a t e  b i r é f r i n g e n t  f i l t e r  i n  t h e  S p e c t r a - P h y s ic s  380 i s  

a n  L :4 L :1 6 L  d e s ig n  g iv in g  a  m e a su re d  b a n d w id th  o f  0 .03nm  w i th o u t  t h e  

u n i d i r e c t i o n a l  d e v ic e  (UD) i n  t h e  c a v i t y  an d  a  b a n d w id th  o f  l e s s  th a n  

O.Olnm w i th  t h e  UD i n  t h e  c a v i ty ,  f o r  o u r  s y s te m .

2 .3 .3  A ir  S p aced  E t a l o n

The 380D h a s  a  p la n e  p a r a l l e l ,  e l e c t r o n i c a l l y  t u n a b l e ,  

t e m p e r a tu r e  s t a b i l i s e d  F a b r y - P e r o t  é t a l o n  w i th  a  FSR o f  75 GHz 

(d  -  2mm). The m i r r o r s  a r e  c o a te d  w i th  a 20% r e f l e c t i v e  c o a t i n g .  The 

w id th  o f  th e  a i r  s p a c e  b e tw e e n  t h e  m i r r o r s  i s  c o n t r o l l e d  by t h e  l e n g t h  

o f  a  h o llo w  c y l i n d r i c a l  p i e z o e l e c t r i c  e le m e n t.  I n c l u s i o n  o f  t h e  a i r  

s p a c e d  é t a l o n  a lo n g  w i th  t h e  t h r e e  p l a t e  BRF and  u n i d i r e c t i o n a l  d e v ic e  

g iv e s  s t a b l e  s i n g l e  mode o p e r a t i o n .

The FSR o f  an  a i r  s p a c e d  é t a l o n  l i k e  t h a t  shown i n  f i g ü r e  2 .1 0  i s

FSR = c /2 d

( 2 )

The t r a n s m i s s i o n  c o e f f i c i e n t  i s  t h e  w e l l  known A iry  f u n c t i o n

T = ( 1 - R ) 2 / ( ( 1 - R ) 2  +  4R sin^  ( w /c )d )

(3 )

assu m in g  t h e r e  i s  no a b s o r p t i o n ,  w h ere  oj i s  th e  o p t i c a l  r a d i a n  |
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f r e q u e n c y .  I t  i s  n e c e s s a r y  to  a l t e r  th e  é t a l o n  s p a c in g  so  t h a t  th e  

d e s i r e d  f r e q u e n c y  o f  o s c i l l a t i o n  c o r re s p o n d s  to  a  maximum i n  th e  

t r a n s m i s s i o n  o f  t h e  é t a l o n .  T h is  i s  a c h ie v e d  by th e  é t a l o n  lo c k  lo o p  

c i r c u i t r y .  The é t a l o n  s p a c in g  i s  d i t h e r e d  a t  2 kHz to  im p re s s  a  s m a l l  

a m p l i tu d e  m o d u la t io n  on t h e  l a s e r s  pow er o u t p u t .  The m a g n itu d e  and 

p h a s e  o f  t h e  m o d u la t io n  d e te r m in e  w h ich  d i r e c t i o n  i n  f r e q u e n c y  and  how 

much th e  é t a l o n  m u st be  d r i v e n  to  p l a c e  th e  p ea k  o f  i t s  t r a n s m i s s i o n  

c l o s e r  to  t h e  l a s i n g  c a v i t y  m ode.

2 . 3 . 4  T h in  E ta lo n

The t h i n  é t a l o n  i s  a  t h i n  u n c o a te d  p i e c e  o f  fu s e d  s i l i c a  

a p p r o x im a te ly  0.11mm t h i c k .  I t s  FSR i s

FSR = c /2 n d

( 4 )

i s  a b o u t 900 GHz. T h is  é t a l o n  i s  n o t  u se d  f o r  tu n in g  and  i t s  l a r g e  FSR

an d  low  f i n e s s e  e n s u r e  n e g l i g i b l e  l o s s e s  due to  i t s  n o n -op tim um

o r i e n t a t i o n  when s c a n n in g .  I t  i s  in c lu d e d  to  h e lp  p r e v e n t  mode 

h o p p in g  d u r in g  s c a n n in g .

I n  some l a s e r  c a v i t i e s  [1 2 ] t h e  t h i n  é t a l o n  i s  t i l t e d  to  t r a c k

t h e  c a v i t y  mode d u r in g  s c a n n in g .  A t h i n  é t a l o n  c a n  a l s o  be  u s e d  a s  a

tu n in g  d e v ic e .  The i n c r e a s e  i n  t h e  c a v i t y  l e n g t h  L p ro d u c e d  by 

t i l t i n g  th e  i n t r a c a v i t y  é t a l o n  by a  s m a l l  a n g le  Q i s  a p p r o x im a te ly  

d 0  ( n - l ) / 2 n ,  so  t h a t  t h e  s h i f t  i n  a  g iv e n  c a v i t y  re s o n a n c e  i s  

- V [ d 9 ^ ( n - l ) /2 n L ] .
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2 . 3 . 5  Scanning Dual Galvanom eter Mounted Quartz P la te s

The e f f e c t i v e  l e n g t h  o f  t h e  c a v i t y  i s  ch an g ed  by c o u n t e r - r o t a t i n g  

tw o q u a r tz  p l a t e s  (~ 4mm t h i c k )  i n s e r t e d  i n  th e  c a v i t y  a t  B r e w s t e r 's  

a n g l e .  The a d v a n ta g e  o f  u s in g  two c o u n t e r - r o t a t i n g  p l a t e s  i s  t h a t  t h e  

beam i s  n o t  d i s p l a c e d .

The a r ra n g e m e n t o f  t h e  q u a r t z  p l a t e s  i s  shown i n  f i g u r e  2 .1 1 .  The 

i n c r e a s e  i n  c a v i t y  l e n g t h  (A'L) w hen t h e  two q u a r tz  p l a t e s  a r e  i n s e r t e d  

i n  th e  l a s e r  c a v i t y  a t  a n  a n g le  9  i s  g iv e n  by

A l  = 2 ( n t2  -  t ^ )

= 2 ( ( n d /c o s ^ )  -  d /co s< j))co s(0 -(f>))

( 5 )

w h e re  t ^ , t ^ ,  d ,  0 and  c{) a r e  shown f i g u r e  2 .1 1 .  F o r  a  g iv e n  0 ,  <f> may

be c a l c u l a t e d  u s in g  S n e l l ' s  la w , nsincj) = s in G . The c h a n g e  i n  l e n g t h  

was c a l c u l a t e d  f o r  r o t a t i n g  t h e  p l a t e  by +1* a b o u t  B r e w s t e r 's  a n g l e .  

The d i f f e r e n c e ,  ôL = (A L(6 g )  -  A L (0 ))  i s  p l o t t e d  a s  a  f u n c t i o n  o f  (0  -  

0 g ) i n  f i g u r e  2 . 1 2  f o r  s e v e r a l  p l a t e  t h i c k n e s s e s .

To o b t a i n  a  30 GHz c o n t in u o u s  f r e q u e n c y  s c a n  th e  l e n g th  o f  t h e  

c a v i t y  m ust be  ch an g ed  by 6 L.

6 L = (Av h  )L

( 6 )

F o r  a  w a v e le n g th  o f  590nm and  a  c a v i t y  l e n g t h  o f  1 .25m  t h i s  r e q u i r e s  

ÔL to  be 75pm, to  a c h ie v e  a  30 GHz ch an g e  i n  f r e q u e n c y .  From f i g u r e  

2 .1 2  t h i s  c o r r e s p o n d s  to  t i l t i n g  th e  two B re w s te r  p l a t e s  th ro u g h  

+  0 .5 6 * o r  a  t o t a l  a n g le  o f  1 .1 * .
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2 . 3 . 6  Frequency S t a b i l i s a t io n

C hanges i n  t h e  o p t i c a l  l e n g t h  o f  t h e  c a v i t y ,  c a u s e d  by 

t e m p e r a tu r e  o r  r e f r a c t i v e  in d e x  ch a n g e s  o r  t u r b u l e n c e  and  b u b b le s  i n  

t h e  dye j e t ,  l e a d  to  f r e q u e n c y  i n s t a b i l i t y  o f  t h e  s i n g l e  f r e q u e n c y  dye 

l a s e r  o u t p u t .  Thus f o r  a p p l i c a t i o n s  r e q u i r i n g  a  l i n e w i d t h  o f  l e s s  

t h a n  IMHz o r  lo n g  te rm  f r e q u e n c y  s t a b i l i t y ,  t h e  l a s e r  f r e q u e n c y  m ust 

b e  lo c k e d  to  a n  e x t e r n a l  f r e q u e n c y  r e f e r e n c e  [ 4 3 ] .  A t h e r m a l ly  

s t a b i l i s e d ,  c o n f o c a l  F a b r y - P e r o t  (F P ) i n t e r f e r o m e t e r  i s  u se d  a s  a  

s c a n a b le ,  s t a b l e ,  f r e q u e n c y  r e f e r e n c e  f o r  t h e  380D [ 3 2 ] .  T h is  

i n t e r f e r o m e t e r  em ploys v e r y  b ro a d b a n d  o p t i c s  t o  a v o id  r e f e r e n c e  FP 

o p t i c s  ch a n g e s  when t h e  dye i s  c h a n g e d . T h is  l i m i t s  t h e  r e f l e c t i v i t y  

o b t a i n a b l e  to  (6 0  +  7%) fro m  400 -  lOOOnm, y i e l d i n g  a  f i n e s s e  o f  a b o u t

2 .3  -  3 .8  f o r  t h e  c o n f o c a l  F P . The s lo p e  o f  th e  i n t e r f e r o m e t e r  f r i n g e  

a t  th e  lo c k  p o in t  d e te r m in e s  t h e  o p t i c a l  g a in  w h ich  i s  to  be 

m a x im ise d . W ith  t h e  low  f i n e s s e  i t  i s  n e c e s s a r y  t o  d e c r e a s e  t h e  FSR 

o f  th e  i n t e r f e r o m e t e r  to  i n c r e a s e  t h e  o p t i c a l  g a i n .  The FSR was 

c h o s e n  a s  500 MHz. H ow ever, w i th  t h e  FSR o f  t h e  r e f e r e n c e  FP o f  th e  

sam e o r d e r  a s  t h e  c a v i t y  mode s p a c in g  (200  MHz) a  c a v i t y  mode hop 

c o u ld  r e s u l t  i n  lo c k in g  to  a n o th e r  f r i n g e .  F o r  t h i s  r e a s o n  th e  

t r a n s m i s s i o n  o f  a  se c o n d  c o n f o c a l  i n t e r f e r o m e t e r  w i th  FSR 10 GHz i s  

u s e d  to  r e s t o r e  t h e  l a s e r  f r e q u e n c y  f o l lo w in g  a  mode h o p .

A b lo c k  d ia g ra m  o f  th e  s t a b i l i s a t i o n  sy s te m  i s  shown i n  f i g u r e  

2 .1 3 .  The F P 's  a c t  a s  f r e q u e n c y - to - a m p l i tu d e  c o n v e r t e r s .  The 

p h o to d io d e  d e t e c t e d  s i g n a l s  from  th e  s l a v e  and  r e f e r e n c e  

i n t e r f e r o m e t e r s  a r e  n o r m a l is e d  to  th e  i n t e n s i t y  s i g n a l  by a  f a s t  

a n a lo g - d i v id e r  i n t e g r a t e d  c i r c u i t .  The n o r m a l is e d  r e f e r e n c e  s i g n a l  i s  

c o n d i t io n e d  to  p r o v id e  a n  e r r o r  s i g n a l  w h ich  i s  fe d  b ac k  to  th e  g a lv o  

p l a t e s  and to  t h e  PZT m oun ted  m i r r o r  M2. The PZT-m ounted m i r r o r  i s  

ad d ed  to  c o r r e c t  f o r  h ig h - f r e q u e n c y  FM n o i s e  (u p  to  10 KHz). ' The
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g a lv a n o m e te r  s e r v o  lo o p  i s  r e s t r i c t e d  to  low  f r e q u e n c ie s  (< 200  H z ) . 

N o rm a lly , t h e  s l a v e  s i g n a l  i s  u s e d  to  s e rv o  t h e  p a s s b a n d  o f  t h e  s l a v e  

i n t e r f e r o m e t e r  to  t h e  d e s i r e d  s p a c in g  d e te rm in e d  by t h e  r e f e r e n c e  FP. 

D u rin g  mode h o p s  t h e  r e f e r e n c e  s i g n a l  i s  r e p la c e d  by th e  s l a v e  

s i g n a l .  The s l a v e  f r i n g e  i s  h e ld  f i x e d  d u r in g  mode hop c o n d i t i o n s  so  

t h a t  t h e  s l a v e  s i g n a l  c a n  be  u se d  to  r e t u r n  t h e  l a s e r  to  i t s  o r i g i n a l  

f r e q u e n c y  p r i o r  t o  t h e  mode h o p , th ro u g h  fe e d  b a c k  to  t h e  dye l a s e r  

g a lv a n o m e te r s .  S c a n n in g  i s  s to p p e d  w h ile  th e  s l a v e  i s  i n  command and  

r e s t a r t s  when th e  o r i g i n a l  f r e q u e n c y  i s  r e - e s t a b l i s h e d .

To s c a n  th e  l a s e r  t h e  lo c k e d  f r e q u e n c y  o f  th e  r e f e r e n c e  

i n t e r f e r o m e t e r  m ust b e  s c a n n e d .  The o p t i c a l  l e n g t h  o f  t h e  r e f e r e n c e  

FP i s  v a r i e d  by r o t a t i n g  a  q u a r t z  p l a t e  m ounted  o n  a  g a lv a n o m e te r  

l o c a t e d  w i t h i n  t h e  i n t e r f e r o m e t e r  c a v i t y .  The 10 GHz i n t e r f e r o m e t e r  

i s  sc a n n e d  by  m oving one o f  t h e  m i r r o r s  w h ich  i s  m ounted  on  a  PZT. 

The rms l i n e w i d t h  a c h ie v e d  by t h i s  s t a b i l i s a t i o n  sy s te m  i s  

a p p r o x im a te ly  150 kH z.

2 .4  S t a b i l i t y  R e g io n  C a l c u l a t i o n s

2 . 4 .1  Ray P r o p a g a t io n  by t h e  M a t r ix  M ethod

An o p t i c a l  r a y  a t  o n e  p o i n t  i n  a n  o p t i c a l  sy s te m  may be  d e s c r ib e d

by  t h e  v e c to r X
n a w h ere  n i s  t h e  r e f r a c t i v e  in d e x  o f  th e  medium i n  

w h ich  i t  i s  p r o p a g a t in g ,  a  i s  t h e  a n g le  i t  m akes to  t h e  o p t i c  a x i s  and  

X i s  th e  d i s t a n c e  i t  i s  from  th e  o p t i c  a x i s .  I n  t h e  p a r a x i a l  

a p p r o x im a tio n  th e  r a y  v e c t o r  a t  a  sec o n d  p o in t  i s  l i n e a r l y  r e l a t e d  to  

t h a t  a t  any  o t h e r  p o i n t .  T h is  i s  c o n v e n ie n t ly  e x p r e s s e d  in



Table I I

Ray T r a n s f e r  M a t r i c e s  o f  E le m e n ta ry  O p t i c a l  S t r u c t u r e s

Symbol S ystem Ray T r a n s f e r  M a tr ix

T r a n s l a t i o n  

D, L

d ——1

n

1 2

I  d /n

0 1 J

T h in  L ens i n  

v a c u o , n o rm a l 

in c id e n c e  

F

I  0

- 1 / f  1  .

1 2

T h in  L ens i n  

v a c u o , a n g le  

o f  i n c id e n c e  6  

F ^ ( S a g i t t a l  p la n e ) f / c o s  0

JE y C T an g en tia l p la n e )

T r a n s m is s io n  th ro u g h  

a  B re w s te r  s u r f a c e

( T a n g e n t i a l  p la n e )

_ fc o s

n ' / n  0

0  n /  n '

nn
( S a g i t t a l  p la n e )

1 0

L 0 1 J
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(7)

The r a y  t r a n s f e r  m a t r i c e s  f o r  many o p t i c a l  s t r u c t u r e s  h av e  b e e n  

docu m en ted  [ 4 4 ,4 5 ] .  T h o se  r e q u i r e d  i n  t h e  p r e s e n t  a n a l y s i s  a r e  l i s t e d  

i n  T a b le  I I .

I t  s h o u ld  b e  n o te d  t h a t  a  l e n s  ( o r  m i r r o r )  u se d  a t  o b l iq u e  

I n c id e n c e  0 , h a s  d i f f e r e n t  f o c a l  l e n g th s  i n  t h e  s a g i t t a l  ( x z )  and  

t a n g e n t i a l  (y z )  p l a n e s  r e l a t e d  t o  t h e  a c t u a l  f o c a l  l e n g t h  f  o f  th e  

l e n s  by f ^  = f / c o s 6  and f ^  = f c o s 0 , r e s p e c t i v e l y  [ 4 6 ] .  A ls o ,  

t h e  e f f e c t  o f  t r a n s m i s s i o n  th r o u g h  a  B re w s te r  s u r f a c e  i s  c o n f in e d  to  

t h e  t a n g e n t i a l  p la n e  i n  w h ic h  t h e  r a y  l i e s .

By m a t r ix  m u l t i p l i c a t i o n  o f  t h e  i n d i v id u a l  com ponen t m a t r i c e s  o f  

a n  o p t i c a l  s y s te m , a  m a t r i x  d e s c r i b in g  a  l a r g e  s e r i e s  o f  co m p o n en ts  

c a n  be o b t a i n e d .  F o r  t h i s  t o  be u s e f u l  i t  i s  n e c e s s a r y  to  e q u a te  t h i s  

m a t r ix  to  so m e th in g  p h y s i c a l l y  m e a n in g f u l .  T h is  i s  done by f i n d i n g  

p l a n e s ;  c a l l e d  p r i n c i p a l  p l a n e s ,  a t  d i s t a n c e s  p^ and  p^ from  th e  in p u t  

and  o u tp u t  p la n e s  o f  t h e  sy s te m  d e s c r ib e d  by t h e  f i n a l  m a t r ix  ^

f o r  w h ich  th e  o v e r a l l  t r a n s f o r m a t i o n  w h ich  i s  g iv e n  by

^ P2 A B Px' = 1 0

0  1 C D 0  1

( 8 )

i s  e q u i v a l e n t  t o  t h a t  o f  a  t h i n  l e n s .  The im age f o r m a t io n  c o n d i t i o n ,  

B = 0 ,  c a n  th e n  be u s e d  to  f i n d  t h e  p o s i t i o n s  o f  t h e  f o c a l  p la n e s  

r e l a t i v e  t o  th e  p r i n c i p a l  p la n e s  f o r  t h i s  t h i n  l e n s .  T h is  i s  d e p i c t e d  

i n  f i g u r e  2 .1 4  an d  th e  r e s u l t s  o f  m aking  th e  i d e n t i t i e s  a r e  g iv e n  i n  

e q u a t io n  ( 9 ) .
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F i r s t  P r i n c i p a l  P la n e  P^ p^ = n ^ ( l - D ) /C

S econd  P r i n c i p a l  P la n e  P^ P2  = n ^ X l-A j/C

F i r s t  F o c a l  P la n e  = -n ^ /C

S econd  F o c a l  P la n e  = -n ^ /C

(9)

U sin g  th e s e  r e s u l t s ,  i f  we h a v e  a  c lo s e d  r i n g  o f  o p t i c a l  co m p o n en ts  

th e n  i t  i s  p o s s i b l e  t o  c o l l a p s e  t h i s  r i n g  b e tw e en  an y  in p u t  and  o u tp u t  

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

l e n s e s ,  d e s c r i b in g  t h e  e le m e n ts  o f  th e  c a v i t y  w h ich  a r e  n o t  o f  

p a r t i c u l a r  i n t e r e s t ,  s e p a r a t e d  by  t h e  l e n g th  o f  t h e  c a v i t y  u n re d u c e d  

w h ich  f a l l s  b e tw e e n  t h e  p r i n c i p a l  p l a n e s .  T h is  i s  d e p i c t e d  i n  f i g u r e

2 .1 5 .  T h is  i n f i n i t e  s e r i e s  o f  i d e n t i c a l  l e n s e s  c a n  b e  t r e a t e d  a s  t h e

e q u i v a l e n t  em pty r e s o n a t o r  c o n t a i n i n g ,  a  medium o f  r e f r a c t i v e  in d e x  n ,  

com posed o f  two i d e n t i c a l  s p h e r i c a l  m i r r o r s  w i th  r a d i u s  o f  c u r v a t u r e  R 

= -2 n /C  s e p a r a t e d  by a  d i s t a n c e  d = (L -p ^  -  P2 ) •

By t r a c i n g  a  p a r a x i a l  r a y  th ro u g h  a  g iv e n  o p t i c a l  sy s te m  one c a n  

d e te r m in e  th e  t r a n s f o r m a t i o n  o f  a  w a v e f ro n t  o f  a  s p h e r i c a l  wave 

p a s s in g  th ro u g h  t h i s  s y s te m , R = x / n  . F o r  a  s p h e r i c a l  wave w i th  a  

r a d i u s  o f  c u r v a t u r e  R^ a t  t h e  in p u t  p la n e  o f  th e  sy s te m  one f i n d s  th e  

c u r v a t u r e  r a d iu s  R2  a t  t h e  o u tp u t  p la n e

R2  = (AR^ +  B )/(C R ^ +  D)

( 10)

The p r o p a g a t io n  r u l e  f o r  a  s p h e r i c a l  w a v e f r o n t ,  p r o p a g a t in g  i n  t h e  z 

d i r e c t i o n ,  i n  g e o m e t r ic a l  o p t i c s  i s

* 2  -  *1 +  :

( 11)

I f  a  s p h e r i c a l  wave p a s s e s  th r o u g h  a  l e n s  o f  f o c a l  l e n g t h  f ,  i t  i s  

t r a n s f o r m e d  a c c o r d in g  t o :
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l /R g  = ! /& !  -  1 / f

(12)

The p r o p e r t i e s  o f  t h e  G a u s s ia n  beam s i n  hom ogeneous m ed ia  a r e  w e l l  

know n. A G a u s s ia n  beam o f  l i g h t  i s  d e s c r ib e d  by i t s  s p o t  s i z e ,  w (z) 

and  th e  r a d iu s  o f  c u r v a t u r e  o f  t h e  p h a se  f r o n t ,  R ( z ) .  As t h e  beam 

p r o p a g a te s  i t  e x p a n d s  a c c o r d in g  to

(jj  ̂ = W g[l +  (Xz / ttŵ )^ ]

(1 3 )

w h e re  z i s  m easu red  from  th e  beam w a i s t .  The r a d iu s  o f  th e  p h a s e - f r o n t  

c u r v a t u r e  ch a n g e s  a lo n g  th e  o p t i c  a x i s  a c c o r d in g  to

R (z )  = z [ l  +  (rW g/% z)^]

(1 4 )

A com plex  beam p a r a m e te r  q i s  d e f in e d  by

1 /q  = 1 /R  +  i (  X/iTW^)

(1 5 )

I n  te rm s  o f  t h i s  p a r a m e te r  t h e  t r a n s f o r m a t i o n  law s (1 3 )  and  (1 4 )  c a n  

b e  w r i t t e n  a s  one e q u a t io n

q2 = q „  +  z 

( 16 )

w h ere

2
q^ = ir to ^ /X

(1 7 )

R e d e f in in g  z a s  th e  d i s t a n c e  b e tw e e n  any  two r e f e r e n c e  p la n e s  i n  t h e  

medium th e  r e l a t i o n  b e tw e e n  th e  in p u t  p a r a m e te r  q^ and th e  o u tp u t  

p a r a m e te r  q^ c a n  b e  w r i t t e n  a s

(1 8 )

The l e n s  t r a n s f o r m a t i o n  law  f o r  t h e  com plex  beam p a r a m e te r  i s  th e n

i/q% = i /q ^  -  1 / f

(19)
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The law s o f  t r a n s f o r m a t i o n  o f  G a u s s ia n  beam s, i n  te rm s  o f  th e  

co m p lex  beam p a r a m e te r ,  a r e  f o r m a l ly  t h e  same a s  th o s e  f o r  s p h e r i c a l  

w aves i n  te rm s  o f  t h e i r  r a d i i  o f  c u r v a tu r e  (1 1 )  an d  ( 1 2 ) .  T hus i n  

s y s te m s  r e d u c i b l e  t o  a  s e q u e n c e  o f  t h i n  l e n s e s  a s  d i s c u s s e d  ab o v e  t h e  

a n a lo g o u s  law  t o  eq n  ( 1 0 ) w i l l  a l s o  h o ld  f o r  t h e  com plex  beam 

p a r a m e te r

^2 “  +  B )/(C q ^  +  D)

( 20 )

I f  th e |^ ^  m a t r i x  d e s c r i b e s  o n e  p e r io d  o f  an  i n f i n i t e  s e q u e n c e  o f

i d e n t i c a l  l e n s e s  s e p a r a t e d  by d i s t a n c e  d th e n  ^ 2  "  ^ 1  * ^ aiid eq n  ( 2 0 ) 

becom es

1 / q  = -  l / 2 f  +  i /Z ^ A /d f  -  1 / f ^

( 2 1 )

E q u a t in g  (2 1 )  w i th  (1 5 )  g iv e s

(7rm^/X^)^ = d ( 4 f - d ) / 4

(22 )

an d  th e  w a i s t  o c c u r s  a t  d /2  fro m  th e  t h i n  l e n s .  Thus from  a  r e d u c t i o n  

o f  t h e  ty p e  d e p ic t e d  i n  f i g u r e  2 .1 5  w h e re  d , f ,  p^ and p^ a r e  fo u n d  

t h e  s p o t  s i z e  may b e  c a l c u l a t e d  u s in g  ( 2 2 ) and t h e  w a i s t  p o s i t i o n  i s  

g iv e n  r e l a t i v e  t o  th e  i n p u t  an d  o u tp u t  p l a n e s ,  r e s p e c t i v e l y ,  by

= d / 2  +  p^

= d / 2  +  p^

2
A c a v i t y  w i l l  be s t a b l e  i f  TfO) /X i s  r e a l .o o

(2 3 )
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2 . 4 . 2  A p p lic a tio n  to  th e  S p e c tra -P h y s ic s  380P C avity

The m a t r ix  m ethod  f o r  c a l c u l a t i n g  s p o t  s i z e s  and  w a i s t  p o s i t i o n s  

h a s  b e e n  a p p l i e d  t o  a  num ber o f  s t a n d in g  wave and r i n g  r e s o n a t o r s  [4 5 , 

4 7 - 5 0 ] .  I t  i s  th e  i n t e n t i o n  h e r e  to  a p p ly  t h i s  fo rm a lis m  to  t h e  380D 

r i n g  dye l a s e r  c a v i t y  t o  c a l c u l a t e  th e  s a g i t t a l  and t a n g e n t i a l  

s t a b i l i t y  r e g io n s  a s  a  f u n c t i o n  o f  th e  m i r r o r  s e p a r a t i o n s ,  in c lu d in g  

some o r  a l l  o f  t h e  f o l lo w in g  i n t r a c a v i t y  e le m e n ts :  ( 1 )  The dye j e t  o f

l e n g t h  L j ,  ( 2 )  a  j e t  r e g io n  a s t ig m a t i s m  c o m p e n sa to r  (AC) o f  l e n g t h  L a , 

( 3 )  an  ADA c r y s t a l  a t  t h e  a u x i l i a r y  w a is t  o f  l e n g t h  Lc and  ( 4 )  a  

c r y s t a l  r e g io n  a s t ig m a t i s m  c o m p e n sa tin g  rhomb o f  l e n g t h  L r ,  The 

c a v i t y  c o n ta in in g  t h e s e  e le m e n ts  i s  shown i n  f i g u r e  2 .1 6 .  The v a lu e s  

f o r  m i r r o r  r a d i i  o f  c u r v a t u r e  and  s e p a r a t i o n s  q u o te d  a r e  th o s e  g iv e n  

b y  t h e  m a n u f a c tu r e r .  E l i e l  e t  a l  [22 ] fo u n d  e m p i r i c a l l y  t h a t  t h e  

a r r a n g e m e n t.  La = Oram, Lc = 20mm, and L r = 20mm g av e  en h a n ced  se c o n d  

h a rm o n ic  pow ers g e n e r a te d  by i n t r a c a v i t y  SHG. Rem oving th e  AC re d u c e s  

t h e  i n t r a c a v i t y  l o s s  an d  t h e r e f o r e  an  i n c r e a s e  i n  fu n d a m e n ta l  and 

se c o n d  h a rm o n ic  pow er i s  to  be e x p e c te d .  The p r e s e n t  a n a l y s i s  

d e m o n s t r a te s  t h a t  t h i s  i n c r e a s e  i s  n o t  a t  t h e  e x p e n se  o f  c a v i t y

a s t ig m a t i s m  c o m p e n s a t io n .

The S p e c t r a - P h y s ic s  380D h a s  i t s  r i n g  i n  t h e  h o r i z o n t a l  (x z )

p la n e  b u t  i t  i s  r e d e f i n e d  to  be  i n  th e  v e r t i c a l  (y z )  p la n e  f o r  th e  

p u rp o s e  o f  th e  a n a l y s i s  so  t h a t  t h e  fo rm a lism  o u t l i n e d  i n  2 . 4 . 1 ,  w h ich  

c o r r e s p o n d s  to  t h a t  u s e d  by Dunn and  Dunn [ 4 5 ] ,  may be a p p l i e d .

The a p p ro a c h  o f  Dunn and  Dunn was to  c a l c u l a t e  t h e  s p o t  s i z e s  and 

w a i s t  p o s i t i o n  i n  t h e  j e t  o r  c r y s t a l  r e g io n  by c o l l a p s i n g  t h e  c a v i t y

a b o u t  th e  j e t  o r  c r y s t a l  r e s p e c t i v e l y .  The s p o t  i n  t h e  j e t  o r  c r y s t a l

i s  e l l i p t i c a l  b e c a u s e  t h e  t a n g e n t i a l  d ia m e te r  i s  i n c r e a s e d  on e n t e r i n g  

a  m a t e r i a l  o f  h i g h e r  r e f r a c t i v e  in d e x .  F o r  a  beam o f  d ia m e te r  d
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p r o p a g a t in g  from  vacuum  to  a  medium o f r e f r a c t i v e  in d e x  n , i n c i d e n t  on

th e  s u r f a c e  a t  B r e w s te r 's  an g le^  th e  t a n g e n t i a l  beam d ia m e te r  i n  th e

2 2r e f r a c t o r y  m a t e r i a l  i s  d ^= n d . Thus i f  th e  s p o t  s i z e ,  ,
4

c a l c u l a t e d  by th e  m a t r ix  m e th o d , i s  n  t im e s  l a r g e r  i n  th e  t a n g e n t i a l  

p la n e  th a n  i n  th e  s a g i t t a l  p l a n e ,  t h e  beam i n  vacuum  w i l l  be o f  

c i r c u l a r  c r o s s  s e c t i o n .  A m ore d i r e c t  way o f  o b t a i n i n g  th e  beam c r o s s  

s e c t i o n  i n  a i r  i s  t o  com pare  th e  t a n g e n t i a l  and s a g i t t a l  p la n e  s p o t  

s i z e s  o b ta in e d  by r e d u c in g  th e  c a v i t y  a b o u t  t h e  "vacuum " s p a c e  

a d j a c e n t  t o  t h e  j e t  o r  c r y s t a l .  R e s u l t s  o b ta in e d  f o r  c a v i t y  

r e d u c t i o n s  a b o u t  t h e  j e t  and  a b o u t  d^ ( d e f in e d  i n  f i g u r e  2 .1 6 )  a r e  

c o n t r a s t e d  f o r  th e  f o c u s  i n  th e  dye j e t .  R e d u c t io n s  a b o u t  t h e  c r y s t a l  

an d  d^ a r e  c o n t r a s t e d  f o r  t h e  fo c u s  i n  th e  ADA c r y s t a l .

S u ppose  th e  c a v i t y  i s  re d u c e d  a b o u t  th e  dye j e t .  The 

m a t r ix  f o r  th e  t a n g e n t i a l  p la n e  o f th e  j e t  r e g io n  o f  th e  c a v i t y  i s  

g iv e n  by th e  f o l lo w in g  s e q u e n c e  o f  m a t r ix  m u l t i p l i c a t i o n s .

Fa  B*
C D J e t . y z  °  *

Dc $ , D^ Fg D_ F , D . $5 ^ n ^ l  "C ^ I n ^  6  "3 y  ^7 " l y  “ 1 " n ^ l

w h e re  th e  m a t r i c e s  D^, D^, D^, D^, D^ and D^ r e f e r  t o  p r o p a g a t io n  ( i n

v a c u o )  o v e r  d i s t a n c e s  d ^ , d ^ ,  d ^ , d ^ ,  d^ and d^ a s  d e p ic t e d  i n  f i g u r e

2 .1 6 .  The m a t r i c e s  F ^ ^ , ^2y and  F^y d e s c r i b e  p r o p a g a t io n  th ro u g h

e q u i v a l e n t  l e n s e s  o f  f o c a l  l e n g th s  f ^ c o s ( 9 ^ / 2 ) ,  f 2 0 0 8 ( 0 2 / 2 ) ,

fg C o s ( 8 2 / 2 ) ,  w h e re  we h a v e  f^  = R ^ /2 ,  f 2  = ^ 2 ^^ an d  f ^  = R g /2 . The

r e f r a c t i v e  i n d i c e s  o f  t h e  j e t ,  j e t  a s t ig m a t i s m  c o m p e n s a to r ,  c r y s t a l

and  c r y s t a l  a s t ig m a t i s m  c o m p e n s a to r  a r e  n ^ ,  n ^ ,  n^ and n^

r e s p e c t i v e l y .  The m a t r i c e s  L ^ , L ^ , and  d e s c r i b e  p r o p a g a t io n

th r o u g h  th e  j e t ,  j e t  a s t ig m a t i s m  c o m p e n s a to r , c r y s t a l  and  c r y s t a l

c o m p e n sa tin g  rhomb w i th  l e n g t h s  o f  L , ,  L , and  r e s p e c t i v e l y ,  and

t h e  a p p r o p r i a t e  medium r e f r a c t i v e  in d e x .  S i m i l a r l y  th e  ^  ^
LC Dj

m a t r i c e s  f o r  t h e  t a n g e n t i a l  c r y s t a l  r e g io n ,  s a g i t t a l  j e t  r e g io n  and
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s a g i t t a l  c r y s t a l  r e g io n  a r e  g iv e n  by

A B 
C D Xta l .yz  “ ’'^y °7 ^ ly  °2 \ l  \

i  a
IX]

°3  ^2 y  ° 4  \  °5

= =2 '-A “ 3 ^2k °4  I-R °5  Lc Dg F ,^  D ,
J e t , x z

, “  ° 6  " 3 x  ” 7  “ 1 " j  °2  \  °3  ^ 2 x  °4  V  =5
X t a l ,x z

The e q u i v a l e n t  l e n s  f o c a l  l e n g t h s  f o r  th e  s a g i t t a l  p la n e  a r e  

^ I x  f j ^ / c o s ( 0 ^ /2 ) ,  f g ^ r  f 2 / c o s ( 0 2 / 2 ) and f ^ ^  = f ^ / c o s ( 0 2 / 2 )»

A n a lo g o u s  m a t r ix  c a l c u l a t i o n s  h av e  b e e n  c a r r i e d  o u t f o r  

r e d u c t i o n s  a b o u t d ^ , d^ and  d ^ .

A f u r t h e r  c o m p l i c a t io n  o f  t h i s  c a v i t y  i s  t h a t  th e  m i r r o r  

s e p a r a t i o n s  a r e  n o t  c o n f o c a l ,  t h a t  i s

^ 1 2  ^  f l  +  ^2

an d  (2 4 )

■*23 f  ^3 +  ^2

w h ere  d^^ and d^^ r e f e r  t o  f i g u r e  2 .1 7 .  Thus i t  i s  n o t  known a  p r i o r i

w h e re  th e  j e t  an d  c r y s t a l  s h o u ld  be p la c e d  to  e n s u r e  t h a t  th e  beam

w a i s t s  o c c u r  i n s i d e  th em . The f o l lo w in g  n u m e r ic a l  a p p ro a c h  i s  t a k e n

t o  a c h ie v e  t h i s .  F i r s t l y  th e  w a i s t  p o s i t i o n s  i n  th e  empty., o n  a x i s

c a v it y ,  w, and w , a re  c a lc u la te d  by c a v ity  red u ctio n s  o f the form 
jo  CO

o u t l i n e d  i n  f i g u r e  2 .1 7  f o r  th e  j e t  and c r y s t a l  r e g io n s  r e s p e c t i v e l y .  

The d i s t a n c e s  d^ and  d^ a r e  t h e n  c a l c u l a t e d  from  th e s e  w a i s t  p o s i t i o n s  

t o  g iv e  th e  on  — a x i s  w a i s t  a t  th e  m id p o in t  o f  th e  j e t  and  c r y s t a l  

r e s p e c t i v e l y .

:-:S
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“*1 = “ jo  ■ L j /2

d ,  = w -  L /2
6  CO c

(2 5 )

The d i s t a n c e s  d^ and  d^ a r e  s e t  by th e  m ount p o s i t i o n s  i n  th e  c a v i t y  

a s  d^ = 4.5cm  and d^ = 6 .5 cm . Then d^ and d ^  a r e  c a l c u l a t e d  from  th e

m i r r o r  s e p a r a t i o n s .

S  = ^12 -  <<̂ 2 +  +  L j  +  \ )

( 2 6 )

I n c o r p o r a t i n g  t h e  e le m e n ts  and  th e  o f f - a x i s  f o c a l  l e n g th s  c h a n g e s  

t h e  p o s i t i o n s  o f  t h e  w a i s t s  and  so  i t  i s  n e c e s s a r y  t o  r e l o c a t e  t h e  j e t  

an d  c r y s t a l  a t  t h e  new w a i s t s .  T h is  d o es  n o t  ch a n g e  th e  s p o t  s i z e  and 

so  th e  t r e a tm e n t  ab o v e  i s  s u f f i c i e n t  f o r  c a l c u l a t i n g  t h e  s t a b i l i t y  

r e g i o n s .  An i t e r a t i v e  a p p ro a c h  o f  r e l o c a t i n g  th e  j e t  and  c r y s t a l  a t  

t h e  new w a is t  p o s i t i o n s  an d  r e p e a t i n g  th e  c a l c u l a t i o n s  u n t i l  t h e r e  i s  

no ch an g e  i n  t h e  w a i s t  p o s i t i o n s  was u s e d .  S e l f  c o n s i s t e n c y  was 

a c h ie v e d  a f t e r  two i t e r a t i o n s  i n  p r a c t i c e .

2 . 4 .3  R e s u l t s

The s p o t  s i z e s  and  t h e  w a i s t  p o s i t i o n s  a r e  c a l c u l a t e d ,  u s in g  th e  

e x p r e s s io n s  g iv e n  i n  s e c t i o n  2 . 4 . 1 ,  a s  a  f u n c t i o n  o f  t h e  m i r r o r  

s e p a r a t i o n s  b e tw e e n  and -  M^. The d i s t a n c e s  a r e  a d j u s t e d

a ssu m in g  and  a r e  th e  m i r r o r s  m oved. A c o r r e c t i o n  to  th e  c a v i t y  

l e n g th  b e tw e en  and  v i a  i s  made a t  e a c h  s t e p .  The p ro g ram s to  

a c h ie v e  t h i s  a r e  l i s t e d  i n  a p p e n d ix  B.
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The s t a b i l i t y  r e g io n  b o u n d a r ie s  f o r  b o th  t h e  s a g i t t a l  and  

t a n g e n t i a l  p l a n e s  a r e  show n i n  f i g u r e s  2 .1 8 - 2 .2 1  f o r  a  s e l e c t i o n  o f  

i n t r a c a v i t y  e le m e n t c o m b in a t io n s .  F ig u r e  2 .1 8  show s t h a t  th e  em pty 

c a v i t y  i s  p o o r ly  co m p e n sa te d  a s t i g m a t i c a l l y  b u t  w i th  t h e  i n c l u s i o n  o f  

t h e  5mm s ta n d a r d  AC b e tw e e n  t h e  j e t  and  t h i s  i s  c o r r e c t e d  ( f i g u r e

2 . 1 9 ) .  The s t a n d a r d  a s t ig m a t i s m  c o m p e n sa to r  (AC) i s  i n c o r p o r a t e d  by 

t h e  m a n u f a c tu r e r  f o r  j u s t  t h i s  p u rp o s e  and th u s  p r e d i c t i n g  a s t ig m a t i s m  

c o m p e n s a tio n  w i th  t h i s  o p t i c s  c o m b in a t io n  p r o v id e s  a  ch e c k  f o r  th e  

c o m p u ta t io n a l  m e th o d . (To p e r fo rm  c a l c u l a t i o n s  o f  th e  s p o t  s i z e  i n  

t h e  c r y s t a l  r e g io n  when t h e r e  i s  no c r y s t a l  i n  t h e  c a v i t y  i t  i s  

n e c e s s a r y  t o  u s e  a  c a v i t y  r e d u c t i o n  a b o u t d g g . The e r r o r  in t r o d u c e d  

by  r e d u c in g  th e  c a v i t y  a b o u t  tw o B re w s te r  s u r f a c e s  b o u n d in g  an  e le m e n t 

o f  z e ro  l e n g th  i s  d e m o n s t r a te d  by c o n s id e r in g  th e  c a v i t y  w i th  th e  

o f f - a x i s  f o c a l  l e n g t h s  r e p l a c e d  by o n - a x is  f o c a l  l e n g t h s  and  s e t t i n g  

t h e  l e n g th s  o f  a l l  t h e  i n t r a c a v i t y  e le m e n ts  t o  z e r o .  I n  t h i s  l i m i t  

t h e  c a l c u l a t i o n s  f o r  th e  t a n g e n t i a l  and s a g i t t a l  p la n e s  s h o u ld  be

i d e n t i c a l .  H ow ever, f o r  a  r e d u c t i o n  a b o u t B re w s te r  s u r f a c e s  t h i s

^ j f o r  th e  s a g i t t a lg iv e s A „ n  B 
C /n  D C Df o r  t h e  t a n g e n t i a l  p la n e  and 

p la n e  b e c a u s e  t h e  e f f e c t  o f  p r o p a g a t in g  th ro u g h  t h e  two b o u n d in g  

s u r f a c e s  d o es  n o t  r e d u c e  t o  a  u n i t y  t r a n s f o r m a t i o n . )  F ig u r e  2 .2 0  shows 

t h a t  when u s in g  a  15mm ADA c r y s t a l  and a 15mm c o m p e n sa tin g  rhomb th e  

a d d i t i o n a l  i n c l u s i o n  o f  a  1.5mm AC i n  p la c e  o f  t h e  s t a n d a r d  AC g iv e s  

good o v e r la p  o f  t h e  s t a b i l i t y  r e g i o n s .  The c o m b in a t io n  o f  e le m e n ts  

w h ich  was fo u n d  e m p i r i c a l l y  to  g iv e  good i n t r a c a v i t y  SHG e f f i c i e n c y  

[2 2 ] i s  s e e n  to  c o r r e s p o n d  to  a  w e l l  co m p en sa ted  c a v i t y  a s  w e l l  

( f i g u r e  2 .2 1 ) .  T h is  l a t t e r  c o m b in a t io n  o f  a  20mm ADA c r y s t a l  and  a 

20mm q u a r tz  rhomb w i th  no AC, i s  t h e  optim um  c o m b in a t io n  fo u n d  a s  i t  

g iv e s  good a s t ig m a t i s m  c o m p e n s a t io n  w i th  fe w e r i n t r a c a v i t y  e le m e n ts .  

F u r th e r  d i s c u s s i o n  i s  c o n f in e d  to  t h i s  o p t i c s  s e t .
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C o n to u rs  o f  t h e  t a n g e n t i a l  p la n e  s p o t  s i z e  i n  t h e  j e t  c a l c u l a t e d

by  c a v i t y  r e d u c t i o n s  a b o u t  th e  j e t  and  a b o u t  d^ a r e  shown i n  f i g u r e

2 .2 2 .  The s p o t  s i z e  c a l c u l a t e d  by a  r e d u c t i o n  a b o u t  t h e  j e t  i s  a lm o s t

5 t im e s  a s  l a r g e  a s  t h a t  f o r  a  r e d u c t i o n  a b o u t d ^ . The f o u r t h  r o o t  o f
4

5 i s  1 .5  g iv in g  t h e  e x p e c te d  n  d ep en d en ce  f o r  th e  beam d ia m e te r  on 

p r o p a g a t io n  a t  B r e w s te r s  a n g le  i n t o  a n  ADA c r y s t a l .  The c o n to u r s  o f  

t h e  s p o t  s i z e  f o r  th e  s a g i t t a l  and  t a n g e n t i a l  p la n e s  i n  t h e  j e t  

r e g i o n ,  f o r  a  r e d u c t i o n  a b o u t  d ^ , a r e  g iv e n  i n  f i g u r e  2 .2 3 .  T h e re  i s  

good a g re e m e n t b e tw e e n  t h e  tw o , i n d i c a t i n g  t h a t  when o v e r la p  o f  th e  

s t a b i l i t y  r e g io n s  i s  a c h ie v e d  th e  r e s u l t i n g  beam i s  n o n - a s t i g m a t i c  i n  

vacuum . A n a lo g o u s  r e s u l t s  i n  t h e  c r y s t a l  r e g io n  f o r  a  r e d u c t i o n  a b o u t  

d^ a r e  shown i n  f i g u r e  2 .2 4 .  T h ese  show t h a t  t h e  beam e x i t i n g  t h e  

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

c r y s t a l  i s  a b o u t  on e  h u n d re d  t im e s  t h a t  i n  th e  j e t .  Thus t h e  r a d iu s  

a t  th e  c r y s t a l  w a i s t  i s  3 .2  t im e s  t h a t  a t  t h e  j e t  w a i s t .  T h is  i s  

c o n s i s t e n t  w i th  th e  v a lu e s  q u o te d  f o r  th e  beam r a d i i  by t h e  

m a n u f a c tu r e r ,  130pm a t  t h e  dye j e t  and 420pm a t  t h e  a u x i l i a r y  w a i s t .

The v a lu e s  c a l c u l a t e d  f o r  t h e  w a is t  p o s i t i o n  r e l a t i v e  t o  f o r  

t h e  j e t  f o c u s ,  f o r  b o th  t h e  t a n g e n t i a l  and s a g i t t a l  p l a n e s ,  w i t h i n  t h e  

s t a b l e  r e g i o n s ,  a r e  shown i n  f i g u r e  2 .2 5 .  A n a lo g o u s  r e s u l t s  f o r  th e  

c r y s t a l  w a i s t  m e a su re d  r e l a t i v e  t o  a r e  g iv e n  i n  f i g u r e  2 .2 6 .  I t  i s  

s e e n  t h a t  t h e  w a i s t  p o s i t i o n  f o r  t h e  s a g i t t a l  p la n e  i s  a b o u t  0.4mm 

lo n g e r  th a n  t h a t  f o r  t h e  t a n g e n t i a l  p la n e  i n  th e  j e t  r e g io n  and  a b o u t  

4mm s h o r t e r  i n  t h e  c r y s t a l  r e g i o n .  B ut when i t  i s  c o n s id e r e d  t h a t  t h e  

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

c r y s t a l  r e g io n  v a r y  by 15mm th e  v a lu e s  o b ta in e d  f o r  th e  two p la n e s  

a r e  c o n s i s t e n t  w i t h i n  t h e  u n c e r t a i n t y  o f  th e  n u m e r ic a l  a p p r o a c h .
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2 .5  Second H arm on ie  G e n e r a t io n

When a  medium i s  s u b j e c t e d  to  a n  e l e c t r i c  f i e l d  th e  e l e c t r o n s  i n  

t h e  m a t e r i a l  becom e p o l a r i s e d .  F o r  a  weak e l e c t r i c  f i e l d  t h e  in d u c e d  

p o l a r i z a t i o n  i s  l i n e a r l y  d e p e n d e n t  on  t h e  f i e l d

(2 7 )

w h e re  X ^ i s  t h e  l i n e a r  s u s c e p t i b i l i t y  and  i s  t h e  p e r m i t t i v i t y  o f

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

2
in d e x  n ,  o f  t h e  m edium  by ReX^ = n  -  1 .

I n  th e  p r e s e n c e  o f  h ig h  e l e c t r i c  f i e l d s ,  i n  c e r t a i n  m ed ia  t h e  

p o l a r i s a t i o n  in d u c e d  becom es n o n l i n e a r  i n  t h e  f i e l d

P «£■ (X ,.E  .E .E  +  x - .E .E .E  + .............. )

(2 8 )

w h e re  x 2  t h e  se c o n d  o r d e r  n o n l i n e a r  s u s c e p t i b i l i t y  and  x 3  i s  t h e

t h i r d  o r d e r  n o n l i n e a r  s u s c e p t i b i l i t y  e t c .  N o n l in e a r  o p t i c a l  phenom ena 

a r i s i n g  from  th e  X ^ te rm  in c lu d e  sec o n d  h a rm o n ic  g e n e r a t i o n ,  

th r e e - f r e q u e n c y  sum and  d i f f e r e n c e  m ix in g , p a r a m e t r i c  o s c i l l a t i o n ,  dc 

r e c t i f i c a t i o n  and  th e  l i n e a r  e l e c t r o -  o p t i c  e f f e c t .

To s e e  t h a t  th e  X  ̂ te rm  g iv e s  r i s e  to  t h e  g e n e r a t i o n  o f  an  

e l e c t r i c  f i e l d  a t  tw ic e  t h e  fu n d a m e n ta l  o p t i c a l  a n g u la r  f r e q u e n c y ,  

c o n s id e r  th e  medium to  be s u b j e c t  to  a  h a rm o n ic  e l e c t r i c  f i e l d

E = E^ c o s(o )t -  k (w )z )

(2 9 )

T h is  wave in d u c e s  i n  t h e  medium a  n o n - l i n e a r  p o l a r i s a t i o n  o f  t h e  fo rm

2 2
^ 2  ^  ^ o ^ 2 ^o  (w t -  k (w )z )

(3 0 )

T h is  g iv e s  r i s e  t o  a n o th e r  wave E ^ , w h ich  i s  a  s o l u t i o n  o f  M a x w e ll 's  

e q u a t io n
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(31)

p ro v id e d  << E . A p o s s i b l e  s o l u t i o n  o f  t h i s  i s  a  wave h a v in g  tw ic e  

t h e  f r e q u e n c y  o f  th e  fu n d a m e n ta l  wave E and w i th  wave num ber k (2w ) to  

b e  d e te rm in e d

^2  ~ c o s (2 w t -  k (2 w )z  +  <j)̂ )

(3 2 )

w h e re  (j) 2  i s  a  p h a s e  f a c t o r  and  E2  i s  i n  g e n e r a l  co m p lex . The wave 

num ber k(2m ) and  t h e  f r e q u e n c y  2w a r e  r e l a t e d  by t h e  u s u a l  d i s p e r s i o n  

r e l a t i o n

(k (2 w ))^  -  E^E^(1+X j^)(2m )^ = 0

(3 3 )

The a m p li tu d e  v a r i a t i o n  o f  t h e  se c o n d  h a rm o n ic  wave i s  g iv e n  by 

O E z q /^ z )  = ^ ^ 2 ^ 0 ® ^ ^ ^ ^ /k (2 w )

(3 4 )

w h e re  Ak = (k (2 w ) -  2 k (w ) ) .

The f i n a l  a m p l i tu d e  o f  t h i s  seco n d  h a rm o n ic  i s  o b ta in e d  by 

i n t e g r a t i n g  o v e r  th e  l e n g t h  o f  t h e  medium ( L ) .  A ssum ing E^ i s  

c o n s t a n t  (lo w  g e n e r a t i o n  e f f i c i e n c y ) ,  th e  mean SH i n t e n s i t y  i s

g iv e n  by
2 2 2

lo  = ^ %2 L I  s in e  (AkL/2)(̂i) g  W
2 n (2 w )n (w )c  e

(3 5 )

w h ere  n(w ) and n(2w ) a r e  th e  r e f r a c t i v e  i n d i c e s  a t  w and  2w an d  I  i sw

t h e  fu n d a m e n ta l  i n t e n s i t y .

2
The SH i n t e n s i t y  i s  m o d u la te d  by th e  s i n e  te rm  when Ak f  0 .  The 

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

L c = n /A k  = X /4 (n (2 w ) -  n (w ))

(36)
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I f  ( n ( 2 ^ )  -  n(ü) ) ) ^  0 t h e n  th e  maximum SH pow er i s  g e n e r a te d  i n  a  

s i n g l e  c o h e re n c e  l e n g t h  b u t  t h i s  i s  u s u a l l y  o n ly  a  few  w a v e le n g th s .  

The l a r g e s t  SH p ow ers w i l l  be  o b ta in e d  when n(2m ) an d  n(w ) a r e  e q u a l .  

The p r o c e s s  o f  o b t a i n i n g  n  = n  i s  c a l l e d  p h a se  m a tc h in g .  The m ost 

common m ethod  o f  p h a s e -m a tc h in g  i s  t o  u s e  th e  n a t u r a l  b i r e f r i n g e n c e  o f  

t h e  c r y s t a l l i n e  m a t e r i a l  to  o f f s e t  t h e  e f f e c t  o f  d i s p e r s i o n .  I n  ty p e  

I  p h a s e  m a tc h in g  i n  n e g a t i v e  u n i a x i a l  c r y s t a l s  (n ^  < n ^ ) , o f  w h ich  ADA 

i s  a n  ex a m p le , t h e  fu n d a m e n ta l  r a y  i s  p ro p a g a te d  a s  an  o r d i n a r y  ra y  

an d  th e  SH r a y  a s  a n  e x t r a o r d i n a r y  r a y .  The r e f r a c t i v e  in d e x  o f  th e  

e x t r a - o r d i n a r y  r a y  v a r i e s  w i th  t h e  a n g le  o f  i t s  wave n o rm al t o  t h e  

o p t i c  a x i s  0 a c c o r d in g  to

2 2 2 2 1/2  
l / n ^ ( 0 ) = ( c o s  0 / n ^  +  s i n  0 / n ^ )

(3 7 )

P h a se  m a tc h in g  i s  o b ta in e d  i n  a  wave n o rm a l d i r e c t i o n  su c h  t h a t

9p%) = % (w )

(3 8 )

The n o n l i n e a r  s u s c e p t i b i l i t y ,  %2  ^  t e n s o r  and  m u st be

e v a lu a t e d  f o r  e a c h  c r y s t a l  sym m etry  and p r o p a g a t io n  d i r e c t i o n  [ 5 1 ] .  

F o r  t h e  c r y s t a l  p o i n t  g ro u p  42m, t o  w h ich  ADA b e lo n g s ,  th e  p a r a m e te r  

d g ^ 2  r e s u l t i n g  from  t h e  r e p e a t e d  sum m ations i n  th e  t e n s o r  c a l c u l a t i o n  

[5 2 ] i s  g iv e n  by

“  " ^ 1 4  s i n  @ sin2*

(3 9 )

w h e re  0 i s  t h e  a n g le  o f  t h e  wave n o rm a l to  t h e  o p t i c  a x i s  and (j) i s  th e  

a n g le  to  th e  c r y s t a l  x - a x i s .  The v a lu e  d^^^ c a n  be fo u n d  i n  s t a n d a r d  

t a b l e s  [ 5 3 ] .  O nly  n o n -c e n t ro s y m m e tr ic  c r y s t a l s  h av e  n o n -z e ro  v a lu e s
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To m ax im ise  d é s h o u ld  be c h o se n  to  b e  45* to  t h e  x -  and
e f f

y - a x e s .  The a n g le  9 i s  d e te rm in e d  by th e  p h a se  m a tc h in g  r e q u ir e m e n t .  

F o r  c r i t i c a l  p h a s e  m a tc h in g  (0 ) th e  p h a s e  m a tch ed  w a v e le n g th  i s

tu n e d  by c h a n g in g  th e  a n g le  0 ^ ^ .  F o r an  a n g le  9p^=90" (n o n  c r i t i c a l  

o r  90* p h a se  m a tc h in g )  t h e  p h a s e  m atch  w a v e le n g th  i s  in d e p e n d e n t  o f  

a n g le  b u t  i t  i s  p o s s i b l e  t o  tu n e  th e  p h a se  m a tch  w a v e le n g th  by 

c h a n g in g  th e  t e m p e r a tu r e  p ro v id e d

[ ( d n ^ (w ) /d T )  -  (d n ^ (2 w )/d T )] î^  0

(4 0 )

T e m p e ra tu re  tu n in g  o f  t h e  p h a s e  m a tch  w a v e le n g th  i s  d e s i r a b l e  f o r  

i n t r a c a v i t y  SHG b e c a u s e  t h e  SH w a v e le n g th  may be tu n e d  w i th o u t  

u p s e t t i n g  th e  a l ig n m e n t  o f  t h e  c a v i t y .  Non c r i t i c a l  p h a s e  m a tc h in g  

w i th  t e m p e r a tu r e  t u n in g  i n  ADA i s  u se d  i n  t h i s  w ork  and  f u r t h e r  

d i s c u s s i o n  i s  c o n f in e d  to  i t .  A f u r t h e r  a d v a n ta g e  o f  90* p h a s e  

m a tc h in g  i s  t h a t  beam w a lk - o f f  d o es  n o t  o c c u r .  Beam w a lk - o f f  r e f e r s  

t o  th e  s p a t i a l  s e p a r a t i o n  o f  fu n d a m e n ta l  and  SH r a d i a t i o n  d u r in g  

p r o p a g a t io n  th ro u g h  th e  c r y s t a l  w h ich  o c c u rs  when t h e  wave n o rm al 

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

m a t e r i a l .

Once p h a se  m a tc h in g  i s  a c h ie v e d  eq n  (3 5 )  p r e d i c t s  t h a t  t h e  SH

2
i n t e n s i t y  s h o u ld  i n c r e a s e  a s  L w h e re  L i s  th e  l e n g t h  o f  t h e  c r y s t a l .  

I n  p r a c t i c e  th e  beam m ust be fo c u s e d  i n t o  th e  n o n l i n e a r  c r y s t a l  to  

i n c r e a s e  th e  v a lu e  o f  I  and  so  e n h a n c e  th e  SHG e f f i c i e n c y .  E q u a t io n

(3 5 )  was d e r iv e d  a ssu m in g  t h e  fu n d a m e n ta l  beam to  be u n ifo rm  

th r o u g h o u t  th e  m a t e r i a l ,  and  so  i s  i n a p p r o p r i a t e  when th e  beam c r o s s  

s e c t i o n  ch a n g e s  o v e r  th e  l e n g t h  o f  th e  c r y s t a l .  Boyd and K le in m an  

[5 4 ] h av e  d e v e lo p e d  a  t h e o r y  w h ich  t a k e s  a c c o u n t  o f  t h e  fo c u s in g  i n  

t h e  c r y s t a l  and  t h e  G a u s s ia n  i n t e n s i t y  p r o f i l e  o f  th e  fu n d a m e n ta l  

beam . They o b t a i n  t h e  f o l lo w in g  e x p r e s s io n  f o r  t h e  se c o n d  h a rm o n ic
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pow er I n  te rm s  o f  a  r e d u c t i o n  f a c t o r  h (B ,ç )

^ 2 w ^ ^  ^ e f f  P^Lk h ( B , r )
2 3 Ü)

n(w ) n ( 2to )e ^ c

=K h(B,C)LP^

(4 1 )

w h e re  B i s  t h e  w a lk - o f f  p a r a m e te r  w h ich  i s  z e ro  f o r  90® 'p h a se  m a tc h in g  

an d  Ç i s  th e  f o c u s in g  p a r a m e te r

5 = L /b

(4 2 )
2

g iv e n  in  te rm s  o f  t h e  c o n f o c a l  beam p a r a m e te r  b = k .  The f a c t o r  

h (0 ,G )  a s  a  f u n c t i o n  o f  ç i s  g iv e n  i n  f i g u r e  2 .2 7 .  I t  i s  s e e n  t h a t  

h ( 0 , ç )  h a s  a  maximum v a lu e  f o r  ç = 2 .8 4 .  T h is  c o r r e s p o n d s  to  a  

s i t u a t i o n  w here  t h e  fu n d a m e n ta l  i n t e n s i t y  i n t e g r a t e d  o v e r  t h e  l e n g t h  

o f  t h e  c r y s t a l  i s  m a x im is e d . When th e  beam i s  to o  t i g h t l y  fo c u s e d  

t h i s  i n t e g r a l  s t a r t s  to  d e c r e a s e  b e c a u s e  o f  t h e  d iv e r g e n c e  o f  th e  

beam , ev e n  th o u g h  t h e  maximum i n t e n s i t y  a c h ie v e d  a t  t h e  c e n t r e  o f  t h e  

c r y s t a l  i s  h i g h e r .

The fu n d a m e n ta l  l a s e r  beam , w i th  a  G a u s s ia n  i n t e n s i t y  p r o f i l e ,  i s  

p a r t i a l l y  a b s o rb e d  o n  p a s s in g  th ro u g h  th e  c r y s t a l .  The r e s u l t i n g  

h e a t i n g  g iv e s  r i s e  t o  a  t e m p e r a tu r e  v a r i a t i o n  a c r o s s  th e  beam . T h is  

c a u s e s  a  n o n u n ifo rm  v a r i a t i o n  o f  th e  r e f r a c t i v e  in d e x  o f  t h e  c r y s t a l  

an d  th e  r e s u l t i n g  p h a s e  m ism a tc h  l e a d s  to  a  r e d u c t i o n  i n  th e  g e n e r a te d  

SH p o w er. Okada and  l e i r i  [5 5 ] h a v e  c a l c u l a t e d  a r e d u c t i o n  f a c t o r  h ^ ,  

d e f in e d  by

o
' ' t  °

(4 3 )

o
w h e re  i s  t h e  re d u c e d  se c o n d  h a rm o n ic  pow er and i s  th e  SH pow er

e x p e c te d  when t h e r e  a r e  no th e r m a l  e f f e c t s .  The th e rm a l  r e d u c t i o n

f a c t o r  hj, i s  g iv e n  by
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= ( 8 / a ) ^ [ a S i ( a ) - ( l “ COsa) -  3 [ T - C i ( a ) + l n ( a ) ] 

+ 3 ( a - s i n a ) / a  -  ( a / 2 - s i n a ) / a  -  ( l - c o s a ) / a  ]

w h ere

S i ( a )  =
‘̂ s i n x
0 - 7 - 4 =

C i(a )  .  (a c°* =  dx
/ oa ^

= E u l e r ' s  c o n s t a n t  = 0 .5 7 7 2 1

p h a s e  m a tch ed  t e m p e r a tu r e  assum ed to  o c c u r  a t  r  = 0  

5  ^ -  a b s o r p t i o n  i n  th e  c r y s t a l

■“ th e r m a l  c o n d u c t i v i t y  o f  t h e  c r y s t a l  

The f a c t o r  h^  a s  a  f u n c t i o n  o f  a  i s  shown i n  f i g u r e  2 .2 8 .

(4 4 )

2 .6  E x p e r im e n ta l  SHG i n  th e  380D

The c a v i t y  o f  t h e  380D r i n g  dye l a s e r  i n c o r p o r a t i n g  t h e  f r e q u e n c y  

d o u b l in g  c r y s t a l  i s  d e p i c t e d  i n  f i g u r e  2 .1 6 ,  and  d e s ig n  f e a t u r e s  

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

b e e n  d i s c u s s e d  i n  s e c t i o n  2 . 4 . 3 .  Now, an  e v a l u a t i o n  o f  th e  

e x p e r im e n ta l  p e r fo rm a n c e  o f  t h e  s y s te m , w i th  r e g a r d  to  se c o n d  h a rm o n ic  

pow er g e n e r a t e d ,  c o n v e r s io n  e f f i c i e n c y ,  beam p r o f i l e ,  e t c .  i s  

p r e s e n t e d .

The fu n d a m e n ta l  i n t r a c a v i t y  pow er was m easu red  u s in g  a  UDT 

PIN-IO-UVCAL p h o to d io d e  c a l i b r a t e d  a t  588nm u s in g  a  p h o to d y n e  M odel 

6 6 XLA o p t i c a l  p o w e r /e n e rg y  m e te r .  C a l i b r a t e d  n e u t r a l  d e n s i t y  f i l t e r s  

(N D F 's) w ere  u se d  to  a t t e n u a t e  t h e  pow er to  a  l e v e l  w h ich  d id  n o t 

s a t u r a t e  th e  p h o to d io d e .  The e r r o r  i n  a l l  fu n d a m e n ta l  pow ers i s

. J
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+20%. The SH p ow ers w ere  m easu red  u s in g  a  UDT PIN 100-UV GAL 

p h o to d io d e  and q u a r t z ,  c a l i b r a t e d  NDF's w e re  u se d  to  c h e c k  f o r  

s a t u r a t i o n  e f f e c t s .  T h ese  m ea su re m e n ts  w ere  a c c u r a t e  to  +!%•

W ith  a  15mm, 90* p h a s e  m a tch ed  ADA c r y s t a l  and  a  15mm q u a r tz

c o m p e n sa tin g  rhomb i n  th e  M2-M3 arm  o f  th e  c a v i t y  and  no a s t ig m a t i s m  

c o m p e n s a to r  (AC) i n  th e  M1-M2 a rm , a  p h a se  m atch  w a v e le n g th  c u rv e  a s  a  

f u n c t i o n  o f  c r y s t a l  t e m p e r a tu r e  shown i n  f i g u r e  2 .2 9  was o b ta in e d  f o r  

a n  i n t r a c a v i t y  fu n d a m e n ta l  pow er o f  4W. A d ia g ra m  o f  th e  i n t r a c a v i t y  

m o u n ts  f o r  th e  ADA c r y s t a l  an d  q u a r t z  rhomb and  t h e i r  p o s i t i o n s  i n  th e  

c a v i t y  a lo n g  w i th  a  s h o r t  d e s c r i p t i o n  o f  t h e  m ethod  o f  i n s e r t i n g  th e s e  

e le m e n ts  i s  g iv e n  i n  a p p e n d ix  B. SH w a v e le n g th s  i n  t h e  ra n g e  2 9 2 .5  -  

3 0 1 .5nm w ere  o b ta in e d  f o r  t e m p e r a tu r e s  i n  th e  r a n g e  22 C -  75 C. The 

r a t e  o f  ch an g e  o f  SH w a v e le n g th  w i th  te m p e r a tu r e  was 0 .170nm /*C  . The 

SH w a v e le n g th  w as m easu red  u s in g  t h e  c o r n e r  cu b e  w a v em ete r d e s c r ib e d  

i n  a p p e n d ix  A; t h e  l a s e r  b e in g  o p e r a te d  s i n g l e  mode th r o u g h o u t  to  

a l lo w  t h i s .

The ch an g e  i n  th e  p h a s e  m a tch  (PM) w a v e le n g th  w i th  i n t r a c a v i t y  

pow er c a n  be u se d  to  d e d u c e  t h e  i n c r e a s e  i n  c r y s t a l  te m p e r a tu r e  due to  

a b s o r p t i o n  o f  th e  fu n d a m e n ta l  r a d i a t i o n  i n  th e  c r y s t a l  by u s in g  th e  

r e l a t i o n  b e tw e e n  PM w a v e le n g th  and  te m p e r a tu r e  g iv e n  i n  f i g u r e  2 .2 9 .  

The m easu red  PM w a v e le n g th  a s  a  f u n c t i o n  o f  i n t r a c a v i t y  pow er f o r  two 

p h a s e  m atch  te m p e r a tu r e s  i s  show n i n  f i g u r e  2 .3 0 .  The r e s u l t s  from  

t h i s  a r e  su m m arised  i n  T a b le  I I I .

The r a t e  o f  ch a n g e  o f  PM w a v e le n g th  w i th  i n t r a c a v i t y  pow er 

(d X ^ ^ /d P ^ ) ,  and  h e n c e  t h e  r a t e  o f  ch an g e  o f  c r y s t a l  t e m p e r a tu r e  w i th  

i n t r a c a v i t y  pow er ( d T /d P ^ ) ,  i s  c o n s t a n t  to  w i t h i n  th e  e r r o r s ,  f o r  th e  

tw o PM te m p e r a tu r e s  o b s e r v e d .  The a b s o r p t i o n  i n  t h e  c r y s t a l  c a n  be 

e s t im a te d  from  d T /d P ^ . I f  t h e  fu n d a m e n ta l  pow er i n c i d e n t  on th e



Table I I I

E x p e r im e n ta l ly  D e te rm in e d  T h erm al P a ra m e te r s

P h ase  M atch 

Temp (*C ) [(nm /W )xlO ^]

dT /dP
w

(*C /N )

" t

(W)

« 1

(cm ^ )

e

( k " ^ x 1 0 ^)

30 5 .5 + 0 .5 0 .0 3 2 + 0 .0 0 3 1 .4 0 .0 0 4 0 7 .0

40 6.0443.2 0 .0 3 5 + 0 .0 0 1 1 .4 0 .0 0 4 4 6 . 4

3 4 .5 1 0 .7 + 1 .0  

( b o th  d i m s )

5 .5

(o n e  d i m )

0 .0 3 2 + 0 .0 0 3 1 0 .0 0 7 9 5 .0



— 44 —

c r y s t a l  i s  th e n  th e  pow er a b s o r b e d  p e r  u n i t  l e n g t h  i s  P ^ g ^ , and  th e

r i s e  i n  t e m p e r a tu r e  on a x i s  i s  g iv e n  by [8 ]

A T  =  P  Ô ,  / ZiTKrp

S in c e  t h i s  ca n  b e  w r i t t e n  a s

A T /P  = g ,/2T ric  
03 J. J.

(4 5 )

t h e  a b s o r p t i o n  c o e f f i c i e n t  5 ^  c a n  be  e s t im a te d  i f  i s  know n. The

v a lu e s  o f  d X /d P  a r e  a b o u t  t e n  t im e s  s m a l l e r  th a n  th o s e  m easu red  by 
SH w

F e rg u s o n  [ 5 6 ] .

I n i t i a l l y  o n ly  a  15mm lo n g  B re w s te r  c u t  ADA c r y s t a l  was 

a v a i l a b l e .  As d i s c u s s e d  i n  s e c t i o n  2 .4 .2  a  1.5mm q u a r tz  rhomb i n  p l a c e  

o f  t h e  s t a n d a r d  AC g iv e s  a n  a s t i g m a t i c a l l y  co m p en sa ted  c a v i t y  when 

u s in g  a  15mm ADA c r y s t a l  an d  15mm c o m p e n sa tin g  rhom b. A s tu d y  o f  t h e  

i n t r a c a v i t y  pow er a s  a  f u n c t i o n  o f  pump pow er was m ade, to  d e te r m in e  

i f  t h i s  was a  f a v o u r a b le  a r ra n g e m e n t  f o r  i n t r a c a v i t y  SHG. The e f f e c t

on  th e  i n t r a c a v i t y  p o w e r, c a u s e d  by o t h e r  o p t i c s  c h a n g e s ,  was a l s o

s t u d i e d .  The m easu red  i n t r a c a v i t y  pow er a s  a  f u n c t i o n  o f  pump pow er 

i s  shown i n  f i g u r e  2 .3 1 .  The dye l a s e r  h a s  t h e  b i r é f r i n g e n t  f i l t e r

an d  d u a l  g a l v o - p l a t e s  i n  t h e  c a v i t y  when o p e r a te d  m u ltim o d e . The

u n i d i r e c t i o n a l  d e v ic e  and  a i r  s p a c e d  é t a l o n  a r e  a l s o  in c lu d e d  to  

o b t a i n  s i n g l e  mode o p e r a t i o n .  C om paring  c u rv e s  ( a )  and  ( b )  made w i th  

t h e  9.4% t r a n s m i t t i n g  o u tp u t  c o u p le r  (TOC) t h e r e  i s  n e g l i g i b l e

d e c r e a s e  i n  i n t r a c a v i t y  pow er on  r e p la c i n g  M3 w i th  t h e  h ig h  UV 

t r a n s m i t t i n g  e q u i v a l e n t  ( b ) .  C urve ( c )  show s t h e  i n t r a c a v i t y  pow er 

w hen o p e r a t i n g  s i n g l e  mode w i th  th e  9.4% TOC. W ith  th e  h ig h

r e f l e c t i n g  o u tp u t  c o u p le r  (M4, T ~ 0.14% ) t h e  i n t r a c a v i t y  pow er w i th  

t h e  ADA c r y s t a l  and  c r y s t a l  c o m p e n sa tin g  rhomb i n s e r t e d  i s  shown i n  

c u r v e  (d )  f o r  t h e  c a s e  o f  no AC and  i n  c u rv e  ( e )  f o r  an  AC o f  l e n g t h  

5mm, 2mm, 1.5mm, 1mm (n o  d i f f e r e n c e  was o b s e rv e d  f o r  t h e  d i f f e r e n t  

l e n g t h s ) .  The i n t r a c a v i t y  pow er i s  re d u c e d  by 20% by t h e  i n c l u s i o n  o f
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a  c o m p e n sa tin g  rhomb i n  t h e  j e t  arm  o f  th e  c a v i t y .  C u rv es ( f )  and  (g )

a r e  t h e  a n a lo g s  o f  ( d )  and ( e )  r e s p e c t i v e l y ,  f o r  s i n g l e  mode

o p e r a t i o n .  A 10% r e d u c t i o n  i n  i n t r a c a v i t y  pow er w i th  t h e  i n c l u s i o n  o f  

a n  AC i s  o b s e rv e d  i n  s i n g l e  mode o p e r a t i o n .  V a r i a t i o n s  i n  th e

i n t r a c a v i t y  pow er a s  a  f u n c t i o n  o f  pump pow er o c c u r r e d  f o r  a  g iv e n  

o p t i c s  c o m b in a tio n  fro m  day  to  d ay  and th e  c u r v e s  p l o t t e d  c o r re s p o n d  

t o  t h e  b e s t  p e r fo rm a n c e  f o r  e a c h  c o m b in a t io n .

The i n c l u s i o n  o f  th e  AC i n  some c a s e s  i n c r e a s e s  t h e  o v e r la p  o f  

t h e  t a n g e n t i a l  and  s a g i t t a l  p la n e  s t a b i l i t y  r e g io n s  o f  t h e  c a v i t y .  

B u t th e  r e d u c t i o n  i n  t h e  i n t r a c a v i t y  pow er c a u se d  by t h e  i n c l u s i o n  o f  

t h e  AC i s  l i k e l y  t o  h av e  a  m ore d e l e t e r i o u s  e f f e c t  on  t h e  SH

e f f i c i e n c y .  Thus o p e r a t i o n  w i th o u t  a n  AC i s  b e s t .

The se c o n d  h a rm o n ic  pow er c o u p le d  o u t  o f  th e  c a v i t y  m easu red  a s  a  

f u n c t i o n  o f  i n t r a c a v i t y ,  m u ltim o d e , fu n d a m e n ta l  pow er u s in g  a  15mm 

lo n g  ADA c r y s t a l  and  15mm lo n g  q u a r tz  co m p e n sa tin g  rhomb and v a r io u s  

a s t ig m a t i s m  c o m p e n s a to rs  i n  th e  Ml-M2 arm  a r e  shown i n  f i g u r e  2 .3 2 .  

The maximum pow er o b ta in e d  was 17mW. C om parab le  pow ers a r e  a c h ie v e d  

i n  s i n g l e  mode o p e r a t i o n .  F i t t i n g  a  l i n e  o f  g r a d i e n t  2 t o  th e  SH

po w ers  g e n e r a te d  f o r  low  fu n d a m e n ta l  pow ers p r e d i c t s  v a lu e s  o f

K h (0 , O h  i n  e q u a t io n  (4 1 )  b e tw e e n  ( 8 .0  -  1 4 .1 )  x  10 W A cco u n t

h a s  b e e n  ta k e n  o f  th e  F r e s n e l  l o s s e s  on e x i t i n g  th e  c r y s t a l  (E. = 

2 2 2
[ (n  - l ) / ( n + l ) ]  = 14.8%  f o r  n  = 1 . 5 ) ,  t h e  r e f l e c t i o n  l o s s e s  a t  th e

m i r r o r  (T = 82%) and  th e  F r e s n e l  l o s s  a t  t h e  fu n d a m e n ta l  b lo c k in g

f i l t e r  (R = 15% ). The f o c u s in g  i n  th e  380D c a v i t y  i s  n o t  optim um  f o r

c r y s t a l  l e n g th s  o f  15mm and  20mm, a s  t a b u l a t e d  i n  t a b l e  IV .
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Table IV

F o c u s in g  P a ra m e te r  ç and  R e d u c t io n  F a c to r  h ( 0 , ç )

L/mm Ç = L /b h ( 0 , ç )

15 0 .5 1 0 .5 4

2 0 0 . 6 8 0 .6 0

84 2 .8 4 1 .0 6 8

The c a l c u l a t e d  v a lu e  o f  K h (0 ,ç ^ ^ ^ )  = K h (0 ,2 .8 4 )  f o r  ADA i s  2 .4 x 1 0  ^

[ 5 6 ] .  The e x p e c te d  v a l u e s ,  t a k i n g  a c c o u n t  o f  t h e  n o n -op tim um  f o c u s in g ,

o f  K h (0 ,ç )L  a r e  1 .3  x  10 ^ f o r  a  15mm c r y s t a l  and  1 .9  x  10 ^ f o r

a  20mm c r y s t a l .  Thus th e  e x p e c te d  v a lu e  o c c u rs  i n  t h e  ra n g e  o f

K h (0 ,ç )L  o b s e rv e d  e x p e r i m e n t a l l y ,  f o r  a  15mm lo n g  c r y s t a l .  The v a lu e

o f  K h (0 ,2 .8 4 )  e s t im a te d  from  th e  l a r g e s t  e x p e r im e n ta l  v a lu e  o f

— ̂  **1,
K h ( 0 ,0 .5 1 )  i s  2 .8  X  10 W an d  i s  i n  good a g re e m e n t w i th  th e  v a lu e  o f  

— 4 —1
3 X 10 W o b s e r v e d  i n  o t h e r  e x p e r im e n ts  [ 5 6 ] .

Optimum f o c u s in g  o c c u r s  f o r  a  c r y s t a l  o f  l e n g t h  84mm b u t  s u c h  a 

c r y s t a l  w i l l  n o t  g iv e  a n  im p ro v ed  p e r fo rm a n c e  b e c a u s e  o f  i n c r e a s e d  

a b s o r p t i o n  and a s t i g m a t i s m .  I t  i s  a l s o  i m p r a c t i c a l l y  l a r g e .  I n  f a c t  

no  im provem en t i n  th e  se c o n d  h a rm o n ic  pow ers a c h ie v e d  was o b s e rv e d  f o r  

a  c r y s t a l  o f  l e n g t h  2 0 mm and  t h i s  i s  b e c a u s e  o f  th e rm a l  e f f e c t s .

The SH p ow ers o b ta in e d  f o r  a  g iv e n  i n t r a c a v i t y  fu n d a m e n ta l  pow er 

w e re  s i m i l a r  w i th  o r  w i th o u t  a n  a s t ig m a t i s m  c o m p e n sa to r  i n  t h e  j e t  arm  

o f  th e  c a v i t y .  The o n ly  d i f f e r e n c e  i s  t h a t  w i th  a n  AC i n  th e  c a v i t y  a  

h ig h e r  pump pow er i s  r e q u i r e d  to  a c h ie v e  t h e  i n t r a c a v i t y  fu n d a m e n ta l  

p o w er. Thus im proved  a s t ig m a t i s m  c o m p e n s a t io n , ie  t h e  u s e  o f  a  1 . 5mm AC 

i n  t h i s  c a s e ,  l e a d s  to  no m e a s u ra b le  im provem en t i n  th e  SH pow er
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g e n e r a t e d .

A s i n g l e  s e t  o f  SH pow er m easu rem en ts  o b ta in e d  f o r  o p e r a t i o n  o f  

t h e  dye l a s e r  on  many l o n g i t u d i n a l  m odes, i s  g iv e n  i n  f i g u r e  2 .3 3 .  The 

r a t i o  o f  t h e  SH pow er o b ta in e d  to  t h a t  c a l c u l a t e d  u s in g  e q u a t io n  (4 1 )  

an d  th e  v a lu e  o f  K h (0 ,ç )L  w h ich  f i t s  th e  d a t a ,  i s  a  m e a su re  o f  th e  

r e d u c t i o n  i n  t h e  SH pow er due t o  non  u n ifo rm  h e a t i n g  i n  th e  c r y s t a l  

th ro u g h  a b s o r p t i o n  o f  t h e  fu n d a m e n ta l  r a d i a t i o n .  F ig u r e  2 .3 4  show s 

t h i s  r e d u c t i o n  f a c t o r ,  h^ a s  a  f u n c t i o n  o f  i n t r a c a v i t y  fu n d a m e n ta l  

pow er f o r  t h e  d a t a  i n  f i g u r e  2 .3 3 .  The d a sh e d  l i n e  i s  th e  f u n c t i o n  h^ 

a c c o r d in g  to  th e  t h e o r y  o f  O kada and  l e i r i  [55 ] f o r  a  v a lu e  o f  =

IW. S im i l a r  r e s u l t s  f o r  a  s i n g l e  mode fu n d a m e n ta l  l a s e r  beam a r e  

g iv e n  i n  f i g u r e s  2 .3 5  an d  2 .3 6  w h e re  t h e  d a sh e d  c u r v e  i s  a  t h e o r e t i c a l  

f i t  f o r  P^ = ( 1 . 4  +  0 .2)W  i n  t h e  l a t t e r .  H ow ever, t h e  f i t  t o  t h e

t h e o r y  i s  l e s s  c o n v in c in g  w i th  many p o i n t s  n o t  f a l l i n g  on th e  l i n e .  

T h is  i s  b e l i e v e d  to  b e  due to  t h e  i n c r e a s e d  d i f f i c u l t y  i n  o b t a i n i n g  

t h e  optim um  SH pow er i n  t h e  s i n g l e  mode c a s e  w h e re  tu n in g  th e  c a v i t y  

o f t e n  c h a n g es  th e  fu n d a m e n ta l  p o w e r. U sin g  P^ o b t a i n e d ,  i t  i s  th e n  

p o s s i b l e  to  f i n d  P, g iv e n  by

(4 6 )

-1  -1f o r  X= 590nm, a ssu m in g  = 0.02W  cm K , th e  v a lu e  f o r  ADP. The 

v a lu e s  o b ta in e d  a r e  i n c lu d e d  i n  T a b le  I I I .

The SH pow ers g e n e r a t e d  f o r  th e  m u ltim o d e  and s i n g l e  mode c a s e s

a b o v e  a r e  a p p r o x im a te ly  th e  sam e f o r  a  g iv e n  fu n d a m e n ta l  p o w er. T h is

i s  c o n t r a r y  to  t h e o r e t i c a l  p r e d i c t i o n s  [ 5 7 ] .  A ssum ing t h e  t im e  o u tp u t

o f  a  m u ltim o d e  l a s e r  i s  n o i s e l i k e  th e  SHG p r o c e s s  i s  e x p e c te d  to  g a in

m ore from  th e  p e a k s  o f  t h i s  n o i s e l i k e  wave th a n  i t  l o s e s  i n  th e

2
t r o u g h s  b e c a u s e  o f  t h e  P d e p e n d e n c e . The r a t i o  o f  P (2w) t o  P (2w)(JÜ mm sra

i s  a p p r o x im a te ly
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?m m (2 w )/f8 m (3 ") = % ~ I ' *

w h ere  N i s  th e  num ber o f  m o d es. Thus an  en h an cem en t f a c t o r  o f  2 i s  

e x p e c te d  f o r  a  l a r g e  num ber o f  m odes. B ut t h i s  assu m es p e r f e c t  p h a se  

m a tc h in g  f o r  a l l  c o m b in a t io n s  o f  fu n d a m e n ta l  modes and  a s  th e  l a s e r  

l i n e w i d t h  i n  t h e  m u ltim o d e  c a s e  i s  a b o u t  0 .03nm  t h i s  c o n d i t i o n  w i l l  

n o t  be m et ( a  0 .2  *C te m p e r a tu r e  d i f f e r e n c e  i s  r e q u i r e d  to  a c h ie v e  

p h a s e  m atch  f o r  two w a v e le n g th s  d i f f e r i n g  by t h i s  a m o u n t) . T hus some 

o f  th e  fu n d a m e n ta l  pow er w i l l  n o t  p ro d u c e  an y  SHG. A lso  i t  i s  

p o s s i b l e  t h a t  t h e  l a s i n g  m odes s w i tc h  on and  o f f  r a t h e r  th a n  

i n c r e a s i n g  and  d e c r e a s in g  i n  i n t e n s i t y ,  i n  w h ich  c a s e  no en h an cem en t 

f o r  m u ltim o d e  o p e r a t i o n  w ou ld  be e x p e c te d .

The b a n d w id th  o v e r  w h ich  SHG o c c u r re d  f o r  a  s e t  c r y s t a l  

t e m p e r a tu r e  was m e a su re d  by s c a n n in g  th e  s i n g l e  f r e q u e n c y  l a s e r  

fu n d a m e n ta l  a s  (5 0  +  10)GHZ i n  t h e  UV. T h is  c o r r e s p o n d s  t o  a  0 .03nm  

b a n d w id th  f o r  th e  f u n d a m e n ta l .

The beam p r o f i l e  o f  t h e  fu n d a m e n ta l  and  UV beam s e x i t i n g  from  

m i r r o r  M ^ w e re  s t u d i e d  by s c a n n in g  th e  beam a c r o s s  a  600pm p in h o le  i n  

f r o n t  o f  a  p h o to d io d e .  A s m a l l e r  p in h o le  was n o t  em ployed  s i n c e  

r e d u c t i o n  i n  th e  p in h o le  s i z e  o n ly  le d  to  t h e  r e s o l u t i o n  o f

i n t e r f e r e n c e  e f f e c t s  b e tw e e n  th e  beams from  th e  two s u r f a c e s  o f  th e  

s c a n n in g  m i r r o r .  The r e s u l t s  o f  t h i s  a r e  shown i n  f i g u r e  2 .3 7 .  The 

se c o n d  h a rm o n ic  beam d ia m e te r  a t  1 /e  o f  i t s  maximum v a lu e  i s  0 .5 9  

t im e s  th e  1 / e  d ia m e te r  o f  t h e  fu n d a m e n ta l  beam . T h is  co m p ares  w i th  I
i

t h e  e x p e c te d  r a t i o  o f  0 .7 1  co m p arin g  a  s q u a r e  o f  a  G a u s s ia n  w i th  a  |

G a u s s ia n .  T h is  s u g g e s t s  t h a t  t h e  sec o n d  h a rm o n ic  beam d o es  n o t  h av e  a  di

s q u a r e  o f  a  G a u s s ia n  i n t e n s i t y  p r o f i l e  and t h i s  i s  m ost l i k e l y  due to  ]
i

a  t e m p e r a tu r e  g r a d i e n t  a c r o s s  th e  c r y s t a l  c a u s e d  by t h e  d e s ig n  o f  t h e

1
c r y s t a l  o v en  and  te m p e r a tu r e  c o n t r o l l i n g  e l e c t r o n i c s .  i
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2 .7  F u r t h e r  Im p ro v em en ts

As i n d i c a t e d  i n  th e  l a t t e r  p a r t  o f  s e c t i o n  2 .6  t h e r e  i s  a  

t e m p e r a tu r e  g r a d i e n t  a c r o s s  th e  c r y s t a l .  T h e re  may a l s o  be a  

le n g th w is e  te m p e r a tu r e  g r a d i e n t  r e s u l t i n g  from  th e  op en  ended  oven  

u s e d  to  a v o id  F r e s n e l  l o s s e s  a t  s e a l i n g  w indow s. The m e ta l  c y l i n d e r  

o n  w h ich  th e  h e a t e r  w i r e  i s  wound was d e l i b e r a t e l y  made lo n g e r  th a n  

t h e  c r y s t a l  i n  a n  a t t e m p t  to  i s o l a t e  th e  c r y s t a l  f a c e s  from  th e  c o o l  

a i r  i n  t h e  c a v i t y  b u t  t h i s  may n eed  to  be i n c r e a s e d  f u r t h e r  s t i l l .  An 

o v en  o f  th e  ty p e  u s e d  by E l i e l  e t  a l  [22] c o n s i s t i n g  o f  2 c o n c e n t r i c  

o v en s  w h ich  a r e  in d e p e n d e n t ly  te m p e r a tu r e  s t a b i l i s e d  may l e a d  to  

im proved  t e m p e r a tu r e  u n i f o r m i t y .  A t e m p e r a tu r e  d i f f e r e n c e  o f  1 ,5*C  i s  

m a in ta in e d  b e tw e e n  th e  i n n e r  and o u t e r  o v en .

When o p e r a t i n g  t h e  l a s e r  s i n g l e  f r e q u e n c y  a  10% m o d u la t io n  i n  th e  

l a s e r  i n t e n s i t y ,  a s  t h e  b i r é f r i n g e n t  f i l t e r  i s  r o t a t e d ,  i s  i n t r o d u c e d  

du e  t o  an  i n t e r a c t i o n  in v o lv in g  th e  r e s i d u a l  n o n -u n ifo r m , 

b i r e f r i n g e n c e  i n  t h e  t h i n  o p t i c a l l y  a c t i v e  q u a r t z  p l a t e  o f  th e  

u n i d i r e c t i o n a l  d e v ic e ,  w h ich  i s  s t r e s s e d  by im p e r f e c t  m o u n tin g . 

M ajew sk i [3 1 ] o v ercam e t h i s  p ro b lem  by s e p a r a t i n g  t h e  t h i n  q u a r t z  

p l a t e  from  th e  F a ra d a y  r o t a t o r ,  and  m o u n tin g  i t  on  an  a d j u s t a b l e  s t a g e  

to w a rd s  m i r r o r  M3. T i l t i n g  o r  d i s p l a c i n g  th e  p l a t e  was th e n  a l l  t h a t  

was n eed ed  to  o b t a i n  maximum pow er a t  a  g iv e n  f r e q u e n c y .  He a l s o  

fo u n d  t h a t  u s in g  a  s i n g l e  p l a t e  BRF and r e p o s i t i o n i n g  th e  t h i n  é t a l o n  

to w a rd s  m i r r o r  M^ re d u c e d  th e  c o u p l in g  b e tw e e n  th e  BRF an d  th e  

c r y s t a l .  U n f o r tu n a t e ly  i n  p r a c t i c e  th e  l a s e r  w ould  n o t  tu n e  i n  s i n g l e  

F S R 's  o f  th e  a i r  sp a c e d  é t a l o n  w i th  a  s i n g l e  p l a t e  BRF i n  o u r  c a s e .  

I n  f a c t  on  r o t a t i n g  t h e  BRF th e  l a s e r  f r e q u e n c y  ch an g ed  i n  s t e p s  o f  4 

o r  5 a i r  s p a c e d  é t a l o n  F S R 's .  T h is  m ean t s u b s t a n t i a l  w a v e le n g th  

r a n g e s  c o u ld  n o t  b e  o b t a i n e d .  H ow ever, th e  s e p a r a t i o n  o f  • t h e  two 

p a r t s  o f  t h e  u n i d i r e c t i o n a l  d e v ic e  s h o u ld  l e a d  to  an  im p ro v em en t.
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LOW
FREQUENCY
GENERATOR

MCHELSON BANDPASS 
SERMDOCf^TROL

FILTER

F ig u r e  2 .2 a  S c h e m a tic  d ia g ra m  
o f  a  s i n g l e  mode dye l a s e r  
u s in g  a  s i n g l e  M ic h e ls o n  mode 
s e l e c t o r  ( a f t e r  L ib erm an  and 
P in a r d  [ 4 ] ) .

MCHELSON MODE 
SELECTOR

DYE LASER 
FREQUENCY 

SERVOCONTROL

L O W
FREQUENCY
GENCTATCR

CONFOCAL. 
FA BRY -PERO T 

AMALYZEZR

p h a s e  
' dete<----

AMPLIFIER
FILTER

DOUBLE MICHELSON 
MODE SELECTOR

i f . Hj

U S E R
CAVITY ^

Ml

LASER
OUTPUT

F ig u r e  2 .2 b  D ouble M ic h e lso n  
and T r i p l e  M ic h e lso n  mode 
s e l e c t o r s  ( a f t e r  P in a r d  e t  a l
[ 7 ] ) .

TR IPLE MICHELSON 
MODE SELECTOR

R66

^ — -A------A --%

10%

o

1 2 3 4 5 6 7 Ô

F ig u r e 2 . 2c C om p ariso n  
a c h ie v e d  w ith

o f
e f f i c i e n c y  a c h ie v e d  w ith  a 
t r i p l e  M ic h e ls o n  s t a n d in g  wave 
dye l a s e r  ( a )  and  a  
S p e c t r a - P h y s ic s  380 r in g  dye 
l a s e r  (b )  ( a f t e r  P in a rd  e t  a l
[ 7 ] ) .

PUMP POWER AT 5 1 4 .5  nm (Wa u )



Pump Beam  
(514-5n m )

CW

CCW

BAP (2)

F la t (9 0 % )

R=10cm
R a t  HRB r ew ster  

A n gle  
J e t  S tr e a m

R=10cm

D ye L aser O utp ut

F ig u r e  2 .3  T r a v e l l i n g  wave CW r i n g  dye l a s e r  u s in g  a  p a s s iv e  
u n i d i r e c t i o n a l  d e v ic e  ( a f t e r  G re en  e t  a l  [1 0 ] )  B A P -B rew ster a n g le d  
p r is m , H R -high r e f l e c t o r .



F P E 's

F ig u r e  2 .4  R in g  dye l a s e r  u s e d  f o r  i n t r a c a v i t y  SHG i n  ADA ( a f t e r  
S c h ro d e r  e t  a l  [ 1 1 ] )  C-ADA c r y s t a l ,  P -p r is m , F P E -F ab ry  P e r o t  é t a l o n ,  
M -m irro r

TILTING 
R6 PLA TE

UNIDIRE
DEVICE

CTIQNAL

R/ . UV
^ o u T g u r

y k : — ------- ------------------ ^  ^

[— -------------  ^
ETALON

F ig u r e  2 .5  S t.A n d re w s  s i n g l e  mode i n t r a c a v i t y  f r e q u e n c y  d o u b le d  r i n g  
dye l a s e r  ( a f t e r  W a g s ta f f  and  Dunn [ 1 2 ] ) .
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A C T IV E

M A G N E T IC  F IE L D
B E A M  F O L D IN G  
O P T IC S

P O L A R IZ A T IO N
D IR E C T IO N(b)

F ig u r e  2 .8  U n i d i r e c t i o n a l  d e v ic e  c o m p rise d  o f  a  F a ra d a y  r o t a t o r  and  
a n  o p t i c a l l y  a c t i v e  e le m e n t .  The back w ard  wave i s  s u p p r e s s e d .  ( A f t e r  
J o h n s to n  e t  a l  [ 2 0 ] ) .

 ( j  >

PZT S p a c e r

R e f le c t iv e
C oating

F ig u r e  2 .1 0  A ir  s p a c e d  é t a l o n .



PLATE HOLDERS

--------------PLATE # 2

-PIL TER BODY

F ig u r e  2 .9 a  T h re e  p l a t e  b i r é f r i n g e n t  f i l t e r  ( a f t e r  P r e u s s  and  G o le
[ 4 0 ] ) .

«oooA eoooA

0-32.8* 
0 - 50.0' 

t *0.030*

soooA eoooA

0 * 3 2 .8  
P'Sb.0 

t  * 0 .2 2 5 *

soooA eoooA

5000A eoooA

F ig u r e  2 .9 b  A p p ro x im a te  t r a n s m i s s i o n  f u n c t i o n  o f  th e  t h r e e  p l a t e  
b i r é f r i n g e n t  f i l t e r  ( a f t e r  P r e u s s  and  G ole [ 4 0 ] ) .



: " T

D ual q u a r t z  p l a t e s  w h ich  a r e  c o u n te r  r o t a t e d  to  i n c r e a s e  
t h e  o p t i c a l  p a th  l e n g t h  i n  t h e  380D c a v i t y .

60 ■*

20 -

-20

-40

“60

-80

F ig u r e  2 .1 2  The ch a n g e  i n  t h e  o p t i c a l  p a th l e n g th  o f  th e  c a v i t y  f o r  
tw o q u a r tz  p l a t e s  o f  t h i c k n e s s  1mm, 2mm and 4mm a s  th e  p l a t e s  a r e  
r o t a t e d  by +1 a b o u t  B re w s te r s  a n g le .



USEFUL BEAM-FROM
R NG LASER

SIGNAL 
CONDITIONER 

& H.V 
AMPLIFIER

REFERENCE
PHOTODIODE RING PZT 

AND GALVO
T r (>’1—Kr

REFERENCE FP
SIGNAL 

CONDITIONER RING
GALVOSUMMING

JUNCTION

SLAVE 
PHOTODIODE

Ts
SLAVE

SUMMING
JUNCIION

INTENSITY
PHOTODIODE

F ig u r e  2 .1 3  B lo c k  d ia g ra m  o f  th e  s t a b i l i s a t i o n  sy s te m  f o r  th e  
S p e c t r a - P h y s ic s  380D r i n g  dye l a s e r  ( a f t e r  D iv en s  and  J a r r e t t  [ 3 2 ] ) .



In p u t
P lane

O utput
P lane

P-j—

I— t

F ig u r e  2 .1 4  R e d u c t io n  o f  a  com plex  o p t i c a l  sy s te m  to  an  e q u i v a l e n t
t h i n  l e n s  ( r e f e r e n c e d  to  f o c a l  p la n e s  F and  F th ro u g h  t h e  p r i n c i p a l
p la n e s  and P g ) .  1 2

I M edium, n

f = -

M edium, n

F ig u r e  2 .1 5  Use o f  a n  ABCD m a t r ix  to  d e s c r i b e  p r o p a g a t io n  from  one 
p la n e  i n  t h e  r i n g  c a v i t y  • to  a n o th e r  and  th e  e q u i v a l e n t  s e q u e n c e  o f  
l e n s e s .



F ig u r e  2 .1 6  The 380D r i n g  dye l a s e r  c a v i t y  show ing  th e  i n t r a c a v i t y  
e le m e n ts  in c lu d e d  i n  th e  s t a b i l i t y  r e g io n  c a l c u l a t i o n s .  The d i s t a n c e s  
b e tw e e n  th e  e le m e n ts  a r e  l a b e l l e d  a s  th e y  a r e  r e f e r r e d  to  i n  t h e  t e x t  
an d  co m p u te r p ro g ra m s . The m i r r o r  r a d i i  o f  c u r v a t u r e  a r e ;  M l~3.5cm , 
M 2-10cm, M 3-22.8cm  and  M4 i s  p l a n e .  The m i r r o r  s e p a r a t i o n s  a r e  M1-K2
8 .4 cm , M2-M3 3 4 .5 cm , M3~M4 29 cm and M4-M1 5 3 .1 cm .

A n g les  a r e = 16* . = 14

M3 M 4

1 1 I

F ig u r e  2 .1 7  C a v i ty  r e d u c t i o n  u s in g  o n - a x is  f o c a l  l e n g th s  to  o b t a i n  an
i n i t i a l  p o s i t i o n  o f  t h e  beam w a i s t s  f o r  i n s e r t i n g  th e  dye j e t  and  ADA 
c r y s t a l .
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33

32

31

F ig u r e  2 .1 8  T a n g e n t i a l  p la n e  and s a g i t t a l  p la n e  s t a b i l i t y  r e g io n s
w i th  o n ly  th e  j e t  i n  t h e  380D c a v i t y .  The b o u n d a ry  l i n e s  c o r r e s p o n d  
t o  z e ro  s p o t  s i z e .

38

37

36

34

33 O04cm Jet
0-5 cm Astigmatism Compensator

32

31

8  0 8 1 8  2 8-3 8-4 8-5 8  6  8  7 8  8

F ig u r e  2 ,1 9  T a n g e n t i a l  p la n e  and s a g i t t a l  p la n e  s t a b i l i t y  r e g io n s
when th e  s t a n d a r d  a s t ig m a t i s m  c o m p e n sa to r  i s  in c lu d e d  i n  th e  j e t  arm 
o f  th e  c a v i t y .
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38

37

36

35

34

0 04 cm Jef
O'15 cm Astigmatism Compensator 
15 cm ADA Crystal 
15 cm Rhomb

33

32

31

F ig u r e  2 .2 0  T a n g e n t i a l  p la n e  and s a g i t t a l  p la n e  s t a b i l i t y  r e g io n s  
d e m o n s t r a t in g  an  o p t i c s  o p t i c s  c o m b in a t io n  g iv in g  good o v e r la p  when 
u s in g  a 15mm lo n g  ADA c r y s t a l .

38
T an\\Sag

37

36

35

34

0'04cm Jet
2-0 cm ADA Crystal
2 0cm Rhomb

33

32

31

8 0 8 1 8 2 8 3 8 4 8 5 8-6 8 7 8 8
di2 <cm)

F ig u r e  2 .2 1  T a n g e n t i a l  p la n e  and s a g i t t a l  p la n e  s t a b i l i t y  r e g io n s  
d e m o n s t r a t in g  an  o p t i c s  c o m b in a t io n  g iv in g  good o v e r la p  when u s in g  a 
20mm lo n g  ADA c r y s t a l .



0-060

8-0 8-1 8-2 8-3 8-4 8-5 8-6 8-7 8-8
d^2(cm)

2 2 2F ig u r e  2 .2 2  C o n to u rs  o f  (cm ) i n  t h e  j e t  r e g io n  c a l c u l a t e d
f o r  Lc=20mm, Lr=20mm, Lj=0.4m m  and La=0; i n  th e  t a n g e n t i a l  p la n e  u s in g  
a  r e d u c t i o n  a b o u t  t h e  B re w s te r  s u r f a c e d  j e t  (d a s h e d  l i n e s )  and  a  
r e d u c t i o n  a b o u t t h e  r e g io n  a d j a c e n t  t o  i t ,  d ( s o l i d  l i n e s ) .

?  35 0-000

0-004

0-008

0-012

8-0 8-1 8-2 8-3 8-4 8-5 8-6 8-7 8-8
d̂ 2 (cm)

2 2 2
F ig u r e  2 .2 3  C o n to u rs  o f  ) (cm ) i n  th e  j e t  r e g io n  c a l c u l a t e d
f o r  Lc=20ram, Lr=20mm, Lj-O .^m m  and La=0; u s in g  a  r e d u c t i o n  a b o u t  d
f o r  th e  s a g i t t a l  p l a n e  (d a s h e d  l i n e s )  and t a n g e n t i a l  p la n e  ( s o l i à  
l i n e s ) .
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37

36

35

34

0 00 

04 0
33

32

31

8-0 81 8*2 8 3 8 4 8 5 8 6 8-7 8 8
d-j2 (cm)

F ig u r e  2 .2 4  C o n to u rs  o f  (ttcoq/ x ) (cm ) i n  th e  c r y s t a l  r e g io n  
c a l c u l a t e d  f o r  Lc=20mm, Lr=20mm, Lj=0.4mm and La= 0; u s in g  a  r e d u c t i o n  
a b o u t  d f o r  th e  s a g i t t a l  p la n e  (d a sh e d  l i n e s )  an d  t a n g e n t i a l  p la n e  
( s o l i d  l i n e s ) .



en

8 0  81 8 2 8 3  8 4  8 5 8 6  87  8 8
d')2 (cm)

F ig u r e  2 .2 5  P o s i t i o n  o f  t h e  j e t  w a is t  m easu red  from  Ml i n  cm f o r  th e  
s a g i t t a l  p la n e  (d a s h e d  l i n e s )  and  t a n g e n t i a l  p la n e  ( s o l i d  l i n e s ) .  
Lc=20mm, Lr=20mm, L j= 0 . 4mm and L a= 0 .

38

37

36

35 152

33

32

31

8-0 8*1 8 2 8 3 8 4  8 5 8 6 8 7  8 8
d̂ 2 (cm)

F ig u r e  2 .2 6  P o s i t i o n  o f  th e  c r y s t a l  w a is t  m easu red  from  M3 i n  cm f o r  
t h e  s a g i t t a l  p la n e  (d a s h e d  l i n e s )  and t a n g e n t i a l  p la n e  ( s o l i d  l i n e s ) .  
Lc=20mm, Lr=20mm, L j=0.4m m  and  L a= 0 .



10p

to

F ig u r e  2 .2 7  R e d u c t io n  f a c t o r  h ( 0 , ç )  w here  ç i s  t h e  f o c u s in g  p a r a m e te r  
( a f t e r  Boyd and K le in m an  [ 5 4 ] ) .

0-5

10 20 30

F ig u r e  2 .2 8  T h erm a l r e d u c t i o n  f a c t o r  h a c c o r d in g  to  th e  th e o r y  o f  
Okada and l e i r i  [ 5 5 ] .  "
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œ 298
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X

1=294

292
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Temperature ( C )

F ig u r e  2 .2 9  E x p e r im e n ta l  s i n g l e  mode p h a se  m atch  c u rv e  a s  a  f u n c t i o n  
o f  c r y s t a l  t e m p e r a tu r e  s e t t i n g  f o r  an  i n t r a c a v i t y  pow er o f  4W.

T=40 C

295-40

295-36

f  295-36 
g

1  293-68

1=30 C
X

"§ 293-66

2 4 86 100
Intracavity Power (Watts)

F ig u r e  2 .3 0  P h a se  m atch  w a v e le n g th  a s  a  f u n c t i o n  o f  i n t r a c a v i t y  
p o w er.
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Pump Pow er ( W )

F ig u r e  2 .3 1  M easu red  i n t r a c a v i t y  power a s  a  f u n c t i o n  o f  pump p o w er. 
Tn cu rv es""  ( a ) ,  (b )  and  ( c )  t h e  9.4% t r a n s m i t t i n g  o u tp u t  c o u p le r  i s
u s e d .  The 0.14%  t r a n s m i t t i n g  h ig h  r e f l e c t o r  was u se d  f o r  th e  o t h e r  
c u r v e s .  F o r c u r v e s  ( a ) ,  ( b ) ,  (d )  and ( e )  t h e  l a s e r  i s  o p e r a te d
m u ltim o d e . The o t h e r s  r e f e r  to  s i n g l e  mode o p e r a t i o n .  C urve (b )  
shows th e  m in im a l r e d u c t i o n  i n  i n t r a c a v i t y  pow er when t h e  UV 
t r a n s m i t t i n g  m i r r o r  r e p l a c e s  M3, (d )  and ( f ) :  Lc=15mm, Lr=15mm,
La*=0. ( e )  and  ( g ) :  Lc=15mm, Lr=15mra, La=1.5mm, 2mm o r  5mm.
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10
Fundam ental In tracav ity  Pow er (W)

F ig u r e  2 .3 2  S u p e r p o s i t i o n  o f  m easu red  UV pow ers u s in g  Lc=15mm, 
Lr=15mm and o p e r a t i n g  t h e  l a s e r  m u ltim o d e . The d i f f e r e n t  sym bo ls
r e f e r  to  d i f f e r e n t  v a lu e s  o f  L a . x  o •  L a=0; ©A La=1.5mm;V +  
La=5mm.
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1 10
Fundamental Intracavity Power(W)

F ig u r e  2 .3 3  M easu red  UV pow er a s  a  f u n c t i o n  o f  m u ltim o d e  fu n d a m e n ta l  
i n t r a c a v i t y  p o w er. Lc=15mm, Lr=15mm and L a= 0.

10

0 5

10 20 
Fundamental Intracavity Power (W)

F ig u r e  2 .3 4  T h erm a l r e d u c t i o n  f a c t o r  c a l c u l a t e d  from  th e  d a t a  i n  
f i g u r e  2 .3 3 .  The d a s h e d  l i n e  i s  th e  r e d u c t io n  f a c t o r  p r e d i c t e d  by th e  
t h e o r y  o f  Okada and l e i r i  [5 5 ] f o r  P =1W.
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1 10
Fundamental Intracavity Power (W)

F ig u r e  2 .3 5  M easu red  ÜV pow er a s  a  f u n c t i o n  o f  s i n g l e  mode 
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3 .1  In tro d u ctio n

A tom ic m e t a s t a b l e  e n e rg y  s t a t e s  may h av e  s i g n i f i c a n t  p o p u la t i o n s

i n  d i s c h a r g e s ,  w h e re  th e y  a r e  e x c i t e d  p re d o m in a n tly  by c o l l i s i o n s  o f

g ro u n d  s t a t e  a tom s w i th  e l e c t r o n s .  I n  many c a s e s  o b s e rv e d  d i s c h a r g e

phenom ena c a n  o n ly  be  e x p la in e d  by in c lu d in g  th e  c o l l i s i o n  p a th w ay s

i n v o lv in g  th e  m e t a s t a b l e s .  T hus q u a n t i t a t i v e  m e ta s t a b l e  d e n s i t i e s  a r e

r e q u i r e d  f o r  t h e  d e v e lo p m e n t an d  c h e c k in g  o f  d i s c h a r g e  m o d e ls . The 

1 3
He 2 S and  2 S m e t a s t a b l e s  a r e  o f  p a r t i c u l a r  i n t e r e s t  b e c a u s e  o f  t h e i r  

r o l e  i n  t h e  p o p u la t i o n  i n v e r s i o n  c y c le s  o f  g a s  d i s c h a r g e  l a s e r s  su c h  

a s  t h e  He-Ne and  H e -m e ta l  v a p o u r  l a s e r s . The h e liu m  t r i p l e t  

m e t a s t a b l e s  a r e  a b o u t  t e n  t im e s  a s  num erous a s  t h e   ̂ s i n g l e t  

m e t a s t a b l e s  [ 5 , 8 ] .  T h e r e f o r e  t h e  d e t e r m in a t io n  o f  t h e i r  d e n s i t y  w i l l  

i n  many c a s e s  b e  s u f f i c i e n t .

M e ta s ta b le  d e n s i t i e s  h av e  b ee n  d e te rm in e d  from  a b s o r p t i o n

m easu rem en ts  on  t r a n s i t i o n s  w i th  th e  lo w e r l e v e l  m e t a s t a b l e ,  by  a

v a r i e t y  o f  t e c h n i q u e s .  L ad e n b u rg  and R e ic h e  [1 ] u s e d  two s e p a r a t e  b u t

i d e n t i c a l  d i s c h a r g e s ,  on e  a s  th e  s o u rc e  o f  l i g h t  o f  t h e  r e q u i r e d

w a v e le n g th ,  t h e  o t h e r  a s  a b s o r b e r .  H a r r i s o n  [2 ] im p ro v ed  t h e  m ethod

by  u s in g  a  s i n g l e  d i s c h a r g e  a s  s o u r c e  and a b s o r b e r .  L ig h t  e m erg in g

from  one end  o f  t h e  d i s c h a r g e  tu b e  i s  r e f l e c t e d  b ac k  i n t o  th e  tu b e  by

a  m i r r o r .  The i n t e n s i t y  o f  l i g h t  from  th e  d i s c h a r g e  i s  th e n  m o n ito re d

a t  a  s u i t a b l e  w a v e le n g th  w i th  a  s p e c t r o m e te r .  The a b s o r p t i o n

c o e f f i c i e n t  i s  o b ta in e d  by co m p arin g  th e  l i g h t  i n t e n s i t y  w i th  and

2
w ith o u t  th e  m i r r o r  c o v e r e d .  The q u a n t i t y  FF G ( k  L) i s  d ed u ced  fromq o o

t h e  m e a su re m e n ts , w h e re  G ( k  L) i s  th e  L a d e n b u rg -R e ic h e  f r a c t i o n a l
o o

a b s o r p t i o n  f o r  a  r e s o n a n t ,  a b s o r b in g  s o u rc e  and a b s o r b e r ,  L i s  th e  

l e n g t h  o f  th e  a b s o r b e r ,  k^ i s  t h e  a b s o r p t i o n  c o e f f i c i e n t  a t  l i n e  

c e n t r e ,  F i s  t h e  m i r r o r  r e f l e c t i v i t y  and F^ th e  t r a n s m i s s i v i t y  o f  th e  

tu b e  w indow . H ence t h i s  m eth o d  r e q u i r e s  an  a c c u r a t e  k n o w led g e  o f  th e
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r e f l e c t i v i t y  o f th e  m irror and th e  t r a n s m is s iv ity  o f  th e  tube window

a s  a  f u n c t i o n  o f  w a v e le n g th  and  th e s e  ch an g e  a s  th e  tu b e  a g e s .
1 3

P r e v io u s  m easu re m e n ts  o f  t h e  He 2 S and  2 S d e n s i t i e s  w ere  c a r r i e d  o u t  

by  th e  H a r r i s o n  m ethod  i n  a  d i s c h a r g e  s i m i l a r  to  t h a t  u se d  h e r e  [ 3 ] .  

M ore r e c e n t l y  th e  s e l f  a b s o r p t i o n  m ethod  h a s  b e e n  m o d if ie d  by 

m o n i to r in g  th e  l i g h t  e m i t te d  from  two d i s c h a r g e  l e n g t h s ,  one tw ic e  th e  

l e n g t h  o f  t h e  o t h e r  [ 4 , 5 ] .  The two l e n g th s  a r e  o b ta in e d  by 

c o n s t r u c t i n g  a  d i s c h a r g e  w i th  two an o d e s  o r  two c a th o d e s .  (T he l a t t e r  

b e in g  th e  c h o ic e  when t h e  d e n s i t i e s  a r e  t o  be m easu red  a s  a  f u n c t i o n  

o f  m e ta l  v a p o u r p a r t i a l  p r e s s u r e  i n ,  f o r  ex a m p le , He-Cd d i s c h a r g e s . )  

The d i s c h a r g e  i s  s w i tc h e d  from  L to  2L and  th e  l i g h t  i n t e n s i t i e s  from  

t h e  p la s m a , and  a r e  m e a su re d . The r a t i o  o f  t h e s e  two

i n t e n s i t i e s  i s  d i r e c t l y  c o n n e c te d  to  G (k ^ L ), and so  t h i s  t e c h n iq u e  

a v o id s  t h e  u n c e r t a i n t i e s  o f  t h e  H a r r i s o n  m ethod  w i th  r e s p e c t  t o  F and  

F .
q

I n  a l l  t h e s e  m e a su re m e n ts  c a r e f u l  c o n s i d e r a t i o n  m ust b e  g iv e n  to

l i g h t  c o l l e c t i o n  g e o m e try  to  e n s u r e  t h a t  a l l  vo lum e e le m e n ts  o f  th e

d i s c h a r g e  c o n t r i b u t e  e q u a l l y  t o  th e  l i g h t  c o l l e c t e d  [ 6 ] .  E x t r a c t i n g
2

k^ from  th e  m easu red  q u a n t i t y  FF^G (k^L) becom es m ore c o m p l ic a te d  when 

th e  t r a n s i t i o n  o f  i n t e r e s t  i s  n o t  a  s im p le  D o p p le r  b ro a d e n e d  l i n e .

The l a s e r  a b s o r p t i o n  m ethod  u s e s  a  n a rro w  l i n e w id th  ( <40 MHz) 

t u n a b l e ,  cw l a s e r  a s  t h e  l i g h t  s o u r c e .  T h is  l a s e r  m u st be c a p a b le  o f  

b e in g  tu n e d  o n to  a  t r a n s i t i o n  w i th  a  m e ta s t a b l e  lo w e r  l e v e l .  The beam 

i s  a l i g n e d  th ro u g h  t h e  d i s c h a r g e  and  th e  t r a n s m i t t e d  l i g h t  m o n ito re d  

a s  t h e  l a s e r  i s  tu n e d  th ro u g h  t h e  l i n e  o f  i n t e r e s t .  An 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  f r e q u e n c y  i s  g e n e r a te d  and  th e  a b s o r p t i o n  

c o e f f i c i e n t  a t  l i n e  c e n t r e  o r  a t  an y  f r e q u e n c y  w i t h i n  t h i s  p r o f i l e  may 

b e  o b ta in e d  d i r e c t l y .  C a re  m u st be ta k e n  t h a t  no s c a t t e r e d  l a s e r  

l i g h t  o r  d i s c h a r g e  r a d i a t i o n  r e a c h e s  th e  d e t e c t o r ,  g iv in g  a  f a l s e  z e ro
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i n t e n s i t y .  A lso  c h e c k s  m u st be made t h a t  t h e  a b s o r p t i o n  i s  l i n e a r  and  

n o t  s a t u r a t e d .

The r e m a in in g  d i f f i c u l t y  i s  t h e  u n c e r t a i n t y  i n  th e  a b s o r p t i o n  

l e n g t h  due to  d i s c h a r g e  f l a r i n g  and  d i f f u s i o n  o f  t h e  m e ta s t a b l e  atom s 

o u t  o f  th e  d i s c h a r g e .  T h is  i s  o f  t h e  o r d e r  o f  t h e  d ia m e te r  o f  th e

d i s c h a r g e  and  c a n  be l a r g e  f o r  th e  s h o r t  d i s c h a r g e  l e n g t h s  n e c e s s a r y  

f o r  t h e s e  a b s o r p t i o n  s t u d i e s .  (U s in g  t h i s  m ethod  i t  w ould  be p o s s i b l e  

t o  d e te r m in e  th e  a b s o r p t i o n  l e n g t h  m ore p r e c i s e l y  by p ro b in g  th e  

m e t a s t a b l e s  a t  t h e  two en d s  o f  t h e  d i s c h a r g e  th ro u g h  w indows i n s e t  i n  

t h e  s i d e s  o f  th e  t u b e . )

I n  t h e  p r e s e n t  w ork  h e l iu m  t r i p l e t  m e ta s ta b le  d e n s i t i e s  h a v e  b e e n

c a l c u l a t e d  from  m easu red  a b s o r p t i o n  o f  r e s o n a n t ,  cw , uv  l a s e r

3 3
r a d i a t i o n  on  t h e  2 S -  5 P t r a n s i t i o n  a t  294 .511nm  ( i n  a i r ) .  Gas

te m p e r a tu r e s  h av e  a l s o  b e e n  d ed u c ed  by m e a s u r in g  th e  D o p p le r  w id th  o f

t h i s  t r a n s i t i o n .  A 3mm b o re  d ia m e te r  c a p i l l a r y  tu b e  f i l l e d  to

p r e s s u r e s  i n  t h e  ra n g e  1 - 8  T o r r  and  ru n  a t  c u r r e n t s  i n  t h e  ra n g e

2 .5  -  80 mA was s t u d i e d .  W ith  c o n s t a n t  d i s c h a r g e  c u r r e n t  (6 0  mA) a

12 -3
maximum v a lu e  f o r  t h e  t r i p l e t  m e ta s t a b l e  d e n s i t y  o f  10 x  10 cm a t  

a b o u t  2 T o r r  was o b t a i n e d .  The m e ta s t a b l e  d e n s i t i e s  show t h e  e x p e c te d  

s a t u r a t i o n  b e h a v io u r ,  s a t u r a t i n g  a t  c u r r e n t s  ab o v e  40 mA.

E x p e r im e n ta l  v a lu e s  a r e  u se d  i n  c o n ju n c t io n  w i th  t h e  r a t e  e q u a t io n  

d e s c r i b in g  th e  m e t a s t a b l e  l e v e l  p o p u la t i o n  i n  o r d e r  to  e s t i m a t e  th e  

r a t e  c o e f f i c i e n t  f o r  l o s s  o f  m e t a s t a b l e s  th ro u g h  e l e c t r o n  c o l l i s i o n s .
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3 .2  P r in c ip le  o f th e  L aser A b sorption  Method

F o r  a  s i n g l e  D o p p le r  b ro a d e n e d  l i n e ,  th e  a b s o r p t i o n  c o e f f i c i e n t

a t  f r e q u e n c y  v ,  , c a n  b e  w r i t t e n  [1 ]

1/2  2 
k  =» k  e x p - [  2 ( l n 2 )  (v -v  )/Av ]\) o o u

w h ere  we h av e

‘• ' i : ^

and

AVd = 2v^/c[(2kT/M )& n2]

( 1)

I n  t h e  ab o v e  A i s  t h e  E i n s t e i n  A c o e f f i c i e n t  f o r  t h e  t r a n s i t i o n  a t  
u l

w a v e le n g th  from  l e v e l  u  t o  l e v e l  1 .  The u p p e r  l e v e l  h a s  p o p u l a t i o n

d e n s i t y  N and  s t a t i s t i c a l  w e ig h t  g . The p o p u l a t i o n  d e n s i t y  o f  th e  
u  u

lo w e r l e v e l  i s  and  g ^  i t s  s t a t i s t i c a l  w e ig h t .  The a b s o r p t i o n

c o e f f i c i e n t  on l i n e  c e n t r e  i s  k ^ ;  Av^ i s  t h e  D o p p le r  w id th  ( f u l l  w id th

a t  h a l f  maximum) o f  t h e  t r a n s i t i o n ;  v i s  t h e  o p t i c a l  f r e q u e n c y  a t
o

l i n e  c e n t r e ,  T i s  th e  g a s  te m p e r a tu r e  and th e  o t h e r  sym bo ls h av e  t h e i r  

u s u a l  m ean in g .

By s c a n n in g  th e  l a s e r  th ro u g h  t h e  t r a n s i t i o n  and  m o n i to r in g  th e

l i g h t  t r a n s m i t t e d ,  a n  a b s o r p t i o n  p r o f i l e  i s  o b ta in e d  from  w h ich  k  L ,
o

w h e re  L i s  t h e  a b s o r p t i o n  l e n g t h ,  and  Av^ may b e  m easu red  ( p r o v id e d  

i t  i s  r e a l i s t i c  t o  a p p r o x im a te  t h e  a c t u a l  l i n e  p r o f i l e  a s  a  s i n g l e  

D o p p le r  b ro a d e n e d  l i n e ) .  T hus t h i s  m ethod  a l lo w s  th e  g a s  t e m p e r a tu r e  

t o  be d e te r m in e d  e x p e r i m e n t a l l y ,  i n  c o n t r a s t  to  o t h e r  a b s o r p t i o n  

m eth o d s  w h ich  r e q u i r e  th e  g a s  t e m p e r a tu r e  to  be  m easu red  in d e p e n d e n t ly  

o r  e s t im a te d  to  p r o v id e  a  D o p p le r  w id th  f o r  s u b s t i t u t i o n  i n t o  ( 1 ) .



-  54 -

P ro v id e d  t h a t  «  g^N^ and  i s  known, th e  m e t a s t a b l e

p o p u la t i o n  (N^) c a n  th e n  b e  d e te r m in e d  from

( 2 )

T r i p l e t  m e ta s t a b l e  d e n s i t i e s  h av e  b e e n  p r e v io u s l y  d e te r m in e d  from

3 3
a b s o r p t i o n  m ea su re m e n ts  on  t h e  2 S -  3 P t r a n s i t i o n  a t  3 8 8 .9nm u s in g

3
c o n v e n t io n a l  t e c h n iq u e s  [ 3 , 5 ] .  The 3 P l e v e l  p o p u la t i o n  i s  n o t

n e g l i g i b l e ,  t h e r e f o r e  o n ly  th e  re d u c e d  m e t a s t a b l e  d e n s i t y

N ^{ l-g ^N ^/g JN ^}  c a n  be d e te r m in e d .  F u r t h e r ,  s i n c e  t h e  D o p p le r  w id th

f o r  t h e  t r a n s i t i o n  a t  600K i s  6 .8  GHz, w h i le  th e  f i n e  s t r u c t u r e

s p l i t t i n g s  a r e  8 .1  an d  8 .8  GHz, i t  i s  n e c e s s a r y  to  t r e a t  t h e  l i n e  a s

t h e  sum o f  t h r e e  D o p p le r  b ro a d e n e d  l i n e s ,  th u s  c o m p l ic a t in g  th e  

3 3
a n a l y s i s .  The 2 S -  5 P t r a n s i t i o n  w i th  w a v e le n g th  294 .5 1 1 n m , u se d  

h e r e ,  h a s  a  D o p p le r  w id th  o f  8 .9  GHz a t  600K and f i n e  s t r u c t u r e  

s p l i t t i n g s  o f  1 ,6 6  and  1 .8 0  GHz. C om paring th e  sum o f  t h r e e  D o p p le r  

b ro a d e n e d  l i n e s ,  w i th  t h e i r  c e n t r e s  sp a c e d  by th e  g iv e n  f i n e  s t r u c t u r e  

s p l i t t i n g s  and w e ig h te d  by t h e  i n t e n s i t y  r a t i o  1 : 3 : 5 ,  w i th  a  s i n g l e  

D o p p le r  b ro a d e n e d  l i n e  w i th  t h e  sam e c e n t r e  and maximum ( f i g u r e  3 . 1 ) ,  

t h e  w id th  i s  i n c r e a s e d  by o n ly  116 -  86 MHz i n  t h e  ra n g e  o f  

te m p e r a tu r e  350 -  700 K ( f i g u r e  3 . 2 ) .  The d i s t o r t i o n  o f  t h e  s i n g l e  

D o p p le r  p r o f i l e  due t o  t h e  f i n e  s t r u c t u r e  i s  th u s  n e g l i g i b l e .  A ls o ,  ÏI
t h e  n a t u r a l  w id th  o f  th e  t r a n s i t i o n  i s  l e s s  t h a n  1 MHz, ( t h e  E i n s t e i n  I

6 -1
A c o e f f i c i e n t  i s  3 .0 2 x 1 0  s ,6 2 n d  E d . ,  CRC h an d b o o k ) and th e  

c o l l i s i o n a l  b ro a d e n in g  i s  e s t im a te d  a s  20 M H z/T orr, b e in g  l e s s  th a n  j

160 MHz f o r  a l l  p r e s s u r e s  o f  i n t e r e s t .  The S ta r k  w id th  i s  c a l c u l a t e d  

t o  be b e tw e en  3 and  20 MHz f o r  th e  e l e c t r o n  d e n s i t y  ra n g e  h e r e ,  u s in g  ^

t h e  t h e o r e t i c a l  b r o a d e n in g  c o n s t a n t s  o f  G riem  [ 7 ] .  T hus an  e r r o r  i n  -]

t h e  w id th  o f  l e s s  th a n  3% i s  in t r o d u c e d  by a ssu m in g  th e  l i n e  p r o f i l e  

t o  be a  s i n g l e  D o p p le r  b ro a d e n e d  l i n e .  The s t a t i s t i c a l  w e ig h ts  f o r
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t h i s  t r a n s i t i o n  a r e  g = 9  and  g = 3 .
u  1

A f u r t h e r  a d v a n ta g e  o f  t h e  UV t r a n s i t i o n  i s  t h a t  g N i s
u  u

3
c o n s id e r a b ly  l e s s  t h a n  g^N ^. The p o p u la t i o n  o f  t h e  5 P l e v e l  i s  a t

3
l e a s t  f o u r  o r d e r s  o f  m a g n itu d e  l e s s  th a n  th e  2 S l e v e l

p o p u l a t i o n  [ 7 ] .  T hus i t  i s  t h e  m e ta s t a b l e  d e n s i t y  t h a t  i s  o b ta in e d

r a t h e r  th a n  t h e  re d u c e d  num ber d e n s i t y .

T h u s , i n  u s in g  t h e  l a s e r  a b s o r p t i o n  m e th o d , t h e  a n a l y s i s  i s  v e r y  

much s i m p l i f i e d .  The D o p p le r  w id th  i s  m easu red  e x p e r im e n ta l l y  and by 

u s in g  th e  UV t r a n s i t i o n ,  w i th  i t s  b ro a d  D o p p le r  w id th  and s m a l l e r  f i n e  

s t r u c t u r e  s p l i t t i n g s ,  c o m p l ic a t io n s  due t o  t h e  t r i p l e t  n a t u r e  o f  t h e  

t r a n s i t i o n  do n o t  a r i s e .

3
3 .3  A p p l i c a t i o n  to  H e liu m  2 S M e ta s ta b le s

The i n t r a c a v i t y ,  f r e q u e n c y - d o u b le d ,  S p e c t r a - P h y s ic s  380D was u se d  

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

UV r a d i a t i o n .  No d i f f e r e n c e  i n  th e  a b s o r p t i o n  p r o f i l e  was o b s e rv e d  

when o p e r a t i n g  t h e  l a s e r  " s t a b i l o k e d "  o r  u n s t a b i l i s e d ,  so  m ost o f  t h e  

r e s u l t s  w ere  o b ta in e d  w i th  t h e  l a s e r  u n s t a b i l i s e d .  T h e re  was no 

e v id e n c e  o f  s a t u r a t i o n  w i th  t h e  a v a i l a b l e  pow er (11  mW maximum f o r  

t h i s  c r y s t a l )  b u t  t h e  pow er was re d u c e d  to  a b o u t  1 mW to  m in im is e  

p e r t u r b a t i o n  o f  t h e  d i s c h a r g e .  The UV o u tp u t  beam i s  c o l l i m a t e d ,  

g iv in g  a  beam 2mm i n  d i a m e te r .

The q u a r tz  d i s c h a r g e  i s  s i m i l a r  i n  d e s ig n  t o  t h a t  u s e d  by Browne 

an d  Dunn [3 ] e x c e p t  a n  a d d i t i o n a l  d i v i s i o n  i n  t h e  o u t e r  s l e e v e  b e tw e en  

t h e  c a th o d e  and  an o d e  a l lo w s  th e  u s e  o f  a  s m a l l  h o le  i n  t h e  i n n e r  b o re  

a t  b o th  en d s  o f  t h e  d i s c h a r g e  g iv in g  im p ro v ed  l e n g t h  d e f i n i t i o n  ( s e e
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f i g u r e  3 . 3 ) .  I t  h a s  a  3mm d ia m e te r  b o re  and so t h e  2mm d ia m e te r  UV 

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

t h e  m e t a s t a b l e s .  (W ith  a  s m a l l e r  beam d ia m e te r  o r  i n  w id e r  b o re  tu b e s  

t h e  te c h n iq u e  i s  i d e a l  f o r  m e a su r in g  r a d i a l  d i s t r i b u t i o n s  o f  

m e t a s t a b l e s ) .  The r a d i a l  d i s t r i b u t i o n  o f  t h e  m e ta s t a b l e  d e n s i t y  i s  

u s u a l l y  a p p ro x im a te d  a s  a  z e r o  o r d e r  B e s s e l  f u n c t i o n  [ 8 ] .  T hus w i th  

t h e  a v e r a g in g  i n  t h e  p r e s e n t  c a s e  t h e  m easu red  m e ta s t a b l e  d e n s i t y  i s  

85% o f  th e  d e n s i t y  on  a x i s .  E x p e r im e n ta l ly  t h e  m e ta s t a b l e  d e n s i t y  i s  

fo u n d  to  be u n ifo rm  o v e r  t h e  c e n t r a l  two t h i r d s  o f  th e  r a d i a l  

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

d e s t r u c t i o n  to  d o m in a te  o v e r  d i f f u s i o n  to  th e  w a l l  f o r  t h e  c e n t r a l  

vo lum e o f  t h e  d i s c h a r g e  [ 1 6 ] .  T h is  i s  o n ly  t h e  c a s e  f o r  t h e  h i g h e s t

c u r r e n t s  i n  t h e  p r e s e n t  i n v e s t i g a t i o n .  Thus to  o b t a i n  t h e  a x i a l  

m e t a s t a b l e  d e n s i t y  from  t h e  m easu red  d e n s i t i e s  r e q u i r e s  m u l t i p l i c a t i o n

b y  a  f a c t o r  v a r y in g  from  1 .2  t o  1 i n  th e  c u r r e n t  ra n g e  2 .5  t o  80mA.

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

g iv e n  c u r r e n t  [ 5 ] .  T h is  c o r r e c t i o n  h a s  n o t  b e e n  a l lo w e d  f o r  i n  t h e  

r a t e  e q u a t io n  a n a l y s i s  t h a t  f o l l o w s ,  a s  th e  r a d i a l  d i s t r i b u t i o n  o f

m e t a s t a b l e s  was n o t  know n. I t s  i n c l u s i o n  w i l l  f u r t h e r  i n c r e a s e  t h e  

d i s p a r i t y  o f  t h e  m easu red  m e ta s t a b l e  d e n s i t y  o v e r  t h e  e x p e c te d  

m e ta s t a b l e  d e n s i t y  f o r  t h e  c a s e  o f  s m a l l  c u r r e n t s  a t  t h e  h ig h e r  

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

d i s c h a r g e  was 23mm. H igh  p u r i t y  g ra d e  (99 .995% ) h e l iu m  was u s e d .  The

f i l l i n g  p r e s s u r e  was m e a su re d  w i th  a  B ourdon  g auge  c a l i b r a t e d  w i th  a

""5
McLeod g a u g e . The tu b e  w as pumped o u t  to  a  p r e s s u r e  o f  6x10 T o r r .

I
To o b t a i n  a  c l e a n  d i s c h a r g e  t h e  d i s c h a r g e  was ru n  a t  c u r r e n t s  i n

I
e x c e s s  o f  100mA and  th e n  pumped o u t  w h i le  s t i l l  r u n n in g .  T h is  was 4

I

r e p e a t e d  s e v e r a l  t im e s .
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The e x p e r im e n ta l  a r ra n g e m e n t  i s  shown i n  f i g u r e  3 . 4 .  The UV l i g h t

t r a n s m i t t e d  th ro u g h  t h e  d i s c h a r g e  i s  d e t e c t e d  u s in g  a  c a l i b r a t e d

p h o to d io d e  (UDT PIN lOOUVCAL). A s c a n n in g  c o n f o c a l  i n t e r f e r o m e t e r  o f

1 GHz f r e e  s p e c t r a l  r a n g e  i s  u s e d  f o r  m o n i to r in g  t h e  mode s t r u c t u r e  o f

t h e  l a s e r  t o  e n s u r e  s i n g l e  mode o p e r a t i o n .  A t e m p e r a tu r e  s t a b i l i s e d ,

p a s s i v e  c o n f o c a l  i n t e r f e r o m e t e r  o f  752 MHz f r e e  s p e c t r a l  r a n g e  ( i n  th e

v i s i b l e )  i s  u se d  to  p r o v id e  f r e q u e n c y  m a rk e r s .  The l a s e r  i s  tu n e d  

3 3
o n to  th e  2 S -  5 P t r a n s i t i o n  u s in g  t h e  " 'K o w alsk i'' ty p e  w av em ete r 

d e s c r ib e d  i n  a p p e n d ix  A.

I n  p r a c t i c e  t h e  UV i n t e n s i t y  v a r i e d  s l i g h t l y  o v e r  a  s c a n  and so

t h e  UV beam was s p l i t  u s in g  a  50% b e a m s p l i t t e r  and  t h e  i n t e n s i t y  was 

c o n t in u o u s ly  m o n ito re d  w i th  a  p h o to d io d e .  T h is  v a r i a t i o n  was k e p t  to  

l e s s  th a n  5% an d  a  l i n e a r  c o r r e c t i o n  was made to  t h e  m easu red  

a b s o r p t i o n .  The p ro g ram  u s e d  f o r  c a l c u l a t i n g  t h e  m e ta s t a b l e  d e n s i t y  

from  th e  m easu red  a b s o r p t i o n  i s  l i s t e d  i n  a p p e n d ix  C.

F ig u r e  3 .5  show s tw o o f  t h e  D o p p le r  b ro a d e n e d  p r o f i l e s  o b ta in e d  

o n  s c a n n in g  th ro u g h  t h e  294 .51nm  t r a n s i t i o n .  F ig u r e  3 .6  shows th e  

t r i p l e t  m e ta s t a b l e  d e n s i t y ,  d ed u ced  from  s i m i l a r  su c h  p r o f i l e s ,  a s  

d i s c u s s e d  a b o v e , a s  a  f u n c t i o n  o f  d i s c h a r g e  c u r r e n t  w i th  h e l iu m  

f i l l i n g  p r e s s u r e  a s  t h e  o t h e r  p a r a m e te r .  The e r r o r  b a r s  a r i s e  from  

v a r i a t i o n s  i n  c o n s e c u t iv e  s c a n s  i n  a  s i n g l e  ru n  and  from  r e p e a t a b i l i t y  

o f  r e s u l t s  on  r e f i l l i n g  and  r e - a l i g n i n g  th e  t u b e .  I t  was p o s s i b l e  

w i th  c a r e  to  o b t a i n  r e s u l t s  c o n s i s t e n t  to  0.1% i n  a  s i n g l e  ru n  b u t  on 

r e f i l l i n g  and r e a l i g n i n g  th e  v a r i a b i l i t y  i s  o f  t h e  o r d e r  o f  5-10% . 

F ig u r e  3 .7  show s th e  v a r i a t i o n  i n  D o p p le r  w id th  a s  a  f u n c t i o n  o f  

d i s c h a r g e  c u r r e n t  f o r  two h e l iu m  f i l l i n g  p r e s s u r e s  o f  1 .5  and  8 T o r r .
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3 .4  Rate E quation A n a ly s is

P a r t  o f  t h e  G r o t r i a n  d ia g ra m  f o r  h e l iu m  i s  shown i n  f i g u r e  3 . 8 .  

The r a t e  e q u a t io n  d e s c r i b i n g  t h e  s te a d y  s t a t e  t r i p l e t  m e ta s t a b l e  

p o p u l a t i o n  i n  a  p o s i t i v e  co lum n d i s c h a r g e  i s  o f  th e  fo rm  [8]

^01*e^0 ^3A  °21^e^2 *" '̂ D ^ ^^0 ^1
-  a  n  N “  a  n  N -  a  „ n  N, -  a  ^n  N, -  a ,  n  N = 0  

10 e  1 11 e  1 12 e  1 13 e  1 14 e  1

( 3 )

w h e re  Nq , N^, N ^, a r e  t h e  p o p u la t i o n  d e n s i t i e s  o f  th e

1 3  1 3
1 S ,2  S ,2  S ,2  P l e v e l s ,  r e s p e c t i v e l y ,  and n^ i s  t h e  e l e c t r o n  d e n s i t y .  

The f i r s t  t h r e e  te rm s  on t h e  l e f t  d e s c r i b e ,  i n  o r d e r ,  t r i p l e t

m e ta s t a b l e  p r o d u c t io n  by  ( 1 )  d i r e c t  e x c i t a t i o n  from  th e  g ro u n d  s t a t e ,

3
(2 )  r a d i a t i v e  d e c a y  from  t h e  l e v e l  2 P an d  ( 3 )  c o n v e r s io n  o f  s i n g l e t

m e ta s t a b l e s  to  t r i p l e t s  by c o l l i s i o n s  o f  t h e  sec o n d  k in d  w i th

e l e c t r o n s .  The re m a in in g  te rm s  d e s c r i b e  p r o c e s s e s  d e s t r o y in g  th e

m e t a s t a b l e s  and i n  o r d e r  a r e  (4 )  d i f f u s i o n  to  t h e  tu b e  w a l l s ,  (5 )

c o l l i s i o n s  b e tw e en  m e t a s t a b l e s  l e a d in g  to  i o n i s a t i o n ,  ( 6 )  c o n v e r s io n

t o  m o le c u la r  m e t a s t a b l e s ,  ( 7 )  c o l l i s i o n s  o f  t h e  sec o n d  k in d  w i th

e l e c t r o n s  r e s u l t i n g  i n  t r a n s i t i o n  to  th e  g ro u n d  s t a t e ,  ( 8 )  s t e p

1 3i o n i s a t i o n  and ( 9 ) , ( 1 0 ) , ( 1 1 )  s t e p  e x c i t a t i o n  o f  l e v e l s  2 S , 2 P and  

2^P by c o l l i s i o n s  w i th  e l e c t r o n s .  D e lo ch e  e t  a l  [9 ] i n  t h e i r  r a t e  

e q u a t io n s  f o r  a  h ig h  p r e s s u r e  h e l iu m  a f t e r g lo w  a l s o  i n c lu d e  p r o d u c t io n  

te rm s  due to  c o l l i s i o n s  o f  e l e c t r o n s  w i th  a to m ic  and m o le c u la r  io n s  

and  a  d e s t r u c t i o n  te rm  due to  c o l l i s i o n s  b e tw e en  a to m ic  and m o le c u la r  

m e t a s t a b l e s .  U s in g  t h e  c o e f f i c i e n t s  q u o te d  i n  t h a t  p a p e r  su c h  te rm s  

a r e  s e e n  t o  be n e g l i g i b l e  i n  a  low  p r e s s u r e  p o s i t i v e  co lu m n .
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The i o n i s a t i o n  r a t e  f o r  m e t a s t a b l e - m e t a s t a b l e  c o l l i s i o n s  i s  

“ 9 3 -16 =  1 .5  X 10 cm s , w h i le  t h e  c o e f f i c i e n t  f o r  c o n v e r s io n  o f  a to m ic

-3 4  6 -1
m e t a s t a b l e s  i n t o  m o le c u la r  m e t a s t a b l e s  i s  5 =  1 .7  x  10 cm s  [ 9 ] .  

T h u s , f o r  th e  p r e s s u r e  r a n g e  o f  i n t e r e s t ,  c o n v e r s io n  o f  a to m ic  

m e t a s t a b l e s  to  m o le c u la r  m e t a s t a b l e s  i s  i n s i g n i f i c a n t  com pared  to  th e  

o t h e r  l o s s  m echan ism s an d  t h e  s i x t h  te rm  i s  d e l e t e d .

3
From th e  r a t e  e q u a t io n  f o r  th e  2 P l e v e l  a ssu m in g  t h a t  s t e p

e x c i t a t i o n  from  th e  2^S l e v e l  i s  s m a l l  com pared w i th  s t e p  e x c i t a t i o n  
3

from  t h e  2 S l e v e l ,  [ 8 ] ,  we o b t a i n

^3 A  “ “ 03*e^0 '** ® 13*e^3
( 4 )

D o th an  and  K agan [8 ] a l s o  show t h a t  t h e  sum o f  t h e  c o e f f i c i e n t s  f o r
3 3

d i r e c t  e x c i t a t i o n  o f  th e  2 S and  2 P l e v e l s  i s  w e l l  a p p ro x im a te d  by 

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

h e l iu m  a to m s .

( 5 )

^03

S u b s t i t u t i n g  (4 )  and  ( 5 )  i n t o  (3 )  we h av e

a  n  N -  N.t ^  ^ -  8 ^ -  y n N ,  = 0
e O  I D  1 ' e l

w h e re  y i s  g iv e n  by

( 6 )

Use h a s  b e e n  made o f  t h e  r a t i o  o f  t r i p l e t  to  s i n g l e t  m e ta s ta b le  a to m s , 

R , o b ta in e d  from  t h e  r e s u l t s  o f  Browne and Dunn [3 ] t o  e l i m i n a t e  th e  

num ber d e n s i t y  o f  t h e  s i n g l e t  m e ta s t a b l e s  ( f i g u r e  3 . 9 ) .  E q u a t io n  (6 )  

i s  i d e n t i c a l  t o  t h e  r a t e  e q u a t i o n  u se d  by Browne an d  Dunn [3 ] e x c e p t
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f o r  th e  b r o a d e r  d e f i n i t i o n  o f  th e  c o e f f i c i e n t  y  . V a lu e s  o f  y  b e tw e en  

4 X 10 ^ and 1 x  10 ^cm ^s ^ a r e  q u o te d  in  th e  l i t e r a t u r e  [ 8 , 9 , 1 0 ] .  To 

a  good a p p r o x im a tio n  th e  e l e c t r o n  te m p e r a tu r e  i s  a  f u n c t i o n  o f  

p r e s s u r e  b u t  n o t  o f  c u r r e n t  u n d e r  o u r  e x p e r im e n ta l  c o n d i t i o n s  so  y i s  

e x p e c te d  to  be a  c o n s t a n t  f o r  a l l  c u r r e n t s  a t  e a c h  p r e s s u r e .

The m odel o f  D o th an  and  K agan i s  o n ly  a p p l i c a b l e  i n  t h e  pR ra n g e  

5 -1 0 0  cm T o r r .  The pR v a lu e s  h e r e ,  (0 .1 5  -  1 .2  cm T o r r ) ,  l i e  o u t s i d e  

t h i s  r a n g e .  A lso  th e y  g iv e  a l l  t h e  c o e f f i c i e n t s  a s  f u n c t i o n s  o f  

e l e c t r o n  te m p e r a tu r e  w h ich  may be e s t im a te d  b u t  i s  n o t  e x p l i c i t l y  

known i n  th e  p r e s e n t  c a s e .  The m e ta s t a b l e  d e n s i t i e s  th e y  c a l c u l a t e  

a r e  a b o u t an  o r d e r  o f  m a g n itu d e  lo w e r  th a n  th o s e  m easu red  by Ic h ik a w a  

an d  T e i i  [5 ] i n  a  s i m i l a r  d i s c h a r g e  t o  t h a t  m o d e l le d .  T h is  a r i s e s  

l a r g e l y  from  t h e  c a l c u l a t e d  v a lu e s  o f  a  u se d  by D o th an  and  K agan b e in g  

to o  s m a l l .

The c o e f f i c i e n t  a  d e s c r i b in g  th e  e l e c t r o n  e x c i t a t i o n  i s  o f  th e

fo rm

a  =

w h ere  t h e  b r a c k e t s  d e n o te  a v e r a g in g  o v e r  t h e  e l e c t r o n  e n e rg y

d i s t r i b u t i o n  and  o (u ^ )  i s  t h e  t o t a l  c r o s s  s e c t i o n  f o r  e x c i t a t i o n  to

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  a s  a  f u n c t i o n  o f  e l e c t r o n  v e l o c i t y ,  u ^ .

The t o t a l  c r o s s  s e c t i o n  r i s e s  r a p i d l y  to  a  m ean v a lu e  o f  a b o u t  

-1 8  2
3 X 10 cm j u s t  ab o v e  t h e  t h r e s h o l d  o f  19 .8eV  [ 3 ] .  The f r a c t i o n  o f  

e l e c t r o n s  w i th  e n e r g i e s  ab o v e  t h e  t h r e s h o l d  f o r  v a r io u s  r a n g e s  o f  E /p  

h a v e  b ee n  d e r iv e d  from  th e  e l e c t r o n  e n e rg y  d i s t r i b u t i o n  f u n c t i o n s  o f  

S m it [1 1 ] and a r e  l i s t e d  a lo n g  w i th  t h e  c o r r e s p o n d in g  v a lu e  o f  a  i n  

T a b le  I .  As t h e  e l e c t r i c  f i e l d  v a r i e s  a s  a  f u n c t i o n  o f  

c u r r e n t ,   ̂ c h a n g e s  w i th  c u r r e n t  and  p r e s s u r e  i n  c o n t r a s t  t o  y w h ich  

v a r i e s  w i th  p r e s s u r e  o n ly ,  t o  a  good a p p r o x im a t io n .
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T a b le  I

R ange o f  E /p F r a c t i o n  o f  e l e c t r o n s a 1

(V T o r r  ^cm ^ ) w i th  e n e rg y > 2 0 . 4eV ■

2 .7 - 5 3 .4 x l0 “ ^ ( E / p - 2 .7 )
—12

2 .9 x 1 0  ( E /p - 2 .7 )
1

J
5 -8 5 x lO ~ ^ (E /p -3 .5 ) 4 .2 x lO ~ ^ ^ (E /p -3 .5 )

8 -2 0 6x10 ^ ( E /p - 4 ) 5x10 ^ ^ ( E /p - 4 )

The o t h e r  q u a n t i t i e s  r e q u i r e d  a r e  ta k e n  from  Browne and  Dunn [3 ] 

a l s o ,w e  h av e

-1  -1  4
T ^  ( s  ) = 3 x I 0 / p

- 3  11 -1
n^(cm  ) = 10 (E /p )

( 7 )

(8 )

The volum e o f  t h e  d i s c h a r g e  i s  l e s s  th a n  a  t h r e e  h u n d re d th  o f  th e  

volum e o f  t h e  tu b e  and th u s  t h e  ru n n in g  p r e s s u r e  i s  e q u a l  to  th e

f i l l i n g  p r e s s u r e ,  g iv in g

Nq = 3 .5  X 1 0 ^ * p (2 9 3 /T )

w h e re  T i s  c a l c u l a t e d  from  th e  m easu red  D o p p le r  w id th  

T = 4[Av / ( 7 . 1 6  X 1019 x  l o " * ) ] ^

w i th  Av i n  GHz. 
D

( 9 )

( 1 0 )

The v a lu e s  f o r  t h e  m e t a s t a b l e  d e n s i t y  c a l c u l a t e d  u s in g  th e  ab o v e

- 9  3 - 1 1
r a t e  c o e f f i c i e n t s  and  y -  4 .2 x 1 0  cm s [9 ] a r e  shown to  be i n

r e a s o n a b le  a g re e m e n t w i th  th e  m easu red  v a lu e s  i n  f i g u r e  3 .1 0 .  As 

n e i t h e r  a  n o r  y a r e  known p r e c i s e l y  i t  s h o u ld  be p o s s i b l e  to  e x p l o i t  

t h e  im proved  e x p e r im e n ta l  a c c u r a c y  to  o b t a i n  m ore in f o r m a t io n  a b o u t  ct
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an d  Y • P a i r s  o f  v a lu e s  o f  « and  y w h ich  s a t i s f i e d  e q u a t io n  (6 )  w e re  

c a l c u l a t e d .  F ig u r e  3 .1 1  shows a  f i t  to  th e  e x p e r im e n ta l  d a t a  f o r  

p = 1 T o r r .  S u p e rim p o sed  on  t h i s  g ra p h  a r e  t h e  v a lu e s  f o r  a  d e r iv e d  

from  S m it [ 1 1 ] .  F o r  a l l  p r e s s u r e s  i t  was fo u n d  t h a t  t h e s e  v a lu e s  o f  

 ̂ a t  h ig h e r  c u r r e n t s  h u n ch ed  a ro u n d  a  s m a l l  r a n g e  o f  v a lu e s  

o f  y w h ich  d i s p l a y e d  t h e  e x p e c te d  t r e n d  o f  i n c r e a s i n g  w i th  i n c r e a s i n g  

e l e c t r o n  te m p e r a tu r e  ( i . e .  d e c r e a s in g  p r e s s u r e ) .  A b e s t  v a lu e  f o r  y 

th u s  o b ta in e d  was u se d  to  c a l c u l a t e  th e  v a lu e  o f  a  f o r  s m a l l  

c u r r e n t s .  T h ese  v a lu e s  o f  a  a r e  p l o t t e d  i n  f i g u r e  3 .1 2  and  t h e  b a r s  

s u p e r im p o se d  on  t h e  d a t a  p o i n t s  show t h e  ra n g e  o f  v a lu e s  o b ta in e d  

a l lo w in g  f o r  t h e  e x p e r im e n ta l  e r r o r  and th e  e r r o r  i n  y . The 

S m i t a  v a lu e s  a r e  shown i n  f i g u r e  3 .1 3  f o r  c o m p a r is o n . The c o m p u te r 

p ro g ram s f o r  c a r r y i n g  o u t  t h e s e  v a r io u s  c a l c u l a t i o n s  a r e  l i s t e d  i n  

a p p e n d ix  C. The m a in  d i f f e r e n c e  i s  t h a t  f o r  p = 4 T o r r  and 8 T o r r  t h e  

v a lu e s  o f  a f o r  s m a l l  c u r r e n t s  a p p e a r  to  b e  much l a r g e r  t h a n  

e x p e c te d .  P h y s i c a l l y  t h e r e  i s  no b a s i s  f o r  a  m o n o to n ic a l ly  d e c r e a s in g  

i n  t h i s  m an n e r . C hecks i n d i c a t e  t h a t  th e  r a t e  o f  d i f f u s i o n  o f  

m e t a s t a b l e s  t o  th e  w a l l  and  th e  e l e c t r o n  d e n s i t y  h av e  n o t  b e e n  

o v e r e s t im a te d .  The e f f e c t  o f  e l e c t r o n  te m p e r a tu r e  v a r y in g  w i th

c u r r e n t  w ould  be to  i n c r e a s e  y f o r  s m a l l  c u r r e n t s  r e q u i r i n g  a  to  be 

l a r g e r  s t i l l .  W ith  th e  g a s  t e m p e r a tu r e  v a r y in g ,  E/N  r a t h e r  th a n  E /p  

i s  a  good p a r a m e te r  b u t  th e  t r e n d  i n  E/N i s  s i m i l a r  to  t h a t  i n  E /p .  

I t  w ould  a p p e a r  t h e r e  i s  a  f u r t h e r  s o u rc e  o f  t r i p l e t  m e ta s t a b l e s  w h ich  

s c a l e s  w i th  g ro u n d  s t a t e  h e l iu m  d e n s i t y  b u t  n o t  w i th  e l e c t r o n  

d e n s i t y .

Two p r o c e s s e s  l e a d in g  to  a  c r e a t i o n  o f  m e t a s t a b l e s  p r o p o r t i o n a l  

t o  th e  g ro u n d  s t a t e  num ber d e n s i t y ,  w h ich  may b e  in v o lv e d  i n  

e x p la in in g  th e s e  r e s u l t s ,  a r e  o u t l i n e d .  F i r s t l y  t h e  c o n v e r s io n  o f  

s i n g l e t  m e ta s t a b l e s  to  t r i p l e t s  th ro u g h  c o l l i s i o n s  w i th  g ro u n d  s t a t e  

a to m s and s e c o n d ly  th e  c o l l i s i o n  in d u c e d  s i n g l e t  to  t r i p l e t  c o n v e r s io n
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b e tw e e n  s t a t e s  w i th  l a r g e  a n g u la r  momentum.

I f  a l l  o f  t h e  m e t a s t a b l e  e x c e s s  i s  to  be e x p la in e d  i n  te rm s  o f  

c o n v e r s io n  o f  s i n g l e t  m e t a s t a b l e s ,  w h ich  l i e  20 .6 1 eV  above  th e  g ro u n d  

s t a t e ,  t o  t r i p l e t s  (1 9 .8 2  eV) th ro u g h  c o l l i s i o n s  w i th  g ro u n d  s t a t e  

a to m , i n c l u s i o n  o f  an  e x t r a  te r m .

SN N„ = £N N- /RO Z O 1

( 11 )

w h ere  R i s  t h e  r a t i o  o f  t r i p l e t  to  s i n g l e t  m e t a s t a b l e s ,  i n  th e  r a t e

-1 3  3 -1e q u a t io n  ( 6 ) ,  p r e d i c t s  v a lu e s  o f  ex o f  th e  o r d e r  o f  5x10 cm s  ,

-1 8  2im p ly in g  a  c r o s s  s e c t i o n  o f  3x10 cm . The c r o s s  s e c t i o n  e s t im a te d

i s  s m a l l  com pared  to  t h e  g a s  k i n e t i c  c r o s s  s e c t i o n  and a l s o  s m a l l e r

-1 7  2
th a n  th e  u p p e r  bound o f  2x10 cm o b ta in e d  f o r  a  c o l l i s i o n  in d u c e d

3 1
t r i p l e t  t o  s i n g l e t  c o n v e r s io n ,  (He 4 P -  He 4 L ,  w h e re  L i s  S ,P  o r  

D ) , v i o l a t i n g  th e  W ig n er s p i n  r u l e ,  o b ta in e d  by Abrams an d  W olga 

[12 ].

By m o n i to r in g  t h e  He 2^S p o p u l a t i o n  d e n s i t y  i n  a  h e liu m  a f t e r g l o w  

P h e lp s  [13] m easu red  t h e  c r o s s  s e c t i o n  f o r  th e  d e s t r u c t i o n  o f  s i n g l e t

m e t a s t a b l e s  th ro u g h  c o l l i s i o n  w i th  t h e  g ro u n d  s t a t e  h e liu m  a to m s , a t  

-2 0  2
300K, to  be 3x10 cm . Thus t h i s  p a th w ay  c a n  n o t  t o t a l l y  e x p l a i n  th e

3
He 2 S m e ta s t a b l e  e x c e s s  o b s e rv e d  h e r e .

P h e lp s  a l s o  s t a t e d  t h a t  t h e  d e s t r u c t i o n  o f  s i n g l e t  m e ta s t a b l e s

d id  n o t  l e a d  to  t h e  c r e a t i o n  o f  t r i p l e t  m e t a s t a b l e s  b e c a u s e  no

b u i ld - u p  i n  t r i p l e t  m e t a s t a b l e  p o p u la t i o n  was o b s e rv e d  a t  e a r l y  t im e s

i n  t h e  a f t e r g l o w .  C a l c u l a t i o n s  u s in g  h i s  r a t e  e q u a t io n s  show a  1,4% 
3

i n c r e a s e  i n  t h e  2 S p o p u l a t i o n  d e n s i t y  a t  4 T o r r  an d  a n  8.6% i n c r e a s e

a t  8 T o r r  i n  th e  e a r l y  a f t e r g l o w ,  a ssu m in g  a  r a t e  o f  d e s t r u c t i o n  o f

-1 3  3 -1
s i n g l e t  m e ta s t a b l e s  o f  5x10 cm s , l e a d in g  to  t r i p l e t  p r o d u c t io n .
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a s  p r e d i c t e d  a b o v e . T h ese  m axim a o c c u r  i n  t im e s  l e s s  th a n  IZpS i n t o  

t h e  a f t e r g l o w  w h ich  a r e  s h o r t  com pared  to  th e  lOOps r e s o l u t i o n  o f  th e  

P h e lp s  r e s u l t s .  I t  i s  t h e r e f o r e  n o t  known i f  any  t r i p l e t  m e ta s t a b l e  

c r e a t i o n  a r i s e s  from  t h i s  p r o c e s s .

I n  a  p o s i t i v e  co lu m n , i n  c o n t r a s t  t o  t h e  a f t e r g l o w ,  e x c i t e d  

l e v e l s  a r e  p o p u la te d  by e l e c t r o n  c o l l i s i o n s  w i th  g ro u n d  s t a t e  a to m s . 

T hus a n o th e r  p o s s i b l e  s o u r c e  o f  t r i p l e t  m e t a s t a b l e s  i s  c o l l i s i o n  

in d u c e d  s i n g l e t  t o  t r i p l e t  c o n v e r s io n  b e tw e en  e x c i t e d  s t a t e s  w i th  

l a r g e  a n g u la r  momentum w h e re  th e  W igner S p in  R u le  no lo n g e r  a p p l i e s  

due t o  t h e  b reak d o w n  o f  LS c o u p l in g .  One p o s s i b l e  p a th w ay  i s

H e(4 ^P ) +  H e ( l^ S )  ->  H e(4 ^F ) +  He (1 ^ 8 )

3 3 3
f o l lo w e d  by r a d i a t i v e  d e c a y  th ro u g h  t h e  3 D an d  2 P l e v e l s  to  t h e  2 S

l e v e l .  U s in g  t h e  p o p u la t i o n s  f o r  t h e  e x c i t e d  l e v e l s  c a l c u l a t e d  by

D o th an  and  K agan [ 8 ] ,  r a d i a t i v e  d e c a y  r a t e s  from  W iese  e t  a l  [1 4 ] an d

- 1 4  2
t h e  c o l l i s i o n  c r o s s  s e c t i o n ,  2x10 cm , g iv e n  by Kay and  H ughes [15 ] 

t h i s  l e a d s  to  a  c r e a t i o n  r a t e  f o r  t r i p l e t  m e t a s t a b l e s  an  o r d e r  o f  

m a g n itu d e  s m a l l e r  th a n  r e q u i r e d .  I t  i s  w o r th  n o t in g  t h a t  th e  

c a l c u l a t e d  p o p u la t i o n s  o f  t h e  l e v e l s ,  u se d  a b o v e , may be an  o r d e r  o f  

m a g n itu d e  to o  s m a l l  by c o m p a r iso n  o f  th e  m easu red  t r i p l e t  m e ta s t a b l e  

d e n s i t i e s  o b ta in e d  h e r e ,  w h ich  w e re  fo u n d  to  be an  o r d e r  o f  m a g n itu d e  

l a r g e r  th a n  th o s e  c a l c u l a t e d  by  D o th an  and K agan [ 8 ] .

T hus i t  w ould  a p p e a r  t h a t  t h e  e x t r a  t r i p l e t  c r e a t i o n  r e q u i r e d  t o  

e x p l a i n  th e  e x p e r im e n ta l  r e s u l t s  a r i s e s  from  s e v e r a l  p r o c e s s e s .  The
3

c r o s s  s e c t i o n  d e r iv e d  i s  o n ly  v a l i d  i f  a l l  t h e  e x c e s s  2 S p r o d u c t io n  

a r i s e s  from  2 S c o n v e r s io n  and  w ould  need  to  be decom posed  i n t o  t h e  

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

f u t u r e .
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3 .5  Summary

The l a s e r  a b s o r p t i o n  m ethod  o f  m e a su r in g  m e t a s t a b l e  d e n s i t i e s  i s  

s t r a i g h t f o r w a r d  and  r e l i a b l e .  As i n d i c a t e d ,  i t  m akes p o s s i b l e  s im p le  

d e t e r m in a t io n  o f  r a d i a l l y  a v e ra g e d  m e ta s t a b l e  d e n s i t i e s  and c a n  b e  

r e a d i l y  e x te n d e d  to  d e te r m in e  r a d i a l  d i s t r i b u t i o n s  and  to  e x p lo r e  t h e  

e f f e c t i v e  a b s o r b in g  l e n g t h  o f  t h e  d i s c h a r g e .  The g a s  te m p e r a tu r e  i s  

o b ta in e d  e x p l i c i t l y  by m e a s u r in g  t h e  D o p p le r  w id th  o f  t h e  a b s o r p t i o n  

l i n e .  U n c e r t a i n t i e s  a r i s i n g  from  c h a n g in g  t r a n s m i s s i o n  o f  tu b e  

w indow s a r e  a v o id e d  and  th e  g e o m e t r ic a l  a r ra n g e m e n t o f  t h e  l i g h t  

c o l l e c t i o n  a p p a r a tu s  i s  no lo n g e r  c r i t i c a l .  T h u s , m ost o f  th e  

d i f f i c u l t i e s  o f  e a r l i e r  m e th o d s  a r e  o v erco m e. The a d v a n ta g e  o f  u s in g  

a  UV t r a n s i t i o n  h a s  a l s o  b e e n  d e m o n s t r a te d .  M e ta s ta b le  d e n s i t i e s  a t  

v e r y  low  p r e s s u r e s  may be  o b ta in e d  u s in g  lo n g e r  a b s o r p t i o n  l e n g t h s  o r  

ch o p p in g  th e  l a s e r  r a d i a t i o n  and  u s in g  a  c a l i b r a t e d  p h a s e  s e n s i t i v e  

d e t e c t o r  to  m e a su re  t h e  p e r c e n ta g e  a b s o r p t i o n .

From t h e  r a t e  e q u a t io n  a n a l y s i s  v a lu e s  f o r  th e  lum ped l o s s  o f  

t r i p l e t  m e ta s t a b l e s  th ro u g h  c o l l i s i o n s  w i th  e l e c t r o n s ,  ^  » a r e  

d e d u c e d . E x p e r im e n ta l  c o n f i r m a t io n  o f  t h e s e  and  t h e  a  v a lu e s  u se d  

a r e  r e q u i r e d .  The n eed  f o r  a  f u r t h e r  s o u rc e  o f  t r i p l e t  m e ta s t a b l e s  

w h ich  s c a l e s  a s  th e  g ro u n d  s t a t e  num ber d e n s i t y  i s  d e m o n s tra te d  and

c o n v e r s io n  o f  s i n g l e t  m e t a s t a b l e s  to  t r i p l e t s  th ro u g h  c o l l i s i o n s  w i th  

g ro u n d  s t a t e  atom s and  c o l l i s i o n  in d u c e d  s i n g l e t  t o  t r i p l e t  c o n v e r s io n  

i n  s t a t e s  w i th  l a r g e  a n g u la r  momentum a r e  t e n t a t i v e l y  s u g g e s te d .  

M easu red  v a lu e s  o f  t h e  r a t i o  o f  t h e  s i n g l e t  to  t r i p l e t  m e ta s t a b l e  atom  

d e n s i t y  [ 3 ,5 ]  ( f i g u r e  3 . 9 ) ,  i n d i c a t e  t h e r e  i s  s u b s t a n t i a l  q u e n c h in g  o f  

t h e  s i n g l e t  m e t a s t a b l e s  w h ich  s c a l e s  w i th  g ro u n d  s t a t e  num ber 

d e n s i t y .  W h e th e r t h e s e  s i n g l e t  m e ta s t a b l e s  a r e  c o n v e r te d  to  t r i p l e t s  ^

by  th e  ty p e s  o f  p r o c e s s e s  c i t e d  ab o v e  i s  s t i l l  to  b e  d e te r m in e d .  |

....■*71?
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I t  w ould  be u s e f u l  to  a p p ly  t h e  l a s e r  a b s o r p t i o n  m ethod to  a

h e l iu m  a f t e r g l o w  to  c h e c k  th e  s i n g l e t  m e ta s t a b l e  d e s t r u c t i o n  r a t e s .

An i n t e n s i t y  s t a b i l i s e d ,  n a r ro w  l i n e w id th  l a s e r  w i th  no te n d e n c y  to

d r i f t  from  i t s  s t a b i l i s e d  f r e q u e n c y  w ould be r e q u i r e d  f o r  t h i s .  The

s i n g l e t  m e ta s t a b l e  d e n s i t i e s  c a n  be m easu red  by th e  l a s e r  a b s o r p t i o n

m ethod  on th e  2 S -  3 P t r a n s i t i o n  a t  5 0 1 .6nm u s in g  a  C oum arin  dye

l a s e r .  A lso  t h e  n eo n  ls _  and l s _  m e ta s ta b le  d e n s i t i e s  c a n  be m easu red3 5
o n  a  num ber o f  t r a n s i t i o n s  u s in g  a  Rh6G dye l a s e r ,  by  t h i s  m e th o d .
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F ig u r e  3 .1  C o m p ariso n  o f  t h e  sum o f  th e  t h r e e  D o p p le r  b ro a d e n e d  f i n e  
s t r u c t u r e  co m p o n en ts  o f  t h e  He 294 .51nm  t r a n s i t i o n  w i th  a  s i n g l e  
G a u s s ia n  w i th  t h e  sam e c e n t r e  and  maximum, f o r  a  t e m p e r a tu r e  o f  
600 K.

I N T E N S I T Y  ( A r b )

Fine
S t r u c t u r e

0 10-10
FREQUENCY ( G H z )

(Gauss ian-  Fine S t r u c tu r e



n o o

3 5 0  4 5 0  5 5 0  6 5 0  7 5 0  

Temperature /  K

F ig u r e  3 .2  The w id th  o f  t h e  s i n g l e  G a u ss ia n  s u b t r a c t e d  from  th e
sum o f  th e  D o p p le r  b ro a d e n e d  f i n e  s t r u c t u r e  co m p o n en ts  (A ) o f  t h e  He 
294 .51nm  t r a n s i t i o n ,  a s  a  f u n c t i o n  o f  g a s  t e m p e r a tu r e .
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To vacuum 
system

To cathode

F ig u r e  3 .3  S c h e m a tic  d ia g ra m  o f  t h e  d i s c h a r g e  t u b e , t o  f u l l  s c a l e .
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F ig u r e  3 .5  Sam ple D o p p le r  b ro a d e n e d  a b s o r p t i o n  p r o f i l e s  a t  p=2 T o r r  
f o r  c u r r e n t s  o f  20 and  40 mA.
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F ig u r e  3 .8  P a r t i a l  G r o t r i a n  d ia g ra m  f o r  h e l iu m  show ing  th e  294 .51nm  
t r a n s i t i o n .
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F ig u r e  3 .9  The r a t i o  o f  s i n g l e t  to  t r i p l e t  m e t a s t a b l e s  a s  m easu red  by 
B row ne and  Dunn [3 ] an d  Ic h ik a w a  and T e i i  [ 5 ] .



ox

o
ox

xo

CO

ox
ox

xo

<o

o
>o

w

xo
xo

CO

2
a
00
<u
c _

C L

{ç_ui3 21-01.»') Aijsuap 9)qê se;aui ;a]dwi

F ig u r e  3 .1 0  C o m p ariso n  o f  m easu red  t r i p l e t  m e ta s t a b l e  (x )  d e n s i t i e s  
w i th  th o s e  c a ^ c u ^ a tg d  ( o )  from  th e  r a t e  e q u a t io n  (6 )
a ssu m in g  Y = 4 .2 x 1 0  cm s
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F ig u r e  3 .1 1  V a lu e s  o f  a  an d  y w h ich  s a t i s f y  e q u a t io n  (6 )  u s in g  th e  
e x p e r im e n ta l  m e t a s t a b l e  d e n s i t i e s ,  f o r  v a r io u s  c u r r e n t s  a t  a  p r e s s u r e  
o f  1 T o r r .  M arked a r e  t h e  v a l u e s  o f  a  d e r iv e d  from  S m it [1 1 ] g iv in g  a  
f i t  f o r  y = ( 4 .3  +  0 .5 )  x  10 cm s
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F ig u r e  3 .1 2  The v a lu e s  o f  et c a l c u l a t e d  from  e q u a t io n  ( 6 )  u s in g  t h e
) l e t  m e ta s t a b l e  d e n s i t i e s ,  
eg  s7

b e s t  f i t Y v a lu e s  and th e e x p e r im e n ta l
( a ) P = 1 T o r r , Y = ( 4 .3  +  0 .5 )  X
(b ) P = 1 .5  T o r r = ( 2 .5  +  0 .5 )
( c ) P = 2 T o r r , Y = ( 1 .6  +  0 .6 )  X
( d ) P = 4 T o r r , Y = ( 0 .8  +  0 .3 )  X
( e ) P = 8 T o r r , Y = ( 0 .8  +  0 .4 )  X

?

cm s
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F ig u r e  3 .1 3  The v a lu e s  o f  a  d e r iv e d  from  S m it a s  a  F u n c t io n  o f  
c u r r e n t  f o r  v a r io u s  p r e s s u r e s .  ( a )  p = 1 T o r r .  (b )  p = 1 .5  T o r r .  
( c )  p = 2 T o r r .  ( d )  p = 4 T o r r .  ( e )  p = 8 T o r r .
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OPTOGALVANIC SPECTROSCOPY IN NEON
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4 .1  In tro d u ctio n

The ch an g e  i n  i o n i s a t i o n  i n  a  d i s c h a r g e ,  c a u s e d  by i l l u m i n a t i n g  

on e  d i s c h a r g e  w i th  l i g h t  fro m  a n o t h e r ,  h a s  b e e n  known f o r  a lm o s t  s i x t y  

y e a r s .  I n  th e  p a s t  e i g h t  y e a r s ,  w i th  t h e  u s e  o f  tu n a b le  dye l a s e r s  to  

i r r a d i a t e  d i s c h a r g e s ,  a  re n e w a l o f  i n t e r e s t  i n  t h i s  so  c a l l e d  

o p to g a lv a n ic  e f f e c t  h a s  l e d  t o  i t s  a p p l i c a t i o n  to  a  l a r g e  num ber o f  

s p e c t r o s c o p i c  s t u d i e s .  T h e se  w i l l  be o u t l i n e d  w i th  p a r t i c u l a r  

r e f e r e n c e  t o  s t u d i e s  i n  n e o n .

I n  t h i s  w ork e x p e r im e n ta l  s t u d i e s  h av e  b e e n  c a r r i e d  o u t  i n  a  neo n  

p o s i t i v e  co lum n d i s c h a r g e .  The o p to g a lv a n ic  l i n e  p r o f i l e  f o r  t h e  

l s ^ - 2 p ^  t r a n s i t i o n  (P a s c h e n  n o t a t i o n )  h a s  b e e n  s t u d i e d  a s  a  f u n c t i o n

o f  dye l a s e r  pow er (0-300mW) and d i s c h a r g e  c o n d i t i o n s  (2 -2 0  mA, 

1 - 2 .5  T o r r )  f o r  a  v a r i e t y  o f  e x p e r im e n ta l  a r r a n g e m e n ts ,  i n c o r p o r a t i n g  

s im u lta n e o u s  a b s o r p t i o n  and  e m is s io n  s t u d i e s .  U nder c e r t a i n  d i s c h a r g e  

c o n d i t i o n s  t h e  s i g n  o f  th e  o p to g a lv a n ic  s i g n a l  ch a n g e s  a s  a  f u n c t i o n  

o f  dye l a s e r  p o w er.

I n  an  a t te m p t  t o  m odel t h e  ab o v e  b e h a v io u r  a  s e t  o f  f o u r  r a t e

e q u a t io n s  d e s c r i b in g  t h e  p o p u la t i o n s  o f  t h e  I s y ,  I s ^  and 2p^

l e v e l s  i n  n e o n , w i th  and  w i th o u t  r e s o n a n t  l a s e r  i r r a d i a t i o n  on th e  

l s ^ - 2 p ^  t r a n s i t i o n  a t  5 8 8 .2nm, a r e  p ro p o se d  and  s o lv e d  i n  t h e  s t e a d y

s t a t e .  The s t e a d y  s t a t e  v a lu e s  a r e  u sed  a s  i n i t i a l  v a lu e s  f o r

n u m e r ic a l  i n t e g r a t i o n  o f  t h e  r a t e  e q u a t io n s  to  show t h e  t im e  e v o l u t i o n  

o f  th e  v a r io u s  p o p u la t i o n s  a s  t h e  l a s e r  i s  s w itc h e d  on an d  o f f .  A

q u a l i t a t i v e  i n t e r p r e t a t i o n  o f  t h e  e x p e c te d  o p to g a lv a n ic  s i g n a l  may be

made from  th e  r e s u l t s .  I n  p a r t i c u l a r ,  i t  i s  s e e n  t h a t  b u i ld - u p  i n  th e  

I s ^  m e ta s t a b l e  d e n s i t y  w i th  l a s e r  i r r a d i a t i o n  on t h e  5 8 8 .2nm

t r a n s i t i o n  c a n  e x p l a i n  t h e  o b s e r v a t io n  o f  a  s i g n  r e v e r s a l  i n  t h e
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o p to g a lv a n ic  s i g n a l  i n  a  n eo n  p o s i t i v e  colum n d i s c h a r g e ,

4 .2  R eview  o f  O p to g a lv a n ic  S p e c tro s c o p y

When a  d i s c h a r g e  i s  i r r a d i a t e d  w i th  l i g h t  o f  a  w a v e le n g th  

c o r r e s p o n d in g  to  a n  a l lo w e d  t r a n s i t i o n  o f  t h e  d i s c h a r g e  s p e c ie s  t h e  

p o p u la t i o n s  w i t h i n  t h e  d i s c h a r g e  ch a n g e  th u s  g iv in g  r i s e  to  c h a n g e s  i n  

t h e  r a t e  o f  i o n i s a t i o n .  The m o st common e f f e c t  i s  an  i n c r e a s e  i n  t h e  

io n  d e n s i t y  c a u s e d  by in c r e a s e d  p o p u la t i o n  d e n s i t y  o f  h ig h ly  e x c i t e d  

s t a t e s  due to  o p t i c a l  p u m p in g . T h ese  s t a t e s  h a v e  h ig h e r  c o l l i s i o n a l  

i o n i s a t i o n  r a t e s  a s  a  l a r g e r  p e r c e n ta g e  o f  t h e  e l e c t r o n s  i n  th e

d i s c h a r g e  h av e  s u f f i c i e n t  e n e rg y  to  c a u s e  i o n i s a t i o n .  An i n c r e a s e  i n  

t h e  io n  (a n d  e l e c t r o n )  d e n s i t y  l e a d s  to  a  d ro p  i n  t h e  v o l t a g e  a c r o s s  

t h e  d i s c h a r g e  tu b e  r e q u i r e d  to  m a in ta in  th e  d i s c h a r g e .  T h is  d ro p  i n  

v o l t a g e  may be m easu red  a s  a n  i n c r e a s e  i n  v o l t a g e  a c r o s s  a  b a l l a s t  

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

v o l t a g e  s u p p ly  r e g im e .  T r a n s i t i o n s  w i th  a  m e ta s t a b l e  lo w e r l e v e l  g iv e  

r i s e  to  e i t h e r  i n c r e a s e s  o r  d e c r e a s e s  i n  t h e  v o l t a g e  a c r o s s  th e  

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

c o u p l in g  m echan ism s f o r  t h e  p a r t i c u l a r  a to m ic  o r  m o le c u la r  s p e c i e s .

The f i r s t  o b s e r v a t io n  o f  t h i s  e f f e c t ,  c a l l e d  t h e  o p to g a lv a n ic  

e f f e c t ,  was made by P e n n in g [ l ]  who o b s e rv e d  a n  i n c r e a s e  i n  t h e  v o l t a g e  

a c r o s s  a  n eo n  d i s c h a r g e  when i t  was i l l u m i n a t e d  by a  seco n d  n eo n  

lam p . T h is  o b s e r v a t io n  was p r e d a te d  by a  r e l a t e d  e x p e r im e n t  [2 ] w h ere  

io n  f o r m a t io n  was d e t e c t e d  by  em p lo y in g  th e r m io n ic  d io d e s .  S u b se q u e n t 

e x p e r im e n ts  s tu d y in g  th e  ch a n g e  i n  v o l t a g e  a c r o s s  a  d i s c h a r g e  tu b e  

i l l u m i n a t e d  by  a n o th e r  a r e  d e t a i l e d  i n  r e f e r e n c e s  [ 3 - 9 ] .  I n  

p a r t i c u l a r ,  D ro u e t and  N ovak [7 ] n o te d  t h a t  i l l u m i n a t i n g  a  n eon  

d i s c h a r g e  r e s u l t s  i n  r e d u c t i o n s  o f  b o th  th e  e l e c t r o n  d e n s i t y  and th e
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m e ta s t a b l e  d e n s i t y .  They a l s o  m easu red  th e  e l e c t r o n  e n e rg y  

d i s t r i b u t i o n  and  fo u n d  t h a t  i l l u m i n a t i o n  c a u se d  a  s h i f t  o f  e l e c t r o n s  

t o  lo w e r e n e r g i e s .

The r e c e n t  r e v o l u t i o n  i n  o p to g a lv a n ic  s p e c t r o s c o p y  was s t a r t e d  

w hen G reen  e t  a l  [1 0 ] u s e d  a  c o m m erc ia l CW dye l a s e r  ( l i n e w i d t h  o f  

a p p r o x im a te ly  0 .0 0 3 n m , t u n a b l e  o v e r  a  ra n g e  540-675nm , w i th  t y p i c a l  

p ow ers o f  100-200mW) t o  i n v e s t i g a t e  t h e  o p to g a lv a n ic  s i g n a l  in d u c e d  on 

t r a n s i t i o n s  o f  l i t h i u m ,  so d iu m , c a lc iu m , b a r iu m , u ra n iu m , n eo n  and 

h e l iu m  i n  co m m erc ia l h o llo w  c a th o d e  la m p s . The e x p e r im e n ta l  

a r r a n g e m e n t,  w h ich  i s  a  s t a n d a r d  o n e  f o r  l a s e r  l i n e w i d t h - l i m i t e d , o r  

D o p p le r - l im i t e d  s t u d i e s ,  i s  shown i n  f i g u r e  4 .1 .  The l a s e r  beam i s  

ch o p p ed  a t  f r e q u e n c y  f  an d  t h e  o p to g a lv a n ic  s i g n a l  p ro d u c e d  a t  t h i s

f r e q u e n c y ,  d e v e lo p e d  a c r o s s  r e s i s t o r  R , i s  d e t e c t e d  by a  l o c k - i n

a m p l i f i e r .  C a p a c i to r  C i s  u s e d  to  b lo c k  t h e  dc an o d e  v o l t a g e .  The

a d v a n ta g e s  o v e r  f l u o r e s c e n c e  s p e c tr o s c o p y  a r e  t h a t  no o p t i c a l  

d e t e c t i o n  a p p a r a tu s  i s  r e q u i r e d ,  t h e  s i g n a l  o b ta in e d  i s  i n s e n s i t i v e  to  

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

s p e c ie s  c a n  be s t u d i e d  i n  h o l lo w  c a th o d e s .

The o p to g a lv a n ic  e f f e c t  h a s  b e e n  u se d  to  f r e q u e n c y - lo c k  a  CW dye 

l a s e r  [ 1 1 ] ,  p r o v id e  c a l i b r a t i o n  w a v e le n g th  s p e c t r a ,  m easu re  l a s e r

b a n d w id th s  (w h e re  t h e s e  e x c e e d  t h e  b an d w id th  o f  t h e  t r a n s i t i o n s  b e in g  

u s e d )  [ 1 2 ] ,  s tu d y  l i n e  p r o f i l e s  [1 4 ] and  to  m easu re  c o n c e n t r a t i o n s  o f  

m e ta l s  i n  aq u e o u s  s o l u t i o n s  o f  m e ta l  s a l t s  a s p i r a t e d  i n  a  f la m e  [ 1 3 ] .  

By h a v in g  t h e  f la m e  i n s i d e  t h e  l a s e r  c a v i t y  [2 5 ] i t  h a s  b e e n  p o s s i b l e  

t o  m easu re  c o n c e n t r a t i o n s  o f  Na ( I n g /m l)  a t  l e a s t  an  o r d e r  o f  

m a g n itu d e  s m a l le r  t h a n  c a n  be m easu red  q u a n t i t a t i v e l y  by a to m ic  

a b s o r p t i o n  i n  f la m e s .
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A num ber o f  s t u d i e s  h av e  b e e n  u n d e r ta k e n  to  d e te r m in e  i f

q u a n t i t a t i v e  m e a su re m e n ts  o f  o s c i l l a t o r  s t r e n g t h s  and  l i n e  b ro a d e n in g

c a n  be o b ta in e d  from  o p to g a lv a n ic  s t u d i e s  [ 1 7 ] , [ 2 0 ] , [ 2 9 ] .  I n

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

c o e f f i c i e n t  k  o v e r  t h e  e n t i r e  l i n e  p r o f i l e ,  w i th  c e n t r e

w a v e le n g th  i s  r e l a t e d  t o  t h e  num ber o f  a to m s , n ^ ,  i n  t h e  i n i t i a l

s t a t e  and  t h e  o s c i l l a t o r  s t r e n g t h  g f . . ,  o f  t h e  t r a n s i t i o n .  F o r  weak
1 i  J

a b s o r p t i o n  ( k l « l ,  w i th  1 t h e  l e n g t h  o f  t h e  sam p le )  a  s im p le  l i n e a r  

r e l a t i o n ,

kdX = C'A. . n . g . f . . ,  c = c o n s t  
J i j  1 1 i j

( 1 )

c a n  b e  u s e d .

K e l l e r  e t  a l  [2 0 ] and  Z a le w sk i e t  a l  [17 ] p ro p o s e d  t h a t  t h e

m a g n itu d e  o f  t h e  o p to g a lv a n ic  s i g n a l ,  d iv id e d  by th e  l a s e r  pow er

P was p r o p o r t i o n a l  t o  th e  a b s o r p t i o n  o f  th e  l a s e r  r a d i a t i o n .  A ssum ing 

t h e  p o p u la t i o n  o f  th e  e x c i t e d  s t a t e s  o f  t h e  a tom s i n  t h e  d i s c h a r g e  to  

b e  d e s c r ib e d  by a  B o ltz m a n n  d i s t r i b u t i o n  w i th  an  e x c i t a t i o n  

t e m p e r a tu r e  T t h i s  g i v e s :

A ^ j% g^ f^ jexp (-E ^ /k T )

( 2 )

A good f i t  t o  t h i s  r e l a t i o n  was fo u n d  f o r  2 p - 3 s ,  - 4 s  and -4 d  (P a s c h e n

n o t a t i o n )  t r a n s i t i o n s  i n  n e o n . E x te n d in g  th e  r e l a t i o n  to  t a k e  a c c o u n t

o f  t h e  b ra n c h in g  r a t i o  f o r  r a d i a t i v e  d ec ay  o f  t h e  2p^  l e v e l s  to  th e  

v a r io u s  I s ^  l e v e l s  and  th e  q uan tum  y i e l d  f o r  th e  d e c a y  o f  I s ^  b a c k  to  

t h e  g ro u n d  s t a t e ,  i t  g iv e s  r e a s o n a b le  a g re e m e n t f o r  2 p - l s ^ ,  I s ^  and  

I s ^  t r a n s i t i o n s  a s  w e l l  [ 1 7 ] .  The 2 p ^ - l s ^  t r a n s i t i o n s  d id  n o t  f i t  

i n t o  t h i s  s im p le  t h e o r y .  The r e l a t i o n  was a l s o  v e r i f i e d

e x p e r im e n ta l l y  u s in g  m ore t h a n  33 l i n e s  i n  u ra n iu m  w i th  a  ra n g e  o f  

e x c i t a t i o n  e n e r g i e s ,  E . ,  from  0 -1 0 0 0 0  cm [ 2 0 ] .  D e v ia t io n s  from
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e q u a t io n  (2 )  (u p  to  a  f a c t o r  o f  2 .5 )  w e re  s a i d  to  be  du e  to  

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

[2 9 ] i n v e s t i g a t e d  15 l i n e s  i n  c a lc iu m  i n  th e  w a v e le n g th  r a n g e  

551-559nm  and  580-620nm . The o s c i l l a t o r  s t r e n g t h s  o f  t h e s e  

t r a n s i t i o n s  a r e  w e l l  know n. The e x p e r im e n ta l  u n c e r t a i n t y  due to  

c u r r e n t  i n s t a b i l i t y ,  l a s e r  pow er u n c e r t a i n t y  and  s p a t i a l  d e p e n d en ce  o f  

t h e  o p to g a lv a n ic  s i g n a l  was e s t im a te d  a s  l e s s  th a n  25% w i th  a  67% 

c o n f id e n c e .  The r e s u l t s  d id  n o t  a g r e e  w i th  e q u a t io n  (2 )  w i t h i n  th e  

e s t im a te d  e r r o r s  and  th u s  t h e  a s s u m p tio n  o f  a  s im p le  B o ltzm an n  

d i s t r i b u t i o n  a p p e a r s  i n v a l i d .  Thus i t  w ould  a p p e a r  t h a t ,  f o r  some 

p la s m a s ,  o p to g a lv a n ic  d e t e c t i o n  i s  n o t  a  s u i t a b l e  m ethod  f o r  m e a su r in g "  

o s c i l l a t o r  s t r e n g t h s  s i n c e  t h e  p o p u la t i o n  d i s t r i b u t i o n  i n  th e  p la sm a  

n e e d s  t o  be w e l l  know n. A ls o ,  t h e  l a r g e  e x p e r im e n ta l  u n c e r t a i n t y  

p r e v e n t s  i t  from  b e in g  u s e d  a s  a  h ig h  p r e c i s i o n  te c h n iq u e  i n  any

p la s m a . B ach o r e t  a l  [2 9 ] a l s o  com pared  th e  o p to g a lv a n ic  l i n e  p r o f i l e  

w i th  t h e  a b s o r p t i o n  p r o f i l e  f o r  t h i r t e e n  t r a n s i t i o n s  i n  N e, Ar an d  Cu 

i n  th e  c u r r e n t  ra n g e  2 0 -1 500mA. F o r  low  c u r r e n t s  (<100mA) th e y  fo u n d  

t h e  o p to g a lv a n ic  p r o f i l e  and  a b s o r p t i o n  p r o f i l e s  w e re  i d e n t i c a l .  F o r  

some t r a n s i t i o n s ,  a s  th e  c u r r e n t  i n c r e a s e s  t h e  h a l f  w id th  o f  th e  

o p to g a lv a n ic  p r o f i l e  becom es l a r g e r  th a n  t h e  h a l f w id th  o f  th e

a b s o r p t i o n  p r o f i l e .  T h en , a t  h ig h e r  c u r r e n t s ,  some p r o f i l e s  show d ip s  

a t  l i n e  c e n t r e .  B ach o r e t  a l  [2 9 ] c o n c lu d e d  t h a t  r e l i a b l e  

o p to g a lv a n ic  p r o f i l e s  may be o b s e rv e d  i n  g e n e r a l  f o r  p ea k  a b s o r p t i o n s  

b e lo w  20%.

F u r t h e r  l a s e r  l i n e w i d t h - l i m i t e d  o r  D o p p le r - l im i t e d  o p to g a lv a n ic  

e x p e r im e n ts  h av e  in c lu d e d  c a r e f u l  m e c h a n i s t i c  s t u d i e s  i n  n eo n  [1 5 - 1 7 ] ;  

s t u d i e s  on  i n f r a r e d  t r a n s i t i o n s  i n  He [ 2 1 ] ,  t r a n s i t i o n s  i n  h ig h

p r e s s u r e  Hg and Na a r c  d i s c h a r g e s  [ 2 4 ] ,  t r a n s i t i o n s  i n  a  p re b rea k d o w n

n e o n  d i s c h a r g e  [ 2 6 ] ;  and  s t u d i e s  o f  t r a n s i e n t  s i g n a l s  f o r  n eo n  l s ^ - 2 p ^  

t r a n s i t i o n s  w i th  p u ls e d  and  chopped  CW l a s e r  e x c i t a t i o n  [ 2 8 ] , [ 3 1 ] .
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T h e re  i s  a  m ost p ro m is in g  f u t u r e  f o r  o p to g a lv a n ic  s p e c tr o s c o p y  i n  

i n v e s t i g a t i n g  g a s  d i s c h a r g e  p h y s i c s .

I t  i s  p o s s i b l e  t o  u s e  o p to g a lv a n ic  d e t e c t i o n  i n  a  num ber o f  t h e  

s t a n d a r d  e x p e r im e n ts  o f  l a s e r  s p e c t r o s c o p y .  D o p p le r  f r e e  s p e c t r a ,  

d o u b le  r e s o n a n c e s ,  R y d b erg  s e r i e s  and l e v e l  c r o s s i n g s  h av e  a l l  b ee n  

o b s e rv e d  o p t o g a l v a n i c a l l y .  A num ber o f  m o le c u la r  s p e c t r a  h av e  a l s o  

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

d i s c h a r g e  o p e r a t i o n  f o r  m o le c u la r  s p e c i e s .  A summary o f  t h e  s t u d i e s  

w h ich  h av e  a p p e a re d  i n  t h e  l i t e r a t u r e  ( p o s s i b l y  in c o m p le te )  i s  g iv e n  

i n  t a b l e s  I  and  I I .

D o p p le r  f r e e  in te r m o d u la te d  o p to g a lv a n ic  s p e c t r o s c o p y  (DFIOGS) i s

a n a lo g o u s  to  i n te r m o d u la te d  f l u o r e s c e n c e  s p e c tr o s c o p y  ( d i s c u s s e d  i n  

s e c t i o n  5 . 2 ) .  The e x p e r im e n ta l  a r ra n g e m e n t i s  shown i n  f i g u r e  4 .2 .  

The CW l a s e r  beam i s  s p l i t  i n t o  two p a r t s  o f  a p p r o x im a te ly  e q u a l  

i n t e n s i t y ,  one i s  ch o p p ed  a t  f r e q u e n c y  f ^ ,  th e  o t h e r  a t  f r e q u e n c y  f ^ . 

T h e se  two chopped  beam s p a s s  th ro u g h  t h e  d i s c h a r g e  i n  o p p o s i t e  

d i r e c t i o n s  a n d , a s  w i th  s a t u r a t e d  in te r m o d u la te d  f l u o r e s c e n c e ,

n o n l i n e a r  s i g n a l s  a t  ( f ^  +  f 2 ) and  ( f ^  -  f 2 ) a r e  p ro d u c e d  o n ly  when

b o th  beams i n t e r a c t  w i th  t h e  z e ro  v e l o c i t y  c l a s s  o f  a to m s , w i th

r e s p e c t  to  th e  l a s e r  p r o p a g a t io n  d i r e c t i o n .  A s i g n i f i c a n t  a d v a n c e  was 

made by u s in g  vacuum  tu b e  o s c i l l a t o r s  to  e x c i t e  t h e  d i s c h a r g e .  The 

c h a n g e  i n  im pedance  o f  t h e  r f  d i s c h a r g e  p ro d u c e d  by l a s e r  i r r a d i a t i o n ,  

by r e a c t i o n  on t h e  o s c i l l a t o r  i s  d e t e c t e d  [ 3 7 ] , [ 3 8 ] .  T h is  a l lo w s  

d i s c h a r g e s  to  be  ru n  a t  low  p r e s s u r e s  (2 0 -3 0 m T o rr)  an d  p r e v e n t s  some 

o f  t h e  p ro b lem s o f  v e l o c i t y  c h a n g in g  c o l l i s i o n s  s p o i l i n g  a  s i g n a l ,  f o r  

s t u d i e s  on t r a n s i t i o n s  w i th  lo n g  l i v e d  lo w er s t a t e s .
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A num ber o f  s t u d i e s  o f  t h e  o p to g a lv a n ic  s i g n a l  in d u c e d  i n  a  n eo n  

h o l lo w  c a th o d e  d i s c h a r g e  by  ch opped  dye l a s e r  l i g h t  ( a t  w a v e le n g th s  

r e s o n a n t  w i th  t r a n s i t i o n s  b e tw e e n  th e  l s ^ ( m = 2 ,3 ,4 ,5 )  and  2 p ^ (n = l t o  

1 0 ) e l e c t r o n i c  s t a t e s )  h a v e  b e e n  c a r r i e d  o u t  [ 1 5 ,1 6 ,1 7 ] .  I n  g e n e r a l ,  

t h e  im p ed an ce  o f  t h e  d i s c h a r g e  i n c r e a s e s  w i th  r e s o n a n t  i r r a d i a t i o n  on 

t r a n s i t i o n s  s t a r t i n g  from  t h e  I s ^  and  I s ^  m e ta s t a b l e  l e v e l s  and  

d e c r e a s e s  f o r  t r a n s i t i o n s  from  t h e  I s ^  and I s ^  l e v e l s ,  w h ich  may d e c a y  

r a d i a t i v e l y  t o  t h e  g ro u n d  s t a t e .  The im pedance  i n c r e a s e  f o r  I s ^  and  

I s ^  t r a n s i t i o n s  a r i s e s  b e c a u s e  th e  m e ta s t a b l e s  (w h ic h  p r o v id e  an  

e f f e c t i v e  p a th w ay  f o r  i o n i s a t i o n )  a r e  d e p le te d  and  th u s  t h e  e l e c t r o n  

d e n s i t y  d e c r e a s e s .  The m e t a s t a b l e s  a r e  d e p le t e d  b e c a u s e  t h e

e x c i t a t i o n  to  t h e  2p l e v e l  may be fo l lo w e d  by r a d i a t i v e  d ecay  to  t h e

I s ^  and  I s ^  l e v e l s  w h ich  a r e  r a d i a t i v e l y  c o u p le d  to  t h e  g ro u n d  s t a t e .  

D e c re a s e d  d i s c h a r g e  im p ed an ce  f o r  t r a n s i t i o n s  w h ich  o r i g i n a t e  i n  th e  

I s ^  and  I s ^  l e v e l s  a r i s e s  b e c a u s e  r a d i a t i v e  d ec ay  o f  th e  e x c i t e d  2p 

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

d e n s i t y .  I n  b o th  c a s e s  i o n i s a t i o n  i s  en h an ced  th ro u g h  a n  i n c r e a s e  i n  

t h e  p o p u la t i o n  d e n s i t y  o f  t h e  2p s t a t e  w h ich  i s  m ore r e a d i l y  i o n i s e d  

th a n  th e  I s  s t a t e  b e c a u s e  a  g r e a t e r  f r a c t i o n  o f  t h e  e l e c t r o n s  h a v e  t h e  

r e q u i r e d  e n e rg y .  F o r  t h e  c a s e  o f  I s  -2 p  t r a n s i t i o n s ,  t h i s  p r o c e s s  

co m p e te s  w i th  m e t a s t a b l e  p o p u la t i o n  d e p l e t i o n ,  w h ich  l e a d s  to

d e c r e a s e d  i o n i s a t i o n ,  and  i s  c i t e d  by Smyth and S ch en ck  [1 5 ] a s  th e

r e a s o n  t h a t  t h e  o p to g a lv a n ic  s i g n a l  c h a n g es  s ig n  from  p o s i t i v e  to  

n e g a t iv e  a t  h ig h  c u r r e n t s ,  i n  some d i s c h a r g e s ,  on th e s e  t r a n s i t i o n s .

More r e c e n t l y  th e  t r a n s i e n t  b e h a v io u r  o f  t h e  o p to g a lv a n ic  s i g n a l

g e n e r a te d  on l s ^ - 2 p ^  t r a n s i t i o n s  h a s  b e e n  i n v e s t i g a t e d  [ 1 8 ,2 8 ,3 1 ] .

W ith  p u ls e d  e x c i t a t i o n  [ 1 8 ,2 8 ]  t r a n s i t i o n s  from  t h e  I s  m e ta s t a b l e
5

l e v e l  h av e  an  o p to g a lv a n ic  s i g n a l ,  m easu red  a c r o s s  a  b a l l a s t  r e s i s t o r ,  

o f  t h e  form  o f  a  f a s t  n e g a t i v e  v o l t a g e  s p ik e  (5 y s )  fo l lo w e d  by a
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s lo w e r  (3 0 u s )  p o s i t i v e  p u l s e .  T r a n s i t i o n s  from  th e  I s ^  l e v e l  g iv e  an  

o p to g a lv a n ic  s i g n a l  w h ich  i s  e s s e n t i a l l y  a  m i r r o r  im age o f  t h a t  f o r  

t h e  I s ^  t r a n s i t i o n s .  U s in g  ch opped  CW l a s e r  r a d i a t i o n  [3 1 ] t h e  

t r a n s i e n t  o p to g a lv a n ic  s i g n a l  f o l lo w in g  b o th  t h e  t u r n - o n  and t u r n - o f f  

o f  t h e  i r r a d i a t i o n  h av e  b e e n  s t u d i e d .  T h ese  t r a n s i e n t s  w ere  s m a l l  i n  

m a g n itu d e  com pared  w i th  t h e  s t e a d y  s t a t e  s i g n a l  f o r  t h e  I s ^  -Z p ^  

t r a n s i t i o n .  U c h ito m i e t  a l  [3 1 ] o b ta in e d  r e a s o n a b le  f i t s  t o  t h e  

t r a n s i e n t  s i g n a l s  th e y  o b s e r v e d ,  u s in g  a  r a t e  e q u a t io n  m odel a l lo w in g  

c o l l i s i o n a l  m ix in g  among t h e  2p l e v e l s  n e a r  t o  t h e  2p l e v e l  b e in g

o p t i c a l l y  pum ped. The s t e a d y  s t a t e  s i g n a l  f o r  t h e  I s ^ -Z p g  t r a n s i t i o n  

w as p o s i t i v e ,  c o r r e s p o n d in g  to  a  d e c r e a s e  i n  e l e c t r o n  d e n s i t y .

4 .3  The I s ^  an d  2 p ^  E n e rg y  L e v e ls  i n  Neon

The lo w e s t  e x c i t e d  e n e rg y  l e v e l s  i n  a to m ic  n eo n  a r e  fo rm ed  by

p ro m o tio n  o f  a  2p e l e c t r o n  i n t o  th e  3s o r b i t a l .  The f o u r  e n e rg y

l e v e l s  t h a t  a r i s e  fro m  t h i s  p ro m o tio n  a r e  t h e  r e s u l t  o f  p a i r e d  and

u n p a i r e d  e l e c t r o n  s p in s  and  a r e  l a b e l l e d ;  I s ^ ( s i n g l e t ) ; I s ^ ,  I s ^  and

l s ^ ( t r i p l e t )  i n  P a s c h e n  n o t a t i o n  to  d e n o te  t h e i r  common o r i g i n .  The

I s .  and  l s _  l e v e l s  a r e  m e t a s t a b l e  w i th  c o l l i s i o n  f r e e  l i f e t i m e s  o f  
3 5

430s and  2 4 .4 s  r e s p e c t i v e l y  [ 5 4 ] .  The I s ^  and  I s ^  l e v e l s  a r e  c o u p le d
—9

r a d i a t i v e l y  t o  th e  g ro u n d  s t a t e  and have  l i f e t i m e s  1 .5 x 1 0  s  and  
-82 .1 x 1 0  s r e s p e c t i v e l y ,  w i th o u t  r a d i a t i o n  t r a p p i n g  [ 5 5 ] .

The n e x t  s e r i e s  o f  l e v e l s  r e s u l t  from  p ro m o tio n  o f  a  2p e l e c t r o n  

t o  a  3p o r b i t a l ,  d e n o te d  2 p ^ , k = l t o  1 0 , i n  P a s c h e n  n o t a t i o n .  T h is  

p a r t  o f  t h e  e n e rg y  l e v e l  schem e i n  n eo n  i s  shown i n  f i g u r e  4 .3 .



-  75 -

The a r b i t r a r y  P a s c h e n  n o t a t i o n  i s  commonly u se d  f o r  n eo n  a s  th e  

c o u p l in g  schem e w h ich  a d e q u a te ly  d e s c r i b e s  th e  l e v e l s ,  c a l l e d  j l  

c o u p l in g ,  h a s  cum bersom e n o t a t i o n  [ 5 6 ] .  LS c o u p l in g  n o t a t i o n  i s

so m etim es  u s e d .  T h is  i s  r e a s o n a b ly  a c c u r a t e  f o r  t h e  I s  l e v e l s  w h ich

1 3  3 3becom e P ^ , P ^ , P^ an d  P^ r e s p e c t i v e l y ,  b u t  i s  in a d e q u a te  f o r  t h è

2p l e v e l s .

The l e v e l s  o f  n o b le  g a s  a tom s a r e  c o n v e n ie n t ly  c l a s s i f i e d  by  th e  

f o l lo w in g  sch em e, w h ich  t a k e s  a c c o u n t  o f  t h e  f a c t  t h a t  th e  s p i n - o r b i t  

i n t e r a c t i o n  o f  t h e  e l e c t r o n s  o f  th e  a to m ic  c o r e  i s  g r e a t e r  th a n  th e  

e l e c t r o s t a t i c  i n t e r a c t i o n  o f  t h e s e  e l e c t r o n s  w i th  t h e  e x c i t e d  

e l e c t r o n .  The a to m ic  c o r e  i s  c h a r a c t e r i s e d  by quan tum  num bers L , S 

an d  j ,  w h e re  L i s  t h e  o r b i t a l  a n g u la r  momentum o f  t h e  a to m ic  c o r e ,  S 

i s  t h e  s p i n  o f  t h e  a to m ic  c o r e ,  an d  j  i s  t h e  t o t a l  a n g u la r  momentum o f  

t h e  a to m ic  c o r e .  Due t o  t h e  e l e c t r o s t a t i c  i n t e r a c t i o n  o f  t h e  e x c i t e d  

e l e c t r o n  w i th  th e  e l e c t r o n s  o f  t h e  a to m ic  c o r e ,  th e  s t a t e  L S ^ l g iv e s  a  

s e r i e s  o f  l e v e l s ,  e a c h  o f  w h ich  i s  d e s c r ib e d  by t h e  quan tum  num ber K 

c o r r e s p o n d in g  to  K = _j +  _1. F i n a l l y  t h e  s p in  o r b i t  i n t e r a c t i o n  o f  th e  

e x c i t e d  e l e c t r o n  l e a d s  t o  t h e  s p l i t t i n g  o f  e a c h  l e v e l  o f  LS^IK. i n t o  

t h e  two J  c o m p o n e n ts . The t o t a l  a n g u la r  momentum o f  t h e  atom  i s  

d e n o te d  by J=K+ 1 / 2 .

The l e v e l  i s  d e s c r i b e d  by t h e  s e t  o f  quantum  num bers LS^IK J when

c l a s s i f i e d  by t h i s  sch em e . The f o l lo w in g  n o t a t i o n  i s  u s e d ;

2S+1  ̂  ̂ ,
L .n l [ K ] j

5
The f i r s t  e x c i t e d  c o n f i g u r a t i o n  f o r  n eon  2p 3 s  g iv e s  r i s e  to  f o u r  

l e v e l s

2 p '  S / 2 3 s [ 3 /2 ] 2 ^ ^

2p^

The 2p 3p c o n f i g u r a t i o n  g iv e s  r i s e  to  t e n  l e v e l s ;
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2p

2 P '  % / 2 3 P t 5 / 2 l 2 , 3  

2p 1,2

4 .4  E x p e r im e n ta l  S tu d ie s  a t  5 8 8 .2nm I n  Neon

The b a s i c  e x p e r im e n ta l  a r ra n g e m e n t i s  shown i n  f i g u r e  4 . 4 .1 .  The 

l a s e r  i s  a  S p e c t r a - P h y s ic s  380-D  r i n g  dye l a s e r  o p e r a te d  w i th  Rh6G dy e  

i n  a  s i n g l e ,  t u n a b l e  m ode. The o u tp u t  pow er i s  a t t e n u a t e d  by a  

G la n - T a y lo r  p o l a r i s e r .  A 752MHLz f r e e  s p e c t r a l  r a n g e  c o n f o c a l  

i n t e r f e r o m e t e r  i s  u s e d  f o r  f r e q u e n c y  c a l i b r a t i o n .  The l a s e r  beam i s  

ch o p p ed  a t  1 0 -2 0 0 0  Hz.

I n  t h e  i n v e s t i g a t i o n s  i n  a  p o s i t i v e  co lum n d i s c h a r g e  d e s c r ib e d  

h e r e  t h e  o p to g a lv a n ic  s i g n a l  i s  t a k e n  from  th e  c a th o d e  s i d e  o f  t h e  

d i s c h a r g e  tu b e .  T h is  m eans t h a t  a n  i n c r e a s e  i n  v o l t a g e  a c r o s s  th e  

tu b e  g iv e s  r i s e  to  a  n e g a t i v e  v o l t a g e  s i g n a l .  T hus th e  s i g n  o f  th e  

o p to g a lv a n ic  s i g n a l  m a tc h e s  t h e  e l e c t r o n  d e n s i t y  b e h a v io u r ,  b e in g  

n e g a t i v e  f o r  a  d e c r e a s e  i n  e l e c t r o n  d e n s i t y .  A n e g a t iv e  v o l t a g e  

s i g n a l  i n  t h i s  w ork  i s  t h e  same a s  a  p o s i t i v e  v o l t a g e  i n  th e  p a p e r s  

r e f e r e n c e d  a b o v e . The l i n e  p r o f i l e s  o b s e rv e d  show a  w e a l th  o f  

s t r u c t u r e  and i n d i c a t e  t h a t  t h e  o p to g a lv a n ic  s i g n a l  i s  t h e  r e s u l t  o f  

c o m p l ic a te d  i n t e r a c t i o n s  among t h e  l e v e l s  o f  i n t e r e s t .

The q u a r tz  d i s c h a r g e  t u b e ,  shown i n  p l a t e  1 , h a s  a  b o re  d ia m e te r  

o f  8mm and th e  l e n g t h  o f  d i s c h a r g e  i n  th e  beam p a th  i s  100mm. The 

c a th o d e  i s  a  h o llo w  c y l i n d e r  o f  s t a i n l e s s  s t e e l  20mm from  th e  

d i s c h a r g e  l e n g th  u n d e r  s tu d y  a t  i t s  c l o s e s t  e n d . N a tu r a l l y  o c c u r r in g



P l a t e  1 D is c h a rg e  Tube
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n eo n  i s  u se d  so  a l l  l i n e  p r o f i l e s  show th e  p a r t i a l l y  r e s o lv e d  p eak  due

, 22 
t o  Ne

A n a r ro w  band  a m p l i f i e r  i s  u se d  f o r  v ie w in g  t h e  t im e  b e h a v io u r  o f  

t h e  o p to g a lv a n ic  s i g n a l ,  to  d i s c r i m i n a t e  a g a i n s t  t h e  lOOkHz 

o s c i l l a t i o n s  on  th e  d i s c h a r g e  tu b e  v o l t a g e .  The u n f i l t e r e d  s i g n a l  i s  

m o n i to r e d  s im u l t a n e o u s ly .

F ig u r e  4 .4 .1  show s a n  a r ra n g e m e n t f o r  r e c o r d in g  th e  a x i a l  

o p to g a lv a n ic  p r o f i l e  an d  t h e  s a t u r a t e d  a b s o r p t i o n  p r o f i l e  

s im u l ta n e o u s ly  a s  t h e  l a s e r  f r e q u e n c y  i s  sc a n n e d  th r o u g h  t h e  3 8 8 .2nm 

n e o n  t r a n s i t i o n .  The o t h e r  e x p e r im e n ta l  a r r a n g e m e n ts  a l l  u t i l i s e d  

s i m i l a r  d i a g n o s t i c s  t o  th o s e  shown i n  f i g u r e  4 . 4 .1 .  A d e s c r i p t i o n  o f  

t h e  way i n  w h ich  m easu red  c h a n g e s  i n  v o l t a g e  a c r o s s  t h e  b a l l a s t  

r e s i s t o r  a r e  r e l a t e d  to  th e  ch a n g e  i n  th e  e l e c t r o n  d e n s i t y  i s  g iv e n  i n  

a p p e n d ix  D.

I n  th e  a r ra n g e m e n t shown i n  f i g u r e  4 .4 .2  th e  t r a n s v e r s e  

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

o f  t h e  d i s c h a r g e  i n  t h e  l a s e r  beam . The d i s c h a r g e  i s  d iv id e d  i n t o  

tw e n ty  f i v e  5mm s e c t i o n s  f o r  t h i s  p u rp o s e .  The a b s o r p t i o n  p r o f i l e  

c a n  no lo n g e r  be m o n ito re d  s a t i s f a c t o r i l y  due to  s c a t t e r i n g  and  

d i s t o r t i o n  i n  t h e  c y l i n d r i c a l  d i s c h a r g e  t u b e .  I n  f i g u r e  4 .4 .3  t h e  

a x i a l  o p to g a lv a n ic  s i g n a l  i s  m o n ito re d  s im u l ta n e o u s ly  w i th  th e  

e m is s io n  i n t e n s i t y  a t  v a r io u s  t r a n s v e r s e  p o s i t i o n s .  F ig u r e  4 . 4 .4  

shows th e  a x i a l  o p to g a lv a n ic  s i g n a l  and  th e  e m is s io n  i n t e n s i t y  o f  

s p e c i f i c  n eo n  t r a n s i t i o n s  b e in g  m o n ito re d  a s  t h e  l a s e r  f r e q u e n c y  i s  

s c a n n e d  th ro u g h  t h e  5 8 8 .2nm t r a n s i t i o n .  F i n a l l y ,  i n  f i g u r e  4 .4 .5  t h e  

e m is s io n  i n t e n s i t y  i s  b e in g  m o n ito r e d  a t  v a r io u s  t r a n s v e r s e  p o s i t i o n s  

i n  t h e  d i s c h a r g e  on  b o th  s i d e s  o f  t h e  d i s c h a r g e  vo lum e b e in g  o p t i c a l l y  

pumped a t  5 8 8 .2nm.
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I n  a l l  t h e  e x p e r im e n ts  docum en ted  th e  d i s c h a r g e  i s  i l l u m i n a t e d  

from  th e  c a th o d e  end  o f  t h e  d i s c h a r g e  t u b e .  F u r t h e r  f i n e  s t r u c t u r e  on 

t h e  o p to g a lv a n ic  l i n e  p r o f i l e s  i s  o b s e rv e d  when th e  anode  en d  i s  

i l l u m i n a t e d  f i r s t ,  a r i s i n g  fro m  s p ik e s  on th e  o p to g a lv a n ic  s i g n a l .

4 .4 .1  A x ia l  O p to g a lv a n ic /A b s o r p t io n  S tu d ie s

F ig u r e  4 .5  show s t h e  o p to g a lv a n ic  and s a t u r a t e d  a b s o r p t i o n  l i n e  

p r o f i l e s  f o r  a  p r e s s u r e  o f  1 T o r r  and c u r r e n t  o f  8mA, f o r  two l a s e r  

p o w e rs . No d i s t o r t i o n s  i n  e i t h e r  th e  o p to g a lv a n ic  o r  s a t u r a t e d  

a b s o r p t i o n  p r o f i l e s  a r e  fo u n d  f o r  c u r r e n t s  i n  t h e  ra n g e  2-20m A .The 

o p to g a lv a n ic  s i g n a l  i s  a lw a y s  a  n e g a t iv e  v o l t a g e .

A t p r e s s u r e s  i n  t h e  ra n g e  1 . 2 - 1 .5  T o r r  o p to g a lv a n ic  l i n e  p r o f i l e s  

l i k e  th o s e  shown i n  f i g u r e  4 .6  a r e  o b t a in e d ,  a s  a  f u n c t i o n  o f  l a s e r  

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

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

a b s o r p t i o n  i s  100%. The s a t u r a t e d  a b s o r p t i o n  a s  a  f u n c t i o n  o f  l a s e r  

pow er i s  shown f o r  a  c u r r e n t  o f  5mA i n  f i g u r e  4 .7 .  F o r  s m a l l  l a s e r  

p ow ers t h e  o p to g a lv a n ic  s i g n a l  i s  p re d o m in a n tly  n e g a t i v e .  As t h e  dye 

l a s e r  pow er i n c r e a s e s  t h e  s i g n a l  ch a n g es  s i g n  to  p o s i t i v e  f o r  th e  

c e n t r a l  f r e q u e n c ie s  o f  t h e  l i n e .  A ls o ,  a t  h ig h e r  l a s e r  pow ers th e

w id th  o f  t h e  o p to g a lv a n ic  l i n e  p r o f i l e  i s  b r o a d e r  th a n  t h e  w id th  o f  

t h e  a b s o r p t i o n  p r o f i l e .  T h is  b ro a d e n in g  a r i s e s  b e c a u s e  th e  

o p to g a lv a n ic  s i g n a l  s a t u r a t e s  a t  l i n e  c e n t r e  a t  l a s e r  pow ers o f  a b o u t

5mW w h i le  th e  s i g n a l  c o n t in u e s  t o  grow  i n  th e  w in g s o f  t h e  l i n e  a s  t h e

i r r a d i a t i n g  pow er i n c r e a s e s  beyond  t h i s .  The f r e q u e n c y  ra n g e  f o r  

w h ich  th e  s i g n a l  i s  p o s i t i v e  i n c r e a s e s  w i th  i n c r e a s i n g  dye l a s e r
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pow er

O p to g a lv a n ic  l i n e  p r o f i l e s  f o r  a  n eo n  f i l l i n g  p r e s s u r e  o f  2 T o r r  

a r e  shown i n  f i g u r e  4 .8 .  The v o l t a g e  o p to g a lv a n ic  s i g n a l  i s  a lw a y s  

n e g a t i v e  b u t  t h e  l i n e  p r o f i l e  show s r e p r o d u c ib l e  p e a k s  on t h e  s i d e s .

T h e se  b eh a v e  i n  a  s i m i l a r  m an n er to  t h e  s ig n  r e v e r s a l  o c c u r r in g  a t  1 .5  

T o r r ,  i n  t h a t  th e y  o c c u r  f u r t h e r  o u t  i n  t h e  w in g s o f  th e  l i n e  a s  t h e  

dy e  l a s e r  pow er i s  i n c r e a s e d .  A g a in  no d i s t o r t i o n  o f  th e  s a t u r a t e d  

a b s o r p t i o n  p r o f i l e  i s  o b s e r v e d  and  t h e  o p to g a lv a n ic  l i n e w i d t h  i s  

l a r g e r  th a n  th e  a b s o r p t i o n  l i n e w i d t h .

The r e s u l t s  o f  m o n i to r in g  th e  o p to g a lv a n ic  s i g n a l  a t  t h e  c e n t r e

o f  t h e  5 8 8 .2nm t r a n s i t i o n  a s  t h e  dye l a s e r  pow er i s  i n c r e a s e d  s m o o th ly  

fro m  0-300mW, f o r  a  p r e s s u r e  o f  1 .5  T o r r ,  a r e  shown i n  f i g u r e  4 . 9 ,  As J

t h e  d i s c h a r g e  c u r r e n t  i n c r e a s e s  i t  becom es i n c r e a s i n g l y  d i f f i c u l t  t o  

in d u c e  th e  s i g n  ch an g e  i n  th e  o p to g a lv a n ic  s i g n a l .  F o r  a  c u r r e n t  o f  

5mA th e  v o l t a g e  o p to g a lv a n ic  s i g n a l  i s  n e g a t iv e  f o r  s m a l l  p o w e rs , 

s w i tc h e s  t o  p o s i t i v e  a t  m edium  p ow ers and th e n  s w i tc h e s  b ac k  t o  b e in g

n e g a t i v e .  T h is  s u g g e s t s  t h e r e  i s  a  l a r g e  s p a t i a l  com ponent t o  th e  

o b s e rv e d  s i g n a l  c a u se d  by d i f f e r e n t i a l  a v e r a g in g  o v e r  a  n o n -u n ifo rm

a x i a l  p o p u l a t i o n  d i s t r i b u t i o n .

The i r r a d i a t i n g  l a s e r  p ow er ra n g e s  f o r  w h ich  th e  m a g n itu d e  o f  t h e  

o p to g a lv a n ic  s i g n a l  d iv id e d  by t h e  l a s e r  p o w er, U ^ . /P ,  i s  a  c o n s t a n t  

a r e  g iv e n  i n  t a b l e  I I I .  A lo w e r  pow er l i m i t  i s  e x p e c te d  i n  t h e s e

c i r c u m s ta n c e s  b e c a u s e  f o r  low  i r r a d i a t i n g  pow ers o n ly  a  s m a l l  s e c t i o n  

o f  t h e  d i s c h a r g e  i s  p e r t u r b e d .  The r e l a t i v e  s i z e  o f  U .^ /P  f o r  a  n eo n  

p r e s s u r e  o f  1 .5  T o r r  an d  f o r  t h e  v a r io u s  c u r r e n t s ,  fo l lo w e d  th e

e x p e c te d  t r e n d  o f d e c r e a s in g  w i th  i n c r e a s i n g  c u r r e n t ,  due t o  th e

d e c r e a s in g  l i f e t i m e  o f  t h e  m e t a s t a b l e  s t a t e .

i
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T a b le  I I I

Pow er R an g es f o r  w h ich  t h e  O p to g a lv a n ic  S ig n a l  i s  L in e a r

P r e s s u r e

T o r r

C u r re n t

mA

L a s e r  Pow er R ange f o r  

w h ich  . /P  i s  co n stan t/m W

U n c e r t a in ty

1 9 - 5%

16 <3 58 5%

1 .5 5 2 .5 - 1 0 90 10%

8 .8 3 .6 - 1 7 .6 80 7%

1 3 .1 3 .5 - 5 0 50 8%

1 7 .5 0 -3 0 35 10%

2 23 3 -2 0 60 20%

F o r a  p r e s s u r e  o f  1 .5  T o r r  s i m i l a r  b e h a v io u r  t o  t h a t  d e s c r ib e d  

ab o v e  i s  o b s e rv e d  on  t h e  l s ^ - 2 p ^  and  ls^ --2 p ^  t r a n s i t i o n s  a t  5 9 4 .5nm 

and  5 9 7 .6nm, r e s p e c t i v e l y .  The t r a n s i t i o n s  l s 2 ” 2p^ a t  5 8 5 .2nm, 

lS g -2 p 2  a t  6 1 6 .4nm an d  l s ^ 2 p ^  a t  6 0 3 .Onm a l l  g av e  r i s e  to  w e l l  

b eh av ed  o p to g a lv a n ic  l i n e  p r o f i l e s  w i th o u t  any  s i g n  r e v e r s a l s  f o r  th e  

pow er and  c u r r e n t  ra n g e  i n v e s t i g a t e d .

4 .4 .2  Time v a r i a t i o n  o f  t h e  A x ia l  O p to g a lv a n ic  S ig n a l s

F ig u r e  4 .1 0  show s t r a c i n g s  from  o s c i l l o s c o p e  p h o to g ra p h s  o f  th e  

o p to g a lv a n ic  s i g n a l ,  f o r  d i s c r e t e  l a s e r  f r e q u e n c ie s ,  a s  t h e  l a s e r  i s  

tu n e d  from  th e  w in g s  o f  t h e  5 8 8 .2nm l i n e  to  i t s  c e n t r e  f o r  a  p r e s s u r e  

o f  1 .5  T o r r  and a  c u r r e n t  o f  8mA. T h is  s e q u e n c e  i s  t y p i c a l  o f  th e
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r e v e r s a l  i n  th e  n e g a t i v e  v o l t a g e  o p to g a lv a n ic  s i g n a l .  I n  o t h e r  c a s e s  

t h e  s i g n a l  becam e c l e a r l y  p o s i t i v e  a s  o p p o sed  to  t h e  z e r o ,  s t e a d y  

s t a t e ,  l a s e r - o n  s i g n a l  a t  l i n e  c e n t r e  shown i n  t h i s  s e q u e n c e .  F o r  

l a r g e  B ( v ) I ,  w h e re  B i s  t h e  s t i m u l a t e d  e m is s io n  c o e f f i c i e n t  ( i n  

i n v e r s e  i n t e n s i t y  u n i t s  p e r  u n i t  t im e )  and  I  i s  t h e  l a s e r  i n t e n s i t y ,  

t h e  s i g n a l  show s a  n e g a t i v e  t r a n s i e n t  when t h e  dye l a s e r  pow er i s  

s w itc h e d  on  and o f f .  A t i n t e r m e d i a t e  BI v a lu e s  o s c i l l a t i o n s  a r e  

in d u c e d  i n  t h e  d i s c h a r g e  v o l t a g e  when th e  d i s c h a r g e  i s  i r r a d i a t e d  and  

t h e s e  w ere  a lm o s t  a lw a y s  o b s e r v e d  b e f o r e  th e  o n s e t  o f  a  ch an g e  i n  t h e  

s i g n  o f  th e  o p to g a lv a n ic  s i g n a l .  W ith  p h a se  s e n s i t i v e  d e t e c t i o n  f o r  

t h e  s t e a d y  s t a t e  m e a s u re m e n ts ,  t h e  m a g n itu d e  o f  t h e  s i g n a l  w i l l  d ep en d  

on  t h e  l a s e r  f r e q u e n c y  a t  w h ich  t h e  s i g n a l  i s  o p t im is e d  ( c h o s e n  i n  th e  

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

t r a n s i e n t  s i g n a l  to  s t e a d y  s t a t e  s i g n a l  i n  t im e  an d  beam d ia m e te r .  

When t h e  s t e a d y  s t a t e  o p to g a lv a n ic  s i g n a l  i s  p o s i t i v e  ( r e v e r s e d ) ,  t h e  

s i g n  r e v e r s a l  b e h a v io u r  i s  d im in is h e d  by i n c r e a s i n g  t h e  c h o p p e r  

f r e q u e n c y .  T h is  d e c r e a s e  i n  t h e  p o s i t i v e  v o l t a g e  o c c u r s  b e c a u s e  t h e  

p r o p o r t i o n  o f  t h e  l a s e r - o n  t im e  ta k e n  up by t h e  n e g a t iv e  v o l t a g e  

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

l a s e r  pow ers i s  a  s t e a d y  s t a t e  s i g n a l  and  d o es  n o t  a r i s e  from  

t r a n s i e n t s .  H ow ever, i n  sy s te m s  l i k e  n eo n  th e  PSD s i g n a l  s h o u ld  

a lw a y s  be  i n t e r p r e t e d  t a k i n g  a c c o u n t o f  th e  o b s e rv e d  t im e  r e s o lv e d  

b e h a v io u r .

■
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4 .4 .3  T r a n s v e r s e  O p to g a lv a n ic  S tu d ie s

The r e s u l t s  o f  u s in g  t h e  e x p e r im e n ta l  a r ra n g e m e n t i n  f i g u r e  4 .4 .2  

t o  i n v e s t i g a t e  th e  t r a n s v e r s e  s p a t i a l  v a r i a t i o n  o f  t h e  o p to g a lv a n ic  

s i g n a l  a r e  shown i n  f i g u r e s  4 .1 1  an d  4 .1 3 .  M easu rem en ts  a r e  made a t  

5mm i n t e r v a l s  a lo n g  t h e  d i s c h a r g e  o r  c l o s e r  i f  c o n t in u o u s  s c a n s  show ed 

im p o r ta n t  f e a t u r e s  i n  t h e  i n t e r v e n in g  d i s c h a r g e  l e n g t h .  F o r  a  

p r e s s u r e  o f  1 T o r r  th e  s ig n  o f  th e  s i g n a l  c h a n g e s  s m o o th ly  from

p o s i t i v e  to  n e g a t iv e  fro m  c a th o d e  to  a n o d e . T hus t h e  n e g a t iv e  a x i a l  

s i g n a l  o b ta in e d  i s  a  s p a t i a l  a v e r a g e .  The e f f e c t  o f  s p a t i a l l y  

a v e r a g in g  o v e r  a d j a c e n t  v o lu m e s , w i th  d i f f e r e n t  s ig n s  f o r  th e  

o p to g a lv a n ic  s i g n a l ,  i s  shown i n  f i g u r e  4 .1 2 .  I n  f i g u r e  4 .1 2  a  s e r i e s  

o f  l a s e r  s c a n s  th r o u g h  t h e  5 8 8 .2nm t r a n s i t i o n  r e c o r d e d  w i th  t h e  beam 

i n  t h e  r e g io n  2 0 - 40mm from  t h e  c a th o d e  end  o f  th e  d i s c h a r g e  tu b e  a r e  

show n .T he s ig n  o f  t h e  o p to g a lv a n ic  s i g n a l  c h a n g es  i n  t h i s  r e g i o n .  The 

d i f f e r e n t  s p e c t r a  a r e  o b t a in e d  by s h i f t i n g  th e  d i s c h a r g e  tu b e  th r o u g h  

t h e  l a s e r  beam i n  s t e p s  o f  on e  o r  two m i l l i m e t r e s .  Com plex l i n e  

p r o f i l e s  a r e  g e n e r a te d  i n  t h i s  r e g io n ,  th o u g h  no s h a r p  d i s c o n t i n u i t i e s  

a r e  o b s e r v e d .  The p o s i t i v e  o p to g a lv a n ic  s i g n a l  p ro b a b ly  a r i s e s  from  a  

p o s i t i v e  s p a c e  c h a r g e ,  i n  f r o n t  o f  t h e  c a th o d e ,  w h ich  i s  d i f f u s e  a t  

low  p r e s s u r e s .  T h a t  a  n e g a t i v e  a x i a l  o p to g a lv a n ic  s i g n a l  i s  o b ta in e d

f o r  s m a l l  dye l a s e r  p o w e rs , w h e re  m a in ly  t h e  c a th o d e  end o f  t h e

d i s c h a r g e  i s  p e r tu r b e d ,  i s  s u r p r i s i n g .  I n t e g r a t i n g  th e  t r a n s v e r s e  

s i g n a l  m e a s u re d , o v e r  t h e  d i s c h a r g e  l e n g t h ,  d o e s  g iv e  a  n e g a t iv e  

r e s u l t  ( f o r  c u r r e n t s  o f  3.8m A , 7.5mA, 12.5mA and  18mA w i th  i r r a d i a t i n g  

p ow ers o f  230mW and 30mW), c o n f ir m in g  t h a t  a  n e g a t i v e  a x i a l  s i g n a l  

w i l l  be o b s e r v e d .  The s i g n a l  d id  n o t  ch an g e  s ig n  a s  a  f u n c t i o n  o f  dye 

l a s e r  pow er f o r  any  t r a n s v e r s e  p o s i t i o n ,  a t  a  p r e s s u r e  o f  1 T o r r .  

T h is  i s  i n  c o n t r a s t  t o  r e s u l t s  f o r  p r e s s u r e s  o f  1 .5  and  2 T o r r ,  w h e re

a t  v a r io u s  t r a n s v e r s e  p o s i t i o n s  i n  th e  d i s c h a r g e ,  t h e  s i g n a l  ch a n g e s
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s i g n  from  n e g a t i v e  t o  p o s i t i v e  a s  th e  dye l a s e r  pow er i s  p r o g r e s s i v e l y  

i n c r e a s e d ,  o t h e r  d i s c h a r g e  c o n d i t i o n s  b e in g  m a in ta in e d  t h e  sam e.

F ig u r e  4 .1 3  show s t h e  t r a n s v e r s e  o p to g a lv a n ic  s i g n a l  f o r  a  

p r e s s u r e  o f  1 .5  T o r r ,  c u r r e n t  o f  5mA and  two i r r a d i a t i n g  l a s e r  

p o w e rs . The s i g n a l  i s  a lw a y s  n e g a t iv e  f o r  an  i r r a d i a t i n g  pow er o f  3mW 

b u t  ch a n g e s  s i g n  to  b e  p o s i t i v e  a t  t h r e e  t r a n s v e r s e  p o s i t i o n s  i n  t h e

d i s c h a r g e  when t h e  l a s e r  pow er i s  i n c r e a s e d  to  260mW. The d i s c h a r g e  

i s  o p t i c a l l y  t h i n  a c r o s s  i t s  w id th  so  t h i s  s i g n  c h a n g e , w i th  

i n c r e a s i n g  dye l a s e r  p o w e r, i s  n o t  c a u s e d  by s p a t i a l  a v e r a g in g  o f  

d i f f e r e n t i a l l y  p e r tu r b e d  d i s c h a r g e  v o lu m e s . The to p  t r a c e s  show t h e  

e m is s io n  i n t e n s i t y  from  t h e  d i s c h a r g e ,  o b s e rv e d  t r a n s v e r s e l y .  T h ese  

t r a c e s  a r e  r e c o r d e d  w i th  th e  beam p a s s in g  a x i a l l y  th ro u g h  th e  

d i s c h a r g e .  I n  on e  t r a c e  t h e  l a s e r  i s  tu n e d  t o  r e s o n a n c e  f o r * th e  

5 8 8 .2nm t r a n s i t i o n ,  i n  t h e  o t h e r  i t  i s  tu n e d  o f f  r e s o n a n c e .  A t 

t r a n s v e r s e  p o s i t i o n s  w h e re  a  p o s i t i v e  l i n e  c e n t r e  s i g n a l  i s  o b s e r v e d ,  

l a s e r  f r e q u e n c y  s c a n s  th r o u g h  t h e  5 8 8 .2nm t r a n s i t i o n  g e n e r a te d  l i n e  

p r o f i l e s  o f  th e  fo rm  shown i n  f i g u r e  4 .6  f o r  h ig h  l a s e r  p o w e rs . 

P o s i t i v e  s i g n a l s  a r i s e  b e h in d  th e  anode  and c a th o d e  b e c a u s e  any  

i o n i s a t i o n  in  t h e s e  r e g io n s  w i l l  g iv e  an  i n c r e a s e  i n  t h e  e l e c t r o n  

d e n s i t y .

An a t te m p t  was made t o  m e a su re  th e  I s ^ ,  I s ^  and  I s ^  p o p u la t i o n  

d e n s i t i e s  by m o n i to r in g  t h e  t r a n s v e r s e  l i n e a r  a b s o r p t i o n  p r o f i l e  f o r

t h e  l S g - 2 p 2 , l s ^ - 2 p 2  and  I s ^ - ^ p ^  t r a n s i t i o n s .  T h ese  m e asu rem en ts  g av e  

( 1 0 + 2 ) x l 0 ^^cm ^ , ( 3 . 6 + 0 . 5 )x l0 ^ ^ c m  ^ and ( 0 ' 6 + 0 . 2 ) x l 0 ^^cm ^ f o r  t h e

I S g ,  I s ^  and  I s ^  l e v e l  d e n s i t i e s  r e s p e c t i v e l y ,  f o r  a  p r e s s u r e  o f  

1 .5  T o r r  and  a  c u r r e n t  o f  8 . 8 mA. The e r r o r s  a r e  d e r iv e d  from  s p a t i a l  

v a r i a t i o n s .  T h e se  d e n s i t i e s  a r e  n o t  i n c o n s i s t e n t  w i th  th o s e  m easu red

i n  m ore f a v o u r a b le  g e o m e t r ie s  by o t h e r  e x p e r im e n te r s .  I c h ik a w a  and

11 11 -3
T e i i  [5 7 ] o b ta in e d  v a lu e s  o f  a b o u t  7 x  10 and 10 cm f o r  th e  I s ^
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an d  I s ^  d e n s i t i e s  r e s p e c t i v e l y ,  f o r  1 .5  T o r r  o f  n eo n  i n  a  p o s i t i v e

11 11
co lum n  d is c h a r g e *  Z a le w s k i  e t  a l  [1 7 ] m easu red  4 x  10 , 3 x  10 and

11 -3
1 0  cm f o r  t h e  I s ^ ,  I s ^  and  I s ^  d e n s i t i e s  r e s p e c t i v e l y ,  i n  a

co m m e rc ia l h o llo w  c a th o d e  d i s c h a r g e  w i th  th e  tu b e  i n i t i a l l y  f i l l e d

w i th  7 T o r r  o f  n e o n . The r a t i o  o f  t h e  l s , : l s _  and  t h e  I s ^ r l s ^
4 5 3 5

d e n s i t i e s  a r e  ( 0 .3 7 + 0 .1 1 )  and  (0 .0 5 9 + 0 .0 1 3 )  r e s p e c t i v e l y .  O nly  one

t r a n v e r s e  p o s i t i o n  w h e re  a  s i g n  r e v e r s a l  o f  t h e  o p to g a lv a n ic  s i g n a l  i s

o b s e rv e d  c o u ld  be m o n ito r e d  i n  a b s o r p t i o n .  T h is  p o s i t i o n  show ed th e

l a r g e s t  v a lu e  ( 0 .0 7 2 )  f o r  t h e  I s  :1 s  p o p u la t i o n  d e n s i t y  r a t i o .  The
3 5

p o p u la t i o n  d e n s i t y  m e a su re m e n ts  a r e  o n ly  v a l i d  i f  t h e  2 p^ p o p u l a t i o n  

d e n s i t y  i s  n e g l i g i b l e  com pared  to  t h e  lo w e r  l e v e l  p o p u l a t i o n  d e n s i t y .  

I f  t h i s  i s  n o t  t h e  c a s e  th e n  th e  p o p u la t i o n  d e n s i t i e s  w i l l  be 

u n d e r e s t im a te d  and  th e  I s ^  d e n s i t y  i s  t h e  m ost s e n s i t i v e  t o  t h i s .

4 . 4 .4  O p to g a lv a n ic /E m is s io n  S tu d ie s

C o n c e n t r a t in g  o n  th e  p r e s s u r e  o f  1 .5  T o r r  w h e re  th e  s ig n  r e v e r s a l

o f  th e  a x i a l  o p to g a lv a n ic  s i g n a l  a s  a  f u n c t i o n  o f  B (V )I i s  o b s e r v e d ,  

i t  i s  fo u n d  t h a t  t h e  e m is s io n  i n t e n s i t y  from  t h e  d i s c h a r g e  had  m axima 

a t  t h e  t h r e e  t r a n s v e r s e  p o s i t i o n s  w h ere  th e  o p to g a lv a n ic  s i g n a l  

ch an g ed  from  n e g a t iv e  to  p o s i t i v e  w i th  i n c r e a s i n g  dye l a s e r  p o w er. 

T h is  i s  d e p i c t e d  i n  t h e  u p p e r  t r a c e  o f  f i g u r e  4 .1 3 .  The maxima a r e  

much b r o a d e r  th a n  th e  l e n g t h s  o f  d i s c h a r g e  g iv in g  r i s e  to  s ig n  

r e v e r s a l s  i n  t h e  o p to g a lv a n ic  s i g n a l  b u t  do i n d i c a t e  t h a t  t h e s e  

r e v e r s a l s  o c c u r  i n  r e g io n s  o f  l o c a l  maxima i n  t h e  p o p u la t i o n  d e n s i t i e s  

o f  e x c i t e d  s p e c i e s .
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M o n ito r in g  t h e  e m is s io n  a t  5 8 8 .2nm ( u s in g  th e  a r ra n g e m e n t i n  

f i g u r e  4 . 4 . 4 ) ,  a s  t h e  dye l a s e r  f r e q u e n c y  i s  tu n e d  th r o u g h  th e

t r a n s i t i o n ,  i t  i s  s e e n  ( f i g u r e  4 .1 4 )  t h a t  t h e  e m is s io n  i n t e n s i t y  

s t a r t s  t o  r i s e  a t  t h e  sam e f r e q u e n c y  t h a t  t h e  o p to g a lv a n ic  s i g n a l

s t a r t s  to  go p o s i t i v e .  T hus t h e  r e v e r s a l  o n s e t s  when th e  2p^

p o p u l a t i o n  s t a r t s  to  i n c r e a s e .  M o n ito r in g  t h e  e m is s io n  i n t e n s i t y  o f  

o t h e r  l i n e s  i n  t h e  l s - 2 p g ro u p  i n d i c a t e s  t h a t  r e l a x a t i o n  among t h e  2 p 

l e v e l s  a l s o  p la y s  a  r o l e  i n  t h e  s t e p  i o n i s a t i o n  p r o c e s s .  F o r  ex am p le  

d u r in g  a  s c a n  g e n e r a t i n g  a n  o p to g a lv a n ic  l i n e  p r o f i l e  l i k e  t h a t  i n

f i g u r e  4 .1 4  t h e  e m is s io n  i n t e n s i t y  on t h e  l s ^ - 2 p g  l i n e  a t  614 .3nm  

d e c r e a s e d  hy 8 % w h i le  t h e  e m is s io n  i n t e n s i t y  on t h e  l i n e  l s ^ - 2 p ^  a t  

5 9 4 .4nm in c r e a s e d  by 4%, a s  t h e  dye l a s e r  was sc a n n e d  th ro u g h  t h e  

l s ^ - 2 p 2  t r a n s i t i o n .  A s im p le  d e p l e t i o n  o f  t h e  m e t a s t a b l e  p o p u l a t i o n  

w i th o u t  c o l l i s i o n a l  r e l a x a t i o n  b e tw e en  th e  2 p l e v e l s  w ould  l e a d  to  

b o th  t h e s e  i n t e n s i t i e s  d e c r e a s i n g .  T h e re  i s  a l s o  s t r u c t u r e  on  th e

e m is s io n  i n t e n s i t y ,  a s  t h e  l a s e r  f r e q u e n c y  i s  s c a n n e d  th ro u g h  th e  

5 8 8 .2nm t r a n s i t i o n ,  w h ich  i n  some c a s e s  fo l lo w s  t h e  d i s t o r t e d  l i n e  

p r o f i l e  o f  th e  o p to g a lv a n ic  s i g n a l .  O th e r  ch a n g e s  i n  th e  e m is s io n  

i n t e n s i t y  m easu red  w i th  t h e  l a s e r  tu n e d  to  t h e  c e n t r e  o f  t h e  5 8 8 .2nm 

t r a n s i t i o n  and  w i th  260mW o f  5 8 8 .2nm dye l a s e r  l i g h t  p a s s in g  a x i a l l y  

th r o u g h  th e  d i s c h a r g e  a r e :  a  0% ch a n g e  on th e  l s 2 ~2 p ^ ,  5 8 5 .2nm l i n e ;  a  

2 % i n c r e a s e  on  th e  l s ^ - 2 p 2 , 6 0 7 .4nm l i n e  and  a  14% i n c r e a s e  on

lS g - 2 p ^ ,  6 2 6 .6nm l i n e .  The l a t t e r  i s  p re c e d e d  by a  re d u c e d  e m is s io n  

i n t e n s i t y ,  w i th  r e s p e c t  t o  t h e  u n p e r tu r b e d  i n t e n s i t y ,  when o p t i c a l  

pum ping i n  t h e  w in g s  o f  t h e  5 8 8 .2nm l i n e .

U sin g  th e  a r ra n g e m e n t i n  f i g u r e  4 .4 .5  no m e a s u r a b le  ch an g e  i n  th e

t o t a l  e m is s io n  i n t e n s i t y  i s  c a u s e d  on e i t h e r  s i d e  o f  t h e  t r a n s v e r s e  

l a s e r  beam p o s i t i o n ,  a t  d i s t a n c e s  15mm and  g r e a t e r  from  t h e  beam 

p o s i t i o n .  The s m a l l e s t  s e p a r a t i o n  o f  l a s e r  beam and p in h o le



-  86

a t ta in a b le  i s  15mm.

4 .4 .5  R e s u l t s  i n  O th e r  D is c h a rg e s

The o p to g a lv a n ic  s i g n  r e v e r s a l  o b s e rv e d  a p p e a r s  t o  be u n iq u e  to  

t h i s  p a r t i c u l a r  d i s c h a r g e ,  b u t  s t u d i e s  i n  a  6 mm d ia m e te r ,  2 0 mm 

d i s c h a r g e  l e n g t h  an d  i n  a  3mm d ia m e te r ,  23mm d i s c h a r g e  l e n g t h  show 

t im e  v a r y in g  b e h a v io u r  s i m i l a r  t o  t h a t  i n  f i g u r e  4 .1 0 .  The m a g n itu d e  

o f  t h e  e f f e c t  i s  i n s u f f i c i e n t  t o  c a u s e  a  s ig n  r e v e r s a l  b u t  up  t o  a  50% 

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

4 .5  R a te  E q u a t io n  A n a ly s i s

A num ber o f  r a t e  e q u a t io n  and p h e n o m e n o lo g ic a l  m o d els  o f  t h e  

s t e a d y  s t a t e  and  t r a n s i e n t  o p to g a lv a n ic  e f f e c t  h av e  b e e n  d e v e lo p e d  

[ 1 9 ,1 8 ,2 2 ] .  Many o f  them  a r e  s p e c i f i c  to  n eo n  [ 1 7 ,2 6 ,3 1 ] .  F o r 

r e s o n a n t  l a s e r  i r r a d i a t i o n  o n  t h e  l s ^ - 2 p 2  t r a n s i t i o n  i n  n eo n  th e y  a l l  

p r e d i c t  a  s t e a d y  s t a t e  d e c r e a s e  i n  e l e c t r o n  d e n s i t y .  The ab o v e  

o b s e r v a t io n s  i n  a  n eo n  p o s i t i v e  co lum n show t h e  e l e c t r o n  d e n s i t y  

d e c r e a s e s  w i th  o p t i c a l  pum ping o f  t h e  5 8 8 .2nm t r a n s i t i o n  f o r  low  l a s e r  

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

p o w e rs . An a t te m p t  t o  m odel t h i s  b e h a v io u r  i s  d e s c r i b e d .  A l l  t h e  

l e v e l  p o p u la t io n s  a r e  t r e a t e d  s e p a r a t e l y ,  i n  c o n t r a s t  to  p r e v io u s

m o d e ls ,  w h ere  t h e  lo w e r  l e v e l s  a r e  p a i r e d  a s  th e  r a d i a t i v e  I s ^  and

I s  , and m e t a s t a b l e  I s  and  I s  l e v e l s .  I t  i s  fo u n d  t h a t  i f  t h e  I s  
4 3 5 3

d e n s i t y  i s  a b o u t o n e  t e n t h  o f  th e  I s ^  d e n s i t y  and  th e  r a t e  

c o e f f i c i e n t s  f o r  m e t a s t a b l e - m e t a s t a b l e  c o l l i s i o n a l  i o n i s a t i o n  f o r  b o th  

I s ^  and I s ^  m e t a s t a b l e s  a r e  e q u a l ,  t h e  r e s u l t s  o f  th e  r a t e  e q u a t io n  

a n a l y s i s  h e r e ,  a r e  c o n s i s t e n t  w i th  e x p e r im e n ta l  r e s u l t s  i n  neon  h o llo w
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c a th o d e  d i s c h a r g e s  [ 1 5 ,1 7 ] .  When th e  I s ^  d e n s i t y  i s  l a r g e r ,  a n d /o r  

i t s  c r o s s  s e c t i o n  f o r  d e s t r u c t i o n  i n  m e ta s t a b l e - m e t a s t a b l e  c o l l i s i o n s  

l e a d in g  to  i o n i s a t i o n  i s  l a r g e r  t h a n  t h a t  f o r  th e  I s ^  m e t a s t a b l e s ,  a  

r e v e r s a l  o f  th e  ty p e  o b s e rv e d  i n  th e  e x p e r im e n ts  p r e s e n te d  ab o v e  i s  

p r e d i c t e d .

4 . 5 .1  A n a ly s i s

The n eo n  e n e rg y  l e v e l s  in v o lv e d  and  t h e  c o u p l in g  b e tw e e n  them , 

in c lu d e d  i n  t h e  r a t e  e q u a t i o n s ,  a r e  shown i n  f i g u r e  4 . 3 .  The

c o l l i s i o n  p a r t n e r  i s  g iv e n  and  t h e  r a t e  c o e f f i c i e n t  sym bol i s  i n

b r a c k e t s  b e s id e  i t .  The p r o c e s s e s  in v o lv e d  a r e :

*0

1 *  
( l ) D i r e c t  e x c i t a t i o n  N e( S «) +  e  ->  Ne +  e

w i th  r a t e  c o e f f i c i e n t  a ^ ,  w h e re  Ne* i s  a  m e ta s t a b l e  o r  m ore 

h i g h l y  e x c i t e d  a to m .
* "b

( 2 ) D i r e c t  i o n i s a t i o n  Ne +  e ->  Ne +  2e

( 3 ) M e t a s t a b l e - m e ta s ta b le  c o l l i s i o n s  w i th  r a t e  c o e f f i c i e n t

* *  +
Ne +  Ne —> Ne +  Ne +  e

( 4 ) D i f f u s i o n  to  th e  w a l l s  w i th  r e c i p r o c a l  l i f e t i m e  x

(5 )S p o n ta n e o u s  e m is s io n  on  a l lo w e d  r a d i a t i v e  t r a n s i t i o n s ,  A ^^.

( 6 ) S t im u la te d  a b s o r p t i o n  on  th e  l s ^ - 2 p ^  t r a n s i t i o n .

The r a t e  e q u a t io n s  o b ta in e d  a r e :

d N j /d t  = +  AgjNg +  B K g g /g g N g -N ^ ) - t 5 N5

d-TgCNso-Hj) -  -  85^5^

( 3 )

(4)
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dN^/dt ce3^0% + ^63^6 ~ ̂ 37^3% “ ^3^3
-  TgNg + TgCNgo -  N^)

( 5 )

4^6/4%  "  * 6 ^ 0 * 3  +  *1 (^ 5- 8 5 / 8 6 ^6 ) -  T67*6*e ~ (*62 +  *6 3  +  *64  +  * 6 5 ) ^ 6

( 6 )

The ch an g e  i n  t h e  r a t e  o f  a d d i t i o n  to  t h e  co n tin u u m  i s  p r o p o r t i o n a l  t o

(d N y /d t)  c. (YgyNg + T Ç 7 N5  + Y  + ^ 3 7 ^ ^ ) %  +  P gN ^/2  +  B5 N5 / 2  = A

(7 )

The c o m p le te  r a t e  e q u a t i o n  f o r  d N y /d t i n c lu d e s  te rm s  f o r  t h e  

d i r e c t  i o n i s a t i o n  o f  g ro u n d  s t a t e  a tom s i n  c o l l i s i o n s  w i th  e l e c t r o n s  

an d  th e  a m b ip o la r  d i f f u s i o n  l o s s .  As t h e  e x p e r im e n ta l l y  d e te r m in e d  

ch a n g e  i n  t h e  e l e c t r o n  d e n s i t y  i s  o n ly  1 - 2 % a  s i n g l e  i t e r a t i o n  

s o l u t i o n  o f  t h e  r a t e  e q u a t io n s  i s  u s e d .

2
To a v o id  h a v in g  a  q u a r t i c  e q u a t io n  to  s o l v e ,  t h e  te rm  i s

n e g le c t e d  i n  t h e  c a l c u l a t i o n  o f  th e  p o p u la t i o n  d e n s i t i e s .  T h is  l e a d s  

t o  an  e r r o r  i n  t h e  I s g  m e t a s t a b l e  d e n s i t y  o f  l e s s  t h a n  3%.

t h
The f a c t o r s  % -  N^) d e s c r i b e  th e  d i f f u s i o n  o f  t h e  i  

s p e c ie s  t o  o r  from  t h e  s u r r o u n d in g  n o n - i l l u m in a te d  d i s c h a r g e  v o lu m e . 

The s t e a d y  s t a t e  d e n s i t y  o f  t h e  i ^ ^  s p e c ie s  w i th o u t  i l l u m i n a t i o n  i s  

The b e s t  e x p e r im e n ta l  a r ra n g e m e n t w ould  be o n e  w h e re  th e  l a s e r  

beam c o m p le te ly  f i l l s  t h e  d i s c h a r g e  volum e b u t  t h i s  w ould  g iv e  r i s e  to  

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

i n t e n s i t i e s .  The e f f e c t  o f  in c lu d in g  t h i s  te rm  i s  t o  s l i g h t l y  r e d u c e
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t h e  l a s e r  i r r a d i a t i o n  in d u c e d  ch a n g e  i n  p o p u la t i o n  d e n s i t i e s .  As lo n g  

a s  t h e  d i f f u s i o n  r a t e s  f o r  b o th  I s ^  and I s ^  m e t a s t a b l e s  a r e  c l o s e  i n  

v a lu e  no c o m p l ic a t io n s  a r i s e  from  t h i s  te rm . The E i n s t e i n  

A c o e f f i c i e n t  f o r  a  t r a n s i t i o n  b e tw e e n  l e v e l s  i  and  j  i s  d e s ig n a t e d  

A^^ an d  th e  B c o e f f i c i e n t  i s  i n  i n v e r s e  i n t e n s i t y  u n i t s  p e r  u n i t  

t im e .

To d e s c r i b e  s w i tc h in g  on  t h e  l a s e r  l i g h t ,  t h e  s te a d y  s t a t e  

e q u a t i o n s ,  d N ^ /d t= 0 , a r e  s o lv e d  f o r  BI=0 and  th e n  t h e  e q u a t io n s  a r e  

n u m e r ic a l ly  i n t e g r a t e d  w i th  f i n i t e  BI t o  y i e l d  t h e  t im e  r e s o lv e d  

b e h a v io u r .  The r e v e r s e  p r o c e d u r e  i s  fo l lo w e d  f o r  s w i tc h in g  t h e  l a s e r  

i l l u m i n a t i o n  o f f .  The co m p u te r  p ro g ram s to  o b t a i n  t h e s e  s o l u t i o n s  a r e  

l i s t e d  i n  a p p e n d ix  E . The v a lu e s  o f  t h e  r a t e  c o e f f i c i e n t s  u s e d  a r e  

g iv e n  i n  t a b l e  IV . The r a t e  c o e f f i c i e n t s  f o r  t h e  d i r e c t  e x c i t a t i o n  o f  

t h e  I s ^  and I s ^  l e v e l s  w e re  o b ta in e d  by f i t t i n g  t h e  s t e a d y  s t a t e  

p o p u la t i o n  d e n s i t i e s  c a l c u l a t e d  u s in g  th e  r a t e  e q u a t i o n s ,  t o  th o s e  

e s t im a te d  by th e  l a s e r  a b s o r p t i o n  m ethod ( d e s c r ib e d  i n  c h a p te r  3 ) ,  i n  

a  20mm le n g th  o f  n eo n  p o s i t i v e  co lu m n . The r a t e  c o e f f i c i e n t  f o r  th e  

2 p^ l e v e l  e x c i t a t i o n  was t a k e n  a r b i t r a r i l y  a s  one t e n t h  o f  t h e  I s ^  

d i r e c t  e x c i t a t i o n  r a t e  c o e f f i c i e n t .  T h ese  d i r e c t  e x c i t a t i o n  r a t e  

c o e f f i c i e n t s  a r e  a b o u t  an  o r d e r  o f  m a g n itu d e  s m a l l e r  t h a n  th o s e  

d ed u c ed  from  c a l c u l a t e d  e l e c t r o n  c o l l i s i o n  e x c i t a t i o n  c r o s s  

s e c t i o n s  [ 5 8 ] .  A v a lu e  f o r  p ,  t h e  r a t e  c o e f f i c i e n t  f o r  i o n i s a t i o n  

r e s u l t i n g  from  m e t a s t a b l e - m e t a s t a b l e  c o l l i s i o n s  i s  d e r iv e d  from  th e  

w ork  o f  B io n d i [ 5 9 ] .  U s in g  a  v a lu e  o f  t h e  n eo n  m e ta s t a b l e  d e n s i t y  a t

z e r o  t im e  i n  th e  a f t e r g l o w  d e r iv e d  by n o r m a l i s in g  to  r e s u l t s  i n  h e l iu m

- 1 0  3 -1  /
t h i s  g iv e s  § = 9x10 cm s . I n  t h e  fo l lo w in g  c a l c u l a t i o n s  and

a r e  r e g a r d e d  a s  v a r i a b l e s .  The v a lu e s  f o r  a l l  c o e f f i c i e n t s  a r e

a p p r o x im a te .



Table IV

R a te  C o e f f i c i e n t s  U sed  i n  t h e  R a te  E q u a t io n  A n a ly s i s

, , „ - 1 2  3 -1a ,  = 1 x 1 0  cm s o
, , -1 1  3 - 1

= 1 x 1 0  cm s5
-1 2  3 - 1

a ,  = 5x10 cm s 4
-1 0  3 -1

gg = 9x10 cm s  [59 ]

- 9  3 -1
T3 7  = T ^ 7  = Y'gy "  6 x 1 0  cm s  [6 0 ]

= 2 x 1 0  *cm ^s ^ [26 ]

T3  = Tg = 5x10^8  ^ [61 ]

8 5  “  ^

*6 "  5

Ag2  = 2 .3 2 x 1 0 ^ s “ ^

Agg = 1 .4 6 x l0 ^ s " ^  [62 ]

A ,, -  0 .5 6 x 1 0 ^ 3  ^64
7 - 1  

Agg = 1 .1 5 x 1 0  s

A^q = 1 .3 x 1 0 ^ 8  ^ ( w i th  r a d i a t i o n  t r a p p i n g )  [63]

= 4 .7 6 x 1 0 ^ s ” ^ ( w i th o u t  r a d i a t i o n  t r a p p i n g )  [5 5 ]
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I n  t h e  r a t e  e q u a t io n  a n a l y s i s  no a c c o u n t  i s  t a k e n  o f  th e  ch an g e  

i n  e l e c t r o n  t e m p e r a tu r e  and  e l e c t r o n  d e n s i t y  c a u s e d  by s u p e r e l a s t i c  

c o l l i s i o n s  o f  e l e c t r o n s  w i th  e x c i t e d  atom s i n  t h e  d i s c h a r g e .  The 

c h a n g e  i n  e l e c t r o n  te m p e r a tu r e  c a n  be fo u n d  w i th  a  k n o w led g e  o f  t h e  

c h a n g e  o f  t h e  i o n i s a t i o n  c o l l i s i o n  c r o s s  s e c t i o n  w i th  e l e c t r o n  e n e rg y  

an d  t h e  m o b i l i t y  o f  t h e  a to m ic  s t a t e s .  Once th e  ch a n g e  i n  e l e c t r o n  

t e m p e r a tu r e  i s  known t h e  ch a n g e  i n  e l e c t r o n  d e n s i t y  c a n  be c a l c u l a t e d  

from  th e  e n e rg y  b a la n c e  e q u a t io n  f o r  th e  d i s c h a r g e  [ 1 9 ] .  The e f f e c t  

o f  t h i s  o m is s io n  i s  d i s c u s s e d  l a t e r  ( p g .9 5 ) .

4 .5 .2  N u m e r ic a l R e s u l t s  and  D is c u s s io n

The v a lu e  N ^= 3.2xlG ^^cm  ^ c o r re s p o n d s  to  a  p r e s s u r e  o f  1 .5  T o r r

10 -3
a t  a  t e m p e r a tu r e  o f  450K. An e l e c t r o n  d e n s i t y  o f  1x10 cm

c o r r e s p o n d s  t o  a  c u r r e n t  o f  5mA. S o lv in g  t h e  r a t e  e q u a t io n s  u s in g

t h e s e  v a lu e s  o f  N an d  n  , t h e  r a t e  c o e f f i c i e n t s  from  T a b le  IV and  o e
- 1 2  3 -1  -1 0  3 -1

w i th  #2 =1 x 1 0  cm s and  § g = 9 x l0  cm s g iv e s  t h e  p o p u l a t i o n

d e n s i t i e s  shown i n  f i g u r e  4 .1 5 .  The ISg p o p u la t i o n  d e n s i t y  i s

s i g n i f i c a n t l y  d e p le t e d  and  a l l  o t h e r  p o p u la t i o n  d e n s i t i e s  i n c r e a s e ,

th o u g h  th e  I s ^  p o p u l a t i o n  d e n s i t y  o n ly  s l i g h t l y .

The ch a n g e s  i n  t h e  r a t e  o f  a d d i t i o n  to  th e  co n tin u u m  c a l c u l a t e d

03
—9

from  th e s e  r e s u l t s  f o r  f i v e  v a lu e s  o f  b e tw e e n  1 x 1 0  and
- 9  3 -1

5x10 cm 8  a r e  g iv e n  i n  f i g u r e  4 .1 6 .  The e f f e c t  o f  t h e  I s ^

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

- 9  3 -1i s  shown i n  f i g u r e  4 .1 7 ,  w h e re  o =2 x 1 0  cm s and  q . i s  v a r i e d

- 1 2  -1 2  3 -1
b e tw e e n  1x10 an d  5x10 cm s I t  i s  s e e n  t h a t  e i t h e r  i n c r e a s i n g

t h e  ISg p o p u l a t i o n  r e l a t i v e  t o  t h e  I s g  p o p u la t i o n  ( f i g u r e  4 .1 7 )  o r

i n c r e a s i n g  t h e  r a t e  c o e f f i c i e n t  f o r  i o n i s a t i o n  r e s u l t i n g  from  I S g - lS g
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c o l l i s i o n s  ( f ig u r e  4 .1 6 )  lea d s  to  r e v e r s a l  behaviour o f th e  type

o b s e rv e d  e x p e r i m e n t a l l y .  The e l e c t r o n  d e n s i t y  i n i t i a l l y  d e c r e a s e s

w i th  i n c r e a s i n g  BI an d  th e n  s t a r t s  to  i n c r e a s e  a s  B I i n c r e a s e s  s t i l l

f u r t h e r ,  f o r  a l l  p a r a m e te r s  p a i r s  i n  f i g u r e  4 .1 6  an d  4 .1 7 ,  O n ly  i n

two o f  th e  t r a c e s  i s  t h e  l a t t e r  i n c r e a s e  i n  e l e c t r o n  d e n s i t y

s u f f i c i e n t  to  c a u s e  a  s i g n  r e v e r s a l  o f  th e  o p to g a lv a n ic  s i g n a l  ( f i g u r e

4 .1 6 ( e )  an d  4 . 1 7 ( e ) )  i n  t h a t  t h e  f i n a l  e l e c t r o n  d e n s i t y  i s  l a r g e r  th a n

t h e  i n i t i a l  e l e c t r o n  d e n s i t y ,  b u t  h a s  b ee n  l e s s  a t  i n t e r m e d i a t e  v a lu e s

o f  B I . I t  i s  e s t i m a t e d  t h a t  B I i n c r e a s e s  s m o o th ly  from  z e r o  to  a

7
maximum v a lu e  o f  2 x 1 0  a s  t h e  dy e  l a s e r  f r e q u e n c y  i s  tu n e d  th ro u g h  th e  

5 8 8 .2nm n eo n  t r a n s i t i o n ,  i n  th e  e x p e r im e n ts  w h e re  a  r e v e r s a l  o f  th e  

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

t o  th o s e  b e in g  m o d e lle d  h e r e .  Thus th e  r e v e r s a l  i n  th e  s i g n  o f  th e  

o p to g a lv a n ic  s i g n a l  p r e d i c t e d  fro m  th e  r a t e  e q u a t io n s  o c c u rs  i n  t h e  

r e q u i r e d  ra n g e  o f  B I v a l u e s ,  fro m  e x p e r im e n t .

The e x p e r im e n ta l l y  o b s e r v e d ,  v o l t a g e  o p to g a lv a n ic  s i g n a l s  

c o r re s p o n d  to  a  1 - 2 % ch a n g e  i n  th e  e l e c t r o n  d e n s i t y  i n  th e  d i s c h a r g e .  

U s in g  th e  p r e d i c t e d  s t e a d y  s t a t e  r a t e s  o f  i o n i s a t i o n ,  w i th  and  w i th o u t  

i r r a d i a t i o n ,  and  c o n s t r a i n i n g  t h i s  to  c o r re s p o n d  to  a  2 % ch a n g e  i n  th e  

i o n  d e n s i t y  a  d i r e c t  i o n i s a t i o n  r a t e  c o e f f i c i e n t  o f  a b o u t  

1 .2 x 1 0  ^^cm ^s ^ i s  p r e d i c t e d .  T h is  i s  s l i g h t l y  l a r g e r  th a n  t h e  r a t e  

c o e f f i c i e n t  f o r  I s g  m e t a s t a b l e  e x c i t a t i o n  from  t h e  g ro u n d  s t a t e .  T hus 

i t  a p p e a r s  t h a t  th e  d e p l e t i o n  o f  th e  I s g  l e v e l ,  and  th e  r a t e  o f  ch a n g e  

i n  t h e  e l e c t r o n  d e n s i t y  a r i s i n g  from  i t ,  a r e  o v e r e s t im a te d  by th e  

c a l c u l a t i o n .  H ow ever, t h a t  th e  I s g  p o p u la t i o n  i s  s i g n i f i c a n t l y  

d e p le t e d  i s  d e m o n s t r a te d  by th e  m easu red  s a t u r a t e d  a b s o r p t i o n  

( f i g u r e  4 . 7 ) ,  The d i s c r e p a n c y  i s  m ost l i k e l y  a t t r i b u t a b l e  t o  th e  

a p p r o x im a te  v a lu e s  o f  t h e  r a t e  c o e f f i c i e n t s ,  i n  p a r t i c u l a r  3 g an d  0 g , 

u s e d  i n  t h e  r a t e  e q u a t io n  a n a l y s i s .
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The tim e r e so lv e d  p o p u la tio n  d e n s i t ie s  are shown in  f ig u r e  4 .1 8 .

I t  i s  s e e n  t h a t  t h e  I s ^  m e t a s t a b l e s  a r e  d e p le te d  sm o o th ly  when th e

l a s e r  i s  s w itc h e d  o n . They th e n  b u i l d  up sm o o th ly  t o  t h e i r  i n i t i a l ,

u n p e r tu r b e d  v a lu e  w hen t h e  l a s e r  i s  s w itc h e d  o f f .  The r e v e r s e

b e h a v io u r  i s  o b s e rv e d  f o r  t h e  IS g  m e ta s t a b l e s  w h ich  i n c r e a s e  sm o o th ly

when t h e  l a s e r  i s  s w i tc h e d  on and  d e c a y  b ac k  to  t h e i r  i n i t i a l  v a lu e s

w hen th e  l a s e r  i s  s w i tc h e d  o f f .  The 2p^ p o p u la t i o n  d e n s i t y  i n c r e a s e s

r a p i d l y  w hen t h e  l a s e r  i s  s w i tc h e d  on and th e n  d e c r e a s e s  m ore s lo w ly

a s  t h e  I s ^  m e t a s t a b l e s  a r e  d e p l e t e d .  T h is  r a p id  i n c r e a s e  c o u ld  g iv e

r i s e  to  a  t r a n s i e n t  i n c r e a s e  i n  t h e  e l e c t r o n  d e n s i t y  i f  th e  r a t e  o f

i o n i s a t i o n  from  t h e  2pg l e v e l  was h ig h  en o u g h . A v a lu e  o f
—7 3 “ 1

1 x 1 0  cm s  f o r  t h e  r a t e  S ^ v es  r i s e  to  su c h  a  t r a n s i e n t  i n c r e a s e ,  

w h ich  i s  shown i n  f i g u r e  4 .1 9 .  I n c r e a s i n g  th e  r a t e  c o e f f i c i e n t  i s  

e q u i v a l e n t  t o  a l lo w in g  c o l l i s i o n a l  r e l a x a t i o n  among t h e  2 p^ l e v e l s ,  i f

on e  o r  m ore o f  th e  i o n i s a t i o n  r a t e s  o f  t h e  o t h e r  2 p l e v e l s  e x c e e d s  

t h a t  f o r  t h e  2p^ l e v e l .  The I s ^  p o p u la t i o n  d e n s i t y  b e h a v io u r  i s  

s i m i l a r  t o  t h a t  f o r  th e  2 p^ p o p u l a t i o n  d e n s i t y  e x c e p t  t h e  m a g n itu d e  o f  

t h e  v a r i a t i o n  i s  much s m a l l e r  and  t h e  t im e  ta k e n  to  r e a c h  s t e a d y  s t a t e  

i s  l o n g e r .  B o th  th e  2p^ and  I s ^  p o p u la t i o n  d e n s i t i e s  d e c r e a s e

s m o o th ly  t o  t h e i r  u n p e r tu r b e d  v a lu e s  when t h e  l a s e r  i s  s w itc h e d  o f f .

W ith  th e  r a p id  i n c r e a s e  i n  t h e  2p^ p o p u la t i o n  d e n s i t y  i t  m ig h t be

p o s s i b l e  to  h av e  a  p o p u l a t i o n  i n v e r s i o n  on some o r  a l l  o f  t h e  2 p^

-7
- I S g  g ^ t r a n s i t i o n s  a t  s h o r t  t im e s  (<3x10 s ) .  T h is  w ould  g iv e  r i s e

to  th e  f u r t h e r  c o m p l i c a t io n  o f  s t im u la t e d  e m is s io n  on th e s e

t r a n s i t i o n s  a t  s h o r t  t i m e s .
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F o r  a l l  th e  l e v e l s  u n d e r  c o n s i d e r a t i o n  t h e  t im e  to  r e a c h  th e  

s t e a d y  s t a t e  p o p u l a t i o n  d e n s i t y  i s  c o n s t a n t  f o r  a l l  v a lu e s  o f  BI when 

t h e  l a s e r  i s  s w itc h e d  o f f .  T h is  i s  i n  c o n t r a s t  t o  t h e  b e h a v io u r  when 

t h e  l a s e r  i s  s w i tc h e d  o n , w hen t h e  t im e  to  r e a c h  e q u i l i b r i u m  d e c r e a s e s  

w i th  i n c r e a s i n g  B I .

The t im e  r e s o lv e d  ch a n g e  i n  t h e  r a t e  o f  a d d i t i o n  to  th e  co n tin u u m

i s  show n, f o r  d i f f e r e n t  v a lu e s  o f  B I, f o r  #^= 1 x 1 0  ^^crn^s ^ and  

3 ***1
^ 2 = 5 x 1 0  cm s  i n  f i g u r e  4 .2 0 ,  f o r  b o th  s w i tc h in g  o n  an d  s w i tc h in g  

o f f  t h e  l a s e r .

The t im e  r e s o lv e d  o p to g a lv a n ic  s i g n a l  p r e d i c t e d  by t h e  ab o v e

m o d el i s  q u a l i t a t i v e l y  l i k e  t h a t  o b s e rv e d  i n  t h e  e x p e r im e n ts  i n  a  n eo n

p o s i t i v e  colum n d i s c h a r g e  ( f i g u r e  4 .1 0 ) .  At s m a l l  v a lu e s  o f  BI 

4 - 1
( 1 x 1 0  s  ) th e  o p to g a lv a n ic  v o l t a g e  s i g n a l ,  m easu red  a t  t h e  c a th o d e ,

i s  n e g a t iv e  ( f i g u r e  4 .2 0 a )  and  i n c r e a s e s  i n  m a g n itu d e  a s  BI

5 - 1i n c r e a s e s .A s  BI i n c r e a s e s  f u r t h e r  ( 1x10 s ) a  t r a n s i e n t  i n  th e  

s i g n a l  i s  o b s e rv e d  f o r  b o th  s w i tc h in g  on and  s w i tc h in g  o f f  t h e  l a s e r  

( f i g u r e  4 . 2 0 ( b ) ) .  The s t e a d y  s t a t e  i s  s t i l l  a  n e g a t i v e  v o l t a g e ,  

h o w e v e r. As BI i s  i n c r e a s e d  s t i l l  f u r t h e r  ( Ix lO ^ s  ^ )  t h e  n e g a t i v e  

t r a n s i e n t  o c c u r s  e a r l i e r  i n  t im e  an d  th e  s t e a d y  s t a t e  s i g n a l  becom es 

p o s i t i v e  a b o u t  lO'ys a f t e r  t h e  l a s e r  i s  s w itc h e d  on  ( f i g u r e  4 . 2 0 ( c ) ) .  

F u r t h e r  i n c r e a s e s  i n  BI c a u s e  t h e  n e g a t iv e  t r a n s i e n t  t o  o c c u r  a t  s t i l l  

e a r l i e r  t im e s  ( < l p s )  an d  t h e  p o s i t i v e  s t e a d y  s t a t e  s i g n a l  s a t u r a t e s  

( f i g u r e  4 .2 0 ( d )  and  ( e ) ) .  The n e g a t iv e  t r a n s i e n t  i s  o b s e rv e d

e x p e r im e n ta l l y  to  o c c u r  a t  e a r l i e r  t im e s  a s  BI i n c r e a s e d .  A t a  I
"i

c h o p p in g  f r e q u e n c y  o f  2kH z, t h e  t r a n s i e n t ,  ( f o r  a  p r e s s u r e  o f  1 .5  T o r r  j

1
an d  c u r r e n t  o f  5mA) d e c r e a s e s  i n  d u r a t i o n  from  0 .3m s to  l e s s  th a n  I

0 .05m s a s  t h e  l a s e r  f r e q u e n c y  i s  sc a n n e d  th ro u g h  th e  5 8 8 .2nm 

t r a n s i t i o n .  The t im e  r e s o l u t i o n  a t t a i n a b l e  i s  l i m i t e d  by th e  h ig h
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f r e q u e n c y  r o l l  o f f  (lO kH z) o f  t h e  n a rro w  band  a m p l i f i e r  u se d  to  v iew  

t h e  s i g n a l .  As t h e  i n t e n s i t y  i n c r e a s e s  t h e  r e v e r s a l  i n  t h e  r a t e  o f  

i o n i s a t i o n  o c c u r s  a t  a  f r e q u e n c y  f u r t h e r  from  l i n e  c e n t r e  i n  a g re e m e n t 

w i th  e x p e r im e n t .

The m e t a s t a b l e  d e n s i t i e s  i n c r e a s e  w i th  c u r r e n t  i n  t h e  ra n g e  

2-20mA. O b ta in in g  f u r t h e r  f i t s  o f  U g, and  u s in g  e x p e r im e n ta l l y  

d e te r m in e d  d e n s i t i e s  a t  h i g h e r  c u r r e n t s ,  i t  i s  fo u n d  t h a t  th e  r e v e r s a l  

b e h a v io u r  i n  th e  r a t e  o f  a d d i t i o n  to  t h e  i o n i s a t i o n  c o n tin u u m  i s  

s u p p re s s e d  a s  t h e  e l e c t r o n  d e n s i t y  i n c r e a s e s  a s  shown i n  f i g u r e  4 .2 1 .  

T h is  i s  a l s o  w ha t i s  o b s e r v e d  e x p e r i m e n t a l l y .  The o n ly  q u a l i t a t i v e  

d is a g r e e m e n t  b e tw e e n  e x p e r im e n t  an d  th e  r a t e  e q u a t io n  a n a l y s i s  a r i s e s  

when c o n s id e r in g  t h e  b e h a v io u r  f o r  p r e s s u r e s  o f  1 an d  2 T o r r .  

E x p e r im e n ta l ly  t h e  r e v e r s a l  o f  s i g n  o f  t h e  r a t e  o f  a d d i t i o n  to  t h e  

co n tin u u m  i s  o n ly  o b s e rv e d  f o r  a  n a rro w  band  o f  p r e s s u r e s ,

1 . 2 - 1 . 8  T o r r ,  i n  a x i a l  s t u d i e s .  T h e re  i s  a l s o  a  l a r g e  s p a t i a l  

v a r i a t i o n  i n  t h e  e x p e r i m e n t a l l y  o b s e rv e d  o p to g a lv a n ic  s i g n a l s .  I n  

p a r t i c u l a r ,  t r a n s v e r s e  s t u d i e s  showed th e  s ig n  r e v e r s a l  i s  o n ly  

in d u c e d  i n  t h r e e  n a r ro w , t r a n s v e r s e  s e c t i o n s  o f  t h e  d i s c h a r g e ,  w h ich  

c o r re s p o n d  to  p o s i t i o n s  o f  l a r g e r  e x c i t e d  s t a t e  d e n s i t i e s .  Thus i t  

w ou ld  a p p e a r  t h a t  t h e  a p p r o p r i a t e  p o p u la t i o n  d e n s i t i e s  o c c u r  o n ly  

l o c a l l y  w i t h i n  t h e  d i s c h a r g e  a t  p = 1 .5  T o r r .  S ig n  r e v e r s a l s  a r e  a l s o  

o b s e rv e d  f o r  c e r t a i n  t r a n s v e r s e  p o s i t i o n s  a t  p = 2 T o r r  b u t  t h e  vo lum e 

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

volum e to  d o m in a te  th e  a x i a l  b e h a v io u r .  T h is  s u g g e s t s  t h a t  t h e  l o c a l

en h an cem en t o f  I s g  p o p u l a t i o n  d e n s i t y  i s  t h e  m ore l i k e l y  c a u s e  o f  th e  

r e v e r s a l  o b s e r v e d ,  r a t h e r  th a n  b e in g  g r e a t e r  th a n
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I n c lu s io n  o f  th e  change in  e le c tr o n  tem perature and e le c tr o n

d e n s i t y  due to  s u p e r e l a s t i c  c o l l i s i o n s  w i l l  r e d u c e  th e  ch a n g e  i n  th e

r a t e  o f  i o n i s a t i o n  and  p o s s i b l y  g iv e  b e t t e r  a g re e m e n t b e tw e en  t h e  r a t e

o f  d i r e c t  i o n i s a t i o n  p r e d i c t e d  and  t h a t  o b s e r v e d .  The ch an g e  i n  th e

e l e c t r o n  te m p e r a tu r e  c a n  n o t  be i n c o r p o r a t e d  r e a d i l y  a s  t h e  c r o s s

s e c t i o n s  f o r  i o n i s a t i o n  a s  a  f u n c t i o n  o f  e l e c t r o n  e n e rg y  a r e  n o t  w e l l

know n. H ow ever, by  c o n s i d e r in g  t h e  e n e rg y  b a la n c e  e q u a t io n  [6 4 ] i t  i s

s e e n  t h a t  t h e  h e a t i n g  i n  t h e  d i s c h a r g e  due to  a b s o r p t i o n  o f  r a d i a t i o n

w i l l  l e a d  to  an  i n c r e a s e  i n  e l e c t r o n  t e m p e r a tu r e  and  e l e c t r o n  d e n s i t y ,

c o m p e tin g  w i th  t h e  d e c r e a s e  i n  e l e c t r o n  d e n s i t y  c a u s e d  by th e

d e p l e t i o n  o f  t h e  I s ^  m e t a s t a b l e s .  ( I f  t h e  i n c r e a s e  i n  e l e c t r o n

te m p e r a tu r e  i s  c a l c u l a t e d  in d e p e n d e n t ly  th e  i n c r e a s e  i n  e l e c t r o n

d e n s i t y  c o u ld  be  o b ta in e d  from  m easu rem en ts  o f  th e  d i s c h a r g e

t e m p e r a tu r e ,  w i th  r e s o n a n t  l a s e r  i r r a d i a t i o n  and  w i t h o u t .  W ith  t h e  

20
u s e  o f  p u re  Ne th e  t e m p e r a tu r e  c o u ld  be d ed u ced  from  th e  D o p p le r

w id th  o f  t h e  a b s o r p t i o n  l i n e  p r o f i l e .  Two l a s e r s  w o u ld  be r e q u i r e d .  

B ut i t  i s  d o u b t f u l  i f  t h e  r e q u i r e d  p r e c i s i o n  c o u ld  be o b ta in e d  to  make 

a  m e a n in g fu l  c o r r e c t i o n . )  The ch an g e  i n  t h e  e l e c t r i c a l  pow er i n p u t  to  

t h e  d i s c h a r g e  due to  i r r a d i a t i o n  i s  l e s s  th a n  0.5% o f  th e  a b s o r b e d

l a s e r  p o w er.

4 .6  Summary and  C o n c lu s io n

As f o r  a  h o llo w  c a th o d e  d i s c h a r g e  th e  o p to g a lv a n ic  s i g n a l  on  th e  

l S g - 2 p 2  t r a n s i t i o n  a t  5 8 8 .2nm i n  a  p o s i t i v e  co lum n d i s c h a r g e  

c o r re s p o n d s  to  a  d e c r e a s e  i n  e l e c t r o n  d e n s i t y  f o r  m ost d i s c h a r g e  

c o n d i t i o n s .  S p a t i a l  e f f e c t s  a r e  m ore p r e v a l e n t  w i th  com plex  s p a t i a l  

a v e r a g in g  o f  d i f f e r e n t i a l l y  b le a c h e d  d i s c h a r g e  v o lu m es o c c u r r in g  i n
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a x i a l  s t u d i e s .

The ch an g e  i n  s i g n  from  n e g a t iv e  to  p o s i t i v e  o f  t h e  o p to g a lv a n ic  

s i g n a l  a s  a  f u n c t i o n  o f  B ( v ) I  f o r  t h e  d i s c h a r g e  c o n d i t i o n s  p = 1 .5  T o r r ,  

1 = 2 .5 - 2 0mA h a s  b e e n  d e m o n s t r a te d  t o  o c c u r  when th e  2p^ p o p u la t i o n  

d e n s i t y  s t a r t s  to  i n c r e a s e ,  by e m is s io n  s t u d i e s .  T h a t t h i s  r e v e r s a l  

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

p r o b a b ly  r e s u l t s  from  t h e  n o n -u n ifo rm  a x i a l  d i s t r i b u t i o n  o f  e x c i t e d  

s p e c i e s ,  a l s o  d e m o n s tr a te d  by e m is s io n  s t u d i e s .  T h is  a x i a l  

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

o p to g a lv a n ic  s i g n a l  a s  a  f u n c t i o n  o f  pow er f o r  I=5mA ( f i g u r e  4 . 8 ) ,  

w h e re  th e  s i g n a l  ch an g ed  s i g n  to  p o s i t i v e  and  th e n  b a c k  to  n e g a t iv e  

w i th  i n c r e a s i n g  dye l a s e r  p o w e r, by p r o g r e s s i v e l y  b le a c h in g  th ro u g h  

t h e  r e g io n s  w i th  h ig h  e x c i t e d  s t a t e  d e n s i t i e s .

I t  h a s  b ee n  p o s s i b l e  t o  p r e d i c t  r e v e r s a l s  i n  t h e  s ig n  o f  t h e  

o p to g a lv a n ic  s i g n a l ,  w i th  i n c r e a s i n g  dye l a s e r  p o w e r, g e n e r a te d  i n  a 

n eo n  p o s i t i v e  co lum n d i s c h a r g e ,  i r r a d i a t e d  by ch opped  GW dye l a s e r  

l i g h t  a t  5 8 8 .2nm, w h ich  q u a l i t a t i v e l y  a g r e e  w i th  th e  o p to g a lv a n ic  

s i g n a l s  o b s e r v e d .  H ow ever, f o r  th e  e f f e c t  t o  be c a u s e d  by an  

en h an cem en t o f  t h e  I s ^  m e t a s t a b l e s  a lo n e  th e s e  n eed  to  b e  a lm o s t  a s  

num erous a s  t h e  IS g  m e t a s t a b l e s  a c c o r d in g  to  t h e  p r e s e n t  a n a l y s i s .  

T hus i t  w ould  seem  t h a t  t h e  f u l l  e x p l a n a t io n  i s  much m ore c o m p l ic a te d ,  

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

e n e rg y  d i s t r i b u t i o n  c a u s e d  by i r r a d i a t i o n ,  w h ich  may be  g iv in g  r i s e  to  

e n h a n ced  c o l l i s i o n a l  e x c i t a t i o n  r a t e s  f o r  some e x c i t e d  s p e c i e s .

I n  o r d e r  to  im p ro v e  th e  r a t e  e q u a t io n  a n a l y s i s  th e  ch a n g e  i n  

e l e c t r o n  t e m p e r a tu r e  and  e l e c t r o n  d e n s i t y  due to  a b s o r p t i o n  o f  

r a d i a t i o n  m ust b e  i n c l u d e d .  The e l e c t r o n  d e n s i t y  c o u ld  be c a l c u l a t e d  

from  a  f o r m u la t io n  d e s c r i b i n g  t h e  dynam ic d i s c h a r g e  r a t h e r  th a n  from
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s t a n d a r d  r e s u l t s  f o r  p o s i t i v e  co lum n d i s c h a r g e s .  T h ese  im p ro v em en ts

a r e  t o  a t te m p t  to  o b t a i n  th e  c o r r e c t  m a g n itu d e  o f  t h e  o p to g a lv a n ic  

s i g n a l  and a r e  n o t  e x p e c te d  to  m o d ify  th e  q u a l i t a t i v e  b e h a v io u r .  A 

b e t t e r  k n o w led g e  o f  t h e  i o n i s a t i o n  c o l l i s i o n  c r o s s  s e c t i o n s ,  t h e  g a s  

t e m p e r a tu r e  and  th e  e l e c t r o n  te m p e r a tu r e  w ould  a l lo w  th e s e  

im p ro v e m e n ts . A ls o ,  t h e  o p to g a lv a n ic  s i g n a l  i s  d o m in a ted  a t  th e  

medium p r e s s u r e s  d i s c u s s e d  h e r e ,  by m e t a s t a b l e - m e t a s t a b l e  c o l l i s i o n s  

l e a d in g  to  i o n i s a t i o n  [ 3 8 ] .  I t  i s  t h e r e f o r e  v e r y  im p o r ta n t  t o  m e a su re  

t h e  c r o s s - s e c t i o n s  f o r  I s ^ - lS g  and  I s ^ - l s ^  c o l l i s i o n s  l e a d in g  t o  

i o n i s a t i o n .  A d e c r e a s e  i n  t h e s e  c r o s s  s e c t i o n s ,  com pared  t o  th e  

v a lu e s  u s e d  h e r e ,  a l s o  r e d u c e s  t h e  m a g n itu d e  o f  t h e  ch an g e  i n  t h e  r a t e  

o f  i o n i s a t i o n  c a u s e d  by r e s o n a n t  i l l u m i n a t i o n .  I n c l u s i o n  o f  t h e  c r o s s  

te rm s  f o r  m e t a s t a b l e - m e t a s t a b l e  c o l l i s i o n s  made l i  t t l e  d i f f e r e n c e  i n  

t h e  p r e s e n t  a n a l y s i s .

The c o m b in a t io n  o f a x i a l  o p to g a lv a n ic  d e t e c t i o n  w h i le  m o n i to r in g  

th e  e m is s io n  i n t e n s i t y  o f  t h e  l s - 2 p t r a n s i t i o n s  t r a n s v e r s e l y  i s  a  

s e n s i t i v e  m ethod  o f  o b t a i n i n g  in f o r m a t io n  a b o u t  th e  m e t a s t a b l e  

p o p u l a t i o n  d e n s i t y  w h i le  t r a c i n g  r e l a x a t i o n  p a th w ay s  b e tw e e n  th e  2 p 

l e v e l s .  F u r t h e r  e x p e r im e n ta l  i n v e s t i g a t i o n s  o f  t h i s  ty p e  w ould  be o f  

v a l u e .

F u r t h e r  e x p e r im e n ts  s h o u ld  be c a r r i e d  o u t i n  a  s h o r t e r ,  m ore

u n ifo rm  neo n  p o s i t i v e  co lum n  d i s c h a r g e  w h ere  th e  I s ^  and  I s ^

p o p u l a t i o n  d e n s i t i e s  may be m easu red  d y n a m ic a lly  by t h e  l a s e r

a b s o r p t i o n  m e th o d . T h is  w ould  be a  two l a s e r  e x p e r im e n t ,  r e q u i r i n g

beams o f o r th o g o n a l  p o l a r i s a t i o n  to  a l lo w  s e p a r a t i o n ,  o r  a  " s a t u r a t i o n

20s p e c t r o m e te r "  a r ra n g e m e n t ( f i g u r e  4 .2 2 ) .  P u re  Ne w ould  be u se d  to

s i m p l i f y  t h e  a n a l y s i s .  I n  th e  e x p e r im e n ts  p ro p o s e d  d i r e c t

m easu rem en ts  o f  t h e  I s  : I s  m e ta s t a b l e  d e n s i t y  r a t i o  c o u ld  be r e l a t e d
3 5

t o  th e  o b se rv e d  o p to g a lv a n ic  l i n e  p r o f i l e .
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The s ig n  r e v e r s a l  o b s e rv e d  h e r e  w ould  a p p e a r  t o  be an  u n u s u a l  

o c c u r r e n c e  b u t  a  r e d u c t i o n  i n  t h e  o p to g a lv a n ic  s i g n a l  a t  l i n e  c e n t r e  

due to  th e  i n c r e a s e  i n  th e  I s ^  m e ta s t a b l e  d e n s i t y  when o p t i c a l l y  

pum ping a  l s ^ - 2 p ^  t r a n s i t i o n  a p p e a r s  to  be a  g e n e r a l  e f f e c t .  E m is s io n  

and  a b s o r p t i o n  s t u d i e s  h e r e ,  a r e  n o t  i n c o n s i s t e n t  w i th  su c h  an  

i n c r e a s e .  When t h e  r a t i o  o f  l s ^ : l s ^  m e ta s t a b l e  d e n s i t i e s  a s  a  

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

fro m  m e t a s t a b l e - m e t a s t a b l e  c o l l i s i o n s  f o r  b o th  t h e  I s g  and I s g  

m e t a s t a b l e s  a r e  know n, t h e  p ro p o s e d  e x p l a n a t io n  f o r  t h e  s i g n  r e v e r s a l  

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

O p to g a lv a n ic  d e t e c t i o n  i s  c l e a r l y  n o t  c a p a b le  o f  g iv in g  s i m i l a r  

i n f o r m a t io n  a s  a b s o r p t i o n  s t u d i e s  f o r  h ig h  dye l a s e r  p o w e rs , i n  a  

com plex  sy s te m  l i k e  t h e  n eo n  l s ^ - 2 p ^  t r a n s i t i o n  g ro u p . B u t ,  a l o n e ,  o r  

com bined  w i th  a b s o r p t i o n / e m i s s io n  s t u d i e s  i t  s h o u ld  p ro v e  to  be a 

v a l u a b l e  new t o o l  f o r  d i s c h a r g e  s t u d i e s .
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Table I

Summary o f  O p to g a lv a n ic  E x p e r im e n ts  i n  Atoms

Atom L in e a r D o p p le r

F re e

D oub le

R eso n an c e

R yd b erg L e v e l

C ro s s in g

He 1 0 ,1 4 ,2 1 ,2 2 3 2 ,3 4 45

L i 1 0

Ne 1 0 ,1 1 ,1 2 ,1 4 ,1 5 ,1 6 ,1 7 ,1 8 , 3 3 ,3 4 ,3 8 , 4 4 ,3 0 38

2 6 ,2 8 ,2 9 ,3 0 ,3 1 ,3 8 3 7 ,4 0

Na 1 0 ,1 1 ,1 2 ,1 3 ,1 9 ,2 3 ,2 4 ,2 5 42

Mg 13

Ar 1 8 ,2 9 ,3 0

Ca 1 0 ,2 9 40 '

Mn 13

Cu 1 3 ,2 9 40

S r 39

Y 50

Z r 23 4 8 ,4 9

Mo 3 5 ,3 6

Xe 46

Cs 27 27 27

Ba 1 0 , 1 1 43 43

Eu 23

Hg 24

Pb 13

U 1 0 ,1 8 ,2 0 ,2 3 42



T able I I

Summary o f  O p to g a lv a n ic  E x p e r im e n ts  i n  M o le c u le s

M o le c u le R e fe re n c e

NH 5 1 ,5 2
2

NO^ 5 1 ,5 2 ,5 3

H 5 1 ,5 2
2

“ 2
5 1 ,5 2 ,5 3

52

NH 53
3



Dye
./ D i s c h a r g e

' f /  . . . . .  A
L a s e r

L o c k - i n

Amplif ier

f j

R

F ig u r e  4 .1  S ta n d a r d  e x p e r im e n ta l  l a y o u t  f o r  D o p p l e r / l a s e r  l i n e w i d t h  
l i m i t e d  o p to g a lv a n ic  s p e c t r o s c o p y .

Chopper

Dye

L a s e r

D i s c h a r g e

L o c k - i n

A m p l i f i e r

F ig u r e  4 .2  E x p e r im e n ta l  a r ra n g e m e n t  f o r  D o p p le r  f r e e  in te r m o d u la te d  
o p to g a lv a n ic  s p e c t r o s c o p y .



174

153

151

150 ai

in
c in

149
01

mo
148

136

135

134

•<c«<c

^  m m  _OJ O)

asHi . S ' U u ,



Discharge

ChDye Laser

Polariser
100k ToCRChopper

Lock-in
Amplifier

CRD

Low Noise 
Amplifier

To C.R.

c >

To CR

Monochromator

ToCR
ToCR

Figure 4.4 Experimental arrangements. 
PD-photodiode, PM-photomultlplier.

CR-chart recorder,



î
II

L _0)I
<
E

oo
u

II
Ou

J D

<s

o

co<urH•HIMOua>
(Ufi
rH
fio*HUPUMO U
(0 MrO ofi H
<13 fH
0)W IIfiU (Xfi■M Mfi O(Q m
'S >1fi rHfi CO

f iy O<H <0
f i fifi f i> U

tH rH
f i fi60 aO -H4J COPUO "fifi

>H Ufi fi•H CO
MrO
-fi O

0%
m g

c s

0»CO
k 0 0fi m60•H w
Pu f i



P= 1-5 Torr, I = 5mA

2 5  GHz
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Figure 4.6 Axial optogalvanic line profiles at 588.2nm as a function 
of dye laser power for p » 1.5 Torr, I - 5mA.
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Figure 4.8 Axial optogalvanic line profiles at 588.2nm as a function 
of dye laser power, for p » 2 Torr and I - 3mA.
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Figure 4.11 Optogalvanic signal at the centre of the neon 588.2nm 
transition at various transverse positions in the positive column 
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Figure 4.12 Optogalvanic line profiles at 588.2nm for various 
transverse positions in the region 20-40mm from the cathode, for 
p =■ 1 Torr.
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Figure 4.13 Optogalvanic signal at the centre of the neon 588.2nm 
transition at various transverse positions In the positive column for 
a pressure of 1.5 Torr. The top trace shows the emission intensity 
with the laser tuned to the centre of the transition and tuned off the 
the transition for an irradiating power of 260mH.
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Figure 4.14 Axial optogalvanic and transverse emission line profile 
at 588.2nm observed simultaneously for p * 1.5 Torr, I ■ 7mA.
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F ig u r e  4 .1 6  R a te  o f  a d d i t i o n  to  th e  co n tin u u m  A ( a s  d e f in e d  i n  
e q n ( 7 ) )  c a l c u l a t e d  fro m  t h e  s t e a d y  s t a t e  p o p u la t i o n  d e n s i t i e s  i n

f i g u r e  4 .1 5  f o r  & g = (a ) lx lO ~ * ,(b )2 x lO ~ 9 , (0 )3 x 1 0 "" ^ ,(d )4 x lO ” ^ and

( e ) 5 x I 0  ^cm ^s ^ .
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F ig u r e  4 .1 7  R a te  o f  a d d i t i o n  to  th e  co n tin u u m  A c a l c u l a t e d  from  th e
-9  3 “ 1

s t e a d y  s t a t e  p o p u l a t i o n  d e n s i t i e s  f o r  3 o “ 2xlO  cm s  and  
—12  —1 2  —12  —12  —12  2 —1 

a g = ( a ) lx lO  ^ ^ , (b ) 2 x lO  ^ ^ , ( c ) 3 x l 0  ^ ^ ,(d )4 x lO  an d  (e )5 x lO  ^^cm s .
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Figure 4.21 Comparison of the time resolved addition to the continuum 
for switching the lager on for currents of 5mA, 15mA and 50mA. The 
value of BI is 5 X 10 s
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5 .1  In tro d u c t io n

H igh  r e s o l u t i o n  l a s e r  s p e c t r o s c o p i c  te c h n iq u e s  h av e  p r e v io u s l y

b e e n  u se d  to  m e a su re  t h e  e v e n  i s o t o p e  s h i f t s  and  h y p e r f i n e  s p l i t t i n g s

i n  a  num ber o f  a to m ic  s p e c i e s .  The n a t u r a l l y  o c c u r r in g  i s o t o p e s  o f

Mo, Cu and S r  h av e  b e e n  s t u d i e d ,  on  v i s i b l e  t r a n s i t i o n s ,  by

in te r m o d u la te d  o p to g a lv a n ic  and  in te r m o d u la te d  f l u o r e s c e n c e

s p e c t r o s c o p y ,  w i th  t h e  a to m ic  s p e c ie s  b e in g  e x c i t e d  i n  a  h o llo w

c a th o d e  d i s c h a r g e  [ 1 - 3 ] .  M ercu ry  m e ta s t a b l e s  h av e  b e e n  e x c i t e d  i n  a

p o s i t i v e  colum n [4 ] and  a n  r f  d i s c h a r g e  [5 ] and th e  ev e n  i s o t o p e

s h i f t s  and  h y p e r f i n e  s p l i t t i n g s  w e re  m easu red  by s a t u r a t e d  a b s o r p t i o n

3 3s p e c t r o s c o p y  on  th e  6 s6 d  D ^ -6 s6 p  t r a n s i t i o n  a t  2 9 6 .7 3 n m . T h ese  

l a t t e r  s t u d i e s  a c h ie v e d  t h e  f i r s t  s u b -D o p p le r  r e s o l u t i o n  a t t a i n e d  on  a  

UV t r a n s i t i o n  by l a s e r  s p e c t r o s c o p y .  P a r t i a l  s u b -D o p p le r  s c a n s  o f  t h e  

6 s 6 p ^ P ° -6 s ^  t r a n s i t i o n  a t  2 5 3 .7nm h av e  b e e n  o b ta in e d  u s in g  UV

r a d i a t i o n  p ro d u c e d  by  f r e q u e n c y  d o u b l in g  a  c o u m a rin  515 r i n g  dye l a s e r  

i n  a  c o o le d  ADP c r y s t a l  [ 6 ] .

Use o f  a  c o l l i m a t e d  a to m ic  beam c r o s s e d  t r a n s v e r s e l y  w i th  a

r e s o n a n t  l a s e r  beam g iv e s  a  much re d u c e d  D o p p le r  w id th  and  a  num ber o f

i s o t o p e  s h i f t  m ea su re m e n ts  h av e  b e e n  c a r r i e d  o u t  i n  sam arium  [7 ] and

t i n  [8 ] by t h i s  m e th o d . The sam arium  m easu rem en ts  show ed an o m alo u s

i s o t o p e  s h i f t s  due t o  se c o n d  o r d e r  h y p e r f in e  i n t e r a c t i o n s  w h ich  h ad

n o t  p r e v io u s l y  b e e n  i d e n t i f i e d  due to  th e  u n c e r t a i n t y  o f  p r e v io u s

m e a su re m e n ts . The i s o t o p e  s h i f t s  i n  t i n  w e re  m easu red  on t h e  

2 2 3 2 3
t r a n s i t i o n  5 s  5p P g -5 s  5 p 6 s  P^ a t  286nm. The 286nm r a d i a t i o n  was 

g e n e r a te d  by e x t r a c a v i t y  f r e q u e n c y  d o u b l in g  a  C o h e re n t 699 r i n g  dye 

l a s e r  i n  a  c o o le d  ADA c r y s t a l .
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The p r e s e n t  i n v e s t i g a t i o n  i s  c o n c e rn e d  w i th  i s o to p e  s h i f t

m e asu rem en ts  i n  t u n g s t e n  on t r a n s i t i o n s  a t  2 9 4 .7  and 2 9 4 .4nm. I s o to p e  

s h i f t s  in  t u n g s t e n  h av e  n o t  p r e v io u s l y  b ee n  m easu re d  by c l a s s i c a l  

m eth o d s f o r  w a v e le n g th s  b e lo w  370nm, and  to  d a t e  no s u b -D o p p le r  

s t u d i e s  h av e  b een  r e p o r t e d  f o r  an y  t r a n s i t i o n s  i n  th e  WI s p e c tr u m .

T u n g s te n  h a s  t h e  h i g h e s t  m e l t in g  p o in t  o f  a l l  t h e  m e ta l s

(341C ^20 *C) and  i s  th u s  n o t  a  good c a n d id a te  f o r  c r o s s e d  a to m ic

b e a m / la s e r  beam e x p e r im e n t s .  I t  i s  e a s i l y  e x c i t e d  i n  a  h o llo w  c a th o d e

h ow ever and t h i s  a l lo w s  th e  t e c h n iq u e s  o f  s a t u r a t e d  a b s o r p t i o n ,  

in te r m o d u la te d  f l u o r e s c e n c e  and  in te r m o d u la te d  o p to g a lv a n ic  

s p e c t r o s c o p y  to  be em p lo y ed .

T u n g s te n  o c c u r s  n a t u r a l l y  a s  f i v e  i s o t o p e s ,  y ^W ^^^(0 .14% ), 

yjW ^G 2(26 .41% ), y ^ w lG 3 (i4 .4 0 % ), ^ ^ W ^ ^ \3 0 .6 4 % ) and  y . 41%) . I n  

g e n e r a l  th e  i s o t o p e  i s  n o t  d e t e c t e d  i n  e m is s io n  s p e c t r a  from

l i q u i d  n i t r o g e n  c o o le d  h o llo w  c a th o d e  d i s c h a r g e s  u n l e s s  a  sam p le  o f  

t u n g s t e n  e n r ic h e d  i n  t h i s  i s o t o p e  i s  u s e d .

4 2The g ro u n d  s t a t e  c o n f i g u r a t i o n  f o r  t u n g s t e n  i s  5d 6 s  . T h i r t e e n  

te rm s  ( f i v e  o f  them  m ix ed ) and  tw e n ty  t h r e e  l e v e l s  h av e  b e e n  

i d e n t i f i e d  a s  b e lo n g in g  to  t h i s  c o n f i g u r a t i o n .  O th e r  c o n f i g u r a t i o n s  

g iv e  r i s e  to  s i m i l a r  num bers o f  l e v e l s  and  t h e  s p e c tru m  h a s  an  

e x t r a o r d i n a r i l y  l a r g e  num ber o f  l i n e s  a s  i s  c h a r a c t e r i s t i c  o f  e le m e n ts  

w i th  p a r t i a l l y  f i l l e d  d s h e l l s .  L a p o r te  and  Mack [9 ] c o n d u c te d  an

e x h a u s t iv e  s tu d y  and  re v ie w  o f  th e  tu n g s te n  s p e c tr u m . They a s s i g n  ?

12567 t r a n s i t i o n s  among 50 e v e n  and 250 odd l e v e l s .  T h e re  i s  j

c o n s id e r a b l e  te rm  m ix in g ,  p a r t i c u l a r l y  among th e  h ig h  ly in g  odd |

■Il e v e l s ,  and many a s s ig n m e n ts  a r e  g iv e n  a s  an  e n e rg y ,  a  t o t a l  a n g u la r  

momentum J  v a lu e  and a  L ande  g v a lu e  o n ly ,  a s  a  r e s u l t .  The u p p e r  |
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l e v e l s  o f th e  two t r a n s i t io n s  s tu d ie d  here are o f  t h i s  ty p e .

The two t r a n s i t i o n s  s t u d i e d  h e r e ;  5 d ^6 s ^S g -5 d ^ 6 s6 p  368^

(X =294.698nin) and  5 d ^ 6 s  ^ S ^ -S d ^ ô sô p  369^ CA =294.440nm ), u s in g  th e  

n o t a t i o n  o f  L a p o r te  and  Mack [ 9 ] ,  w h ere  odd l e v e l s  a r e  a d d r e s s e d  by 

t h e  f i r s t  t h r e e  num bers o f  t h e  e n e rg y  l e v e l  i n  w avenum bers and th e  

t o t a l  a n g u la r  momentum J  i s  g iv e n  a s  a  s u b s c r i p t ;  a r e  among t h e  m o st 

i n t e n s e  l i n e s  i n  t h e  a r c  s p e c tr u m . I n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  t h e  

e v e n  i s o to p e  s h i f t s  h a v e  b e e n  m easu red  on b o th  t r a n s i t i o n s  by 

s a t u r a t e d  a b s o r p t i o n  and  th e  r e l a t i v e  s h i f t  b e tw e e n  and

i s  i n  a g re e m e n t w i th  t h a t  o b ta in e d  on o t h e r  t r a n s i t i o n s  i n  

t u n g s t e n  [ 1 7 - 2 5 ] ,  w h e re  a b s o l u t e  s h i f t s  a r e  much l a r g e r ,  u s in g  

c l a s s i c a l  s p e c t r o s c o p y .  The two s t r o n g  h y p e r f in e  co m p o n en ts  a r i s i n g  

fro m  t h e  h y p e r f i n e  s t r u c t u r e  h av e  b ee n  r e s o lv e d  b u t  th e  w eak e r

h y p e r f i n e  co m p o n en ts  a r e  n o t  r e s o l v e d .

5 .2  S a tu r a t e d  A b s o r p t io n  S p e c t ro s c o p y

V e lo c i ty  s e l e c t i v e  s a t u r a t i o n  was o b s e rv e d  so o n  a f t e r  th e  

o p e r a t i o n  o f  t h e  f i r s t  g a s  l a s e r .  N arrow  re s o n a n c e s  o r  "Lamb" d ip s  

a p p e a re d  a t  th e  c e n t r e  o f  in h o m o g en eo u s ly  b ro a d e n e d  g a in  l i n e s  

i n t e r a c t i n g  w i th  c o u n t e r - p r o p a g a t i n g  l a s e r  beams and  w ere  r e c o g n is e d  

a s  r e s u l t i n g  from  " h o le s "  b u rn e d  i n  t h e  M ax w e ll-B o ltzm an n  v e l o c i t y  

d i s t r i b u t i o n .  T h is  phenom enon p ro v id e d  a  m eans f o r  rem o v in g  th e  

inhom ogeneous l i n e w i d t h  i n  s p e c t r o s c o p i c  s t u d i e s  by u s in g  

c o u n te r - p r o p a g a t in g  t u n a b l e  s i n g l e  f r e q u e n c y  l a s e r  beam s to  i r r a d i a t e  

t h e  s a m p le . S a t u r a t e d  a b s o r p t i o n  s p e c tr o s c o p y  and  r e l a t e d  v e l o c i t y  

s e l e c t i v e  t e c h n iq u e s  a r e  now h i g h l y  d e v e lo p e d  and  a  num ber o f  b o oks 

an d  a r t i c l e s  d e s c r i b in g  t h e  s u b j e c t  a r e  a v a i l a b l e  [ 2 9 - 3 2 ] ,  The 

f o l lo w in g  i s  a  s h o r t  d e s c r i p t i o n  o f  th e  m ethod o f  s a t u r a t i o n
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s p e c t r o s c o p y  f o r  a  two l e v e l  a tom  and  a d e s c r i p t i o n  o f  b ro a d e n in g  

m e ch a n ism s .

5 . 2 .1  S a t u r a t i o n  S p e c t r o s c o p y  i n  Two L e v e l  Atoms

S a t u r a t i o n  s p e c t r o s c o p y  i s  b a s e d  on th e  v e l o c i t y  s e l e c t i v e  

s a t u r a t i o n  o f  a n  in h o m o g e n e o u s ly  b ro a d e n e d  a to m ic  t r a n s i t i o n  by 

o p t i c a l  pum ping w i th  a  m o n o ch ro m a tic  tu n a b le  l a s e r .  The p o p u la t i o n  

d e n s i t y  n ^ (v ^ )  o f  a tom s i n  t h e  a b s o r b in g  s t a t e  i n  t h e  a b s e n c e  o f  

o p t i c a l  pum ping i s  d e s c r ib e d  by t h e  n o rm a lis e d  M a x w e llia n  d i s t r i b u t i o n  

ïii(v^)/N i = f(v^) “ /l/fPv^expt-v^/ v^]^

( 1)

w h e re  th e  m ean v e l o c i t y  i s

v^  *=^2kT/M

( 2 )

I n  th e  p r e s e n c e  o f  t h e  m o n o ch ro m a tic  l i g h t  f i e l d  t h i s  d i s t r i b u t i o n  i s  

s e l e c t i v e l y  d e p le t e d  o f  a to m s w i th  v e l o c i t y  co m p o n en ts  i n  t h e  i n t e r v a l

dv su ch  t h a t  z

( 3 )

w h ich  a r e  D o p p le r  s h i f t e d  i n t o  re s o n a n c e  w i th  th e  l a s e r  f r e q u e n c y  w 

an d  a r e  e x c i t e d  from  to  th e  h ig h e r  l e v e l  E ^ w i th  = ( E ^ - E ^ ) /h .

T hus a  " h o le  i s  b u r n t "  i n t o  t h e  p o p u la t i o n  d i s t r i b u t i o n  n ^ (v ^ )  o f  t h e  

a b s o r b in g  s t a t e  and  p ro d u c e s  s im u l ta n e o u s ly  a  p e a k  a t  t h e  same 

v e l o c i t y  i n  t h e  u p p e r  s t a t e  d i s t r i b u t i o n  ( f i g u r e  5 . 1 ) .

The D o p p le r  b ro a d e n e d  l i n e a r  a b s o r p t i o n  c o e f f i c i e n t  f o r  l i g h t  o f  

v e r y  low  i n t e n s i t y  i s
.CO

(4)
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where i s  th e  a b so r p tio n  c r o ss  s e c t io n  per atom. In  th e  stro n g

f i e l d  c a s e  t h i s  becom es

a(m ) -  a ^ ( m ) / ( l  + G)

(5 )

w h e re  G g iv e s  t h e  r a t i o  o f  t h e  pum ping r a t e  t o  t h e  m ean r e l a x a t i o n  

r a t e . ( G  = ^ ^ ^ s a t*  ^ t h e  i r r a d i a t i n g  i n t e n s i t y  and  1 ^^^  i s  d e f in e d

i n  eq n s  ( 7 )  and  ( 8 ) ) .

A t low  i n t e n s i t i e s  t h e  w id th  o f  t h e  h o le  b u r n t  i n  t h e  p o p u la t i o n  

d i s t r i b u t i o n  n ^ (v ^ )  i s  g iv e n  by th e  n a t u r a l  l i n e w i d t h  b u t  i t

b ro a d e n s  a s  th e  i n c i d e n t  i n t e n s i t y  i n c r e a s e s  ( f i g u r e  5 . 2 ) .

I n  o r d e r  t o  d e t e c t  t h e  " B e n n e t h o le "  w h ich  h a s  b e e n  b u r n t  i n t o  

t h e  p o p u la t io n  d i s t r i b u t i o n  n ^ (V g ) by t h e  pump w ave, a  sec o n d  l i g h t  

w av e , th e  p ro b e  w ave, i s  s e n t  th ro u g h  t h e  sam p le  c o - a x i a l l y  w i th  th e  

pump. A n a rro w  d ip  i n  th e  D o p p le r  b ro a d e n e d  a b s o r p t i o n  p r o f i l e  o f  t h e  

p ro b e  beam i s  e x p e c te d  f o r  t h e  p ro b e  f r e q u e n c y  w h e re  b o th  l i g h t  beams 

a r e  i n t e r a c t i n g  w i th  t h e  same v e l o c i t y  c l a s s  o f  a to m s .

I t  i s  p o s s i b l e  to  o p e r a t e  w i th  o n ly  one l a s e r ,  t h a t  i s  t o  u s e  th e  

sam e f r e q u e n c y  f o r  s a t u r a t i n g  beam and  p ro b e ,  i f  t h e  two beam s t r a v e l  

i n  o p p o s i t e  d i r e c t i o n s  so  t h a t  th e y  e x p e r ie n c e  D o p p le r  s h i f t s  o f  

o p p o s i t e  s i g n .  A s a t u r a t i o n  s p e c t r o m e te r  w o rk in g  a c c o rd in g  to  t h i s  

schem e i s  shown i n  f i g u r e  5 . 3 .  The o u tp u t  o f  a  tu n a b le  l a s e r  i s  

d iv id e d  i n t o  a  s t r o n g  s a t u r a t i n g  beam and  a  weak p ro b e ,  w h ich  p a s s  i n  

o p p o s i t e  d i r e c t i o n s  th r o u g h  t h e  a b s o r b in g  g a s  s a m p le . .A t  r e s o n a n c e  

b o th  beams i n t e r a c t  w i th  t h e  a to m s w i th  z e ro  a x i a l  v e l o c i t y  and th e  

pump beam ca n  b le a c h  a  p a th  f o r  th e  p r o b e .  Thus t h e  p ro b e  a b s o r p t i o n  

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

w i th  h ig h e r  s e n s i t i v i t y  by c h o p p in g  t h e  pump beam a t  f r e q u e n c y  f  and 

d e t e c t i n g  t h e  i n t e n s i t y  m o d u la t io n  o f  t h e  p ro b e  a t  t h e  same f r e q u e n c y
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u s in g  phase s e n s i t iv e  te c h n iq u e s .

Sorem  and  S chaw l ow [3 3 ] in t r o d u c e d  a m ethod w h ich  u s e s  

f l u o r e s c e n c e  d e t e c t i o n  and  o f f e r s  i n c r e a s e d  s e n s i t i v i t y  w i th  s i m i l a r  

c o n v e n ie n c e  to  t h e  ab o v e  m e th o d . I n  t h i s  t e c h n iq u e ,  c a l l e d  

in te r m o d u la te d  f l u o r e s c e n c e ,  th e  sam p le  i s  i r r a d i a t e d  w i th  two e q u a l  

i n t e n s i t y ,  c o u n t e r - p r o p a g a t i n g  l a s e r  beams w h ich  a r e  ch opped  a t  

f r e q u e n c ie s  f^  and  f ^  ( f i g u r e  5 . 4 ) .  A p h o t o m u l t i p l i e r  and  p h a se  

s e n s i t i v e  a m p l i f i e r  a r e  u s e d  to  d e t e c t  th e  m o d u la t io n  o f  t h e  

f l u o r e s c e n c e  a t  t h e  sum o r  d i f f e r e n c e  f r e q u e n c y  f ^ + f 2 , w h ich  o c c u r s  

b e c a u s e  o f  t h e  n o n l i n e a r  m ix in g  o f  th e  two i n t e n s i t i e s  i n  t h e  

s a t u r a t i o n  te rm .

H ansch  [30] p r e s e n t s  a  r a t e  e q u a t io n  a n a l y s i s  o f  s a t u r a t i o n  

s p e c t r o s c o p y  i n  two l e v e l  a to m s . F o r  a  sam p le  o f  g a s  atom s i r r a d i a t e d  

by  a  m o n o ch ro m a tic  s a t u r a t i n g  l a s e r  beam and  a  se c o n d  weak 

c o u n te r - p r o p a g a t in g  p ro b e  beam t h e  r a t e  e q u a t io n  a n a l y s i s  g iv e s  th e  

c h a n g e  i n  t h e  p ro b e  a b s o r p t i o n  c a u se d  by t h e  s a t u r a t i n g  f i e l d ,  

n o r m a l is e d  by t h e  D o p p le r  b ro a d e n e d  l i n e a r  a b s o r p t i o n  c o e f f i c i e n t  f o r  

t h e  p ro b e  l i g h t  a .  a s

Y 2

( 6 )

: s a ?  -  K l ^ i k l '  Y C  -  4 k  W ' )

(7 )

The i n t e n s i t y  o f  t h e  s a t u r a t i n g  beam i s  I ^ ,  y i s  t h e  n a t u r a l  

l i n e w i d t h  o f  t h e  t r a n s i t i o n  | i>  ->  |k > ,  i s  th e  l i f e t i m e  o f  th e

lo w e r  l e v e l ,  i s  t h e  l i f e t i m e  o f  th e  u p p e r  l e v e l  and |p ^̂ 1̂ ^ i s

t h e  d ip o le  m om ent. The ch a n g e  i n  t h e  p ro b e  a b s o r p t i o n  a s  a  f u n c t i o n  

o f  l a s e r  f r e q u e n c y  i s  a  L o r e n tz i a n  c e n t r e d  a t  w w i th  w id th  y^j^, th e

w h e re  t h e  s a t u r a t i o n  i n t e n s i t y  I ^ ^ ^  i s  g iv e n  by
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n a t u r a l  l i n e w i d t h .  S u b s t i t u t i n g  t h e  d ip o le  moment i n  te rm s  o f  t h e  

s p o n ta n e o u s  e m is s io n  r a t e  i n  e q u a t io n  ( 7 )  g iv e s

L a t  “ _____________________________________

( 8 )

w h e re  g^ and  g^ a r e  t h e  s t a t i s t i c a l  w e ig h ts  o f  t h e  two l e v e l s .  The 

s a t u r a t i o n  i n t e n s i t y  d e c r e a s e s  w i th :  d e c r e a s in g  f r e q u e n c y ,  d e c r e a s in g  

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

l e v e l  l i f e t i m e s .  A low  s a t u r a t i o n  i n t e n s i t y  i s  e x p e c te d  to  be 

a d v a n ta g e o u s  i n  c a r r y i n g  o u t  s a t u r a t e d  a b s o r p t i o n  e x p e r im e n ts ,  

p a r t i c u l a r l y  f o r  t r a n s i t i o n s  i n  t h e  UV w h ere  o n ly  s m a l l  l a s e r  , p ow ers 

a r e  a v a i l a b l e .  H ow ever, t h e  ab o v e  a n a l y s i s  i s  o n ly  a c c u r a t e  f o r  

I l / l g a t  ^ F o r  th e  c a s e  o f  a  l a r g e  d e g r e e  o f  s a t u r a t i o n ,

I ^ / l g a t  “  G » 1 ,  i t  i s  n e c e s s a r y  t o  s o lv e  t h e  e q u a t io n s  f o r  th e  t im e  

e v o l u t i o n  o f  t h e  d e n s i t y  m a t r i x  [ 3 4 ] .  T h is  g iv e s

.^ * 2  " (1  -  b__________ ___________ )

«2

w h e re  ( 9 )

b = G / ( l  +  G +  (1  + G ) l /2 )

and

f  = + (1 + G ) l /2 ) /2

The ch a n g e  i n  t h e  p ro b e  a b s o r p t i o n  now h a s  a  w id th  w h ich  i n c r e a s e s  a s  

t h e  s a t u r a t i o n  p a r a m e te r  i n c r e a s e s .  T h is  i s  c a l l e d  pow er b r o a d e n in g .  

F o r  a  t r a n s i t i o n  w i th  a  s m a l l  s a t u r a t i o n  i n t e n s i t y  i t  may be

d i f f i c u l t  t o  o b t a i n  s i g n a l s  w h ich  a r e  n o t  pow er b ro a d e n e d  when u s in g  a  

s a t u r a t i n g  i n t e n s i t y  w h ich  i s  e a s i l y  d e t e c t a b l e .  The m ethod  o f  

in te r m o d u la te d  f l u o r e s c e n c e  a l lo w s  up to  a  two o r d e r  o f  m a g n itu d e  

im p ro v em en t i n  s e n s i t i v i t y  com pared  w i th  s a t u r a t e d  a b s o r p t i o n .  F o r  

t h i s  r e a s o n  in te r m o d u la te d  f l u o r e s c e n c e  i s  w id e ly  u s e d  f o r  s tu d y in g  

t r a n s i t i o n s  from  lo n g  l i v e d  m e t a s t a b l e  l e v e l s  w i th  low  s a t u r a t i o n  

i n t e n s i t i e s .
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T h e re  i s  a  num ber o f  o t h e r  b ro a d e n in g  m echan ism s i n  a d d i t i o n  to

n a t u r a l  l i f e t i m e  b r o a d e n in g  an d  pow er b r o a d e n in g .  I n  th e  s a t u r a t e d

a b s o r p t i o n  s p e c t r o m e te r  a r ra n g e m e n t  shown i n  f i g u r e  5 .3  t h e r e  i s  a

s m a l l  a n g le  b e tw e e n  t h e  tw o i n t e r a c t i n g  beam s. T h is  i n t r o d u c e s  a

r e s i d u a l  l i n e a r  D o p p le r  w id th  o f  a p p r o x im a te ly  O .60v^ [ 2 9 ] ,  w h ere

i s  t h e  D o p p le r  w id th .  F o r  a  D o p p le r  w id th  o f  1 GHz and  an  a n g le  o f

5 m rad t h i s  g iv e s  a  r e s i d u a l  D o p p le r  b ro a d e n in g  o f  3 MHz. An

a n a lo g o u s  b ro a d e n in g  due to  a  s p h e r i c a l  beam w a v e f ro n t  i s  e s t im a te d  a s  

1 /2Av =* 2 ir(2 1 n 2 ) v v /R  , w h e re  R i s  th e  c u r v a t u r e  o f  t h e  w a v e f ro n t  

[ 2 9 ] .  Thus a  v e r y  f l a t  w ave s u r f a c e  m ust be u s e d .

The l a s e r  beam s i n t e r a c t  w i th  t h e  m oving a to m s f o r  a  f i n i t e  t im e .  

T h is  t im e  w i l l  be l i m i t e d  by t h e  beam d ia m e te r  o r  I n t e r a c t i o n  l e n g t h ,  

w h ic h e v e r  i s  th e  s m a l l e r .  I f  th e  i n t e r a c t i o n  t im e  i s  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  t h i s  w i l l  i n c r e a s e  th e  hom ogeneous l i n e w i d t h  t o  a  

v a lu e  g r e a t e r  th a n  t h e  n a t u r a l  l i n e w i d t h  a c c o r d in g  to

Av = 0 .8 9 v /L

An o p t i c a l  beam e x p a n s io n  may b e  n e c e s s a r y  t o  p r e v e n t  t r a n s i t  t im e  

b ro a d e n in g  i n  v e r y  h ig h  r e s o l u t i o n  e x p e r im e n ts .

N o n - r a d i a t i v e  r e l a x a t i o n  p r o c e s s e s ,  p re d o m in a n tly  c o l l i s i o n s ,  c a n  

l e a d  to  p r e s s u r e  b r o a d e n in g .  F o r  t h e  s p e c i a l  c a s e  o f  c o l l i s i o n s  

b e tw e e n  l i k e  atom s i t  i s  c a l l e d  s e l f - b r o a d e n in g .  To a c c u r a t e l y  

p r e d i c t  t h e  r e d u c t i o n  o f  a n  e x c i t e d  s p e c ie s  l i f e t i m e  due to  c o l l i s i o n s  

t h e  i n t e r a c t i o n  p o t e n t i a l  m ust b e  know n. T h is  i s  u s u a l l y  o f  a  v e r y  

com plex  fo rm . A s im p le  m inded  e s t i m a t e  o f  th e  i n c r e a s e  i n  th e  

l i n e w i d t h  i s  g iv e n  by

Av “  n a t

w h e re  N i s  t h e  d e n s i t y  o f  p e r t u r b e r s ,  v  i s  t h e  m ean r e l a t i v e  v e l o c i t y ,

I  /2V = [8kT(M^+M2) /  M^M^] , and  cr i s  th e  c o l l i s i o n  c r o s s  s e c t i o n .
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E x p e r im e n ta l ly  p r e s s u r e  b ro a d e n in g  i n  th e  ra n g e  1 t o  30 M H z/T orr i s  

o b s e r v e d .  S a tu r a t e d  a b s o r p t i o n  and  r e l a t e d  v e l o c i t y  s e l e c t i v e  

te c h n iq u e s  h av e  p ro v id e d  new m eth o d s o f  m e a s u r in g  th e s e  b ro a d e n in g  

c o n s t a n t s .

P r e s s u r e  b ro a d e n in g  r e s u l t s  from  s t a t e  c h a n g in g  c o l l i s i o n s  b u t  i t  

i s  a l s o  p o s s i b l e  f o r  a  c o l l i s i o n  to  ch an g e  a n  a tom s t r a j e c t o r y  w i th o u t  

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

t e c h n iq u e  i t  i s  s e n s i t i v e  t o  su c h  c o l l i s i o n s .  Weak v e l o c i t y  c h a n g in g  

c o l l i s i o n s  b ro a d e n  t h e  w id th  o f  t h e  h o le  i n  v e l o c i t y  s p a c e .  S tr o n g  

v e l o c i t y  c h a n g in g  c o l l i s i o n s  rem ove atom s e n t i r e l y  from  t h e  r e s o n a n t  

v e l o c i t y  g r o u p s .  Many c o l l i s i o n s  a r e  o f  a n  i n t e r m e d i a t e  k in d  and  

c o n s i d e r a b l e  e f f o r t  h a s  b e e n  g iv e n  to  d e s c r i b in g  th e s e  t h e o r e t i c a l l y  

[ 3 5 ] .

When s tu d y in g  t r a n s i t i o n s  i n  a  g a s  d i s c h a r g e  t h e r e  w i l l  a l s o  be 

b ro a d e n in g  due to  l i n e a r  and  q u a d r a t i c  S ta r k  e f f e c t s .  The fo rm e r  

c o m p l ic a te s  i n t e r p r e t a t i o n  o f  t h e  h y p e r f in e  s t r u c t u r e  o f  t h e  h y d ro g e n  

B alm er g l i n e  w h ere  th e  S ta r k  s h i f t  i s  s u f f i c i e n t  t o  c o m p le te ly  

r e s o l v e  t h e  S ta r k  co m p o n en ts  [ 3 6 ] .  The l a t t e r  o c c u r s  f o r  

m u l t i e l e c t r o n  a to m s b u t  t h e  c a l c u l a t e d  b ro a d e n in g  i s  u s u a l l y  much 

s m a l l e r  th a n  t h e  n a t u r a l  l i n e w i d t h .

The p r e s e n t  u n d e r s ta n d in g  o f  th e  l i n e  s h a p e s  o b s e rv e d  i n  

s a t u r a t i o n  s p e c t r o s c o p y  i s  n o t  c o m p le te .  When a l l  t h e  b ro a d e n in g  

m echan ism s a r e  a b s e n t  th e  l i n e s h a p e s  a r e  o f t e n  m ore com plex  th a n  

e x p e c te d .
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5 . 2 . 2  C rossover R esonances

I f  c lo s e  ly in g  s p e c t r a l  l i n e s  i n s i d e  t h e  D o p p le r  w id th  b e lo n g  to  

t r a n s i t i o n s  w i th  a  common l e v e l ,  th e  s a t u r a t i o n  s p e c t r u m - w i l l  c o n t a i n  

a d d i t i o n a l  r e s o n a n c e s  w h ich  o c c u r  midway b e tw e en  t h e  two t r a n s i t i o n s .

C o n s id e r  a  t h r e e  l e v e l  s y s te m  a s  i n d i c a t e d  i n  f i g u r e  5 . 5 .  The pump 

beam s a t u r a t e s  t h e  I i>  -  I j>  an d  | i >  -  jk> t r a n s i t i o n s  c r e a t i n g  two 

h o l e s  i n  t h e  lo w e r l e v e l  v e l o c i t y  d i s t r i b u t i o n  and  two p e a k s  i n  th e  

u p p e r  l e v e l  v e l o c i t y  d i s t r i b u t i o n .  When t h e  l a s e r  f r e q u e n c y  w =w 

o r  w = th e  pump and  p ro b e  i n t e r a c t  w i th  t h e  same v=0 v e l o c i t y

g ro u p  and  a  n o rm a l i n v e r t e d  Lamb d ip  r e s u l t s  ( f i g u r e  5 . 5 a ) .  H ow ever, 

when

^ i j  "  ~ ^ ik

w h ich  o c c u r s  when w = t h e  c o u n te r - p r o p a g a t in g  p ro b e  beam

a b s o r p t i o n  due to  o n e  t r a n s i t i o n  i s  a l t e r e d  a s  a  r e s u l t  o f  t h e  pump 

wave on t h e  o t h e r  t r a n s i t i o n  ( f i g u r e  5 .5 c )  w h ich  g iv e s  r i s e  to  a  

c r o s s - o v e r  d ip  i n  t h e  a b s o r p t i o n  e x a c t l y  h a l f  b e tw e e n  t h e  Lamb d ip s  

c o r r e s p o n d in g  to  th e  I i>  -  I j>  an d  1i>  -  |k> t r a n s i t i o n s .

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

common, a s  i n  f i g u r e  5 . 6 ,  du e  t o  o p t i c a l  pum ping . Atoms e x c i t e d  i n t o  

t h e  common l e v e l  I j>  c a n  d e c a y  t o  e i t h e r  o f  t h e  lo w e r  l e v e l s ,  1i>  o r  

lk > . Atoms r e a c h in g  t h e  s t a t e  n o t  b e in g  pumped c a n  be rem oved o n ly  by 

t h e  weak p ro b e  beam and  by s lo w  r e l a x a t i o n  p r o c e s s e s .  T hus an  

i n c r e a s e  i n  th e  p o p u l a t i o n  o f  t h e  v e l o c i t y  g ro u p s  c o r r e s p o n d in g  to  th e  

B ennet  h o le s  i n  th e  o t h e r  l e v e l  i s  o b s e r v e d .  A p ro b e  wave t h a t  

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

a s  a  r e s u l t  o f  t h e  p o p u l a t i o n  p e a k  i n  t h e  lo w e r l e v e l  b u t  d e c r e a s e d  

a b s o r p t i o n  a s  a  r e s u l t  o f  t h e  p e a k  i n  th e  u p p e r  l e v e l  l j > .  The fo rm e r 

u s u a l l y  d o m in a te s  l e a d i n g  t o  a  c r o s s o v e r  p ea k  i n v e r t e d  w i th  r e s p e c t  to  |
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t h e  Lamb d ip  p ea k s  i n  t h e  s p e c tr u m , a s  i n d i c a t e d  i n  f i g u r e  5 .6 .  T h is  

ty p e  o f  b e h a v io u r  i s  w e l l  i l l u s t r a t e d  by s a t u r a t e d  a b s o r p t i o n  s p e c t r a  

o f  t h e  sod ium  and l i n e s  [ 3 7 ] .

5 .3  T h eo ry  o f  I s o to p e  S h i f t s

The d i f f e r e n c e  i n  w a v e le n g th s  o f  l i n e s  e m i t te d  by i s o t o p e s  o f  a

g iv e n  e le m e n t a r i s e  from  tw o e f f e c t s ,  m ass e f f e c t s  and  f i e l d  e f f e c t s

[ 1 1 - 1 3 ] .  The m ass e f f e c t  i s  c a u s e d  by a d d i t i o n a l  k i n e t i c  e n e rg y  due 

t o  t h e  m o tio n  o f  t h e  n u c le u s  r e l a t i v e  t o  th e  c e n t r e  o f  m ass o f  t h e

atom  and t h i s  k i n e t i c  e n e rg y  v a r i e s  w i th  n u c l e a r  m ass M a c c o r d in g  to

&E = P^/2M

( 10)

w h e re  2  t h e  n u c l e a r  momentum. The n u c l e a r  momentum c a n  be  e q u a te d  

t o  t h e  n e g a t iv e  sum o v e r  t h e  e l e c t r o n  momenta and  so  ^  c a n  be

e x p r e s s e d  a s

A-E = (1 /2M ) ( S-p,

2 i
= (1 /2M ) +  (1 /2M ) S  (P .  • £ . )

i  ]
=AE +  AE 

n s

( 11)

The n o rm al m ass s h i f t  Ae^  may b e  e v a lu a te d  e x a c t l y  u s in g  th e  v i r i a l  

th e o re m  to  g iv e  t h e  B ohr re d u c e d  m ass c o r r e c t i o n

Ae ^  = -(m /M )E °

( 12)

T he f r a c t i o n a l  c h a n g e , A E ^ /E ° , i s  t h e  same f o r  a l l  l e v e l s .  The s e c o n d  

te rm  A E ^, t h e  s p e c i f i c  m ass s h i f t ,  w h ich  d ep en d s  o n  th e  p a r t i c u l a r  

e n e rg y  l e v e l  u n d e r  c o n s i d e r a t i o n ,  i s  a  s y m m e tr ic a l  two e l e c t r o n  

o p e r a t o r  and  may be c a l c u l a t e d  f o r  th e  c a s e  o f  LS c o u p l in g  b u t  i n  

g e n e r a l  i s  n o t  s u s c e p t i b l e  t o  e x a c t  c a l c u l a t i o n .  T h is  te rm  c a n  be 

e i t h e r  p o s i t i v e  o r  n e g a t i v e  i n  s ig n  and  i s  o f  t h e  same o r d e r  a s  th e
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n o rm a l m ass s h i f t .  As t h e  t o t a l  m ass s h i f t  f o r  a  p a r t i c u l a r  l e v e l  i s

p r o p o r t i o n a l  to  1/M ( o r  1 /A , w h ere  A i s  t h e  m ass num ber) t h e

d i f f e r e n c e s  i n  t h e  t o t a l  m ass e f f e c t  f o r  two a d j a c e n t  ev e n  i s o t o p e s  i s
2

p r o p o r t i o n a l  t o  1/M . T h u s , B r ix  and K opferm ann [1 0 ] s u g g e s t  i t  i s  

s a f e  to  n e g l e c t  t h e  m ass s h i f t  f o r  Z>60, b u t  a s  m easu rem en ts  becom e 

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

The f i e l d  s h i f t  i s  c a u s e d  by c h a n g es  i n  n u c l e a r  s i z e ,  c h a r g e  

d i s t r i b u t i o n  and  s h a p e  t h a t  o c c u r  when n e u t r o n s  a r e  a d d e d . I n  g e n e r a l  

t h e  n u c l e a r  vo lum e i s  l a r g e r  f o r  h e a v ie r  n u c l e i  and a s  th e  p o t e n t i a l  

e n e rg y  o f  an  e l e c t r o n  w i t h i n  t h e  n u c le u s  i s  i n c r e a s e d  o v e r  t h a t  

a s s o c i a t e d  w i th  t h e  e q u i v a l e n t  p o i n t  c h a rg e  i n t e r a c t i o n  t h e  e l e c t r o n  

b in d in g  e n e rg y  i s  d e c r e a s e d  f o r  l a r g e r  n e u t r o n  n u m b er. O nly  s  and  

P ^y 2  e l e c t r o n s  p e n e t r a t e  t h e  n u c le u s  t o  any  d e p th  ( l ’i '(O )l^  > 0 )  an d  so  

m ost o f  t h e  f i e l d  s h i f t  i s  a t t r i b u t e d  to  t h e s e ,  i n  p a r t i c u l a r  t h e  s 

e l e c t r o n s .  The d i f f e r e n c e  i n  e n e rg y  f o r  two a d j a c e n t  i s o t o p e s  i s  

g iv e n  by [12 ]

= R j ' P ( 0 ) r 4 ï ï ( a ^ /Z ) C

(1 3 )

Rw h ere  a^  i s  t h e  B ohr r a d i u s  f o r  h y d ro g e n , Z i s  t h e  a to m ic  nu m b er, 

i s  t h e  R yd b erg  c o n s t a n t  and  (w ( 0 ) |^  i s  th e  n o n r e l a t i v i s t i c  e l e c t r o n  

d e n s i t y  a t  t h e  n u c l e u s .  The f a c t o r  G, th e  i s o t o p e  s h i f t  c o n s t a n t ,  

d e p e n d s  o n ly  on  t h e  n u c l e a r  d i s t r i b u t i o n  o f  th e  two i s o t o p e s  u n d e r  

c o n s i d e r a t i o n .  The e q u a t i o n  o f  R a c a h , R o s e n th a l  and  B r e i t  [1 4 ] g i v e s ,  

f o r  t h e  c a s e  o f  an  s  e l e c t r o n .

c = (  y H ) / (  r (2  y H ) ) ^ B (  T ) ( 2Z r ^ / a ^ ) ^  (

(1 4 )

2 2 2
w h e re  we h av e  y= 1 - a Z , a ~ e /T ic, T i s  th e  gamma f u n c t i o n ,  r ^  i s  th e  

r a d i u s  o f  t h e  n u c le u s  a s su m in g  i t  i s  s p h e r i c a l  and  o f  u n ifo rm  d e n s i t y  

an d  ôr^ i s  t h e  ch a n g e  i n  t h e  r a d iu s  c a u s e d  by, th e  a d d i t i o n  o f  

n e u t r o n s .  The v a lu e  f o r  a  Pj^̂ 2 e l e c t r o n  o f  th e  same p r i n c i p a l  quan tum
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2 2num ber i s  a b o u t a  / ( 1 + y )  t h a t  f o r  th e  s e l e c t r o n  [ 1 5 ] .  The f a c t o r  

B(Y) d ep en d s  on t h e  d i s t r i b u t i o n  o f  t h e  p r o to n  c h a rg e  i n  th e  n u c l e u s .  

F o r  a  u n ifo rm  d i s t r i b u t i o n  o f  p r o to n  c h a rg e  o v e r  t h e  volum e o f  t h e  

n u c le u s  we h av e  [1 4 ]

B(Y) = 3 [(2 Y + 1 )(2 Y + 3 )] '"^

F o r  th e  c h a rg e  d i s t r i b u t e d  u n i f o r m ly  o v e r  th e  s u r f a c e  o f  t h e  n u c le u s  

we h av e  [14]

B(Y ) = (2y +  1 ) “ ^

I f  t h e  n u c le u s  i s  d e fo rm ed  to  a  n o n - s p h e r i c a l  sh a p e  and  t h e  s h a p e  

c h a n g e s  a s  n e u t r o n s  a r e  ad d ed  t h i s  w i l l  c a u s e  a  f u r t h e r  s h i f t .  

A ssum ing a  u n ifo rm  d i s t r i b u t i o n  w i th  a  q u a d r u p o le  d e f o r m a t io n ,  w h ere  

r ^  i s  t h e  r a d i u s  o f  t h e  u n ifo rm  s p h e r e  w i th  t h e  same volum e a s  th e  

d e fo rm ed  n u c l e u s ,  t h e  d i f f e r e n c e  i n  e n e r g i e s  f o r  i s o t o p e s  becom es [ 1 2 ] 

«Ej. =AEj^gpj^((l+r(5/4ir)B^)(2Y6r^/r^) + (l+(2Y-l)(5/8„)g^)Y (5/4„)6(B^)]

(1 5 )

The d e f o r m a t io n  p a r a m e te r  3 i s  d e r iv e d  from  e x p e r im e n ta l l y  d e te r m in e d  

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

a c c o r d in g  to

B (E 2 , 0 -> 2 )  = a ^ 3 ^ ( l  +  0 .3 6 3 )^

w h e re

2

(1 6 )

a  = (3A w  )eZR 

The n u c l e a r  q u a d r u p o le  moment i s  g iv e n  by

Q = ( 3 Z e r ^ 2 / ( 5 , ) l / 2 ) ( g + 0 .3 6 $ 2 )

(17)

I n  th e  above  i t  i s  t h e  r e l a t i v e  i s o to p e  s h i f t  b e tw e e n  p a i r s  o f  

i s o t o p e s  f o r  a  p a r t i c u l a r  l e v e l  w h ich  i s  d e te r m in e d .  I n  p r a c t i c e  i t  

i s  th e  r e l a t i v e  i s o t o p e  s h i f t  i n  a  t r a n s i t i o n  w h ich  i s  m e a s u re d . I n  

o r d e r  to  com pare  e x p e r im e n t  and  th e o r y  i t  i s  n e c e s s a r y  to  e x t r a c t  

r e l a t i v e  s h i f t s  i n  t h e  l e v e l s  from  th e  r e l a t i v e  s h i f t s  o f  t h e
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t r a n s i t i o n .  T h is  h a s  b e e n  do n e  by a s s ig n in g  th e  s h i f t  i n  a  p a r t i c u l a r  

l e v e l  t o  be  z e ro  [ 1 8 ] .  The l e v e l  c h o se n  f o r  t h i s  a s s ig n m e n t o f t e n  h a s  

a  s u b s t a n t i a l  r e l a t i v e  s h i f t  and  i t  i s  d o u b t f u l  t h a t  any  m e a n in g fu l  

c o m p a r iso n  b e tw e en  e x p e r im e n t  and  th e o r y  c a n  be made t h i s  w ay. 

A l t e r n a t i v e l y  a n  e s t im a te d  v a lu e  o f  th e  r e l a t i v e  s h i f t  i n  one l e v e l

may b e  u se d  [ 2 3 ] .  F o r  some p a r t i c u l a r  t r a n s i t i o n s ,  f o r  ex am p le

t r a n s i t i o n s  in v o lv in g  th e  ch a n g e  o f  a  d to  an  f  e l e c t r o n ,  i t  c a n  be

shown by co m p arin g  t h e  r e l a t i v e  t r a n s i t i o n  i s o to p e  s h i f t  (B.TIS) f o r  

s e v e r a l  t r a n s i t i o n s  w i th  d i f f e r e n t  u p p e r  te rm s  t h a t  t h e  s h i f t  i n  th e  

u p p e r  l e v e l  i s  z e r o  an d  th u s  t h e  r e l a t i v e  l e v e l  i s o to p e  s h i f t  (R L IS ) 

i n  t h e  lo w e r l e v e l  i s  m e a su re d  d i r e c t l y .  T h is  c a n  th e n  be u s e d  to

d e r iv e  t h e  RLIS from  t h e  m easu red  RTIS on t r a n s i t i o n s  w i th  o t h e r  u p p e r

l e v e l  c o n f ig u r a t i o n s  and  so  o n . T h is  ty p e  o f  p ro c e d u re  h a s  b e e n

a p p l i e d  t o  s t r o n t iu m  [ 2 ] .

A greem en t b e tw e e n  t h e  r e s u l t s  o f  ab  i n i t i o  c a l c u l a t i o n s  and  

e x p e r im e n t h a s  b e e n  p o o r  to  d a t e .  More o f t e n  th e  t h e o r i s t  u s e s  th e  

e x p e r im e n ta l  r e s u l t s  a s  a  g u i d e l i n e  to  e x p lo r e  w h ich  n u c l e a r  m odel 

g iv e s  th e  c l o s e s t  a g re e m e n t b e tw e e n  e x p e r im e n t and  t h e o r y .  Thus th e

m easu rem en t o f  i s o t o p e  s h i f t s  i s  im p o r ta n t  to  i n c r e a s i n g  u n d e r s ta n d in g  

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

Some p r o g r e s s  h a s  b e e n  made i n  s e p a r a t i n g  s p e c i f i c  m ass s h i f t s

fro m  f i e l d  s h i f t  c o n t r i b u t i o n s  by th e  f o l lo w in g  s e m i - e m p i r i c a l

a p p r o a c h .  A f t e r  s u b t r a c t i n g  t h e  n o rm al m ass s h i f t  c o n t r i b u t i o n  th e

r e s i d u a l  i s o to p e  s h i f t  b e tw e e n  two i s o t o p e s ,  i  and  j ,  w i th  m ass

num bers A. and  A . and  f o r  a  l i n e  x  i s  g iv e n  by

(1 8 )

w h e re

= (Aj -  A^)/A^A^

  . ^ A . i  „  L .



— 113 —

I n  th e  f i r s t  te rm , w h ich  d e s c r i b e s  th e  s p e c i f i c  m ass s h i f t ,  d ep e n d s  

o n ly  on  th e  w a v e fu n c t io n s  o f  t h e  e l e c t r o n i c  s t a t e s  o f  t h e  t r a n s i t i o n .  

The seco n d  te rm  c o r r e s p o n d s  t o  t h e  f i e l d  s h i f t  and  i s  a l s o  t h e  p r o d u c t  

o f  a  p u r e ly  e l e c t r o n i c  p a r t  and a  p u r e ly  n u c l e a r  p a r t  The

e l e c t r o n i c  c o n t r i b u t i o n ,  E ^ , i s  h e r e  p r o p o r t i o n a l  to  th e  d i f f e r e n c e  o f  

t h e  e l e c t r o n i c  d e n s i t i e s  a t  t h e  n u c le u s  o f  t h e  two l e v e l s  o f  th e  

t r a n s i t i o n .

The r a t i o  o f  t h e  s h i f t s  o f  two d i f f e r e n t  i s o t o p e  p a i r s ,

i , j  and  k , l ,  i n  l i n e  x  w o u ld  be  t h e  same f o r  a l l  l i n e s  i f  e i t h e r  th e  

m ass e f f e c t  o r  t h e  f i e l d  e f f e c t  w e re  z e r o .  I t s  c o n s ta n c y  o r  o th e r w is e  

i s  a  m eans o f  d e te r m in in g  i f  i t  i s  v a l i d  to  n e g l e c t  m ass e f f e c t s  i n  

h e a v i e r  a tom s o r  t o  n e g l e c t  f i e l d  e f f e c t s  i n  l i g h t e r  a to m s . V a r i a t i o n  

i n  t h i s  q u a n t i t y ,  now t h a t  i t  i s  b e in g  m easu red  w i th  b e t t e r  a c c u r a c y ,  

a p p e a r s  a s  a  g e n e r a l  r u l e .  I t  h a s  b een  u n a m b ig u o u s ly  o b s e rv e d  i n  

e le m e n ts  a s  l i g h t  a s  c a lc iu m  and  a s  h e a v y  a s  p lu to n iu m  [ 1 3 ] .

K ing [1 6 ] d e v is e d  a  m ethod  o f  o b t a in in g  in f o r m a t io n  a b o u t t h e  

r a t i o  o f  f i e l d  s h i f t s  o n  two l i n e s .  The s h i f t  Av^^ i s  r e p la c e d  by a  

m o d if ie d  s h i f t  A y^^, a c c o r d in g  to

A V i. ' =

(1 9 )

w h e re

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

p a i r  o f  i s o t o p e s ,  t a k e n  a s  r e f e r e n c e .  F o r  e a c h  i s o t o p e  p a i r ,  Av^^ i s

 ̂Xp l o t t e d  a g a i n s t  Av^^ f o r  a l l  a v a i l a b l e  i s o to p e  p a i r s  ( i j ) .  The p o i n t s  

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

a c c o r d in g  to  e q u a t io n  (1 8 )  t h e i r  c o o r d in a t e s  obey

Av^  ̂ = (E //E  ) A v J  + [K^-K^(E^/E )]A^^

(20)
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The d ia g ra m  i s  known a s  a  "K ing p l o t " ,  and  t h e  s t r a i g h t  l i n e  

c o n n e c t in g  t h e  p l o t t e d  p o i n t s  a s  th e  "K ing l i n e " . The g r a d i e n t  o f  

t h i s  l i n e  i s  a n  e x p e r im e n ta l  q u a n t i t y  y i e l d i n g  t h e  r a t i o  E ^ /E ^  o f  th e  

f i e l d  s h i f t s  o f  t h e  two l i n e s ;  i t  i s  a  p u re  f i e l d  s h i f t  q u a n t i t y .  The 

i n t e r c e p t ,  m" = A ^ ^ [K ^ -K ^ (E ^ /E ^ ) ] , i s  a  p u re  m ass s h i f t  q u a n t i t y  when 

t h e  v a lu e  o f  E ^ /E ^  i s  s u b s t i t u t e d  i n .

The v a lu e s  o f  t h e  i s o t o p e  s h i f t  c o n s t a n t  d e te r m in e d  from

e x p e r im e n t ,  f o r  t r a n s i t i o n s  in v o lv in g  a  c h a n g e  i n  t h e  num ber o f  s

e l e c t r o n s ,  C , a r e  u s u a l l y  r e f e r r e d  to  a s g C  w h ere  3 i s  p la c e d  ex p  exp  ^

b e f o r e  C t o  i n d i c a t e  t h a t  t h e  o b s e rv e d  s h i f t  may b e  re d u c e d  du e  to  exp

s c r e e n in g  e f f e c t s  by  t h e  e l e c t r o n s  in v o lv e d  i n  t h e  t r a n s i t i o n  on t h e

re m a in d e r  o f  t h e  e l e c t r o n  c o n f i g u r a t i o n .  T h is  3 i s  q u i t e  d i f f e r e n t

from  th e  d e f o r m a t io n  p a r a m e te r  and  i s  an  u n f o r tu n a t e  c h o ic e  o f

sy m b o l. As i t  i s  u s e d  e x c l u s i v e l y  i n  th e  l i t e r a t u r e  i t  w i l l  be

r e t a i n e d  h e r e .  F o r  ex am p le  i f  a  6p e l e c t r o n  i s  e x c i t e d  to  a  h ig h e r

2
e n e rg y  s t a t e ,  t h e  s c r e e n in g  w h ich  i t  e x e r t s  on  t h e  ( 6 s )  s h e l l  i s

re d u c e d  and t h e  6 s  e l e c t r o n s  a r e  c o u p le d  m ore c l o s e l y  to  t h e  n u c l e u s .

I t  i s  p o s s i b l e  t o  a l lo w  f o r  some s c r e e n in g  e f f e c t s .  B r ix  and

K opferm ann [1 0 ] p r e d i c t  a  r e d u c t i o n  i n  th e  i s o to p e  s h i f t  - o f  a  6 s 

e l e c t r o n  to  be 20% f o r  s c r e e n in g  by a  5d o r  6 s e l e c t r o n  and  10% f o r  

s c r e e n in g  by a  6 p e l e c t r o n .  I n  t h e  p r e s e n t  s t u d i e s  i t  i s  a n  i s o to p e

s h i f t  p u r e ly  due to  a  ch a n g e  i n  th e  s c r e e n in g  e l e c t r o n s  t h a t  i s  I
.i

o b s e r v e d .  On a  t r a n s i t i o n  in v o lv in g  th e  ch an g e  i n  t h e  s c r e e n in g  on  a  

6 s  e l e c t r o n  from  a  5d to  a  6 p e l e c t r o n  a  t r a n s i t i o n  i s o t o p e  s h i f t  

a b o u t  1 0 % o f  th e  6 s  i s o t o p e  s h i f t  w ould  r e s u l t  .
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5 . 4  P re v io u s  R e s u l t s  From I s o t o p e  S h i f t  M easu rem en ts  i n  T u n g s te n

I s o to p e  s h i f t s  b e tw e e n  t h e  t h r e e  a b u n d a n t ev e n  i s o t o p e s  o f

tu n g s t e n  h av e  b ee n  p r e v io u s l y  m easu red  by s tu d y in g  th e  e m is s io n  from  a

l i q u i d  n i t r o g e n  c o o le d ,  W h o l lo w  c a th o d e  d i s c h a r g e ,  u s in g  a  h ig h

f i n e s s e  F a b ry  P e r o t  é t a l o n .  F i f t y  f i v e  t r a n s i t i o n s  i n  th e  w a v e le n g th

ra n g e  6 0 1 .2 8 - 3 7 0 .79nm h a v e  b e e n  s t u d i e d  [ 1 7 - 2 5 ] .  A s c h e m a tic  o f  t h e

l e v e l  s p l i t t i n g s  f o r  th e  i s o t o p e s  g iv in g  r i s e  to  t h e  ev e n  i s o t o p e

s p l i t t i n g s  and  t h e  h y p e r f i n e  co m p o n en ts  i s  shown i n  f i g u r e  5 . 7 .  Ten

o f  t h e  t r a n s i t i o n s  s t u d i e d  h av e  a  lo w e r  l e v e l  . The r e s u l t s

o b ta in e d  from  th e s e  t r a n s i t i o n s  a r e  sum m arised  i n  T a b le  I .  W here

u n c e r t a i n t i e s  a r e  n o t  q u o te d  i n  T a b le  I  t h e s e  a r e  +60 MHz. The

t r a n s i t i o n  i s o to p e  s h i f t s  o b s e r v e d  f a l l  i n t o  two c a t e g o r i e s ;  o n e  g ro u p

w i th  a  s h i f t  o f  th e  o r d e r  o f  2 GHz a r i s i n g  from  a  ch a n g e  i n  t h e  num ber

5 3 2o f  s  e l e c t r o n s  a s  t h e  c o n f i g u r a t i o n  c h a n g es  from  5d 6 s  ->  5d 6 s  6 p ,

an d  a  sec o n d  g ro u p  o f  s h i f t s  o f  l e s s  th a n  1 GHz f o r  a  c o n f i g u r a t i o n  

5 4ch a n g e  5d 6 s ->  5d 6 s 6 p w h e re  t h e  num ber o f  s e l e c t r o n s  i s  u n ch a n g ed  

an d  th e  t r a n s i t i o n  s h i f t  a r i s e s  from  c h a n g es  i n  t h e  s c r e e n in g  o f  t h e  s 

e l e c t r o n s .

F o r  a  s i n g l e  l e v e l  i n  t u n g s t e n  th e  lo w e r m ass num ber i s o to p e  i s  

lo w e r  i n  e n e rg y .  As t h e  W^^^ i s o to p e  p eak  a lw a y s  o c c u r s  a t  a  h ig h e r  

f r e q u e n c y  th a n  t h e  W^^^ p e a k  w h ich  i s  i n  t u r n  h ig h e r  th a n  th e  W^^^

p e a k  f o r  th e  t r a n s i t i o n s  t h e  RLIS i n  th e  lo w e r  l e v e l  e x c e e d s  t h a t

i n  t h e  u p p e r  l e v e l  ( s e e  f i g u r e  5 . 7 ) .

182 180The i s o to p e  s h i f t  b e tw e e n  W and  W h a s  b e e n  m easu red  on two

t r a n s i t i o n s  a t  4 2 6 .94nm  and  4 0 4 .5nm u s in g  c a th o d e  m a t e r i a l  e n h a n ced  in  

180
W . The r e l a t i v e  s h i f t s ,  [A ( 1 8 2 - 1 8 4 ) ] /[A ( 1 8 0 - 1 8 2 ) ] ,  o b ta in e d  w e re  

1 .3 8  [ 2 1 ] , '1 . 5 2  [ 2 2 ] ,  1 .4 5  [2 5 ] and  1 .3 8  [ 2 3 ] .



T a b le  I

P r e v io u s  I s o to p e  S h i f t  M easu rem en ts  on  ^ S ^ - T r a n s i t i o n s

X /nm U pper l e v e l 6  (1 8 4 -1 8 2 )  

/MHz

A (1 8 6 -1 8 4 )  

/MHz

6 (1 8 4 - 1 8 2 )  

A (1 8 6 -1 8 4 )

R e f .

4 7 5 .7 6 239^ 930 750 1 .2 4 [ 2 0 ]

4 3 0 .2 1 261^ 690 600 1 .1 5 [ 2 0 ]

429 . 46 262„
2

990 840 1 .1 8 [ 2 0 ]

4 2 6 .9 4 263
2

2820 2430 1 .1 6 [18]

2850 2364 1 .2 0 6 [ 2 0 ]

2742 2430 1 .1 2 8 [25]

(+ 4 0 ) (+ 4 0 )

4 0 7 .4 4 2 7 4 3 540 480 1 .1 3 [ 2 0 ]

4 0 4 .5 6 2 7 6 2 1860 1710 1 .0 9 [18]

1878 1788 1 .0 5 0 [ 2 0 ]

(+ 2 0 ) (± 1 5 )

1881 1788 1 .0 5 2 [2 5 ]

4 0 0 .8 8 2 7 8 ,
4

540 600 0 .9 0 [ 2 0 ]

3 8 1 .7 5 2 9 I 3 2820 2370 1 .1 9 [ 2 0 ]

2763 2310 1 .1 9 6 [2 5 ]

(+ 3 0 ) (+ 3 0 )

3 8 0 .9 2 2912 2 0 1 0 1920 1 .0 5 [ 2 0 ]

3 7 0 .7 9 2 9 9 .
3

2070 1800 1 .1 5 [ 2 0 ]
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The n u c l e a r  s p i n  o f  was d e te rm in e d  to  be 1 /2  from  s t u d i e s  o f

t h e  h y p e r f in e  co m p o n en ts  u s in g  t u n g s t e n  e n r ic h e d  to  a b o u t  90% i n

[ 1 9 ] .  Two i n t e n s e  h y p e r f i n e  co m p o n en ts  w e re  o b s e rv e d  f o r  t r a n s i t i o n s

in v o lv in g  l e v e l s  w i th  t o t a l  a n g u la r  momenta J  b e tw e e n  0 and  5 im p ly in g

21 +  1 = 2 . The tw o i n t e n s e  h y p e r f in e  co m p o n en ts  w e re  a lm o s t

182 184
c o i n c i d e n t  w i th  t h e  W and  W ev e n  i s o to p e  p e a k  p o s i t i o n s ,  

o b s e r v e d  u s in g  n a t u r a l l y  o c c u r r in g  t u n g s t e n .  T h is  e x p la in e d  why th e  

h y p e r f in e  co m ponen ts w e re  n o t  o b s e r v e d  i n  t h e s e  s p e c t r a .  V re e la n d  and  

M urakawa [2 2 ] fo u n d  t h a t  t h e  h y p e r f i n e  com ponen ts w e re  n o t  c o i n c i d e n t  

w i th  t h e  e v e n  i s o t o p e  p e a k s  on  c e r t a i n  t r a n s i t i o n s .  The two i n t e n s e  

h y p e r f i n e  co m p o n en ts  w e re  n o t  r e s o lv e d  s e p a r a t e l y  b u t  from  c e n t r e  o f  

g r a v i t y  c o n s i d e r a t i o n s  th e y  w e re  a b le  t o  p r e d i c t  t h e  h y p e r f i n e  

com ponen t p o s i t i o n s .  T h e i r  r e s u l t s  f o r  one t r a n s i t i o n  a r e  shown i n  

f i g u r e  5 . 8 .  The i n t e n s i t i e s  o f  t h e  h y p e r f in e  co m p o n en ts  shown i n  

f i g u r e s  5 .7  and  5 .8  a r e  t h o s e  o b ta in e d  from  wave m e c h a n ic s  [ 2 6 ] .

B l a i s e  and  G lu ck  [2 3 ] made an  e s t i m a t e  o f  Bc from  t h e i rexp

e x p e r im e n ta l  r e s u l t s  u s in g  t h e  L a n d e -G o u d s m it-F e rm i-S e g re  (LGFS) 

fo rm u la  f o r  c a l c u l a t i n g  |Y ( 0 ) |^  and  a ssu m in g  t h e  m ass s h i f t  t o  be 

n e g l i g i b l e .  The LGFS fo rm u la  g iv e s  t h e  s - s t a t e  p r o b a b i l i t y  d e n s i t y  a t  

r  = 0 t o  be

( 2 1 )

w h ere  Z .e  i s  th e  e f f e c t i v e  n u c l e a r  c h a r g e ,  Z e  i s  t h e  e x t e r n a l  a to m ic  i  o

c h a rg e  and  w h ere
*

-  A

i s  th e  e f f e c t i v e  quan tum  num ber ( o b ta in e d  by e q u a t in g  th e  te rm  v a lu e  

e n e rg y  to  -R ^ Z ^ ^ /( n  ) ^ ) ,  n  i s  t h e  p r i n c i p a l  quan tum  num ber and  A i s  

t h e  quan tum  d e f e c t .  U s in g  t h e  r e s u l t

l /n * ^ ( d n * /d n )  = 0 .5 9 6  +  0 .0 6
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t h i s  g iv e s

BC = Av^ / ( 0 .5 9 6 )  
ex p  6s

(22)

The v a lu e  o f  Av . w as d e r iv e d  from  th e  m easu red  i s o t o p e  s h i f t s  on  a  
6 s

num ber o f  t r a n s i t i o n s  in v o lv in g  an  in c re m e n t i n  t h e  num ber o f  6 s

e l e c t r o n s  by o n e . B l a i s e  and  G lu ck  [23 ] com pared  t h e i r  r e s u l t s  w i th

-1 5
^ th *  t h e  volum e f i e l d  e f f e c t ,  f o r  r ^  = 1 .2 x 1 0  m. T a b le  I I  

su m m arise s  t h e i r  r e s u l t s .

The i n t r i n s i c  q u a d r u p o le  m om ents and  t h e  d e f o r m a t io n  p a r a m e te r s  

B, f o r  t u n g s t e n  n u c l e i  h a v e  b e e n  d e r iv e d  from  m easu red  t r a n s i t i o n  

p r o b a b i l i t i e s  f o r  t h e  f i r s t  e x c i t e d  s t a t e  o f  t h e  n u c l e i  [ 2 7 ] ,  e x c i t e d  

b y  bom bardm ent w i th  3MeV p r o t o n s .  The r e s u l t s  a r e  su m m arised  i n  T a b le

I I I .

5 .5  S a tu r a t e d  A b s o r p t io n  S p e c t r a

7 7F o r  th e  p r e s e n t  i n v e s t i g a t i o n s  on th e  S g -3692  and  S^-SôS^ 

t r a n s i t i o n s  a  s t a n d a r d  s a t u r a t e d  a b s o r p t i o n  s p e c t r o m e te r  a r ra n g e m e n t 

i s  em ployed  a s  d e s c r ib e d  i n  s e c t i o n  5 .2  and d e p ic t e d  i n  f i g u r e  5 . 3 .  

The h o llo w  c a th o d e  d i s c h a r g e  tu b e  u s e d  i s  i l l u s t r a t e d  i n  f i g u r e  5 .9 a .  

I t  h a s  a  s o l i d  t u n g s t e n  c a th o d e  (3mm i n t e r n a l  d ia m e te r  and  20mm lo n g )  

i n s e r t e d  i n t o  a  b lo c k  o f  c o p p e r  w h ich  i s  w e ld ed  to  g l a s s  to  m e ta l  s e a l  

m a t e r i a l  w h ich  i n  t u r n  i s  c o n n e c te d  to  a  c a n c e l l a t e d  ro d  o f  c o p p e r .  A 

g l a s s  dew ar i s  fo rm ed  a b o u t  th e  c o p p e r  ro d  by way o f  a  g l a s s  t o  m e ta l  

s e a l  and  t h i s  i s  f i l l e d  w i th  l i q u i d  n i t r o g e n  to  c o o l  t h e  d i s c h a r g e .  

The windows a r e  1'* d ia m e te r  q u a r t z  d i s c s  and  t h e  an o d e s  a r e  n i c k e l  

w i r e .  The c o o l in g  a c h ie v e d  w i th  t h i s  tu b e  was n o t  v e r y  e f f i c i e n t  a t  

t h e  ru n n in g  c u r r e n t s  fo u n d  to  g iv e  optim um  s i g n a l s  and  a  m o d if ie d  

d e s ig n  u s in g  a  l a r g e r  vo lum e o f  c o p p e r  ( d r i l l e d  w i th  h o le s  to  i n c r e a s e



Table I I

C o m p ariso n  o f  E x p e r im e n t and T h eo ry  f o r  T u n g s te n  [23 ]

I s o to p e  P a i r
1

1 8 0-182 1 8 2 -1 8 4 1 8 4-186

—3 —1
gC (x lO  cm ) 93 133 117exp

C (x lO  ^cm ^ t h
310 308 306

BC /C  . 0 .3 0 0 .4 3 0 .3 8exp  t h

T a b le  I I I

Q u a d ru p o le  M oments and  D e fo rm a tio n  P a ra m a te r s  f o r  T u n g s te n  N u c le i

E 2(keV )
- 2  4 2 

Q ^(xlO  cm ) B
„182 1 0 0 .0 7 6 .3 4 0 .2 3 6

4 6 .4 8 6 .3 7 0 .2 3 6

184
W 1 1 1 .1 3 6 .0 4 0 .2 2 4

186
W 1 2 2 .4 8 5 .9 9 0 .2 2 0
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i t s  s u r f a c e  a r e a )  and  a  s h o r t e r  d i s t a n c e  b e tw e e n  th e  c o o le d  m e ta l  and 

t h e  c a th o d e  h a s  b e e n  p ro p o s e d  f o r  f u t u r e  e x p e r im e n ts  and  i s  d e p ic t e d  

i n  f i g u r e  5 .9 b .

The s a t u r a t e d  a b s o r p t i o n  s p e c t r a  o f  t h e  2 9 4 .4 4 0  nm and  2 9 4 .6 9 8  nm

l i n e s  a r e  shown i n  f i g u r e s  5 .1 0  and  5 .1 1 .  The t r a n s m i s s i o n  p e a k s  o f  a

30cm c o n f o c a l  i n t e r f e r o m e t e r  ( c o n s t r u c t e d  f o r  t h e  p u rp o s e  o f

c a l i b r a t i n g  th e s e  s p e c t r a ,  FSR -  250MHz) g e n e r a te d  by t h e  fu n d a m e n ta l

beam a r e  a l s o  show n. To a v o id  UV i n t e n s i t y  f l u c t u a t i o n s ,  due t o  d u s t

p a r t i c l e s  i n  t h e  l a s e r  c a v i t y ,  t h e  c a v i t y  was p a r t i a l l y  s e a le d  u s in g  a

p e r s p e x  c o v e r  d e s ig n e d  f o r  t h e  p u rp o s e  and  f l u s h e d  w i th  n i t r o g e n  to

rem ove m ost o f  t h e  d u s t .  T hen  t h e  e n c lo s e d  c a v i t y  was m a in ta in e d  a t  a

s l i g h t l y  p o s i t i v e  p r e s s u r e  t o  k e e p  d u s t  o u t .  The s t a b i l i s e d  l a s e r

l i n e w i d t h  when s c a n n in g ,  w i th  t h e  f r e q u e n c y  d o u b l in g  e le m e n ts  i n  th e

c a v i t y ,  was 350kHz ( c o r r e s p o n d in g  to  700kHz i n  th e  UV). T h is  i s

c o n s id e r a b ly  l a r g e r  t h a n  t h e  s t a b i l i s e d  l i n e w id th  o f  150kHz o b ta in e d

w i th o u t  th e  f r e q u e n c y  d o u b l in g  e le m e n ts .  T h ese  s p e c t r a  w ere  o b ta in e d

w i th  th e  c u r r e n t  o p t im is e d  (4 0  -  50 mA) and  u s in g  t h e  maximum

-2
a v a i l a b l e  UV i n t e n s i t y  w i th o u t  f o c u s in g  (1 0  mW mm a t  t h e  e n t r a n c e  to

t h e  d i s c h a r g e )  i n  t h e  s a t u r a t i n g  beam . A t im e  c o n s t a n t  o f  100 ms was

u s e d  on a  B ro o k d e a l M odel 401A p h a s e  s e n s i t i v e  d e t e c t o r  to  c o n d i t i o n

t h e  s i g n a l .  S im i l a r  s p e c t r a  w e re  o b ta in e d  f o r  a  s a t u r a t i n g  beam

-2
i n t e n s i t y  o f  3 mW mm b u t  t h e  s i g n a l  m a g n itu d e  was re d u c e d  by a

f a c t o r  o f  f i v e  and th e  s i g n a l  t o  n o i s e  r a t i o  was s i m i l a r l y  r e d u c e d .

-2F o r  s a t u r a t i n g  beam i n t e n s i t i e s  below  3 mW mm t h e  s h a rp  f e a t u r e s

w e re  l o s t  on  th e  b a c k g ro u n d , an d  o n ly  a  D o p p le r  b ro a d e n e d  p r o f i l e  was

- 2
o b s e rv e d  a t  a  s a t u r a t i n g  beam i n t e n s i t y  o f  0 .5  mW mm . T h e re  was no 

e v id e n c e  o f  pow er b ro a d e n in g  o f  t h e  s u b -D o p p le r  f e a t u r e s  w i th  th e  UV 

pow er a v a i l a b l e .
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The b ro a d  D o p p l e r - l im i t e d  p e d e s t a l  u n d e r n e a th  th e  D o p p le r - f r e e  

s p e c t r a  o r i g i n a t e s  from  v e l o c i t y  c h a n g in g  c o l l i s i o n s  w h ich  o c c u r  

d u r in g  t h e  l i f e t i m e  o f  t h e  m e ta s t a b l e  lo w e r l e v e l .  T h ese  h av e  th e  

e f f e c t  o f  b ro a d e n in g  t h e  h o l e  b u rn e d  i n  t h e  v e l o c i t y  d i s t r i b u t i o n  a s  

a to m s o f  t h e  v e l o c i t i e s  a d j a c e n t  to  th o s e  b e in g  pumped f i l l  i n  t h e  

h o l e .

A c o m p a r iso n  i s  made b e tw e e n  th e  l i n e a r  a b s o r p t i o n  p r o f i l e  and  

t h e  s a t u r a t e d  a b s o r p t i o n  s p e c tru m  f o r  = 2 9 4 .6 9 8  nm i n  f i g u r e  5 .1 2 .  

The l i n e a r  a b s o r p t i o n  was o f  t h e  o r d e r  o f  8%.

The ev e n  i s o t o p e  s h i f t s  and  h y p e r f in e  s p l i t t i n g  b e tw e en  t h e  two 

m o st i n t e n s e  h y p e r f i n e  co m p o n en ts  o b ta in e d  from  tw e n ty - e ig h t  s c a n s  a t  

294.440nm  and tw e lv e  s c a n s  a t  X = 2 9 4 .6 9 8  nm a r e  g iv e n  i n  t a b l e

IV . The num bers i n  b r a c k e t s  a r e  t h e  s t a n d a r d  d e v i a t i o n s .  The l a r g e  

s t a n d a r d  d e v i a t i o n s  i n  th e  l a r g e r  s p l i t t i n g s  a r i s e  from  th e  

n o n l i n e a r i t y  o f  t h e  l a s e r  s c a n .  F u r th e r  im provem en t was n o t  p o s s i b l e  

by  c a r e f u l  a l ig n m e n t ,  and  m o d i f i c a t i o n  o f  th e  l a s e r  o p t i c s  and 

e l e c t r o n i c s  w ou ld  be r e q u i r e d  to  overcom e t h i s  p ro b le m . A l t e r n a t i v e l y  

c o m p u te r is e d  d a t a  c o l l e c t i o n  w ould  a l lo w  th e  l i n e a r i s a t i o n  o f  s c a n s  by 

c o m p u ta t io n  and  w ould  a l s o  a l lo w  a lg o r i th m s  f o r  d e te r m in in g  th e  c e n t r e  

o f  th e  l i n e s  m ore a c c u r a t e l y  th a n  c a n  be done by e y e ,  t o  be  u t i l i s e d .  

A lso  g iv e n  i n  T a b le  IV i s  t h e  r a t i o  o f  t h e  s p l i t t i n g s  f o r  t h e  1 8 2 -1 8 4  

an d  1 8 4-186  p a i r s  o f  i s o t o p e s .  T h is  r a t i o  i s  d e te rm in e d  w i th  an  

a c c u r a c y  co m p a ra b le  w i th  t h a t  i n  p r e v io u s  e x p e r im e n ts  on  o t h e r  

t r a n s i t i o n s  (su m m arised  i n  T a b le  I )  and  i s  i n  a g re e m e n t w i th  p r e v io u s  

v a l u e s .



Table IV

R e su lts  o f th e  Sa tu ra ted  A b sorption  Study a t  2 9 4 .4  and 2 9 4 .7nm

W aveleng th /nm

2 9 4 . 440 2 9 4 .6 9 8

U pper L e v e l

A (1 8 2 - 1 8 4)/MHz

A ( 1 8 4 - 1 8 6 ) /MHz

A (1 8 3 a-1 8 3 b )/M H z

A (1 8 2 -1 8 4 )
A (1 8 4 -1 8 6 )

368%

1 1 3 (3 )

9 9 (2 )

2 1 3 6 (1 2 )

1 .1 4 + 0 .0 5

369g

1 1 7 (2 )

1 0 6 (3 )

1 4 0 6 (6 )

1 .1 0 + 0 .0 5

T a b le  V

A bundances D educed  from  P eak  H e ig h ts  o f  t h e  S p e c t r a

% A bundance from  

p e a k  h e i g h t s  ab o v e  

z e r o  (+0 .1% )

% A bundance from  

p eak  h e i g h t s  ab o v e  

b ack g ro u n d  (+ 0 .4% )

N a tu r a l

A bundance

I I I I I I

X = 2 9 4 .440nm

182 2 7 .5 2 7 .5 2 4 .8 2 7 .1 2 6 .4

183a 8 . 4 1 3 .2

183b 6 .0 8 .5

(1 8 3 ) 1 4 .4 1 4 .4 2 1 .7 1 4 .4 1 4 .4

184 3 0 .0 3 0 .0 2 7 .1 2 9 .7 3 0 .6

186 2 8 .1 2 8 .1 2 6 .4 2 8 .8 2 8 .4

X =29^f.698nm

182 2 5 .9 2 7 .0 2 5 .4 2 6 .3 2 6 .4

183a 1 1 .7 9 .0

183b 6 .1 8 .2

(1 8 3 ) 1 7 .8 1 4 .4 1 7 .2 1 4 .4 1 4 .4

184 2 8 .9 3 0 .0 2 9 .5 3 0 .5 - 3 0 .6

186 2 7 .4 2 8 .5 2 7 .9 2 8 .8 2 8 .4
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I t  i s  d i f f i c u l t  t o  i n t e r p r e t  th e  p eak  h e i g h t s  when t h e r e  i s  a 

l a r g e  b ac k g ro u n d  c o n t r i b u t i o n  from  th e  e f f e c t  o f  v e l o c i t y  c h a n g in g  

c o l l i s i o n s .  C o o lin g  th e  d i s c h a r g e  d id  en h a n ce  th e  m a g n itu d e  o f  t h e  

s i g n a l  o b s e rv e d  by up t o  100% f o r  c u r r e n t s  o f  25 mA, b u t  w i th o u t  

r e d u c in g  th e  r e l a t i v e  b a c k g ro u n d  c o n t r i b u t i o n .  As th e  d i s c h a r g e  

c u r r e n t  was i n c r e a s e d ,  w h ich  g av e  b e t t e r  d e f i n i t i o n  o f  th e  s a t u r a t e d  

a b s o r p t i o n  p e a k s ,  t h e  en h a n cem en t due to  c o o l in g  was l o s t .  The

c a th o d e  was no lo n g e r  b e in g  c o o le d  a t  t h e s e  h ig h e r  c u r r e n t s .

Two m eth o d s w e re  u s e d  to  c o n s id e r  th e  r a t i o s  o f  t h e  p e a k  h e i g h t s .

F i r s t l y  th e  p e a k  h e i g h t s  ab o v e  t h e  z e ro  s i g n a l  w e re  m easu red  and  t h e

ab u n d a n ce  o f  e a c h  i s o t o p e  was p r e d i c t e d  from  t h e s e .  The same w as done

f o r  m e a su r in g  th e  p e a k  h e i g h t s  w i th  t h e  b ac k g ro u n d  s u b t r a c t e d  by

d ra w in g  t h e  b e s t  s t r a i g h t  l i n e  a c r o s s  t h e  b a s e  o f  t h e  p ea k  to  t h e

183b a c k g ro u n d . As t h e  ab u n d a n c e  o f  W was u s u a l l y  o v e r e s t im a te d  i n

t h e s e  c a l c u l a t i o n s  t h e  a b u n d a n c e s  o f  t h e  ev en  i s o t o p e s  w ere  c a l c u l a t e d

183
from  th e  p eak  h e i g h t s  o b t a in e d  i n  th e  two ways d e s c r ib e d  w i th  t h e  W 

ab u n d a n ce  d e f in e d  a s  14 .4% . The r e s u l t s  o f  t h e s e  c a l c u l a t i o n s  a r e  

su m m arised  i n  t a b l e  V .

O nly  f o r  X = 2 9 4 .4 4 0  nm, w i th  th e  p eak  h e i g h t s  m easu red  from  t h e

z e r o  s i g n a l  l e v e l ,  i s  t h e  p r e d i c t e d  W ab u n d a n ce  c o r r e c t  and  a l s o

s p r e a d  b e tw e e n  th e  h y p e r f i n e  s t a t e s  i n  t h e  p r o p o r t i o n s  e x p e c te d  from

t h e  t h e o r e t i c a l  i n t e n s i t y  r a t i o s .  B ut f o r  a l l  d e r i v a t i o n s  th e

a b u n d a n c e s  o f  th e  e v e n  i s o t o p e s  a r e  i n  r e a s o n a b le  a g re e m e n t w i th  th e

183
n a t u r a l l y  o c c u r r in g  a b u n d a n c e s .  The a g re e m e n t i s  b e t t e r  when t h e  W 

a b u n d a n ce  i s  g iv e n  i t s  e x p e c te d  v a l u e .
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The f u l l  w id th  a t  h a l f  maximum o f  a l l  th e  ev en  i s o t o p e  p e a k s  on 

b o th  t r a n s i t i o n s  i s  (3 8 + 2 ) MHz. The s p re a d  o f  t h e  m easu red  w id th s  f o r  

t h e  two h y p e r f in e  co m p o n en ts  i s  l a r g e r  b e in g  (4 5 -6 4 )  MHz w i th  th e  

a v e ra g e  b e in g  48 MHz. The i n c r e a s e d  u n c e r t a i n t y  a r i s e s  from  th e  

d i f f i c u l t y  i n  d e te r m in in g  t h e  b a c k g ro u n d  l e v e l  f o r  t h e s e  p e a k s .

The v a lu e s  o f  gA, t h e  s t a t i s t i c a l  w e ig h t  m u l t i p l i e d  by t h e

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

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

u p p e r  l e v e l s  o f  i n t e r e s t  h e r e  [ 2 8 ] .  The sum o f  th e  gA v a lu e s  f o r  th e

f i v e  t r a n s i t i o n s  w h ich  a r e  m o st i n t e n s e  i n  e m is s io n ,  a r i s i n g  fro m  t h e

369^ l e v e l  i s  a b o u t  64 x  10^ s  ^ . The v a lu e  o f  g f o r  t h i s  l e v e l  i s

8 -15 .  T hus th e  sum o f  t h e  A v a lu e s  f o r  t h i s  t r a n s i t i o n s  i s  13 x  10 s 

an d  th e  n a t u r a l  l i n e w i d t h  d ed u c ed  i s  200 MHz. T h is  i s  l a r g e r  th a n  t h e  

l i n e w i d t h  o b s e r v e d .  A l l  t h e  lo w e r l e v e l s  f o r  t h e s e  t r a n s i t i o n s  a r e  

m e ta s t a b l e  o r  t h e  g ro u n d  s t a t e  and  t h e r e f o r e  may h av e  s i g n i f i c a n t  

p o p u la t i o n  d e n s i t i e s  i n  th e  h o llo w  c a th o d e  d i s c h a r g e .  The u p p e r  l e v e l  

l i f e t i m e  may th u s  be i n c r e a s e d  by r a d i a t i o n  t r a p p i n g ,  l e a d in g  to  a  

n a r ro w e r  " n a t u r a l "  l i n e w i d t h .  A l t e r n a t i v e l y  th e  t r a n s i t i o n  

p r o b a b i l i t i e s  may be i n c o r r e c t .  R a d ia t i o n  t r a p p in g  w ou ld  a l s o  e x p la in  

t h e  o b s e r v a t io n  o f  b r o a d e r  l i n e s  f o r  th e  h y p e r f in e  co m ponen ts  a s

t h e  r a d i a t i o n  t r a p p i n g  f o r  t h e s e  t r a n s i t i o n s  w i l l  be l e s s  th a n  f o r  th e  

e v e n  i s o to p e  t r a n s i t i o n s  du e  to  th e  lo w e r d e n s i t y  o f  

m e t a s t a b l e s .

F ig u r e s  a r e  n o t  a v a i l a b l e  f o r  t h e  c o l l i s i o n  c r o s s  s e c t i o n  b e tw e e n  

t h e  Sg s t a t e  o f  t u n g s t e n  and  n e o n . Nor h a s  th e  q u a d r a t i c  S ta r k  

e f f e c t  on  th e  S g , 368g an d  369^ s t a t e s  b e e n  i n v e s t i g a t e d ,  b u t  by 

c o m p a r iso n  w i th  o t h e r  a to m ic  s p e c i e s  (Hg i n  N e[4 ] an d  S r i n  Ne [ 2 ] )  

S t a r k  b ro a d e n in g  and  im p a c t b ro a d e n in g  s h o u ld  o n ly  c o n t r i b u t e  a  few  

MHz to  th e  l i n e w i d t h .  Neon i s  u se d  b e c a u se  i t  p ro d u c e s  th e  s m a l l e s t
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im p a c t b ro a d e n in g  o f  a l l  n o b le  g a s e s  [ 2 ] .  Thus t h e  r e s o l u t i o n  

a c h ie v e d  i s  c o n s i s t e n t  w i th  t h a t  e x p e c te d  from  t h e  n a t u r a l  l i n e w i d t h  

re d u c e d  by r a d i a t i o n  t r a p p i n g .

Some in f o r m a t io n  a b o u t  th e  e x p e c te d  h y p e r f i n e  s p e c t r a  on th e s e

two t r a n s i t i o n s  c a n  be o b ta in e d  from  th e  p r e s e n t  r e s u l t s .  On t h e  ^ S g -

183368g t r a n s i t i o n  t h e  p o s i t i o n  o f  th e  c e n t r e  o f  g r a v i t y  o f  t h e  f o u r  W

h y p e r f in e  co m p o n en ts  c a n  b e  c a l c u l a t e d  know ing th e  s e p a r a t i o n  o f  th e

two s t r o n g  h y p e r f in e  co m p o n en ts  o n ly .  C o n s id e r in g  th e  tw o i n t e n s e

h y p e r f in e  co m p o n en ts  o n ly ,  t h e  c e n t r e  o f  g r a v i t y  i s  g iv e n  by

1 7 . 4 V = 7 . 4  V 
eg

w h e re  v i s  t h e  s e p a r a t i o n  o f  t h e  i n t e n s e  h y p e r f in e  co m p o n en ts  and  v

i s  th e  c e n t r e  o f  g r a v i t y  m e a su re d  r e l a t i v e  to  t h e  s t r o n g e s t  h y p e r f i n e

co m p o n en t. The tw o w eak h y p e r f i n e  com ponen ts  c a n  be in c lu d e d  w i th o u t

e x p l i c i t l y  know ing  th e  f r e q u e n c y  s p l i t t i n g  b e c a u s e  o f  sy m m etry .

I n c lu d in g  th e  two w eak h y p e r f i n e  co m ponen ts t h i s  g iv e s

1 8 . 1 4 V = 7.77V
eg

S u b s t i t u t i n g  th e  e x p e r im e n ta l  v a lu e  o f  v (1405  MHz), t h e  f i r s t

e x p r e s s io n  g iv e s  v ^ ^  = 5 9 7 .5  MHz w h ile  t h e  se c o n d  g iv e s

Vcg ~ 6 0 1 .8  MHz. T hus t h e  two w eak h y p e r f in e  co m p o n en ts  s h i f t  t h e

c e n t r e  o f  g r a v i t y  away from  th e  s t r o n g e s t  h y p e r f in e  com ponen t by an

a d d i t i o n a l  "~-5 MHz. T a k in g  th e  c e n t r e  o f  g r a v i t y  a s  th e  m id p o i n t

b e tw e e n  th e  i s o t o p e  p ea k s  th e  e x p e r im e n ta l l y  d e te r m in e d

183c e n t r e  o f  g r a v i t y  f o r  t h e  W i s o t o p e  i s  600 MHz, m easu red  from  th e  

m o st i n t e n s e  h y p e r f i n e  co m p o n en t. The good a g re e m e n t on t h i s  

t r a n s i t i o n  b e tw e e n  t h i s  e x p e r im e n ta l  v a lu e  and  t h a t  o b ta in e d  u s in g  th e  

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

t h e  c e n t r e  o f  g r a v i t y  s u g g e s t s  t h a t  t h i s  a p p ro a c h  may be  a p p l i e d  to
7

t h e  S g-3692  t r a n s i t i o n  to  d e te r m in e  th e  e x a c t  m a g n itu d e  o f  th e

h y p e r f in e  s p l i t t i n g  i n  t h e  u p p e r  and  lo w e r l e v e l s .  R e s u l t s  from  t h i s
7

c a n  th e n  be u se d  to  d e te r m in e  th e  s p l i t t i n g s  on th e
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t r a n s i t io n .

182 184
The m id - p o in t  b e tw e e n  t h e  W -W i s o to p e  p e a k s  m easu red  from

t h e  p o s i t i o n  o f  t h e  s t r o n g  h y p e r f in e  co m p o n en t, f o r  t h e  ̂ 3 ^ -3 6 9 2

t r a n s i t i o n ,  i s  901 MHz, The c e n t r e  o f  g r a v i t y  f o r  th e  h y p e r f i n e  

co m p o n en ts  o f  t h i s  t r a n s i t i o n  i s  g iv e n  by

lOv -  7 (2 1 3 6 .1  -  V ) -  0 .5 ( v  - v  ) = 0
eg  e g ' 1 e g '

u s in g  th e  e x p e r i m e n t a l l y  d e te rm in e d  h y p e r f in e  s p l i t t i n g ,  

V = 2 1 3 6 .1  MHz. S u b s t i t u t i n g  t h e  e x p e r im e n ta l l y  d e te r m in e d  c e n t r e  o f  

g r a v i t y  t h i s  im p l ie s  , t h e  h y p e r f in e  s p l i t t i n g  i n  t h e  l e v e l  i s  

1630 MHz. B ut i s  s e n s i t i v e l y  d e p e n d e n t on  th e  p o s i t i o n  o f  th e

c e n t r e  o f  g r a v i t y  an d  v a r i e s  from  1 4 2 0 -1 7 7 0  MHz f o r  th e  c e n t r e  o f  

g r a v i t y  i n  t h e  ra n g e  8 9 5 -9 0 5  MHz. So th e  e s t im a te d  ^S^ h y p e r f i n e  

s p l i t t i n g  i s  n o t  o b ta in e d  to  b e t t e r  th a n  200MHz i n  t h i s  w ay. H ow ever, 

w i t h i n  th e  p r e d i c t e d  u n c e r t a i n t y  th e  ^S^ h y p e r f in e  s p l i t t i n g  im p l i e s  

t h a t  th e  u p p e r  l e v e l  i s  i n v e r t e d  a s  th e  s p l i t t i n g  i n  t h e  g ro u n d  s t a t e  

i s  s m a l l e r  th a n  th e  d i f f e r e n c e  o f  th e  two s p l i t t i n g s .  F o r t h e  v a lu e  

1630 MHz t h i s  im p l ie s  t h a t  F = 5 /2  l e v e l  l i e s  506 MHz b elo w  t h e  F = 

3 /2  l e v e l .

The ^Sg h y p e r f i n e  s p l i t t i n g  h a s  b e e n  p r e v io u s l y  e s t im a te d  [20 ] a s

1950 MHz and  t h i s  v a lu e  a l s o  im p l ie s  an  i n v e r t e d  u p p e r  l e v e l  a l th o u g h

t h e  F = 5 /2  s t a t e  w ould  o n ly  l i e  186 MHz above th e  F = 3 /2  s t a t e .  The 

7
Sg h y p e r f in e  s p l i t t i n g  w ould  need  to  ex c eed  2136 MHz b e f o r e  a  

n o n - in v e r te d  u p p e r  l e v e l  w ould  be p r e d i c t e d .  The v a lu e s  f o r  t h e  

v a r io u s  h y p e r f in e  s p l i t t i n g s  p r e d i c t e d  by t h i s  a n a l y s i s  a r e  su m m arised  

i n  T a b le  V I.



T a b le  VI

V a lu e s  o f  t h e  H y p e r f in e  S p l i t t i n g s  D educed from  

C e n tr e  o f  G r a v i ty  C o n s id e r a t io n s

V
eg

(MHz)

h fS  ^Sg 

(MHz)

h f s  369^ 

(MHz)

h f s  368g 

(MHz)

895 1420 -7 1 6 +15

901 1630 -5 0 6 +225

905 1770 -3 6 6 +365

9 1 0 .2 1950 -1 8 6 +545

T a b le  V II

R a t io  o f  F i e l d  S h i f t s  f o r  P a i r s  o f  T r a n s i t i o n s  from  K ing P l o t s

T r a n s i t i o n s F i e l d  S h i f t  R a t io M ass S h i f t  I n t e r c e p t

nm E ?/E = m' (MHz)

2 9 4 .6 9 8 0 .7 7 + 0 .0 4 30+4
2 9 4 .4 4 0

4 2 6 .9 4 26+4 -1 3 0+ 460

2 9 4 .4 4 0

4 2 6 .9 4 37+4 “ 1460+450

2 9 4 .4 4 0
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The s p e c t r a  f o r  t h e  v a lu e s  o b ta in e d  w i th  t h e  e x p e r im e n ta l l y  

d e te r m in e d  c e n t r e  o f  g r a v i t y  a r e  shown i n  f i g u r e  5 .1 3 .

No c r o s s o v e r  r e s o n a n c e s  a r e  o b s e rv e d  midway b e tw e en  t h e  two 

r e s o lv e d  h y p e r f in e  co m p o n en ts  on  e i t h e r  o f  th e  t r a n s i t i o n s  s t u d i e d .  As 

t h e  h y p e r f in e  s p l i t t i n g  i s  o f  t h e  o r d e r  o f  t h e  D o p p le r  w id th  

(~ 1 7 0 0  îfiîz) c r o s s o v e r  r e s o n a n c e s  a r e  n o t  e x p e c te d .

183An e x p e r im e n t i s  p la n n e d  u s in g  a  96.3%  W sam p le  t o  a t t e m p t  to  

r e s o lv e  a  t h i r d  h y p e r f i n e  com ponen t on  e i t h e r  o f  t h e s e  t r a n s i t i o n s  i n  

t h e  hope t h a t  th e  h y p e r f i n e  s p l i t t i n g s  c a n  be d e te rm in e d  w i th  some 

a c c u r a c y .

K ing p l o t s  c o n s t r u c t e d  by t h e  m ethod o u t l i n e d  i n  s e c t i o n  5 .3  a r e

draw n i n  f i g u r e  5 .1 4  f o r  t h e  t r a n s i t i o n  p a i r s  2 9 4 .440nm ;294.698nm ,

2 9 4 .440nm :4 2 6 .9 4nm and  2 9 4 .6 9 8 n m :4 2 6 .94nm . The s p l i t t i n g s  f o r  th e

5 7 3 25d  6 s  Sg -  5d 6 s  6p t r a n s i t i o n  a t  426.94nm  a r e  ta k e n  from  r e f e r e n c e  

[1 8 ] and  d e p ic t e d  i n  f i g u r e  5 . 8 .  T h is  t r a n s i t i o n  i s  c h o se n  a s  th e  

u p p e r  l e v e l  c o n f i g u r a t i o n  i s  t h e  same a s  t h a t  f o r  t h e  two t r a n s i t i o n s  

s tu d i e d ,  e x c e p t  i t  h a s  o n e  l e s s  5d e l e c t r o n  and  on e  m ore 6 s  e l e c t r o n .  

The p o i n t s  a r e  c l u s t e r e d  c l o s e l y  t o g e t h e r  so  t h e  a c c u ra c y  i n  r e l a t i v e  

s h i f t s  d ed u ced  from  th e s e  p l o t s  i s  p o o r .  The r a t i o  o f  t h e  f i e l d  

s h i f t s  and  th e  i n t e r c e p t s  o b ta in e d  a r e  sum m arised  i n  t a b l e  V I I .

The f i e l d  s h i f t  on  t h e  t r a n s i t i o n  when a  se c o n d  6s e l e c t r o n  i s  

fo rm ed  i s  30 -  40 t im e s  t h a t  o b s e rv e d  when a  6s e l e c t r o n  ch a n g e s  from  

b e in g  s h i e ld e d  by a  5d e l e c t r o n  to  b e in g  s h i e ld e d  by a  6p e l e c t r o n .  

U s in g  th e  i s o to p e  s h i f t  o f  a  6 s  e l e c t r o n  i n  t u n g s t e n  d e r iv e d  by B l a i s e  

an d  G lu ck  [2 3 ] t h e  m e a su re d  i s o t o p e  s h i f t s  on  t h e  294.440nm  and  

294.698nm  t r a n s i t i o n s  c o r r e s p o n d  to  a  5% d e c r e a s e  i n  t h e  i s o to p e
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s h i f t  o f  t h e  6 s  e l e c t r o n  due t o  b e in g  s h ie ld e d  by a  6p r a t h e r  t h a n  a  

5d e l e c t r o n .  T h is  i s  a b o u t  h a l f  th e  r e d u c t i o n  o f  10% p r e d i c t e d  by 

B r ix  and  K opferm ann  [ 1 0 ] .

The two u p p e r  l e v e l s  g iv e  r i s e  t o  s i g n i f i c a n t l y  d i f f e r e n t  

s h i e l d i n g  o f  th e  6 s  e l e c t r o n  ev e n  th o u g h  th e y  h av e  th e  same 

c o n f i g u r a t i o n  a s  i s  shown by  t h e  r a t i o  o f  t h e  f i e l d  s h i f t s  on  th e  two 

t r a n s i t i o n s .

5 .6  Summary

The ev e n  i s o t o p e  s p l i t t i n g s  on  two t r a n s i t i o n s ,  a t  294 .440nm  and  

294 .698nm  i n  WI h av e  b e e n  r e s o lv e d  by s a t u r a t e d  a b s o r p t i o n  and  

m e a su re d  w i th  s t a n d a r d  d e v i a t i o n s  o f  2 -3  MHz. A l l  t h e  s p l i t t i n g s  a r e  

s m a l l ,  o f  t h e  o r d e r  o f  100 MHz, a s  i s  e x p e c te d  on t r a n s i t i o n s  w h ere  

t h e r e  i s  no ch an g e  i n  t h e  num ber o f  s e l e c t r o n s .  The s a t u r a t e d  

a b s o r p t i o n  p e a k s  h av e  a  FWHM o f  a b o u t  40 MHz w h ich  i s  l i m i t e d  by th e  

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

The r e l a t i v e  i s o t o p e  s h i f t ,  A ( 1 8 2 - 1 8 4 ) / a ( 1 8 4 -1 8 6 ) was m easu red  a s

1 . 1 ^ 0 . 0 5  on  th e  294 .440nm  t r a n s i t i o n  and  a s  1 .1 0 + 0 .0 5  on th e  

294 .698nm  t r a n s i t i o n .  T h e se  a r e  i n  good a g re e m e n t w i th  t h e  v a lu e s  

o b ta in e d  on t r a n s i t i o n s  w i th  l a r g e  ev e n  i s o to p e  s p l i t t i n g s  w h ich  ca n  

b e  r e s o lv e d  by D o p p le r  l i m i t e d  s t u d i e s  i n  c o o le d  d i s c h a r g e s .

The s a t u r a t e d  a b s o r p t i o n  ev en  i s o to p e  p e a k  h e i g h t s  a r e  i n  

r e a s o n a b le  a g re e m e n t w i th  t h o s e  e x p e c te d  from  t h e  i s o to p e .a b u n d a n c e s .
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The two m ost i n t e n s e  h y p e r f i n e  com ponen ts a r i s i n g  from  t h e  odd 

183i s o t o p e  W w i th  n u c l e a r  s p i n  1 = 1 /2  h av e  a l s o  b e e n  r e s o lv e d .  T h ese

a r e  som ewhat b r o a d e r  t h a n  t h e  ev e n  i s o to p e  p ea k s  ( 50 MHz). From

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

l e v e l s  in v o lv e d  i n  t h e  two t r a n s i t i o n s  h av e  b e e n  p r e d i c t e d .  A l l

p r e d i c t i o n s  o f  t h e  h y p e r f i n e  l e v e l  s p l i t t i n g s  i n  t u n g s t e n  h av e  b e e n

made assu m in g  t h e  c e n t r e  o f  g r a v i t y  f o r  th e  h y p e r f in e  co m p o n en ts

f a l l s  midway b e tw e e n  t h e  and ev e n  i s o to p e  p e a k s .  As t h e

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

o f  g r a v i t y  i t  i s  im p o r ta n t  t o  t e s t  t h i s  a s s u m p tio n  m ore p r e c i s e l y .  A

183s a t u r a t e d  a b s o r p t i o n  e x p e r im e n t  u s in g  a  sam p le  o f  96.3%  W i s  

p la n n e d  when t h i s  m a t e r i a l  becom es a v a i l a b l e .  I f  an y  o n e  o f  t h e  t h r e e  

w eak h y p e r f in e  co m p o n en ts  a s s o c i a t e d  w i th  t h e s e  two t r a n s i t i o n s  c a n  be 

r e s o lv e d  i t  w i l l  be p o s s i b l e  t o  o b t a i n  th e  h y p e r f in e  s p l i t t i n g s  f o r  

t h e s e  t h r e e  l e v e l s  and  a l s o  t o  r e - e v a l u a t e  th e  h y p e r f i n e  s p l i t t i n g s  on  

a  num ber o f  o t h e r  t r a n s i t i o n s  w h ich  h av e  b e e n  s tu d i e d  c l a s s i c a l l y .

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

by th e  n o n - l i n e a r i t y  o f  t h e  r i n g  dye l a s e r  f r e q u e n c y  s c a n  and  th e  u s e

o f  a  c o n f o c a l  i n t e r f e r o m e t e r  f o r  f r e q u e n c y  c a l i b r a t i o n .  T h ese

l i m i t a t i o n s  c a n  be overcom e by  u s in g  o p t i c a l  h e te r o d y n in g  t e c h n iq u e s  

i n  c o n ju n c t io n  w i th  c r o s s e d  a t o m i c / l a s e r  beam e x p e r im e n ts .  Two n a rro w  

l i n e w i d t h  l a s e r s  a r e  r e q u i r e d .  One l a s e r  i s  lo c k e d  t o  t h e  c e n t r e  o f  a  

s p e c t r a l  f e a t u r e  o r  t o  a  r e f e r e n c e  l i n e .  The se c o n d  l a s e r  i s  lo c k e d  

t o  a n o th e r  s p e c t r a l  f e a t u r e  ( o r  o f f s e t  lo c k e d  i n  s m a l l  f r e q u e n c y

s t e p s ) .  The d i f f e r e n c e  i n  t h e  two o p t i c a l  f r e q u e n c ie s  c a n  bë m easu red  

d i r e c t l y  by m ix in g  t h e  two l a s e r  beams on a  p o in t  c o n t a c t  m e ta l  

d io d e .  D i f f e r e n c e  f r e q u e n c ie s  up  to  200 THz c a n  be m easu red  d i r e c t l y  

[ 3 8 ] .
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F ig u r e  5 ,1  H o le  b u r n in g  i n  t h e  lo w e r  l e v e l  p o p u l a t i o n  d i s t r i b u t i o n  
n .  (v  ) o f  an  in h o m o g e n e o u s ly  b ro a d e n e d  t r a n s i t i o n  due to  t h e  
a b s o r p t i o n  o f  a  s t r o n g  s a t u r a t i n g  beam . T h e re  i s  a  c o r r e s p o n d in g  p e a k  
i n  t h e  p o p u la t i o n  d i s t r i b u t i o n  o f  t h e  u p p e r  l e v e l  ( a f t e r  D e m tro d e r 
[ 3 1 ] ) .

CÜ. k

/Ys(ir

Wg W W

( W g - W ) / K  Mz

F ig u r e  5 .2  I n c r e a s e  o f  t h e  h o le  w id th  a s  t h e  s a t u r a t i n g  i n t e n s i t y  i s  
i n c r e a s e d  ( a f t e r  D e m tro d e r  [ 3 1 ] ) .
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D e te c to r
A b s o r p t io n  Cell

F ig u r e  5 .3  S a t u r a t e d  a b s o r p t i o n  s p e c t r o m e te r .  B S -q u a r tz  beam s p l i t t e r  
( u n c o a t e d ) .

From L a ser

S am p le

F i lt e r s

PSD

F ig u r e  5 .4  I n te r m o d u la te d  f l u o r e s c e n c e .  BS-50% beam s p l i t t e r ,
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F ig u r e  5 .5  B en n e t h o l e s ,  t h e  Lamb d ip  and  c r o s s o v e r  r e s o n a n c e  f o r  two 
c o u p le d  t r a n s i t i o n s  (a )T h e  w aves a r e  o f f  r e s o n a n c e  and  th e  p ro b e  beam
a b s o r p t i o n  i s  u n p e r tu r b e d  (b )T h e  Lamb d ip  c o n d i t i o n  f o r  t h e  l i>  -  1j>  
t r a n s i t i o n .  (c )T h e  v e l o c i t y  g ro u p  pumped on  one t r a n s i t i o n  i s  p ro b e d  
o n  t h e  o t h e r  t r a n s i t i o n  r e s u l t i n g  i n  a  c r o s s o v e r  p e a k  ( a f t e r  L ev e n so n  
[ 3 2 ] ) .

Spectrum

F ig u r e  5 .6  C ro s s o v e r  r e s o n a n c e  due to  o p t i c a l  p u m ping . The pump wave 
d e p o p u la te s  one v e l o c i t y  g ro u p  i n  e a c h  o f  two low  l y i n g  s t a t e s .  Atoms 
d e c a y in g  from  th e  u p p e r  l e v e l  p ro d u c e  p e a k s  i n  t h e  v e l o c i t y  
d i s t r i b u t i o n  a t  t h e  v e l o c i t y  c o r re s p o n d in g  to  t h e  h o le  i n  th e  o t h e r  
lo w e r  s t a t e .  When t h e  p ro b e  wave i s  r e s o n a n t  w i th  a  v e l o c i t y  g ro u p  
w i th  an  i n c r e a s e d  p o p u l a t i o n ,  th e  a b s o r p t i o n  i s  i n c r e a s e d  and  an  
i n v e r t e d  c r o s s  o v e r  p e a k  r e s u l t s .
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F ig u r e  5 .7  S c h e m a tic  d ia g ra m  show ing  th e  e x p e c te d  s p e c tru m  o f  a  
t u n g s t e n  t r a n s i t i o n  due t o  i s o t o p e  s h i f t  and  h y p e r f i n e  s p l i t t i n g .



,186
,182

- 2 8 5 0  -1 8 3 0  - 8 4 0  0 2 3 4 0

/183

9 6 0

7 / 2
1 9 5 0

5 / 2

183
F ig u r e  5 .8  The s p e c tru m  and  l e v e l  d ia g ra m  f o r  t h e  4 2 6 .9 4  nm W I  
t r a n s i t i o n  ( a f t e r  V re e la n d  and  M urakawa [ 2 2 ] ) .
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F ig u r e  5 .9 ( a )  L iq u id  n i t r o g e n  c o o le d  W h o llo w  c a th o d e  d i s c h a r g e  a s  
u s e d  i n  t h e  p r e s e n t  e x p e r im e n ta l  i n v e s t i g a t i o n .

( Oo

i n

20mm

F ig u r e  5 .9 ( b )  P ro p o s e d  l i q u i d  n i t r o g e n  c o o le d  h o llo w  c a th o d e  
d i s c h a r g e  t o  g iv e  m ore e f f i c i e n t  c o o l in g  o f  th e  c a th o d e .
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F ig u r e  5 .1 0  S a t u r a t e d  a b s o r p t i o n  s p e c tru m  f o r  t h e  d s  S_ -  d sp369_ 
t r a n s i t i o n  a t  2 9 4 .4 4 0  nm i n  WI. A lso  shown i s  t h e  t r a c e  fro m  a  30 cm 
c o n f o c a l  i n t e r f e r o m e t e r  m o n i to r in g  th e  fu n d a m e n ta l  r a d i a t i o n .
D i s t a n c e  b e tw e e n  t h e  p e a k s  c o r r e s p o n d s  to  a  500 MHz s h i f t  i n  t h e  UV 
f r e q u e n c y .
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X)
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5 7 4
F ig u r e  5 .1 1  S a t u r a t e d  a b s o r p t i o n  s p e c tru m  f o r  th e  d s  S^ -  d sp 368^  
t r a n s i t i o n  a t  2 9 4 .6 9 8  nm i n  WI. R e fe re n c e  i n t e r f e r o m e t e r  t r a n s m i s s i o n  
i s  a l s o  show n. D i s t a n c e  b e tw e e n  t h e  p e a k s  c o r r e s p o n d s  to  a  500 MHz 
s h i f t  i n  t h e  UV f r e q u e n c y .



X 294-698 nm

5 0 0  M H z

F ig u r e  5 .1 2  The u p p e r  t r a c e  show s th e  l i n e a r  a b s o r p t i o n  l i n e  p r o f i l e  
o n  th e  2 9 4 .6 9 8  nm t r a n s i t i o n .  The s a t u r a t e d  a b s o r p t i o n  p r o f i l e  i s  
shown i n  th e  lo w e r  t r a c e  f o r  c o m p a r iso n .
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F ig u r e  5 .1 3  H y p e r f in e  s p l i t t i n g s ,  p r e d i c t e d ,  on  t h e  two t r a n s i t i o n s  
a t  2 9 4 . 44nm and  294 .7 0 ru n .
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F ig u r e  5 .1 4  K ing p l o t s .
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A p p en d ix  A 

T he W avem eter

I n t r o d u c t i o n

H igh  p r e c i s i o n  m easu rem en t o f  l a s e r  w a v e le n g th s  u s in g  c o r n e r  cu b e  

i n t e r f e r o m e t e r s  i s  now a  w e l l  e s t a b l i s h e d  t e c h n iq u e  [ 1 ] , [ 2 ] .  The 

i n t e r f e r o m e t e r  i s  a  m o d i f i e d ,  t r a v e l l i n g  M ic h e ls o n  i n t e r f e r o m e t e r .  

Two l a s e r  b eam s, on e  o f  known w a v e le n g th ,  p a s s  i n  o p p o s i t e  d i r e c t i o n s  

a lo n g  t h e  same p h y s i c a l  p a th  w i t h i n  th e  i n t e r f e r o m e t e r  and  t h e i r  

i n t e n s i t i e s ,  a f t e r  i n t e r f e r e n c e ,  a r e  m o n ito re d  s e p a r a t e l y .  As one arm

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

i n t e n s i t y  s i g n a l  o f  c o n s t a n t  f r e q u e n c y  i s  g e n e r a t e d ,  f o r  e a c h  beam . 

The num ber o f  f r i n g e s  f o r  e a c h  w a v e le n g th  c a n  be c o u n te d  o v e r  an y  p a th  

d i f f e r e n c e

d = N X  /2  = N X /2

( A . l )

an d  t h e  unknown w a v e le n g th  c a l c u l a t e d

(A .2 )

w h e re  and  A^ a r e  t h e  r e f e r e n c e  and unknown a i r  w a v e le n g th s ,  

r e s p e c t i v e l y  and  and  a r e  t h e  num ber o f  f r i n g e s  f o r  t h e  r e f e r e n c e  

w a v e le n g th  and  unknown w a v e le n g th  r e s p e c t i v e l y  fo rm ed  i n  d i s t a n c e ,  d .

g
To a c h ie v e  p r e c i s i o n s  o f  1 p a r t  i n  10 an  i o d i n e  s t a b i l i s e d  He-Ne 

l a s e r ,  s t a b l e  t o  1 p a r t  i n  1 0 ^ ^ , i s  u s u a l l y  u se d  a s  th e  r e f e r e n c e  

l a s e r  and  t h e  f r i n g e s  a r e  m u l t i p l i e d  by up to  100 and  p h a se  lo c k e d .  

The l e v e l  o f  s o p h i s t i c a t i o n  r e s u l t i n g  i s  o n ly  j u s t i f i a b l e  w h e re  

a c c u r a t e  m easu rem en t o f  w a v e le n g th s  i s  a  p r im a ry  o b j e c t i v e  o f  th e  

r e s e a r c h .  I n  a p p l i c a t i o n s  w h e re  a  dye l a s e r  w a v e le n g th  i s  to  be tu n e d
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o n to  a  D o p p le r  b ro a d e n e d  a to m ic  o r  m o le c u la r  t r a n s i t i o n ,  a s  h e r e ,  an  

a c c u r a c y  o f  1 p a r t  i n  10^ i s  s u f f i c i e n t .  A much s im p le r  in s t r u m e n t  

c a n  m eet t h i s  r e q u i r e m e n t .  Such a  s i n g l e  c o r n e r  cu b e  i n t e r f e r o m e t e r  

i s  d e s c r ib e d  h e r e .

By u s in g  a  p r e s e t  num ber o f  p u l s e s  from  t h e  unknown w a v e le n g th  

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

p o s s i b l e  t o  o b t a i n  e l e c t r o n i c a l l y  a  d i r e c t  r e a d o u t  o f  th e  unknown 

w a v e le n g th .  A p r e s e t  c o u n t  c a n  b e  c a l c u l a t e d ,  t a k in g  a c c o u n t  o f

d i s p e r s i o n  i n  a i r ,  t o  g iv e  a  d i r e c t  r e a d in g  o f  t h e  fu n d a m e n ta l  dye

l a s e r  w a v e le n g th  o r  se c o n d  h a rm o n ic  g e n e r a te d  from  i t ,  w h i le  u s in g  th e

fu n d a m e n ta l  l a s e r  beam i n  t h e  w av em ete r i n t e r f e r o m e t e r  to  g e n e r a t e  th e

i n t e r f e r e n c e  f r i n g e s .  The e l e c t r o n i c  c i r c u i t s  d e s ig n e d  to  a c h ie v e  

t h i s  a r e  d e s c r i b e d .

The I n t e r f e r o m e t e r

( A l l i s t e r  I  F e rg u s o n  and  K a r l  W ic k e r t  ( K a i s e r s l a u t e r n )  a r e  

c r e d i t e d  w i th  much o f  t h e  d e s ig n  and  c o n s t r u c t i o n  o f  t h e  m e c h a n ic a l  

a p p a r a t u s . )

The p r a c t i c a l  w av em ete r i s  show n, a p p r o x im a te ly  t o  s c a l e ,  i n  

f i g u r e s  1 and  2 .  The o p t i c a l  l a y o u t  i s  g iv e n  s c h e m a t ic a l l y  i n  

f i g u r e  3 .  The r e f e r e n c e  l a s e r  i s  a  s i n g l e  f r e q u e n c y ,  t h e r m a l ly  

s t a b i l i s e d  He-Ne la s e r (L U 1 2 ,  B a r r  and S tro u d  L t d . )  [ 3 - 6 ] ,  s t a b l e  to  

IMHz. The w av em ete r b a s e  i s  a  150mm w ide a lu m in iu m  g i r d e r .  Two 20mm 

d ia m e te r  s t e e l  ro d s  s u p p o r te d  ab o v e  t h i s  p ro v id e  t h e  t r a c k  on w h ich  

t h e  c o r n e r  cu b e  c a r r i e r ( C C C ) , m ounted  on b a l l  r a c e s ,  t r a v e l s .  The 

w av em ete r b a s e  i s  r a i s e d  and  s u p p o r te d  a t  one end  so  t h a t  a  l i n e a r  

r a t h e r  th a n  c lo s e d  lo o p  c o n n e c t io n  b e tw e en  th e  d r i v e  w h ee l and  CGC c a n



M ethod o f  A lig n m en t

A l l  l a b e l s  r e f e r  to  f i g u r e  3 .

The R e fe re n c e  Beam

P la c e  a  s c r e e n  ( a  p i e c e  o f  a n g le  i r o n  c o v e re d  i n  g ra p h  p a p e r  i s  

i d e a l )  a t  p o i n t  A.

A d ju s t  t h e  p o s i t i o n  o f  t h e  l a s e r  and t h e  t i l t s  o f  Ml and  M2 so

t h a t  th e  beam r e f l e c t e d  from  th e  c o r n e r  cu b e  f a l l s  on  t h e  same s p o t  on

t h e  s c r e e n  a s  t h e  c o r n e r  cu b e  i s  t r a n s l a t e d .  F in e  a d ju s tm e n ts  o f  Ml

an d  M2 a r e  a c h ie v e d  s y s t e m a t i c a l l y  i n  th e  f o l lo w in g  way:

a .  V e r t i c a l  a d ju s tm e n t  -  I f  th e  s p o t  f a l l i n g  on  th e  s c r e e n  d ro p s  

a s  th e  o p t i c a l  p a th  d i f f e r e n c e  i n c r e a s e s  th e n  w i th  th e  s m a l l e s t

-A3

b e  u t i l i s e d .  T h is  c o n n e c t io n  i s  made o f  a  l e n g t h  o f  m a g n e tic  

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

v e l o c i t y  o f  th e  CGC w hen t h e  d i r e c t i o n  o f  t r a v e l  a lo n g  th e  t r a c k  

c h a n g e s .  A r e v e r s i b l e  s y n c h ro n o u s  m o to r (R a y le ig h  I n s t r u m e n ts  MB04 |

5 1 7 6 ) and  g e a rb o x  (MB02 2 0 7 3 ) a r e  u se d  to  d r i v e  th e  GGG a lo n g  th e  

t r a c k  a t  3 .7cm  s  ^ . An a c  r e l a y  (RS 3 4 8 -7 6 2 ) i s  u s e d  i n  c o n ju n c t io n  

w i th  two l e v e r  o p e r a t e d ,  SPDT s w i tc h e s  (RS 3 3 7 -8 6 3 ) ,  one a t  e a c h  end 

o f  t h e  t r a c k ,  t o  ch a n g e  t h e  d i r e c t i o n  o f  m o tio n  o f  t h e  GGG w hen i t  

r e a c h e s  a n  e n d .

The i n t e r f e r o m e t e r  c o n s i s t s  o f  a  c o r n e r  cu b e  r e f l e c t o r  (Edmund 

s c i e n t i f i c ,  0 1 4 1 6 1 ) , b e a m s p l i t t e r s  ( K l in g e r  S c i e n t i f i c ,  num ber 

0 1 4 1 6 1 ) , m i r r o r s  ( E a l i n g ,  num ber 2 3 -5 8 5 3 ) and i r i s  d ia p h ra g m s  ( E a l i n g ,  

num ber 2 2 -3 3 0 5 ) .  B e a m s p l i t t e r  2 i s  m ounted  on a  t r a n s v e r s e  t r a v e l  

s l i d e  ( E a l i n g ,  2 2 -7 6 1 1 ) m ounted  a t  45** to  th e  a x i s  o f  t h e  w a v e m e te r . 

I n t e r f e r e n c e  f r i n g e s  a r e  d e t e c t e d  by HP 5 0 8 2-4220  p in  p h o to d io d e s .
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p a th  d i f f e r e n c e  lo w e r  th e  s p o t  on th e  s c r e e n  w i th  Ml an d  r e s t o r e  

i t s  p o s i t i o n  w i th  M2. C o n v e rs e ly  f o r  t h e  s p o t  r i s i n g ,  r a i s e  i t  a  

s m a l l  am ount w i th  Ml an d  r e s t o r e  w i th  M2.

h .  H o r iz o n ta l  a d ju s tm e n t  -  I f  th e  s p o t  m oves t o  t h e  r i g h t  w i th  

i n c r e a s i n g  p a th  d i f f e r e n c e ,  w i th  th e  c o r n e r  cu b e  c l o s e  to  t h e  

m i r r o r s  s h i f t  t h e  s p o t  a  s m a l l  am ount to  t h e  r i g h t  w i th  Ml and

c o r r e c t  w i th  M2.

C heck t h a t  t h e  beam s e n t e r i n g  and le a v in g  th e  c o r n e r  cu b e  a r e  a t  

t h e  same h e i g h t .

A d ju s t  th e  t i l t  o f  BSl so  t h a t  t h e  r e f l e c t e d  beam i s

a p p r o x im a te ly  h o r i z o n t a l  and  p e r p e n d ic u l a r  t o  t h e  s t r a i g h t  th ro u g h  

beam .

T r a n s l a t e  BS2 u n t i l  t h e  beam s from  BSl and  t h e  c o r n e r  cu b e

o v e r la p  a t  t h e  c o a te d  s u r f a c e  o f  BS2.

A d ju s t  t h e  t i l t  o f  BS2 so  t h a t  th e  two beams o v e r la p  on  b o th

s i d e s  o f  th e  i n t e r f e r o m e t e r  f o r  a t  l e a s t  2m. (A m i r r o r  a t  45** p la c e d  

b e h in d  BS2 f a c i l i t a t e s  t h i s ) .

C i r c u l a r  f r i n g e s  s h o u ld  b e  o b s e rv e d  i n  th e  i n t e r f e r i n g  beam s. 

C heck t h a t  c i r c u l a r  f r i n g e s  a r e  o b s e rv e d  f o r  maximum p a th  

d i f f e r e n c e .  I f  n o t  i t  i s  n e c e s s a r y  to  go th r o u g h  th e  a l ig n m e n t  

p r o c e d u re  a g a in .

N o te  t h a t  a l l  t h e  a l ig n m e n t  a d ju s tm e n ts  a r e  made w i th  t h e  o p t i c a l  

p a th  d i f f e r e n c e  b e tw e e n  th e  two arm s o f  t h e  i n t e r f e r o m e t e r  a t  a  

minimum.

P u t PDl i n  p l a c e  and  c h e c k  t h a t  t h e  a m p li tu d e  o f  t h e  a m p l i f i e d

p h o to d io d e  s i g n a l  d o e s  n o t  v a r y  m ore th a n  i s  c o n s i s t e n t  w i th  th e  

e x p a n s io n  o f  t h e  s p o t  s i z e ,  a s  th e  c o r n e r  cu b e  i s  t r a n s l a t e d .  N o te

th e  r e f e r e n c e  l a s e r  m u st be  s t a b i l i s e d  f o r  t h i s .

A d ju s t  th e  a m p l i f i c a t i o n  so  t h a t  th e  s i g n a l  a m p li tu d e  d o e s  n o t
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ex c e e d  0 .7 V . T h is  i s  n e c e s s a r y  b e c a u s e  th e  s i g n a l  i s  c a p a c i t i v e l y  

c o u p le d  to  a  p o s i t i v e  v o l t a g e  s u p p ly ,  s i g n a l  c o n d i t i o n in g  c i r c u i t .

The Dye L a s e r  Beam

A d ju s t  th e  t i l t  o f  M3 so  t h a t  th e  e x i t i n g  r e f e r e n c e  beam i s  

c e n t r a l i s e d  on  i r i s  P 2 .

P la c e  P I  a b o u t  2m away w i th  t h e  r e f e r e n c e  beam f a l l i n g  c e n t r a l l y  

o n  i t .

A d ju s t  t h e  t i l t s  o f  BS3 and  M4 ( f o l lo w in g  a  s i m i l a r  schem e f o r  

f i n e  a d ju s tm e n ts  a s  t h a t  d e s c r ib e d  a b o v e ) so  t h a t  th e  dye l a s e r  beam 

f a l l s  c e n t r a l l y  on  P I  an d  P 2 . I f  t h i s  a d ju s tm e n t  i s  c a r r i e d  o u t  

c a r e f u l l y  enough  t h e  dy e  l a s e r  beam s h o u ld  be  a u t o m a t i c a l l y  a l i g n e d  

when i t  e n t e r s  th e  w a v em ete r and  c i r c u l a r  f r i n g e s  s h o u ld  be o b s e rv e d  

a t  p o i n t  B.

The i n t e n s i t y  a s  t h e  c o r n e r  cu b e  i s  t r a n s l a t e d  i s  th e n  d e t e c t e d  

by  PD2. The g a in  f o r  t h e  s i g n a l  i s  a d ju s t e d  t o  g iv e  a  s i g n a l  w i th  

a m p l i tu d e  < 0 .7V.

The P r e s e t  C ount

The r e f e r e n c e  vacuum  w a v e le n g th  i s  known and  t h e  unknown vacuum  

w a v e le n g th  i s  g iv e n  by [2 ]

A  “  A r ^  . / Nv a c  r e f , v a c  r e f

(A.3)

T h is  assu m es t h a t  t h e  p a th  d i f f e r e n c e  f o r  b o th  l a s e r  beams i s  

i d e n t i c a l .  The r e f r a c t i v e  in d e x  o f  a i r  i s  d i f f e r e n t  a t  t h e  two 

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

e v e n  when b o th  beam s e x a c t l y  o v e r la p  i n  s p a c e .  C o r r e c t in g  f o r  t h i s  

g iv e s
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^ v a c  r e f , v a c ( ^ r e f / « ) ( : ^ (  A ^ ^ ^ , T , P , F ) / n (  A , ^ , ^ ^ ^ ^ , T , P , F ) )

(A. 4)

n (  A ,T ,P ,F ) = 5 + 1

w h ere

5 = 5  ^ g - f

5 -  6 4 3 2 .8 x 1 0 ” ^ +  (2 9 4 9 8 1 0 x l0 “ \ ^ / ( 1 4 6 x l 0 " \ ^ - l ) )

+ (2 5 5 4 0 x l0 " ’- \ ^ / ( 4 1 x l 0 “ \ ^ “ l ) )  (A i n  nm)

g = ( P ( l + ( 1 . 0 4 9 - 0 .0 1 5 T )P x l0 ’’^ ) ) / ( 7 2 0 . 8 8 2 6 (1 + 0 .0 0 3 6 6 1 T ))

(T i n  "C, P i n  T o r r )  (A .5 )

f  = F ( 0 . 0 6 2 4 x l0 ” ^ -0 .0 0 0 6 8 /A  ^ ) / ( l+ 0 .0 0 3 6 6 T )

F = &F /lOO 
^ max

w h e re  ^ i s  t h e  % h u m id ity  and  F ^^^  i s  th e  s a t u r a t e d  w a te r  v a p o u r  

p r e s s u r e  a t  t e m p e r a tu r e  T , i n  T o r r .

 ̂ a ir< 15°C ,760  Torr) =

\ a i r ( T 'P ' F )  =

(A .6 )

(A .7 )

I t  i s  d e s i r e d  to  o b t a i n  a  d i r e c t  r e a d in g  o f  t h e  unknown

w a v e le n g th .  I f

^ “ ^ref,vac*(^vac'^'^'^)/*(^ref,vac'^'^'^) 
t h e n  a  d i r e c t  r e a d in g  o f  t h e  vacuum , unknown w a v e le n g th  i s  o b ta in e d

A = N v a c  r e f
(A .8)

M ost w a v e le n g th  t a b l e s  l i s t  t h e  w a v e le n g th  i n  a i r  a t  a  p r e s s u r e  o f  760

T o r r  and t e m p e r a tu r e  o f  15 ®C an d  so  to  o b t a i n  t h i s  w a v e le n g th  a s  a

d i r e c t  r e a d in g

N ,  (7 6 0  T o r r ,1 5 * C )  = N /n (A  ,1 5 * 0 ,7 6 0  T o r r )  
a i r  v a c  v ac

(A .9 )

The p r e s e t  c o u n t  v a lu e  f o r  t h e  w a v e le n g th  i n  a i r  u n d e r  t h e s e
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c o n d i t io n s  i s

\ i r  ref ,vac/^ ^ ^ ref,vac '^ '^ *^ )
(A .10)

The p ro g ram  w r i t t e n  to  e v a lu a t e  t h e s e  p r e s e t  c o u n t v a lu e s  i s  

l i s t e d  b e lo w . C a l c u l a t i o n s  o f  t h e  p r e s e t  c o u n t  t o  o b t a i n  th e  s t a n d a r d  

w a v e le n g th  i n  a i r  (T a b le  I )  a r e  t h e  same f o r  w a v e le n g th s  a ro u n d  300nm 

an d  600nm and h e n c e  th e  se c o n d  h a rm o n ic  w a v e le n g th  c a n  b e  o b ta in e d  

u s in g  th e  fu n d a m e n ta l  l a s e r  beam i n  th e  w av em ete r by h a lv in g  t h e  

p r e s e t  c o u n t  f o r  t h e  fu n d a m e n ta l  w a v e le n g th .

The E l e c t r o n i c s

The p r e a m p l i f i e r  c i r c u i t  f o r  th e  p h o to d io d e  s i g n a l  i s  shown i n  

f i g u r e  4 . The o u tp u t  from  t h i s  c i r c u i t  i s  in p u t  to  th e  d e c o u p lin g  

c i r c u i t  i n  f i g u r e  5 [ 7 ] .  The u s e  o f  t h i s  b u f f e r  o v erco m es p ro b le m s  o f  

p r e a m p l i f i e r  i n s t a b i l i t y  c a u s e d  by th e  in p u t  c a p a c i t a n c e  o f  t h e  

t r i g g e r i n g  e l e c t r o n i c s  e t c .  The o u tp u t  from  th e  MC10116 i s  a  s q u a r e  

wave o f  a m p li tu d e  l.O V  s e t  o n  a  dc  l e v e l  o f  4 .0 V . T h is  i s  i n p u t  to  

t h e  c i r c u i t  shown i n  f i g u r e  6 th e  o u tp u t  o f  w h ich  i s  a  t r a i n  o f  TTL 

p u l s e s  s u i t a b l e  f o r  c o u n t in g .

The c i r c u i t  f o r  c o n t r o l l i n g  th e  two c o u n te r s  i s  shown i n

f i g u r e  7 .  T h is  a l lo w s  b o th  t h e  c o u n te r s  t o  be  g a te d  f o r  a  p e r io d  o f

t im e  d e te rm in e d  by t h e  o p e r a t o r  o r  f o r  a  c o u n t  t o  be  s t a r t e d  by th e  

o p e r a t o r  and s to p p e d  when t h e  num ber o f  unknown w a v e le n g th  p u l s e s  

r e a c h e s  th e  p r e s e t  v a l u e .  F ig u r e  8 shows t h e  p r e s e t  c o u n te r  c i r c u i t .  

The e n a b le d  r e f e r e n c e  w a v e le n g th  p u l s e s  a r e  in p u t  a t  p i n  15 o f  th e  

LSD 4029B. The c u r r e n t  c o u n t  i s  c o n s t a n t l y  com pared  w i th  t h e  p r e s e t

c o u n t  and when th e y  c o i n c i d e  a  p u l s e  i s  o u tp u t  from  p in  3 o f  th e
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MSD 40085B. T h is  p u l s e  s to p s  t h e  c o u n t .  The t im e  d e la y  b e tw e e n  

p r e s e t  b e in g  r e a c h e d  and  t h e  c o u n t  b e in g  s to p p e d  l e a d s  to  on e  e x t r a  

p u l s e  b e in g  c o u n te d  and  t h i s  i s  t a k e n  i n t o  a c c o u n t  i n  s e t t i n g  th e  

p r e s e t  c o u n t .  The r e f e r e n c e  c o u n te r  i s  a  s im p le  d e c a d e  c o u n te r  

c i r c u i t  shown i n  f i g u r e  9 .

The c o u n te r  c i r c u i t s  w e re  p ro d u c e d  p h o t o g r a p h i c a l ly ,  t h e  p r e s e t  

c o u n te r  b e in g  a  d o u b le  s id e d  PCB and t h e  r e f e r e n c e  c o u n te r  s i n g l e  

s i d e d .  C o p ie s  o f  th e  g r a p h ic s  l a y o u t s  f o r  th e  b o a r d s  a r e  shown i n  

f i g u r e s  10 & 1 1 .
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22uF

•luF
4-7k  -1 |1 M 3130

4 2 7 0 kP30pFH P -5 0 8 2 -4 2 2 0

5 0 0 k

F ig u r e  4 P h o to d io d e  s i g n a l  p r e a m p l i f i e r ,

MC 10116
1

IN °--------
2 x 1  uF"t-

OUT

270

(+5V)

F ig u r e  5 C i r c u i t  f o r  d e c o u p l in g  th e  p r e a m p l i f i e r  s t a g e  fro m  th e  
c o u n t in g  s t a g e .

+5V

+5V

IN B C Y 7 0
470

220
1 /2  7413

F ig u r e  6 T r i g g e r i n g  c i r c u i t .
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T a b le  I  

P r e s e t  C ount

P ressu re= »760  T o r r

R e f e r e n c e  W a v e le n g th = 6 3 2 .9 9 1 6 im

H uniidity=100%

T / ®C L a s e r  /ran M (vac) M ( a i r , s t d . ) M (sh)

1 5 .0 2 5 0 .0 0 0 0 6 3 3 .0 0 7 3 6 3 2 .8 1 6 5 3 1 6 .4 0 8 2
1 5 .0 3 0 0 .0 0 0 0 6 3 3 .0 0 1 1 6 3 2 .8 1 6 6 3 1 6 .4 0 8 3
1 5 .0 3 5 0 .0 0 0 0 6 3 2 .9 9 7 6 6 3 2 .8 1 6 6 3 1 6 .4 0 8 3
1 5 .0 4 0 0 .0 0 0 0 6 3 2 .9 9 5 5 6 3 2 .8 1 6 5 3 1 6 .4 0 8 3
1 5 .0 4 5 0 .0 0 0 0 6 3 2 .9 9 4 1 6 3 2 .8 1 6 6 3 1 6 .4 0 8 3
1 5 .0 5 0 0 .0 0 0 0 6 3 2 .9 9 3 1 6 3 2 .8 1 6 6 3 1 6 .4 0 8 3
1 5 .0 5 5 0 .0 0 0 0 6 3 2 .9 9 2 4 6 3 2 .8 1 6 6 3 1 6 .4 0 8 3
1 5 .0 6 0 0 .0 0 0 0 6 3 2 .9 9 1 8 6 3 2 .8 1 6 6 3 1 6 .4 0 8 3
2 0 .0 2 5 0 .0 0 0 0 6 3 3 .0 0 7 0 6 3 2 .8 1 6 2 3 1 6 .4 0 8 1
2 0 .0 3 0 0 .0 0 0 0 6 3 3 .0 0 0 9 6 3 2 .8 1 6 4 3 1 6 .4 0 8 2
2 0 .0 3 5 0 .0 0 0 0 6 3 2 .9 9 7 6 6 3 2 .8 1 6 5 3 1 6 .4 0 8 3
2 0 .0 4 0 0 .0 0 0 0 6 3 2 .9 9 5 4 6 3 2 .8 1 6 5 3 1 6 .4 0 8 2
2 0 .0 4 5 0 .0 0 0 0 6 3 2 .9 9 4 1 6 3 2 .8 1 6 6 3 1 6 .4 0 8 3
2 0 .0 5 0 0 .0 0 0 0 6 3 2 .9 9 3 1 6 3 2 .8 1 6 6 3 1 6 .4 0 8 3
2 0 .0 5 5 0 .0 0 0 0 6 3 2 .9 9 2 4 6 3 2 .8 1 6 6 3 1 6 .4 0 8 3
2 0 .0 6 0 0 .0 0 0 0 6 3 2 .9 9 1 9 6 3 2 .8 1 6 7 3 1 6 ,4 0 8 3
2 5 .0 2 5 0 .0 0 0 0 6 3 3 .0 0 6 7 6 3 2 .8 1 5 9 3 1 6 .4 0 7 9
2 5 .0 3 0 0 .0 0 0 0 6 3 3 .0 0 0 6 6 3 2 .8 1 6 1 3 1 6 .4 0 8 1
2 5 .0 3 5 0 .0 0 0 0 6 3 2 .9 9 7 3 6 3 2 .8 1 6 3 3 1 6 .4 0 8 1
2 5 .0 4 0 0 .0 0 0 0 6 3 2 .9 9 5 4 6 3 2 .8 1 6 4 3 1 6 .4 0 8 2
2 5 .0 4 5 0 .0 0 0 0 6 3 2 .9 9 4 0 6 3 2 .8 1 6 5 3 1 6 .4 0 8 3
2 5 .0 5 0 0 .0 0 0 0 6 3 2 .9 9 3 0 6 3 2 .8 1 6 5 3 1 6 .4 0 8 2
2 5 .0 5 5 0 .0 0 0 0 6 3 2 .9 9 2 3 6 3 2 .8 1 6 5 3 1 6 .4 0 8 2
2 5 .0 6 0 0 .0 0 0 0 6 3 2 .9 9 1 8 6 3 2 .8 1 6 6 3 1 6 .4 0 8 3



PROGRAM SET
c * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

d im e n s io n  fm (3 )
COMMON F ,G ,A ,B ,G ,D ,E ,H ,H 1 ,G 1  
OPEN(UNIT=1, NAME»'SETCNT^, TYPE= 'NEW") 

100 F O R M A T ( 2 0 x ,f 5 .1 ,5 x ,f 8 .4 ,3 ( 5 x ,f 8 .4 ) )
f m ( l ) = I 2 .7 8 8  
fm (2 )= 1 7 .5 3 5  
fm (3 )» 2 3 .7 5 9  
P »760 . 
d o  3 m = l,3  
t » 1 0 .+ r e a l ( m ) * 5 .
L=100
f= * re a l( l)* fm (m )  /lOO 
G 1 » 1 .+ ( .0 0 3 6 6 1 * T )
G 3»720.8826*G 1
G2»P * ( 1 .  + ( 1 .0 4  9 - ( . 015*T ) ) * P * 1 . E -6 )
G=G2/G3
A =6432 .8E -8
B = 2 9 4 9 8 1 0 .E -1 4
C = 146 .E -6
D = 2 5540 .E -14
E = 4 1 .E -6
H = .0624E -6
H l» 6 . 8E-4
x = 6 3 2 .9 9 1 6
CALL REFRAC(X,RN1,D5)

G X i s  th e  vacuum  r e f e r e n c e  w a v e le n g th  
DO 1 K » 2 5 0 ,6 0 0 ,5 0  
Y»REAL(K)
CALL REFRAC(Y,RN4,D4) 

c Y i s  th e  vacuum  m e a su re d  w a v e le n g th  
RM1=X*(RN4/RN1)
RM2=RM1/(D4)
rm 3=rm 2/2
w r i t e ( l , 1 0 0 ) t ,y , r m l , r m 2 ,r m 3  

1 CONTINUE
3 c o n t in u e

CLOSE(UNIT»1)
END

Q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * A * * * * *

SUBROUTINE REFRAC(Q,RN,D1)
^ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

COMMON F ,G ,A ,B ,C ,D ,E ,H ,H 1 ,G 1
z= Q *q
D2»A+(( B *Z )/ ( C *Z -1) ) + ( (D * Z )/(E * Z -1 ) )
F 1 = ((H -(H 1 /Z )) /G 1 )* F
RN=1.+D2*G+F1
D l= l.+ D 2
RETURN
END
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A p p e n d ix  B

S t a b i l i t y  R e g io n  C a l c u l a t i o n s  -  C om puter P ro g ram s

S ee s e c t i o n  2 .4  f o r  a  d e t a i l e d  d i s c u s s i o n  o f  how to  c a l c u l a t e  th e  

s t a b i l i t y  r e g io n s  f o r  t h e  t a n g e n t i a l  and s a g i t t a l  p l a n e s  o f  t h e  380D 

c a v i t y .

PROGRAM STABCONT -  T h is  p ro g ram  c a l c u l a t e s  th e  s p o t  s i z e  f o r  th e  j e t  

an d  c r y s t a l  f o c i  i n  b o th  t h e  t a n g e n t i a l  and  s a g i t t a l  p l a n e s ,  f o r  

c a v i t y  r e d u c t i o n s  a b o u t  t h e  j e t  and  c r y s t a l  r e s p e c t i v e l y .

PROGRAM TANJACR -  T h is  p ro g ram  i s  u se d  to  c a l c u l a t e  t h e  w a i s t  

p o s i t i o n s  r e l a t i v e  to  Ml an d  M3, i n  th e  c a v i t y .  T h is  v e r s i o n  

c a l c u l a t e s  th e  w a is t  p o s i t i o n s  f o r  th e  t a n g e n t i a l  p la n e  u s in g  c a v i t y  

r e d u c t i o n s  a b o u t  t h e  j e t  and  c r y s t a l .  O th e r  v e r s io n s  do t h e  same f o r  

t h e  s a g i t t a l  p l a n e  o r  f o r  r e d u c t i o n s  o f  th e  c a v i t y  a b o u t  o t h e r  r e g io n s  

i n  t h e  c a v i t y .

The tw o -d im e n s io n a l  c o n to u r  p l o t s  f e a t u r e d  i n  s e c t i o n  2 .4  w e re  

g e n e r a te d  from  th e  d a t a  f i l e s  p ro d u c e d  by th e  ab o v e  p ro g ram s u s in g  th e  

SURFACE g r a p h ic s  p a c k a g e .



Program STAHCONT

common dl2,dl3,d23 ,wjef.2,wcrys2 
common/one/f10,£20,f30
common/two/rnj,rna,rnc,rnr,rlj,rla,rlc,rlr,rJ,ra,rc,rr,d2,d5 
common/three/£1,f2,£3,fol,£o2,fo3 

c Input all quantities in centimetres 
rn.1=l. 43 
rna=l.5 
rnc^l.52 
rnr=l.5 
type 320

320 formate' Input the lengths of the jet,ast.comp.,xtal &rhomb'$) 
accept *,rlj,rla,rlc,rlr 
type *,rlj,rla,rlc,rlr 
type 330

330 formate' Input the separation between the jet & ast.comp.'$) 
accept *,d2 
type 340

340 format(' Input the separation between the xtal & rhomb '$) 
accept *,d5 
ang“ .992546 
angl=.90965274 
rj=rlj/rnj 
ra«rla/rna 
rc=rlc/rnc 
rr=rlr/rnr

c £1,£2,£3 are the focal lengths of equivalent lenses for 
c the curved mirrors in the Spectraphysics 380D ring cavity.

£10=1.75 
£20=5.0 
£30=11.4 

c The tangential focal lengths: 
fl=flO*angl 
£2=f20*ang 
£3=£30*ang 

c The sagittal focal lengths: 
fol=£10/angl 
£o2=£20/ang 
fo3=£30/ang

c dl2,dl3,d23 are the separations of the mirror pairs, 
c

open(tinit=3,name='focdat",type='new') 
cTranslating 111 in .25mm steps 
C And translating M3 in 2.mm steps 

do 1 1=0,40 
d23=30.5+real(i)/5. 
do 2 J=0,40 
dl2=7.9+real(j)/40. 
d13=77.6+real(i)/5.+real(j)/40. 
call calcspot 
call spot 

2 continue
1 continue

end
c

subroutine calcspot

common dl2,dl3,d23,wjet2,wcrys2 
common/onc/f10,f20,f30 

c First calculate the ARCD matrix for evaluating the jet focus 
all=l. 
al2=-l/fl0 
a21=dl3 
a22=l-dl3/flO 
bll=all-(l/f30)*a21 
bl2=al2-(l/f30)*a22
c21=d23*bll+a21 3
c22=d23*bl2H-a22 i
ell=bll-(l/f20)*c21 1
el2=bl2-(l/f20)*c22 I
fjet=-I/el2 J
pjetl=(l-ell)/el2 |
pjct2=(l-c22)/el2 j
djet=dl2-pjetl-pjet2 
sjet=djet*(4*fjet-djet)/4 
wjetl=djet/2+pjet2
wjet2=djet/2+pjetl s



c Evaluating the focus at the auxiliary waist 
gll=l. 
gl2=~l/f20 
g2l=dl2 
C22=l-dl2/f20 
hll=gll-g21/fl0 
hl2=gl2-g22/flO 
p2l=dl3*hll+g21 
p22=dl3*hl2+g22 
qll=hll-p21/f30 
qI2=hl2-p22/f30 
fcrys=-l/ql2 
pcrysl=(l-qll)/ql2 
pcrys2=(l-p22)/ql2 
dcrys=d23-pcrysl-pcrys2 
scrys=dcrys*(4*fcrys-dcrya)/4 
wcrys2=dcrys/2+pcrys2 
wcrys3=»dcrys/2+pcrysl 
end

subroutine spot

common dl2,dl3,d23,wjet2,wcrys2
common/ two/ rn j, r na, rnc, rnr, r 1,), r la, rlc, rlr, r j , ra, rc, rr, d2, dS
common/three/fl,f2,f3,fol,fo2,fo3
d7=dl3
dl=wjet2-(rlj/2) 
d6=wcrys2-(rlc/2) 
d4=d23-(d6+d5+rlc+rlr) 
d3=dl2-(d2+dl+rlj+rla)

c The calculations for the jet in the tangential plane 
a33=l/rnj 
a34=dl*rnj 
a43=-l/(fl*rnj) 
a44=rnj-dl*rnj/fl 
b33=a33+(d7*a43) 
b34=a34+d7*a44 
b43=a43-b33/f3 
b44=a44-b34/f3 
c33=b33+d6*b43 
c34=b34+d6*b44 
c43=*b43/rnc 
c44=b44/rnc 
c33=c33*rnc 
c3 4=c34*rnc 
e33=c33+rc*c43 
e34=c34+rc*c44 
e33=e33/rnc 
e34=e34/rnc 
e43=c43*rnc 
e44=c44*rnc 
f33=e33+d5*c43 
f34=e3 4+d5*e44 
f33=f33*rnr 
f34=£34*rnr 
f43=e43/rnr 
f 44=e44/rnr 
g33=f33+rr*f43 
g34=f3 4+rr*f44 
g33=g33/rnr 
g3 4=g34/rnr 
g43=f43*rnr 
g44=f44*rnr 
h33=g33+d4*g43 
h34=g34+d4*g44 
h43=g43-h33/f2 
h44=g44-h34/f2 
p33=h33+d3*h43 
p34=h3 4+d3*h 44 
p33=p33*rna 
p34=p34*rna 
p43=h43/rna 
p44=h44/rna 
q33=p33+ra*p43 
q34=p34+ra*p44 
q33=q33/rna 
q34=q34/rna 
q43=p43*rna 
q44=p44*rna 
r33=q33+d2*q43 
r34=q34+d2*q44 
r43=q43/rnj 
r44=q44/rnj 
r33=r33*rnj 
r3 4=r34*rnj 
fjet=-l/r43 
pjetl=rnj*(l-r44)/r43 
p jer,2=rnj*(l-r33)/r43 
djet=(rlj-pjetl-pjet2)/rnj 
3jetl=djet*(4*fjet-djet)/4 
wjet3=(rlj+pjet2-pjetl)/2 
wjet4=(rlJ-pjet2+pjetl)/2



c Calculations for the crystal in the tangential 
a55=l/rnc 
a56=cl5*rnc 
a66=rnc 
a65=0. 
a55=a55*rnr 
a56=a56*rnr 
a65=afi5/rnr 
a66=a66/rnr 
b55=a55+rr*a65 
b56=a56+rr*a66 
b55=b55/rnr 
b56=b56/rnr 
b55=‘a65*rnr 
b66=a66*rnr 
c55=b55+d4*b65 
c56=b56+d4*b66 
c65=b65-c55/f2 
c66=b66-c56/f2 
e55=c55+d3*c65 
e56=c56+d3*c66 
e55=e55*rna 
e56=e56*rna 
e65=c65/rna 
e66=c66/rna 
f55=e55+ra*e65 
fS6=e56+ra*e66 
fS5=f55/rna 
f56=f56/rna 
f65=e65*rna 
f66=c66*rna 
855=f55+f65*d2 
g56=f56+f66*d2 
055=g55*rnj 
g56=g56*rnj 
g65=f65/rnj 
g66=f66/rnj 
h55=g55+rj*g65 
h56=g56+rj*g66 
h55=h55/rnj 
h56=h56/rnj 
h65=g65*rnj 
h66=g66*rnj 
p55=h55+dl*h65 
p56=ii56+dl*h66 
p65=h65“p55/f1 
p66=h66-p56/fl 
q55=p55+p65*d7 
q56=p56+p66*d7 
q65=p65-q55/f3 
q66=p66-q56/f3 
r55=q55+dfi*q65 
r56=q56+d6*q66 
r55=r55*rnc 
r56=r56*rnc 
r65=q65/rnc 
r66=qf>6/rnc
if(rlc.le.O.)then rnc=l. 
fcrys=-I/r65 
pcrysl=rnc*(l-r66)/r65 
pcrys2=rnc*(l-r55)/r65 
dcrys=(rlc-pcrysl“pcrys2)/rnc 
scrysl=dcrys*(4*fcrys-dcrys)/4 
wcrys3=(rlc-pcrysl+pcrys2)/2 
wcrys 4=(rlc+pcrysl-pcrys2)/2 
rnc=l.52
type*,sjetl,r33,r44,scrysl,r55,r66

plane

c The calculations for the jet in the sagittal plane 
a33=l. 
a34=dl 
a43=-l/fol 
a44=l-dl/fol 
b33=a33+(d7*a43) 
b3 4=a34+d7*a44 
h43=a43-b33/fo3 
b44=>a44-b34/fo3 
c33=b33+df)*b43 
c34=b34+d6*b44 
c43=b43 
c44=b44 
e33=c33+rc*c43 
c3 4=c3 4+rc*c44 
e43=c43 
e44=c44 
f33=e33+d5*e43 
f34=e34+d5*e44 
f43=e43 
f 44=e44
g33=f33+rr*f43 
g3 4=f34+rr*f44 
g43=f43 
g44=f 44 
h33=g33+d4*g43 
h34=g34+d4*g44 
h43=g43-h33/fo2 
h 44=g44-h34/fo2 
p33=h33+d3*h43 
p34=h34+d3*h44 
p43=h43 
p44=h44 
q33=p33+ra*p43 
q34=p34+ra*p44 
q43=p43 
q44=p44 
r33=q33+d2*q43 
r34=q34+d2*q44 
r44=q44 
r 43=q43 
fjet=-l/r43 
pjetl=rnj*(l-r44)/r43 
pjet2=rnj*(l-r33)/r43 
djet=(rlj-pjetl-pjet2)/rnj 
sjet2=djet*{4*fjot-djet)/4 
wjet5=(rlj+pjet2-pjetl)/2 
Vjet6={rlj-pjet2+pjetl)/2 

400 format(4 fl5.9)
c
c Calculations for the crystal in the sagittal plane 

a55=l. 
a56=d5 
a66=l. 
a65=0.
b55=a55+rr*a65
b56=a56+rr*a66
c55=b55+d4*a65
c56=b56+d 4*a66
c65=a65-c55/fo2
c66=a66-c56/fo2
e55=c55+d3*c65
e56=c55+d3*c66
f55=e55+ra*c65
f56=e56+ra*c66
g55=f55+c65*d2
g5f)=f56+c66*d2
h55=g55+rj*c65
h56=g56+rj*c66
p55=ii55+dl*c65
p56=h56+dl*cf)6
p65=c65-p55/fol
p66=c66-p56/fol
q55=p55+p65*d7
q56=p56+p66*d7
q65=p65-q55/fo3
q66=p66-q56/fo3
r55=q55+df)*q65
r55=q56+d6*q66
r65=q65
r66=q66
if(rlc.le.O.O) then rnc=l. 
fcrys=-l/r65 
pcrysl=rnc*(l“r60)/r65 
pcrysZ=rnc*(l-r55)/r65 
dcrys=(rlc-pcrysl-pcrys2)/rnc 
scrys2=dcrys*(4*fcrys-dcrys)/4 
wcrys5=(rlc+pcrys2-pcrysl)/2 
wcrys6=(rlc+pcrysl-pcrys2)/2 
rnc=1.52
wrltc(3,400)r jetl,s jet2.scrysl,scrysZ 

500 end



Program TAMJACR

common dl2,dl3,d23,wjet2,wcrya2 
common/one/f10,f20,f30
common/two/rnj,rna,rnc,rnr,rlj,rla,rlc,rlr,rj,ra,rc,rr,d2,d5 
common/three/fl,f2,f3,fol,fo2,fo3 

c Input all quantities in centimetres 
rnj=l.43 
rna=l.5 
rnc=l.52 
rnr=l.5 
type 320

320 formate Input the lengths of the jet,ast.comp.,xtal &rhomb'$) 
accept * ,rlj,rla,rlc,rlr 
type *,rlj,rla,rlc,rlr 
type 330

330 format(' Input the separation between the jet & ast.comp.'$) 
accept *,d2 
type 340

340 format(' Input the separation between the xtal & rhomb '$) 
accept *,d5 
ang=.992546 
angl“ .9096527 4 
rj=rlj/rnj 
ra»rla/rna 
rc=rlc/rnc 
rr=rlr/rnr

c fl,f2,f3 are the focal lengths of equivalent lenses for 
c the curved mirrors in the Spectraphysics 380D ring cavity, 

f10=1.75 
f20=5.00 
f30=U.4 

c The tangential focal lengths: 
fl=flO*angl 
f2=f20*ang 
f3=f30*ang

c dl2,dl3,d23 are the separations of the mirror pairs, 
c

open(unit=l,name='wajacr',type='new') 
c Translating M3 in 2 mm steps 
cTranslating Ml in .25mm steps 

do 1 1=0,40 
d23=30.5+real(I)/5. 
do 2 J=0,40 
dl2=7.9+real(J)/40. 
dl3=77.6+real(I)/5.+real(J)/40. 
call calcspot 
call spot 

2 continue
1 continue

end

subroutine calcspot

common dl2,dl3,d23,wjet2,wcrys2 
common/one/f10,f20,f30 

c First calculate the ABCD matrix for evaluating the jet focus 
atl=l. 
al2=-l/flO 
a21=dl3 
a22=l-dl3/flO 
bll=all-(l/f30)*a21 
bl2=al2-(l/f30)*a22 
c21=d23*bll+a21 
c22=d23*bl2+a22 
ell=bll-(l/f20)*c21 
el2=bl2-(l/f20)*c22 
fjet=-l/el2 
pjetl=(l-ell)/cl2 
pjet2={I-c22)/el2 
djet=dl2-pjetl-pjet2 
sJet=djet*(4*fjet-dJet)/4 
wjotl=d jet/2+pJet2 
wjet2=dJet/2+pjetl

c
c Evaluating the focus at the auxiliary waist 

gll=l. 
gl2=-l/f20 
g2l=dl2 
g22=l-dl2/f20 
hll=gll-g2l/flO 
hl2=gl2-g22/fl0 
p21=dl3*hll+g21 
p22»dl3*hl2+g22 
qll=hll-p21/f30 
ql2=hl2-p22/f30 
fcrys=-l/ql2 
pcrysl=(l-qll)/ql2 
pcrys2=(I-p22)/ql2 
dcrys=d23-pcrysl-pcrys2 
scrys=dcrys*(4*fcrys-dcrys)/4 
wcrys2=dcrys/2+pcrys2 
wcrys3=dcrys/2+pcrysl



c****************************************************************
subroutine spot<.*»•<************************************************************** 
common dl2,dl3,d23,wjet2,wcrys2
common/two/rnj,rna,rnc,rnr,r1j,rla,rlc,rlr,rj,ra,rc,rr,d2,d5
common/three/fl,f2,f3,fol,fo2,fo3
d7=dl3
dl=wjet2-(rlj/2) 
d6=wcrys2-(rlc/2)

c
c The calculations for the jet in the tangential plane 

dll=dl 
d61=d6 
do 5 M=1,2
d31=dl2-(dll+d2+rlj+rla) 
d41=d23-(d61+d5+rlc+rlr) 
a33=l/rnj 
a3A=dll*rnj 
a43=-l/(fl*rnj) 
a44=rnj-dll*rnj/fl 
b33=a33+(d7*a43) 
b34=a34+d7*a44 
b43=a43-b33/f3 
b44=*a44-b3 4/f3 
c33=b33+d61*b43 
c34=b34+d61*b44 
c43=b43/rnc 
c44=b44/rnc 
c33=c33*rnc 
c34=c34*rnc 
e33=c33+rc*c 43 
e3 4=c34+rc*c44 
e33=e33/rnc 
e34=e34/rnc 
e43=c43*rnc 
e44=c44*rnc 
f33=o33+d5*e43 
f34=e34+d5*e44 
f33=f33*rnr 
f34=f34*rnr 
f 43=e43/rnr 
fA4=e44/rnr 
g33=f33+rr*f43 
g34=f34+rr*f44 
g33=g33/rnr 
g34=g34/rnr 
g43=f43*rnr 
g44=f44*rnr 
h33=g33+d41*g43 
h34=g3 4+d41*g44 
h43=g43-h33/f2 
b44=g44-h34/ f2 
p33=h33+d31*h43 
p34=h34+d31*h44 
p33=p33*rna 
p34=p34*rna 
p43=h43/rna 
p44=h44/rna 
q33=p33+ra*p43 
q34=p34+ra*p44 
q33=q33/rna 
q34=q34/rna 
q43=p43*rna 
q 44=p44*rna 
r33=q33+d2*q43 
r34=q34+d2*q44 
r43=q43/rnj 
r44=q44/rnj 
r33=r33*rnj 
r3 4=r34*rnj 
fjet=-l/r43 
pjetl=(l-r44)/r43 
pjet2=(l-r33)/r43 
djet=(rlj-pjetl-pjet2) 
sjetl=djet*(4*fjet-djet)/4 
wjet4=(rlj+pjetl-pjet2)/2 
dll=wjet4+dll-(rlj/2)

c Calculations for the crystal in the tangential plane 
d31=dl2-(dll+d2+rlj+rla) 
d41=d23-(d6l+d5+rlc+rlr) 
a55=l/rnc 
a56=d5*rnc 
a66=rnc 
a65=0. 
a55=rnr*a55 
a56=a56*rnr 
a66=a66/rnr 
a65=a65/rnr 
bS5=a55+rr*a65 
b56=a56+rr*a66 
b55=b55/rnr 
b56=b56/rnr 
b65=a65*rnr 
b66=a65*rnr 
c55=b55+d4l*b65 
c56=b56+d41*b56 
c65=b65-c55/f2 
c66=b66-c56/f2 
e55=c55+d31*c65 
e56=c56+d31*c66 
e55=o55*rna 
e56=e56*rna 
e65=c65/rna 
e66=c66/rna 
f55=e55+ra*e65 
f56=e56+ra*c56 
f55=C55/rna 
f56=£56/rna 
f65=e65*rna 
f66=e65*rna 
g5S=f55+f65*d2 
g56=f56+ffi6*d2 
g55=g55*rnj 
g55=g56*rnj 
g65=f65/rnj 
g66=f66/rnj 
Ii55=g55+rj*g65 
h5f)=g56+rj*g66 
h55=h55/rnj 
h56=li56/rnj 
h65=g65*rnj 
h6f)=g66*rnj 
p55=h55+dll*h65 
p56=h56+dll*!i66 
p65=h65-p55/fl 
p66=h66-p56/Cl 
q55=p55+p65*d7 
q56=p56+p66*d7 
q65=p65-q55/f3 
q66=p66-q56/f3 
r55=q55+d6l*q65 
r56=q56+df»l *q66 
rS5=r55*rnc 
r56=r56*rnc 
r65=q65/rnc 
r6f>=q66/rnc 
fcrys=-l/r65 
pcrysl=<l-r66)/r65 
pcrys2=( l-r55)/rf>5 
dcrys=(rlc-pcrysl-pcrys2) 
scrysl=dcrys*(4*fcrys-dcrys)/4 
wcrys3=(rlc-pcrysI+pcrys2)/2 
d61=d61+wcrys3-rlc/2 

5 continue
wrlte(l,300)dll+rlJ/2,s jetl,d61+rlc/2,scrysl 

300 format(4 fl2.6)
500 end
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A lig n m e n t  P r o c e d u r e  f o r  I n c o r p o r a t i n g  th e  F r e q u e n c y  D o u b l in g  E le m e n ts

1 .  W ith  t h e  9.4% t r a n s m i t t i n g  o u t p u t  c o u p l e r  (TOC) a s  M4, a l i g n  t h e  

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

i n s t r u c t i o n s  i n  t h e  S p e c t r a - P h y s i c s  380D m a n u a l ,  e x c e p t  rem ove t h e  

s t a n d a r d  a s t i g m a t i s m  c o m p e n s a to r  and e n s u r e  M3 i s  t h e  h i g h  UV 

t r a n s m i t t i n g  m i r r o r .

2 .  R educe  t h e  Ar pump power t o  2W.

3 .  R e p la c e  t h e  9.4% TOC w i t h  t h e  0.14% TOC. Use t h e  UDT PINIO-UVCAL 

p h o t o d i o d e ,  p l a c e d  b e h in d  a  1% NDF, t o  m o n i to r  t h e  fu n d a m e n ta l  p o w e r .

4 . Screw t h e  q u a r t z  c o m p e n s a t in g  rhomb o n to  t h e  r o t a r y  s t a g e  n e a r e s t

t h e  j e t .

5 .  P l a c e  t h e  c r y s t a l  o v e n ,  w i t h  t h e  a p e r t u r e  f o r  t h e  c r y s t a l  

a p p r o x im a te ly  p a r a l l e l  t o  t h e  b a s e  p l a t e ,  on  t o  t h e  s e c o n d  r o t a r y  

s t a g e .

6 .  C o n n ec t  t h e  c r y s t a l  o v en  t o  t h e  t e m p e r a t u r e  c o n t r o l  b o x .

7 .  R o t a t e  t h e  c r y s t a l  o v e n  a b o u t  i t s  a x i s  t o  r e c o v e r  o v e r l a p  o f  t h e

f l u o r e s c e n t  s p o t s  on  m i r r o r  M3.

8 .  R e o p t im i s e  t h e  f o c u s  o f  M2. P l a c e  a  c a r d  a b o u t  9"  b e h in d  t h e  |  

f u n d a m e n ta l  o u t p u t  c o u p l e r  and m in im is e  t h e  s i z e  o f  t h e  s p o t  f rom  M3 

by  t r a n s l a t i n g  M2 away from  t h e  j e t .

9 .  E a s in g  s h o u ld  be a c h i e v e d  by a d j u s t i n g  t h e  t i l t  o f  M2. O p t im is e



B3 -

t h e  fu n d a m e n ta l  pow er by s m a l l  a d j u s t m e n t s  o f  M3, M4 and  . Check

t h a t  t h e  l a s e r  i s  o p e r a t i n g  s i n g l e  mode.

1 0 .  Check t h e  beam p a t h  t h r o u g h  t h e  q u a r t z  c o m p e n s a t in g  rhom b. I f  

t h i s  i s  n o t  p a r a l l e l  t o  t h e  s i d e s  o f  t h e  rhomb t h e n  t h e  r e l a t i v e  

o r i e n t a t i o n  o f  t h e  c r y s t a l  and  rhomb i s  n o t  op tim um . I n  t h i s  c a s e  s e e  

s t e p  15 .

1 1 .  R o t a t e  t h e  c r y s t a l  a b o u t  i t s  a x i s  by a  s m a l l  am ount i n  a  n o t e d  

d i r e c t i o n ,  u n t i l  l a s i n g  i s  j u s t  a b o u t  e x t i n g u i s h e d .  R e o p t im i s e  pow er 

b y  t i l t i n g  M2 f o l l o w e d  by M3 an d  M4. I f  t h e r e  i s  an  im p rovem en t i n  

t h e  f u n d a m e n ta l  power c o n t i n u e  t o  r o t a t e  t h e  c r y s t a l  o v en  i n  t h i s  

d i r e c t i o n  u n t i l  no f u r t h e r  im p rovem en t i s  o b t a i n e d .  I f  t h e r e  i s  a  

r e d u c t i o n  i n  t h e  power r o t a t e  t h e  o ven  i n  t h e  o p p o s i t e  d i r e c t i o n ,  

i t e r a t i v e l y ,  u n t i l  maximum pow er i s  o b t a i n e d .  The o p t i m i s e d  power 

s h o u l d  n o t  be  l e s s  t h a n  80% o f  t h a t  m easu red  i n  s t e p  2 .

1 2 .  S e l e c t  p h a s e  m a tch  t e m p e r a t u r e  and s w i t c h  on  h e a t e r .

1 3 .  R o t a t e  t h e  BRF t o  o b t a i n  p h a s e  m a tc h .  M easu re  t h e  ÜV g e n e r a t e d  by 

p l a c i n g  PIN 100-UVCAL p h o t o d i o d e  b e h in d  a  UV f i l t e r .  M ax im ise  t h e  

m e a su re d  pow er by r o t a t i n g  t h e  d u a l  g a l v o - p l a t e s  ( u s i n g  t h e  s c a n  

p o s i t i o n  c o n t r o l  on t h e  381 e l e c t r o n i c s  b o x ) .  A UV pow er o f  3 -7  mW 

o b t a i n e d  a t  t h i s  p o i n t  i s  a c c e p t a b l e .

1 4 .  A d j u s t  t h e  pump pow er t o  a c h i e v e  t h e  d e s i r e d  UV p o w e r .

1 5 .  The a d j u s t m e n t  t o  a c h i e v e  optimum r e l a t i v e  o r i e n t a t i o n  o f  t h e  

c r y s t a l  and  rhomb i s  b e s t  made by m in im is in g  t h e  l a s e r  t h r e s h o l d .  

R o t a t e  t h e  rhomb u s i n g  t h e  r o t a t i o n a l  a d j u s t m e n t  o f  i t s  s t a g e ,  by a  

s m a l l  am oun t.  Then  r o t a t e  t h e  rhomb t o  r e - e s t a b l i s h  l a s i n g .  I f  t h e
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t h r e s h o l d  h a s  b e e n  r e d u c e d  c o n t i n u e  t o  r o t a t e  t h e  c r y s t a l  i n  t h e  same 

d i r e c t i o n .  O th e r w i s e  r o t a t e  i t  i n  t h e  o p p o s i t e  d i r e c t i o n .  The a n g l e  

on  t h e  c r y s t a l  r o t a t o r y  s t a g e  i s  u s u a l l y  116* f o r  optimum r e l a t i v e  

o r i e n t a t i o n  o f  t h e  c r y s t a l  and  rhom b. R e t u r n  t o  s t e p  1 1 .
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F i g u r e  1 S c h e m a t ic  d ia g ra m  o f  t h e  b a s e  p l a t e  w i t h  t h e  c r y s t a l  and  
rhomb p o s i t i o n i n g  d e v i c e s  show n. T h i s  p l a t e  i s  s c rew ed  to  t h e  c a v i t y  
i n v a r  r o d s  u s i n g  a  ' V '  and  p l a n e  f o r  l o c a t i o n .  The d o u b l e - a x i s  
t r a n s l a t i o n  s t a g e s  a r e  E a l i n g  number 3 5 -1718  and  t h e  m i n i a t u r e  r o t a r y  
s t a g e s  a r e  E a l i n g  num ber 3 5 - 1 7 4 2 .
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A p p e n d ix  G

3
C om pute r P ro g ram s  Used i n  A n a ly s in g  H elium  2 S M e t a s t a b l e  D e n s i t i e s

1 .  CREHEL

T h i s  p rog ram  c a l c u l a t e s  t h e  m e t a s t a b l e  d e n s i t y  from  t h e  a b s o r p t i o n

m e a su re m e n ts  t a k e n  from  c h a r t  r e c o r d i n g s .  A l i n e a r  c o r r e c t i o n  i s  made 

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

Two v a l u e s  o f  t h e  m e t a s t a b l e  d e n s i t y  a r e  o b t a i n e d ,  one  f o r  e a c h  s i d e  

o f  t h e  l i n e  p r o f i l e .  ^

2 .  BROWNE6

3
T h i s  p ro g ram  c a l c u l a t e s  t h e  2 S m e t a s t a b l e  d e n s i t y  from  e q u a t i o n  ( 3 . 6 )  

when a l l  r a t e  c o e f f i c i e n t s  a r e  p r o v i d e d .

3 .  DETGAMl

F o r  e a c h  e x p e r i m e n t a l l y  d e t e r m in e d  m e t a s t a b l e  d e n s i t y  t h i s  p ro g ram

c a l c u l a t e s  t h e  r a n g e  o f  a  v a l u e s  r e q u i r e d  t o  m a tch  t h e  r a n g e  o f  y

- 9  3 -1  -7  3 -1
v a l u e s  5 X 10 cm s t o  1 x  10 cm s  , f o r  u s e  i n  p ro g ram  LASTHE.

4 . LASTHE
3

The 2 S m e t a s t a b l e  d e n s i t y  i s  c a l c u l a t e d  from  e q u a t i o n  ( 3 . 6 )  a s  and  

y a r e  s t e p p e d  i n  v a l u e ,  by  s m a l l  i n c r e m e n t s ,  w i t h i n  t h e  r a n g e s  

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

e x p e r i m e n t a l  v a l u e  t o  be f i t t e d ,  i s  c a l c u l a t e d .  I n i t i a l l y  a  l i m i t  i s  

s e t  f o r  a  maximum o f  t h i s  d i f f e r e n c e  and o f  t h e  s e t  o f  a and y p a i r s  

l e a d i n g  t o  a  m e t a s t a b l e  d e n s i t y  w h ich  s a t i s f y  t h i s ,  t h e  one  w i t h  t h e  

minimum o f  t h i s  d i f f e r e n c e  i s  w r i t t e n  to  a  f i l e .
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5 . COLEXCOA

T h is  p ro g ram  u s e s  t h e  b e s t  v a l u e  o f  Y > o b t a i n e d  by t h e  f i t t i n g  

p r o c e d u r e  o u t l i n e d  i n  s e c t i o n  3 . 4 ,  and t h e  e x p e r i m e n t a l  m e t a s t a b l e  

d e n s i t y  d a t a  t o  c a l c u l a t e  t h e  v a l u e  o f  a .

6 .  COMDOP

The d a t a  f o r  f i g u r e s  3 , 1  and  3 . 2  w e re  g e n e r a t e d  by t h i s  p ro g ra m .



c***********************************************
PROGRAM CREHEL

Q ***********************************************
C To c r e a t e  a  f i l e  o f  a b s o r p t i o n  m easu rem en ts  fro m  
c l i n e a r  a b s o r p t i o n  d a t a  and  t o  c a l c u l a t e  t h e  
c D o p p le r  w i d t h  o f  t h e  a b s o r p t i o n  c o e f f i c i e n t  and  
c t h e  t r i p l e t  m e t a s t a b l e  d e n s i t i e s .

o p en  ( u n i t = l ,  n a m e ^ 'h e l a " , type=*"new') 
c o n s t = 3 . 2 1 3 e l2  

c c o n s t = s q r t ( p i / l n 2 ) * G l / G u * ( 8 p i / 2 ( l a m b d a * * 2 * A u l )  
c f o r  A u l= 3 .1 e 6  p e r  s e c .  

t y p e  200
200 f o r m a t ("  I n p u t  t h e  p r e s s u r e  and # o f  d a t a  p o i n t s  ^$) 

a c c e p t * , p , j
w r i t e ( l , 5 0 ) p , j  
do 1 1 = 1 , j  

t y p e  250
250 f o r m a t ( "  I n p u t  I , v l , v 2 , v 3 , v 4 , v 5 , v 6 , d w  ' $ )

a c c e p  t * , r i , v l , v 2 , v 3 , v 4 , v 5 , v 6 , dw 
c  dw i s  t h e  f u l l  w i d t h  a t  h a l f  maximum o f  t h e  a b s o r p t i o n  
c p r o f i l e  f ro m  w h ic h  t h e  D o p p le r  w i d th  o f  t h e  a b s o r p t i o n  
c  c o e f f i c i e n t  may be d e d u c e d .

r t l = ( v 2 * v 4 ) / ( v l * v 5 )  
r t 2 = 0 . 5 * r t l + 0 . 5  
r t 3 = ( v 2 * v 6 ) / ( v 3 * v 5 )  
r t 4 = 0 . 5 * r t 3 + 0 , 5
r k o l = ” ( l / 2 . 3 ) * l o g ( r t l )
r k o 2 = - ( l / 2 . 3 ) * l o g ( r t 2 )
r k o 3 = - ( l / 2 . 3 ) * l o g ( r t 3 )
r k o 4 = - ( l / 2 . 3 ) * l o g ( r t 4 )
r l = r k o 2 / r k o l
x = a l o g ( r l )
y=—1 .0 * x
d w l = ( 1 . 6 6 5 * d w / 2 ) / ( s q r t ( y ) )
r n l = r k o l * d w l * c o n s t
r 2 = r k o 4 / r k o 3
x = a l o g ( r 2 )
y = - l . 0 * x
d w 2 = ( l . 6 6 5 * d w / 2 ) / ( s q r t ( y ) )  
rn 2 = rk o 3 * d w 2 * c o n s t  
w r i t e ( 1 , 1 5 0 ) , r i , d w ,d w l , dw2, r n l , m 2  

1 c o n t i n u e
150 f o r m a t ( f 5 . 1 , 3  f 6 . 2 , 2  e l 3 . 3 )

50 f o r m a t ( f 6 . 3 , i 3 )  
c l o s e ( u n i t = l )  
end

$



c**********************************************
p ro g ra m  BROWNE6

c**********************************************
c C a l c u l a t i n g  H e(23S ) m e t a s t a b l e  atom d e n s i t i e s  
c u s i n g  t h e  m odel d e v e lo p e d  by Dunn & Browne 

o p e n ( u n i t “ l , n a m e = 'm e t a ' , t y p e = 'n e w " )  
o p e n ( u n i t = 2 , n a m e = 'c e d " , t y p e = ^ o l d " )

100 f o r m a t ( f 8 . 5 )
200 f o r m a t ( 3  f 9 . 4 , f l 0 . 4 , 6  ( l x , e l 2 . 6 ) )
300 f o r m a t ( 3  f 9 . 4 )

ty p e  450
450 f o r m a t e '  a l p h a = x l * ( E / p - x 2 ) , i n p u t  x l  & x2 ' $ )

a c c e p t * , x l , x 2  
do 3 K = l ,5  
t y p e  400

400 f o r m a t ( '  I n p u t  t h e  p r e s s u r e  ' $ )
a c c e p t * , p  
w r i t e ( l , 1 0 0 ) p  
do 1 1 = 1 ,8  
r e a d ( 2 , 3 0 0 ) r i , e p , d w  
a l p h a = x l * ( e p “ x 2 ) 
t = ( ( d w / ( 7 . 1 6 * 1 0 1 8 .6 e - 4 ) ) * * 2 ) * 4  
r n o = 3 . 5E16 *P *(3  0 0 / 1 ) 
r n e = l . e l l * r i / e p  
t a u = 3 . 0 e 4 / p  
d e l t a = 1 . 5 e - 9
gam m a=4.2e-9
b = (tau + g am m a* rn e )
a = d e l t a
c = -  a lp h a *  r  no* r  n e  
r n m l = ( - b + s q r t ( b * * 2 - 4 * a * c ) ) / ( 2 * a )  
w r i t e ( l , 2 0 0 ) r i , e p , d w , t , a l p h a , g a m m a , r n e , r n o , r n m l  

1 c o n t i n u e  
3 c o n t i n u e

c l o s e ( u n i t = l )  
c l o s e ( u n i t = 2 )  
end



c**********************************************
p ro g ra m  DETGAMl

c**********************************************
c  C a l c u l a t i n g  H e (2 3 S )  m e t a s t a b l e  atom  d e n s i t i e s  

DIMENSION E R R (2 0 ) , rm (8 ) ,g a m m a l(2 0 )  
o p e n ( u n i t = l , n a m e = 'm e t a ' , t y p e = 'n e w " )  
o p e n ( u n i t = 2 , n a m e = ' c e d ' , t y p e = ' o l d ' )

100 f o r m a t ( f 8 . 5 )
460 FORMAT(10 ( F 9 . 5 ) )
465 f o r m a t ( e l 6 . 8 )
200 f o r m a te s  f 9 . 4 , f l 0 . 4 , 6  e i x , e l 2 . 6 ) )
300 f o r m a t é s  f 9 . 4 , f 7 . 3 )

t y p e  450
450 f o r m a t e '  a l p h a = x l * e E / p ~ x 2 ) , i n p u t  x l  & x2 ' $ )

a c c e p t * , x l , x 2  
do 7 n = l ,2 0
g a m m a i e n ) = ( r e a i e n ) / 2 . ) * l . e - 8  

7 c o n t i n u e
400 fo r m a te iO  e l O .3 )

do 2 1 = 1 ,5  
t y p e  150 

150 f o r m a t e '  P r e s s u r e = ?  ' $ )
a c c e p t * ,p  
do 1 1 = 1 ,8
r e a d e 2 , 3 0 0 ) r i , e p , d w , r m ( I )  
a l p h a = x l* e  e p - x 2 ) 
r i n c = a l p h a / 1 0 .
t = e e d w / ( 7 . 1 6 * 1 0 1 8 .6 e - 4 ) ) * * 2 ) * 4  
rn o = 3 .5 E 1 6 * P * e S 0 0 / t )  
r n e = l . e l l * r i / e p  
t a u = 3 . 0 e 4 / p
d e l t a = l . 5 e -9  
do 6 k = - 5 ,5
a l p h a l = a l p h a + r e a i e K ) * r i n c  
do 9 m = l ,2 0  
b= e ta u + g a m m a l(m )* rn e ) 
a = d e l t a
c = - a l p h a 1*r n o * r n e
r n m l = e ~ b + s q r t e b * * 2 - 4 * a * c ) ) / e2 * a )
e r r e m ) = r m e i ) - e r n m l / l . e l 2 )

9 c o n t i n u e
w r i t e ( l , 4 6 5 ) a l p h a l  
w r i t e ( l , 4 6 0 ) e e r r e J ) , J = 1 ,2 0 )

6 c o n t i n u e
1 c o n t i n u e
2 c o n t i n u e

c l o s e e u n i t = l )  
c l o s e è u n i t = 2 )  
end



c * * * * * * * * A * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

p ro g ram  IASTHE 
(2* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

c C a l c u l a t i n g  H e(23S) m e t a s t a b l e  atom  d e n s i t i e s  
o pe n ( u n i  t = l , name='me t a ' , t y p e = '  n e w ') 
o p e n ( u n i t = 2 , n a m e = ' c e d ' , t y p e = ' o l d ' )

100 f o r m a t e f 8 . 5 )
460 FORMATe5 E 1 6 .8 )
200 f o r m a te s  f 9 . 4 , f l 0 . 4 , 6  e ^ x , e l 2 . 6 ) )
300 f o r m a te s  f 9 . 4 , f 7 . 3 )

d o  3 N=1, 5  
t y p e  450

450 f o r m a t e '  a lp h a m in ,a lp h a m a x =  ? ' $ )
a c c e p t * , x l , x 2  
r i n c = e x 2 - x l ) / 5 0  
t y p e  470

470 f o r m a t e '  max a l l o w e d  d i f f  ' $ )  
a c c e p t * , r l i m  
e r r o r = r l i m  
t y p e  150 

150 f o r m a t e '  Pressure®*? ' $ )
a c c e p t * ; p  
w r i t e e i , 1 0 0 )p  
do 1 1 = 1 ,8
r e a d e Z , 3 0 0 ) r i , e p , d w , r r a
w r i t e e i , 3 0 0 ) r i , e p , d w , r m
t= e  e d w /(1 . 1 6 * 1 0 1 8 . 6 e - 4 ) )* * 2 )* 4
rn o = 3 .5 E 1 6 * P * e S 0 0 / t )
r n e = l . e l l * r i / e p
t a u = 3 . 0 e 4 /p
d e l t a = l . 5 e -9
do 6 k = 0 ,5 0
a l p h a = x l + r e a l C R ) * r i n c
e r r o r = r l i m
do 9 m = 4 ,1 0 0 ,4
gam m a=reaieM )* 1 . e - 9
b= e tau+gamma* r n e )
a = d e l t a
c = - a lp h a *  rn o *  r n e  
r n m l = e - b + s q r t e b * * 2 - 4 * a * c ) ) / eZ*a) 
e r r = r m ~ e r n m l / 1 . e l 2 )  
i f e a b s e e r r ) . I t . r l i m ) t h e n

i f e a b s e e r r ) , l t . a b s e e r r o r ) ) t h e n  
e r r o r = e r r  
a l p h a l = a l p h a  
gammal=gamma 
rnm=rnml 

end  i f  
end  i f  

9 c o n t i n u e
i f e e r r o r . n e . r l i m ) w r i t e e i , 4 6 0 ) a l p h a l , g a m m a l , r n m , e r r o r  

6 c o n t i n u e  
1 c o n t i n u e  

3 c o n t i n u e
c l o s e e u n i t = l ) 
c l o s e e u n i t = 2 )  
end



c**********************************************
p ro g ra m  COLEXCOA

c**********************************************
c  C a l c u l a t i n g  t h e  m e t a s t a b l e  e x c i t a t i o n  c o e f f .  f o r  |
c g r o u n d s t a t e - e l e c t r o n  c o l l i s i o n s  |

o p e n ( u n i t = l , n a m e = 'm e t a ' , t y p e = 'n e w " ) |
o p e n ( u n i t = 2 , n a m e = ' c e d ' , t y p e = ' o l d " ) |

100 f o r r a a t ( f 8 . 5 )  *!
200 f o r m a te s  f 9 . 4 , f l 0 . 4 , 5  e i x , e l 2 . 6 ) )  j
300 f o r m a te s  f 9 . 4 , f 6 . 1 )  J

do 3 K = i ,5  :i
t y p e  400 |

400 f o r m a t e '  I n p u t  t h e  p r e s s u r e  ' $ )  |
a c c e p t * , p j
w r i t e e i , 1 0 0 ) p  |
t y p e  450 j

450 f o r m a t e '  I n p u t  gamma ' $ )  |
a c c e p t * , gamma #
ty p e  4 60 j

460 f o r m a t e '  A l p h a = x l * e E /p - x 2 ) ,  i n p u t x l  & x2 ' $ )  1
a c c e p t * , x l , x 2  I
do 1 1=1, 8 "I
r e a d e 2 , 3 0 0 ) r i , e p , d w , r n m  ^
rn m = rn m * l .e l2  ‘|
t= e  e dw/ e 7 .1 6 * 1 0 1 8 .  6 e -4  ) ) **2 ) *4 'j
r n o = 3 .5 E 1 6 * P * e S 0 0 / t )  |
r n e 1 = 1 .e 11* r i / e p
t a u = 3 . 0 e 4 / p  :}
d e l t a = l . 5 e -9  |
a l p h a = x l* e e p - x 2 )
rn e = e  e t a u + d e l t a * r n m ) * r n m ) /e  a lp h a *  rno-gamma* rnm) |
w r i t e e i , 2 0 0 ) r i , e p , d w , t , r n m , g a m m a ,a l p h a , r n e l , r n e  J

1 c o n t i n u e  J
3 c o n t i n u e  |

c l o s e e u n i t = l ) |
\ c l o s e e u n i t = 2 )  |

end i
'î



c******************************************
c PROGRAM COMDOP
c******************************************

d i m e n s i o n  B ( 1 0 ) , C ( 1 0 ) , D ( 6 ,5 0 1 )  
common d e l 2 , d
o p e n ( u n i t = l , n a m e = 'c d o p ' , t y p e = 'n e w ' ) 
t y p e  100

100 f o r m a t e '  Temperature®*? ' $ )
a c c e p t  * ,T  
t y p e  200

200 f o r m a t e '  No. o f  f i n e  s t r u c t u r e  components*®? ' $ )
a c c e p t  * ,num  
ty p e  300

300 f o r m a t e '  A to m ic  weight**? ' $ )
a c c e p t  * ,A  
t y p e  350

350 f o r m a t e '  S h i f t  f r e q .  and  i n t e n s i t y  r a t i o s  f o r  c o m p o n e n t s ' )
400 f o r m a t e '  F r e q .  s h i f t = ?  ' $ )
500 f o r m a t e '  In ten s i ty ® * ?  ' $ )

do  1 1 = 1 ,num
ty p e  400 
a c c e p t  * , h e i )  
t y p e  500 
a c c e p t  * , c e i )

1 c o n t i n u e  
ty p e  800

800 f o r m a t e '  C e n t r e  frequency®*? ' )
a c c e p t  * , v
d e l = 7 . 1 6 * v * l . e 5 * e s q r t e T / A ) ) * l .  2 
d e l 2 = d e l * d e l  

900 f o r m a t e i 5 , 3  f l 2 . 4 )  
do  3 j = l , num 
c a l l  d o p p e j , b e j ) , c e j ) )

3 c o n t i n u e
do 4 k = l , 5 0 1
d e 4 , K ) = d e i , k ) + d e 2 , k ) + d e 3 , K )

4 c o n t i n u e  
comp=0.
do  5 k = l , 5 0 1
i f e d e 4 , k ) . g t . c o m p )  t h e n
com p= de4 ,k )
no=k-251
en d  i f

5 c o n t i n u e
c a l l  d o p p e 5 , r e a i e n o ) j c o m p )  
do 7 k = l , 5 0 1  
dee,k)=de5,k)-de4,k)

7 c o n t i n u e
do 6 k = l , 5 0 1
w r i t e e i , 9 0 0 )  k-251,de4,k),de5,k),de6,k)

6 c o n t i n u e
end

c
s u b r o u t i n e  d o p p e i , w , a i n t )  
common d e l2 ,D  
d i m e n s i o n  o e ô , 501) 
do  5 k = l , 5 0 1  
r k = r e a i e K ) - 2 5 1 .
D e i , k ) = a i n t * e x p e  e - 4 * e 4 * e r k - w ) ) * * 2 * l . e l 4 ) / d e l 2 )  

c F re q u e n c y  b e i n g  s t e p p e d  i n  40 MHz i n t e r v a l s  
c  T h e r e f o r e  s c a n  i s  o v e r  r a n g e  -lOGHz t o  +10  GHz 

5 CO n t i n u e  
r e t u r n  
end



A p p e n d ix  D

Change i n  t h e  E l e c t r o n  D e n s i t y  i n  a  D i s c h a r g e

To r e l a t e  t h e  m e a s u re d  ch a n g e  i n  t h e  v o l t a g e  a c r o s s  a  b a l l a s t  

r e s i s t o r  i n  s e r i e s  w i t h  a  d i s c h a r g e  t u b e ,  t o  t h e  ch an g e  i n  t h e  

c u r r e n t ,  when u s i n g  a  c o n s t a n t  v o l t a g e  s u p p l y ,  i t  i s  n e c e s s a r y  t o  

i n c l u d e  t h e  e f f e c t  o f  t h e  c h a n g in g  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  due

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

t h e  f i g u r e .

V

We h av e

and

V = iR +  V 
o T

1 = An

w h ere  A i s  t h e  c r o s s  s e c t i o n a l  a r e a  o f  t h e  d i s c h a r g e ,  n^ i s  t h e  

e l e c t r o n  d e n s i t y ,  e t h e  e l e c t r o n i c  c h a rg e  and  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 .  The d r i f t  v e l o c i t y  i s  w e l l  a p p r o x im a te d  by a  l i n e a r  

f u n c t i o n  o f  E /p

% D -  CV?

Thus we h av e

V = RAn eus 
R e  D

and  t h e  d i f f e r e n t i a l  o f  t h i s  i s

dV
R

RAe(u dn +  n 6u ) 
D e  e D



-D2-

R e a r ra n g e m e n t  and  s u b s t i t u t i o n  g i v e

(1)

B u t we h av e

and

OVg “ = -CS-Vĵ

S u b s t i t u t i n g  t h i s  e x p r e s s i o n  i n t o  e q u a t i o n  ( 1 )  and  r e a r r a n g i n g  g i v e s

The m easu red  c h a n g e  i n  v o l t a g e  a c r o s s  t h e  b a l l a s t  r e s i s t o r  c o r r e s p o n d s  

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

a c r o s s  t h e  t u b e  i s  (3 0 5 + 6 )V f o r  t h e  c u r r e n t  r a n g e  2 .5-22m A , f o r  a  

p r e s s u r e  o f  1 .5  T o r r  i n  t h e  n eo n  p o s i t i v e  co lum n u n d e r  s t u d y  i n  

C h a p te r  4 .  The pow er s u p p l y  v o l t a g e  i n c r e a s e s  from  9 0 0 -3 0 0 0  V t o  

s u p p l y  t h i s  c u r r e n t  r a n g e .  Thus t h e  f r a c t i o n a l  c h a n g e  i n  m u s t  be 

m u l t i p l i e d  by a  c o r r e c t i o n  f a c t o r  b e tw e en  3 and  10 t o  o b t a i n  t h e  

f r a c t i o n a l  ch a n g e  i n  e l e c t r o n  d e n s i t y .  F o r  a  c u r r e n t  o f  5mA and  

p r e s s u r e  o f  1 .5  T o r r  t h i s  c o r r e c t i o n  g i v e s  a b o u t  a  2% c h a n g e  i n  t h e  

e l e c t r o n  d e n s i t y .



- E l -

A p p e n d ix  E

M ethod o f  S o lv i n g  Neon P o s i t i v e  Column R a te  E q u a t i o n s

The r a t e  e q u a t i o n s  d e s c r i b i n g  t h e  I s ^ , I s ^ ,  I s ^  and  2p^ l e v e l  

p o p u l a t i o n s  i n  a  n e o n  p o s i t i v e  colum n a r e  g i v e n  i n  s e c t i o n  4 . 5 . 1 .  

When t h e  l a s e r  i s  o f f  a l l  t e rm s  i n  B ( v ) I  v a n i s h .  The s t e a d y  s t a t e  

s o l u t i o n s  w i t h  t h e  l a s e r  on  o r  o f f  a r e  o b t a i n e d  by e x p r e s s i n g  a l l  t h e

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

f o l l o w s  :

From e q n . ( 4 . 6 )  = f^ (N ^ )

t h e n  from  e q n . ( 4 . 5 ) N =* fL(N _) = f_ (N _ )
d  Z O J  D

t h e n  from  e q n . ( 4 . 4) = f^ ( N ^ )  = f^ (N ^ )

t h e n  from  e q n . ( 4 . 3 )  = ^6^^5^

The r e s u l t i n g  e x p r e s s i o n  i s  s o l v e d  f o r  w h ich  i s  t h e n  s u b s t i t u t e d

i n t o  t h e  o t h e r  e x p r e s s i o n s  t o  o b t a i n  N^, and N^. Once t h e  s t e a d y  

s t a t e  v a l u e s  a r e  known t h e s e  c a n  be u se d  a s  i n i t i a l  c o n d i t i o n s  f o r  

o b t a i n i n g  t h e  t im e  r e s o l v e d  b e h a v i o u r .  S t a r t i n g  w i t h  t h e  s t e a d y  s t a t e

s o l u t i o n  w i t h  t h e  l a s e r  o f f  and  g i v i n g  B ( v ) I  a  non  z e r o  v a lu e ,  t h e

i n c r e m e n t  i n  i s  o b t a i n e d  from

and  i s  a p p r o x im a te d  by

dN^ = ( f ^ ) d t

A n . = ( f  )A t 
1 1

w h e re  s u i t a b l e  i n c r e m e n t s  At a r e  c h o s e n  by t r i a l  and  e r r o r .  The 

p ro g ram s  u s e d  t o  g e n e r a t e  t h e  r e s u l t s  p r e s e n t e d  i n  c h a p t e r  4 a r e  

l i s t e d  b e lo w .  P ro g ram  UNE g i v e s  t h e  p o p u l a t i o n  d e n s i t y  a s  a  f u n c t i o n  

o f  B ( v ) I .  P ro g ram  ÜNINEOG g i v e s  t h e  p o p u l a t i o n  d e n s i t i e s  a s  a  

f u n c t i o n  o f  t im e  a s  t h e  l a s e r  i s  s w i t c h e d  o f f .  P rog ram  UNINEOGON 

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

s w i t c h e d  o n .



program UNE

c Model f o r  n eo n  o p t o g a l v a n l c  e f f e c t  i n c l u d i n g  
c t h e  r a d i a t i v e  l e v e l s  i n  t h e  I s  g r o u p .

d o u b le  p r e c i s i o n  a l p h a 3 , a l p h a 4 , a l p h a 5 , a l p h a 6 , a 6 2 , a 6 3 , a 6 4 , a 6 5  
d o u b le  p r e c i s i o n  b i , g l , g 2 , g 3 4 , g 4 5 , g 5 7 , g 3 7 , g 6 7 , b e t a  
d o u b l e  p r e c i s i o n  r n o , r n e , r n 3 , r n 4 , r n 5 , r n 6 , 0 , P , Q , R , S , T , U , V , W  
d o u b l e  p r e c i s i o n  A , B , G , a 4 0 , x l , x 2 , x 3 , r n 7 , r 3 0 , r 5 0 , r 4 0  
open (U N IT = l, n a m e ^ 'u n e o g " , ty p e = " 'n e w ')  
a6 2 = 2 .2 5 d 7  
a63=*l. 46d7 
a6 4 = 5 .6 1 d 6  
a6 5 = 1 .1 5 d 7  
a 4 0 = l . 30d4 
b e t a - 9 . d “ 10 
r n o = 3 . 2 2 d l6  
gl«5dO 
g2=3.dO 
g 6 7 = 2 .d -8  
g 3 7 = 6 .d -9  
g57= 6 .d~9  
g 3 4 = 0 .d 0  
g4 5 = 0 .d 0  
t a u 3 = 5 .d 3  
t a u 5 = 5 .d 3  
t y p e  50

50 f o r m a t e '  I n p u t  a l p h a ô - t h e  e x c . c o e f f  f o r  2p2 ' $ )
a c c e p t * , a l p h a 6  
ty p e  100

100 f o r m a t ( '  I n p u t  a l p h a 5 - t h e  e x c . c o e f f  f o r  l s 5  ' $ )
a c c e p t * , a l p h a 5  
t y p e  200

200 f o r m a t e '  I n p u t  a l p h a 3 - t h e  e x c . c o e f f .  f o r  l s 3  ' $ )
a c c e p t * , a l p h a 3  
ty p e  300

300 f o r m a t e '  I n p u t  a l p h a 4 - t h e  e x c . c o e f f .  f o r  l s 4  ' $ )
a c c e p t * , a l p h a 4  
ty p e  400

400 f o r m a t e '  I n p u t  t h e  e l e c t r o n  d e n s i t y  ' $ )
a c c e p t * , r ne 
t y p e  420

420 f o r m a t e '  I n p u t  b3 ' $ )
a c c e p t * , b 3  
b i = 0 .d 0
0 = a lp h a 6 *  r ne* r n o / e  b i*  g 1 / g2+g6 7* rn e+ a5  2+a6 3+a6 4+ a6 5 )
P = b i /e b i* g l /g 2 + g 6 7 * r n e + a 6 2 + a 6 3 + a 6 4 + a 6 5 )
Q = a 6 3 /e g 3 4 * rn e + g 3 7 * rn e + ta u 3 )
R = e a lp h a 3 * r n o * r n e ) / e eg34+ g37 ) * r n e + t a u 3 )
S = a l p h a 4 * r n o * r n e / e a 4 0 + g 4 5 * r n e )
T = e g 3 4 * rn e ) /e & 4 0 + g 4 5 * rn e )
U = a 6 4 /e g 4 5 * rn e + a 4 0 )
A = -b e ta
B=g4 5 * r ne* e T*Q*P+U *P)+e a 6 5 + b i* g 1 / g 2 ) *P~e g 5 7 * rn e + ta u 5 + b i )  
C = ea6 5 + b i* g l /g 2 )*0+ a lpha5*rno*rne+ g45*rne*eT *Q *0+ T *R -H J*0+ S ) 
rn5=e-“B - d s q r t  e B**2dO-4dO*A*C) ')/ { 2dO*A) 
rn4=T*eQ*eP*rn5+0)+R)+S-HJ*eP*rn5-K)) '
rn3=Q *eP*rn5+0 )+R 
rn6=P*rn5-K) 
x l= b e t a * e r n 5 * * 2 .d O )  
x 2 = b 3 * e rn 3 * * 2 .d O )  I
X 3== eg67*rn6+ g37*rn3+ g57*rn5+ g37*rn4)* rne  I
rn 7 = x l+ x 2 + x 3  I
t y p e * , r n 6 , r n 5 , r n 4 , r n 3  I

______________      :______ -J



r4 0 = rn 4  
r30=riî3  
DO 1 1 = 0 ,1 2  
DO 2 J = 2 ,1 0
bl=DFLOAT(J ) * ( 1 0 . D0**DFL0AT(I))
0 = a lp h a 6 * r n e * r n o / ( b i* g l /g 2 + g 6 7 * r n e + a 6 2 + a 6 3 + a 6 4 + a 6 5 )
P = b i / ( b i* g l /g 2 + g 6 7 * rn e + a 6 2 + a 6 3 + a 6 4 + a 6 5 )  
Q = a 6 3 / ( g 3 4 * rn e + g 3 7 * rn e + 2 .d O * ta u 3 )
R = ( a l p h a 3 * r n o * r n e + ta u 3 * r 3 0 ) / ( (g 3 4 + g 3 7 )* rn e + 2 . d 0 * ta u 3 )  
S = a l p h a 4 * r n o * r n e / ( a 4 0 + g 4 5 * r n e )
T = ( g 3 4 * r n e ) / ( a 4 0 + g 4 5 * r n e )
U = a 6 4 /(g 4 5 * rn e + a 4 0 )
A = - b e ta
B=g4 5* rne*(T*Q*P+U*P) + ( a 6 5 + b i * g l / g 2 ) * P - ( g 5 7 * r n e + 2 . d 0 * ta u 5 + b i )  
C = (a6 5 + b i* g l /g 2 )* 0 + a lp h a5 * rn o * rn e+ g 4 5 * rn e* (T * Q * 0 + T * R -H J* 0 + S )  
C=C+tau5* r5  0
rn 5 = ( -B -d sq r t (B * * 2 d O -4 d O * A * C )) /(2dO*A)
rn4=T*( Q* ( P*rn5-K) )+R )+S-HJ*(P * rn5+0 )
rn3=Q *( P*rn5+ 0  )+R
rn 6= P *rn5+ 0
x l = b e t a * ( r n 5 * * 2 .d O )
x 2 = b 3 * ( rn 3 * * 2 .d O )
X 3 = (g 6 7 * rn 6 + g 3 7 * rn 3 + g 5 7 * rn 5 + g 3 7 * rn 4 )* rn e  
r  n7 =xl+x2+x3
WRITS( 1 , 8 0 0 ) b l , RN6, RN5, RN4, RN3, rn7  

2 CONTINUE
1 CONTINUE

800 FORMAT(6 E 1 3 .6 )
c l o s e ( u n i t = l )  
end



program UNINEOG

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

d o u b l e  p r e c i s i o n  a l p h a 3 , a l p h a 4 , a l p h a 5 , a l p h a 6 , a 6 2 , a 6 3 , a 6 4 , a 6 5  
d o u b l e  p r e c i s i o n  b i , g l , g 2 , g 3 4 , g 4 5 , g 5 7 , g 3 7 , g 6 7 , b e t a  
d o u b l e  p r e c i s i o n  r n o , r n e , r n 3 , r n 4 , r n 5 , r n 6 , 0 , P , Q , R , S , T , U , V , W  
d o u b l e  p r e c i s i o n  A , B , C , a 4 0 , t a u 3 , t a u 5 , r 5 0 , r 3 0 , b i g , T A U  
d i m e n s i o n  b i g ( 5 )
common b i , g l , g 2 , g 3 4 , g 4 5 , g 5 7 , g 3 7 , g 6 7 , b e t a , a l p h a 3 , a l p h a 4 , a l p h a 5  
common a 6 2 , a 6 3 , a 6 4 , a 6 5 , a 4 0 , r n o , r n e , 0 , P , Q , R , S , T  
common U , V , W , A , B , C , a l p h a 6 , t a u 3 , t a u 5 , r 5 0 , r 3 0 , t a u , b 3  
o p en (U N IT = l , n a m e = 'u n e o g o n ' , t y p e ® 'n e w ') 
b i g ( l ) = l , d 4  
b i g ( 2 ) = l . d 5  
b i g ( 3 ) = l . d 6  
b i g ( 4 ) = 5 . d 6  
b i g ( 5 ) = l , d 7  
g l= 5 .d O  
g2=3,dO 
a 6 2 = 2 .2 5 d 7  
a 6 3 = l . 46d7 
a 6 4 = 5 . 61d6 
a 6 5 = 4 .7 6 d 7  
a 4 0 = l . 30d4 
b e t a = 9 , d - 1 0  
b 3 = 2 .d -9  
rn o = 3 . 2 2 d l6  
g 6 7 = 2 .d -8  
g 3 7 = 6 .d -9  
g 5 7 = 6 .d -9  
g 3 4 = 0 .d 0  
g 4 5 = 0 .d 0  
t a u 3 = 5 .d 3  
t a u 5 = 5 .d 3  
ty p e  50

50 f o r m a t e '  I n p u t  a l p h a 6 - t h e  e x c . c o e f f  f o r  2p2 ' $ )
a c c e p t * , a l p h a 6  
ty p e  100

100 f o r m a t e '  I n p u t  a l p h a 5 - t h e  e x c . c o e f f  f o r  l s 5  ' $ )  j
a c c e p t * , a l p h a 5  I
t y p e  200

200 f o r m a t e '  I n p u t  a l p h a 3 - t h e  e x c . c o e f f .  f o r  l s 3  '$  ) I
a c c e p t * , a l p h a 3  
t y p e  300

300 f o r m a t e '  I n p u t  a l p h a 4 - t h e  e x c . c o e f f .  f o r  l s 4  ' $ )
a c c e p t * , a l p h a 4  
t y p e  400

400 f o r m a t e '  I n p u t  t h e  e l e c t r o n  d e n s i t y  ' $  )
a c c e p t * , r n e  
t y p e  500

f 500 f o r m a t e '  I n p u t  t a u  ' $ )
a c c e p t * , t a u  

i do 1 1 = 1 ,5
I b i = b i g e i )
I r n 6 = e a lp h a 6 * rn o * r n e ) /e g 6 7 * r n e + a 6 2 + a 6 3 + a 6 4 + a 6 5 )

Q=e a l p h a s  * r n o * r n e ) / e  eg34+g3 7) * rn e + ta u 3 )
■; R = a63/e  e g 3 4 + g 3 7 ) * rn e + ta u 3 )

rn3=Q+R*rn6 
I r3 0 = rn 3
I ■
I



U = a 6 4 /(a 4 0 + g 4 5 * rn e )
S = g 3 4 * rn e / ( a 4 0 + g 4 5*r n e )
T = ( a lp h a 4 * r n o * r n e ) / ( a 4 0 + g 4 5 * r n e )  
rn4=S*rn3+T-HJ*rn6 
A = b e ta
B = ( ta u 5 + g 5 7 * rn e )
C = a lp h a 5  * rn o *  r n e f a b 5* rn6+ g4  5* rn e *  r  n4 
r5 0 = ( -B + d s q r t ( (B * * 2 d 0 )+ 4 d 0 * A * C ) ) / (2 d 0 * A )  
O = a lp h a 6 * rn e * r n o / ( b i* g l /g 2 + g 6 7 * r n e + a 6 2 + a 6 3 + a 6 4 + a 6 5 )
P = b i /  ( b i * g l  /g2 + g 6 7 * rn e+ a6 2 + a6 3 + a6 4 + a6  5)
Q = a 6 3 / ( g 3 4 * r n e + g 3 7 * rn e + 2 .d 0 * ta u 3 )
R = ( a l p h a 3 * r n o * r n e + t a u 3 * r 3 0 ) / ( (g 3 4 + g 3 7 ) * rn e + 2 .d O * ta u 3 )  =
S = ( a l p h a 4 * r n o * r n e ) / (a 4 0 + g 4 5 * rn e )
T = ( g 3 4 * r n e ) / ( a 4 0 + g 4 5 * r n e )
U = a 6 4 /(g 4 5 * rn e + a 4 0 )
A=“ b e t a
B = g 4 5 * rn e * (T * Q * P + U * P )+ (a 6 5 + b i* g l /g 2 ) * P - (g 5 7 * rn e + ta u + ta u 5 + b i )  
C = ( a 6 5 + b i* g l /g 2 )  *0H -alpha5*r no* r  ne+g4 5* rn e *  ( T*Q*0+T*R+1J *0+S )
C =C +tau*r50
rn 5 = ( -B -d s q r t (B * * 2 .d O -4 .d O * A * G )) / ( 2 .d O * A )  
rn4=T *(Q *(P*rn5+0)+R )+S-K J*(P*rn5+0) 
rn3=Q *( P*rn5+0)+ R  
rn 6 = P * rn 5 + 0
c a l l  o f f ( r n 6 , r n 5 , r n 4 , r n 3 )

1 c o n t i n u e  
600 f o r m a t ( 6  e l 5 . 6 )  

c l o s e ( u n i t = l )  
end

s u b r o u t i n e  0 F F ( r 6 , r 5 , r 4 , r 3 )

d o u b le  p r e c i s i o n  a l p h a 3 , a l p h a 4 , a l p h a 5 , a l p h a 6 , a 6 2 , a 6 3 , a 6 4 , a 6 5  
d o u b le  p r e c i s i o n  b i , g l , g 2 , g 3 4 , g 4 5 , g 5 7 , g 3 7 , g 6 7 , b e t a , r 7 7  
d o u b le  p r e c i s i o n  r n o , r n e , r 3 3 , r 4 4 , r 5 5 , r 6 6 , 0 , P , Q , R , S , T , U , V , W  
d o u b le  p r e c i s i o n  A , B , C , a 4 0 , d r 6 , d r 5 , d r 4 , d r 3 , r 7 , r 8 , r 9 , d e l t a , d e l t  
d o u b l e  p r e c i s i o n  t a u 3 , t a u 5 , r 6 , r 5 , r 4 , r 3 , r l 0 , r l l , r 5 0 , r 3 0 , t a u  
common b i , g l , g 2 , g 3 4 , g 4 5 , g 5 7 , g 3 7 , g 6  7 , b e t a , a l p h a 3 , a l p h a 4 , a l p h a 5  
common a 6 2 , a 6 3 , a 6 4 , a 6 5 , a 4 0 , r n o , r n e , 0 , P , Q , R , S , T  
common U ,V ,W ,A ,B ,C ,a lp h a 6 , t a u 3 , t a u 5 , r 5 0 , r 3 0 , t a u , b3 
r6 6 = r6  
r5 5 = r5  
r4 4 = r4  
r3 3 = r3
d e l t a = l , d - 1 2  
do 1 1= 1 ,1 0 0 0 0
d r 6 = ( a lp h a 6 * r n o * r n e - ( g 6 7 * r n e + a 6 2 + a 6 3 + a 6 4 + a 6 5 ) * r 6 6 ) * d e l t a  
d r 5 = ( a l p h a 5 * r  no* r  ne+a6 5 * r 6 6+g 4 5 * r 4 4 * r n e - ( t  au+1 a u  5 )*  r5  5 

1 - g 5 7 * r n e * r 5 5 - b e t a * r 5 5 * * 2 d 0 + t a u * r 5 0 ) * d e l t a
d r4 = ( (a lp h a 4 * rn o H -g 3 4 * r3 3 “ g 4 5 * r 4 4 ) * r n e + a 6 4 * r 6 6 - a 4 0 * r 4 4 ) * d e l t a  
d r 3 = ( ( a l p h a 3 * r n o - ( g 3 4 + g 3 7 ) * r 3 3 ) * r n e + a 6 3 * r 6 6 - 2 .d O * ta u 3 * r 3 3  

1 + t a u 3 * r 3 0 ) * d e l t a
r6 6 = r6 6 + d r6  
r5 5 = r5 5 + d r5  
r4 4 = r4 4 + d r4  
r3 3 = r3 3 + d r3  

1 c o n t i n u e
d e l t = l . d - 8
r77 = b e t a * r5 5 * * 2 .d O + b 3 * r3 3 * * 2 .d O + rn e * ( g 3 7 * ( r3 3 + r 4 4 + r5 5 )+ g 6 7 * r6 6 )  
W r i t e ( l , 3 0 0 ) d e l t , r 6 6 , r 5 5 , r 4 4 , r 3 3 , r 7 7  
d e l t a = l . d - 1 1



do 2 J = l , 4  
do  3 K = l ,9 0  
do 4 L = l ,1 0 0
d r 6 = ( a l p h a 6 * r n o * r n e - ( g 6 7 * r n e + a 6 2 + a 6 3 + a 6 4 + a 6 5 ) * r 6 6 ) * d e l t a  
d r5 = (a lp h a5 * r i io * rT ie + a 6 5 * r6 6 + g 4 5 * r4 4 * rn e - - (  t a u 3 - ta u 5 )* r5 5  

1 - g 5 7 * r n e *  r5 5 ~ b e ta *  r5  5 **2 dO +tau*r5  0 ) * d e l t a
d r 4 = ( ( a l p h a 4  * rno+ g3  4* r 3 3 -g 4  5*r4  4 ) *rne+-a64* r6  6~a4 0 * r 4 4 ) *d e l t a  
d r 3 = ( ( a l p h a 3 * r n o - ( g 3 4 + g 3 7 ) * r 3 3 ) * r n e + a 6 3 * r 6 6 - 2 .d O * ta u 3 * r 3 3  

1 + t a u 3 * r 3 0 ) * d e l t a
r6 6 = r6 6 + d r6  
r5 5 = r5 5 + d r5  
r4 4 = r4 4 + d r4  
r3 3 = r3 3 + d r3

4 c o n t i n u e  
d e l t = d e l t + d e l t a * 1 0 0 .
r7 7 = b e ta * r 5 5 * * 2 .d 0 + b 3 * r 3 3 * * 2 .d 0 + r n e * ( g 3 7 * ( r 3 3 + r 4 4 + r 5 5 ) + g 6 7 * r 6 6 )  
w r i t e ( l , 3 0 0 ) d e l t , r 6 6 , r 5 5 , r 4 4 , r 3 3 , r 7 7  

3 c o n t i n u e
d e l t a = d e l t a * 1 0 ,

2 c o n t i n u e
d e l t a = d e l t a / 1 0  
do  5 M = l,9 0  
do 6 N = l ,1 0 0 0
d r6 = ( a lp h a 6  * r  no* r  n e - ( g6 7* r  ne+a6 2+a6 3+a6 4+a6 5 ) * r 6 6 ) * d e l t a  
d r 5 = ( a lp h a 5 * r n o * r n e + a 6 5 * r 6 6 + g 4 5 * r 4 4 * r n e - ( t a u + ta u 5 ) * r 5 5  

1 - g 5 7 * r n e * r 5 5 - b e t a * r 5 5 * * 2 d 0 + t a u * r 5 0 ) * d e l t a
d r 4 = ( ( a l p h a 4 * r n o + g 3 4 * r 3 3 - g 4 5 * r 4 4 ) * r n e + a 6 4 * r 6 6 - a 4 0 * r 4 4 ) * d e l t a  
d r 3 = ( ( a l p h a 3 * r n o - ( g 3 4 + g 3 7 ) * r 3 3 ) * r n e + a 6 3 * r 6 6 - 2 .d O * ta u 3 * r 3 3  

1 + t a u 3 * r 3 0 ) * d e l t a
r6 6 = r6 6 + d r6  
r5 5 = r5 5 + d r5  
r4 4 = r4 4 + d r4  
r3 3 = r3 3 + d r3  

6 c o n t i n u e
d e l t = d e l t + d e l t a * 1 0 0 0 .
r 7 7 = b e t a * r 5 5 * * 2 . d 0 + b 3 * r3 3 * * 2 . dO +rne*(g3  7 * ( r3 3 + r4 4 + r5  5 ) + g 6 7 * r 6 6 ) 
x i n : i t e ( l , 3 0 0 ) d e l t  , r 6 6 , r 5 5 , r 4 4 , r 3 3 , r 7 7

5 c o n t i n u e
300 f o r m a t e 6 e l 5 . 6 )  

end



program UNINEOGON

c M odel f o r  n eo n  o p t o g a l v a n l c  e f f e c t  i n c l u d i n g
c t h e  r a d i a t i v e  l e v e l s  i n  t h e  I s  g r o u p .

d o u b l e  p r e c i s i o n  a l p h a 3 , a l p h a 4 , a l p h a 5 , a l p h a 6 , a 6 2 , a 6 3 , a 6 4 , a 6 5  
d o u b l e  p r e c i s i o n  b i , g l , g 2 , g 3 4 , g 4 5 , g 5 7 , g 3 7 , g 6 7 , b e t a  
d o u b l e  p r e c i s i o n  r n o , r n e , r n 3 , r n 4 , r n 5 , r n 6 , P , Q , R , S , T , U , V , W  
d o u b l e  p r e c i s i o n  A , B , C , a 4 0 , t a u 3 , t a u 5 , t a u , b i g  
d im e n s io n  b i g ( 5 )
common b i , g l , g 2 , g 3 4 , g 4 5 , g 5 7 , g 3 7 , g 6 7 , b e t a , a l p h a 3 , a l p h a 4 , a l p h a 5
common a 6 2 , a 6 3 , a 6 4 , a 6 5 , a 4 0 , r n o , r n e , P , Q , R , S , T , b 3
common U , V , W , A , B , C , a l p h a 6 , t a u 3 , t a u 5 , t a u
o p en (U N IT = l , n a m e = 'u n e o g O N ', t y p e = 'n e w ')
b i g ( l ) = l . d 4
b i g ( 2 ) = l . d 5  
b i g ( 3 ) = 1 . d 6  
b i g ( 4 ) = 5 . d 6  
b i g ( 5 ) = l . d 7  
g l= 5 .d O  
g2=3.dO 
a 6 2 = 2 . 25d7 
a 6 3 = l . 46d7 
a 6 4 = 5 .6 1 d6 
a 6 5 = 4 . 76d7 
a 4 0 = l . 30d4 
b e t a = 9 .d - 1 0  
b 3 = 2 .d -9  
r n o = 3 .2 2 d l6  
g 6 7 = 2 .d -8  
g 3 7 = 6 .d -9  
g 5 7 = 6 .d -9  
g3 4 = 0 .d 0  
g 4 5 = 0 .d 0  
ta u 3 = 5 .d 3  
t a u 5 = 5 .d 3  
t y p e  50

50 f o r m a t e '  I n p u t  a l p h a 6 - t h e  e x c . c o e f f  f o r  2p2 ' $ )
a c c e p t * , a l p h a 6  
ty p e  100

100 f o r m a t e '  I n p u t  a l p h a 5 - t h e  e x c . c o e f f  f o r  l s 5  ' $ )
a c c e p t * , a l p h a 5  
t y p e  200

200 f o r m a t e '  I n p u t  a l p h a 3 - t h e  e x c . c o e f f .  f o r  l s 3  ' $ )
a c c e p t * , a l p h a 3  
ty p e  300

300 f o r m a t e '  I n p u t  a l p h a 4 - t h e  e x c . c o e f f .  f o r  l s 4  '$)
a c c e p t * , a l p h a 4  
t y p e  400

400 f o r m a t e '  I n p u t  t h e  e l e c t r o n  d e n s i t y  ' $ )
a c c e p t * , r n e  
ty p e  500

500 f o r m a t e '  I n p u t  t a u  ' $ )
a c c e p t * , t a u  
do  1 1 = 1 ,5
b i= B IG e i )
rn 6 = e a lp h a 6 * rn o *  r n e )  /  eg67*rne+a62+ a63+ a64+ a65  ) 
Q = e a l p h a 3 * r n o * r n e ) / e  e g 3 4 + g 3 7 )* rn e + ta u 3 )
R = a 6 3 /e e g 3 4 + g 3 7 )* rn e + ta u 3 )
rn3=Q+R*rn6
U = a 6 4 /e a 4 0 + g 4 5 * rn e )
S = g 3 4 * m e /  e a 4 0 + g 4 5 * rn e )
T = e a lp h a 4 * r n o * r n e )  / e a40+-g45*rne) 
rn4=S* r  n3+T-HJ*r n6



A = b e ta
B=( t a u  5+g5 7* r n e )
C = a lp h a 5 * rn o * rn e 4 -a 6 5 * rn 6 + g 4 5 * rn e * rn 4  
rn 5 = ( -B + d sq r t( (B * * 2 d O )+ 4 d O * A * C )) / ( 2  dO*A) 
c a l l  o n ( rn 6  , r n 5 , r n 4 , r n 3 )

1 c o n t i n u e  
600 f o r m a t e 6 e l 5 . 6 )  

c l o s e e u n i t = l ) 
end

c**************************************************
s u b r o u t i n e  0 N e r 6 , r 5 , r 4 , r 3 )

ç.* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * *

d o u b le  p r e c i s i o n  a l p h a 3 , a l p h a 4 , a l p h a 5 , a l p h a 6 , a 6 2 , a 6 3 , a 6 4 , a 6 5
d o u b le  p r e c i s i o n  b i , g l , g 2 , g 3 4 , g 4 5 , g 5 7 , g 3 7 , g 6 7 , b e t a
d o u b l e  p r e c i s i o n  r n o , r n e , r 3 3 , r 4 4 , r 5 5 , r 6 6 , P , Q , R , S , T , U , V , W
d o u b l e  p r e c i s i o n  A , B , C , a 4 0 , d r 6 , d r 5 , d r 4 , d r 3 , r 7 , r 8 , r 9 , d e l t a , d e l t
d o u b l e  p r e c i s i o n  t a u 3 , t a u 5 , r 3 , r 4 , r 5 , r 6 , r l O , r l l , t a u
common b i , g l , g 2 , g 3 4 , g 4 5 , g 5 7 , g 3 7 , g 6 7 , b e t a , a l p h a 3 , a l p h a 4 , a l p h a 5
common a 6 2 , a 6 3 , a 6 4 , a 6 5 , a 4 0 , r n o , r n e , P , Q , R , S , T , b 3
common U , V , W , A , B , C , a l p h a 6 , t a u 3 , t a u 5 , t a u
r6 6 = r 6
r5 5 = r 5
r4 4 = r 4
r3 3 = r3
DELTA=1. D -12 
do 1 1 = 1 ,1 0 0 0 0
d r  6 = e a lp h a ô  * r  no* r n e -  C g 6 7 * r  ne+a6 2+a6 3+a6 4+a6 5 ) * r  6 6+

1 b i * e r 5 5 - g l / g 2 * r 6 6 ) ) * d e l t a
d r5=e a lp h a 5 * r n o *  rn e + a è  5*r66+g4 5*r44  * r n e - t a u 5 * r 5 5 + t a u *  e r 5 - r 5 5 )

1 - g 5 7 * r n e * r 5 5 - b e t a * r 5 5 * * 2  d O - b i * e r 5 5 - g l / g 2 * r 6 6 ) ) * d e l t a
d r4 = e  e& lpba4*rno+g3  4 * r 3 3 - g 4 5 * r 4 4 ) * r n e - t - a 6 4 * r 6 6 - a 4 0 * r 4 4 ) * d e l t a  
d r3= e  e a lp h a 3 * r n o - e g 3 4 + g 3 7 ) * r 3 3 ) * r n e + a 6 3 * r 6 6 - t a u 3 * r 3 3  

1 + t a u 3 * e r 3 - r 3 3 ) ) * d e l t a  
r6 6 = r6 6 + d r6  
r5 5 = r5 5 + d r5  
r4 4 = r4 4 + d r4  
r3 3 = r3 3 + d r3

1 c o n t i n u e  
d e l t = l . d - 8
r7 7 = r n e * e g 3 7 * e r3 3 + r 4 4 + r5 5 ) + g 6 7 * r 6 6 )+ b e ta * r 5 5 * * 2 .d 0 + b 3 * r 3 3 * * 2 .  dO
w r i t e e i , 3 0 0 ) d e l t , r 6 6 , r 5 5 , r 4 4 , r 3 3 , r 7 7
d e l t a = l . d - l l
do 2 J = l , 4
do 3 K = l ,9 0
do 4 L =1,1 0 0
d r6 = e a lp h a 6 * rn o * r n e -e g 6 7 * rn e + a 6 2 + a 6 3 + a 6 4 + a 6 5 )* r 6 6 +

1 b i * e r 5 5 - g l / g 2 * r 6 6 ) ) * d e l t a
d r 5 = e ^ lp h a 5 * r n o * r n e + a 6 5 * r 6 6 + g 4 5 * r 4 4 * r n e - t a u 5 * r 5 5 + ta u * e  r 5 - r 5 5 )

1 -g 5 7 * r n e * r 5  5 - b e t a * r 5 5 * * 2 d O - b i * e r 5 5 - g l / g 2 * r 6 6 ) ) * d e l t a
d r4 = e  e a lp h a 4 * r n o + g 3 4 * r 3 3 - g 4 5 * r 4 4 ) * rn e + a 6 4 * r 6 6 - a 4 0 * r 4 4 ) * d e l t a  
d r3=e ( a lp h a 3 *  r  n o -  e g3 4+g3 7 ) * r33  ) *rne+-a6 3 * r6  6 - t a u 3  * r33  

1 + t a u 3 * e r 3 - r 3 3 ) ) * d e l t a
r6 6 = r6 6 + d r6  
r5 5 = r5 5 + d r5  
r4  4 = r4 4 + d r4  
r3 3 = r3 3 + d r3  

4 c o n t i n u e
d e l t = d e l t + d e l t a * 1 0 0 .
r7 7 = r n e * e g 3 7 * e r3 3 + r4 4 + r5 5 )+ g 6 7 * r6 6 )+ b e ta * r5 5 * * 2 .d O + b 3 * r3 3 * * 2 .d O  
w r i  t e e 1 , 3 0 0 ) d e l t , r 6 6 , r5  5 , r 4 4 , r 3 3 , r77  

3 c o n t i n u e
d e l t a = d e l t a * 1 0 .

2 c o n t i n u e



d e l t a = d e l t a / 10 .  
d o  5 M = l ,90 
do  6 N = l ,1 0 0 0
d r 6 = ( a lp h a 6 * r n o *  rn e - (g 6 7 * rn e + a6 2 H -a6 3 + a 6 4 + a6 5 )* r6 6 +

1 b i*  ( r5  5- g l  /  g2 * r6  6 ) ) *d e l  t a
d r 5 = ( a l p h a 5 * rn o * r n e + a 6 5 * r 6  6+g4 5 * r 4 4 * r n e - t a u 5 * r 5  5 + t a u * ( r 5 - r 5  5)

1 - g 5 7 * r n e * r 5 5 - b e t a * r 5 5 * * 2 d O - b i* ( r 5 5 “ g l / g 2 * r 6 6 ) ) * d e l t a
d r 4 = ( ( a l p h a 4 * r n o + g 3 4 * r 3 3 - g 4 5 * r 4 4 ) * r n e + a 6 4 * r 6 6 - a 4 0 * r 4 4 ) * d e l t a  
d r 3 = ( ( a l p h a 3 * r n o - ( g 3 4 + g 3 7 ) * r 3 3 ) *rne+ a63  * r 6 6 - t a u 3 * r 3 3  

1 + t a u 3 * ( r 3 - r 3 3 ) ) * d e l t a
r66==r66+dr6 
r5 5 = r5 5 + d r5  
r44=r44-i-dr4 
r3 3 = r3 3 + d r3  

6 c o n t i n u e
d e l t = d e l t + d e l t a * 1 0 0 0 .
r7 7  = r n e * ( g 3 7 * ( r 3 3 + r 4 4 + r 5 5 ) + g 6 7 * r 6 6 ) + b e ta * r 5 5 * * 2 . dO + b3*r33**2 . dO 
w r i t e ( l , 3 0 0 ) d e l t , r 6 6 , r 5 5 , r 4 4 , r 3 3 , r 7 7  

5 c o n t i n u e
300 f o r m a t (6 e l 5 . 6 )

end


