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A b s tra c t

F i r s t ly ,  a  su rvey  i s  g iven  o f e x c i ta t io n  p ro c e s se s  o c c u rrin g  in  gas

d is c h a rg e s ,  to g e th e r  w ith  an  a n a ly s is  o f s e le c t iv e  e x c i ta t io n  p ro c e sse s  in

gaseous o p t i c a l  raasers.

Hollow cathode d isc h a rg e s  have been in v e s t ig a te d  a s  e x c i ta t io n

media fo r  gas l a s e r s .

Evidence i s  g iven  fo r  th e  e s ta b lish m e n t o f  a r e la t io n s h ip  between

th e  6 3 2 .8nm helium -neon l a s e r  d isch a rg e  and t r a n s i t i o n  ’weak to  s t ro n g ’

d is c h a rg e s .  An optimum e le c tro n  tem pera tu re  fo r  o s c i l l a t i o n  on th e  6 3 2 .8nm

l i n e  i s  in d ic a te d .

In  a  p u lsed  h e liu m -io d in e  d isc h a rg e , o s c i l l a t i o n  i s  re p o r te d  on fo u r

new l a s e r  t r a n s i t i o n s ,  one an in te rc o m b in a tio n  t r a n s i t i o n .  S im ultaneous

o s c i l l a t i o n  f o r  th e  f i r s t  tim e i s  re p o r te d  on h y p e rf in e  components o f th e

io n is e d  io d in e  l i n e s  a t  7 0 3 . 3 , 6 3 8 . 3 , 6 1 2 . 7 , 6 0 6 . 9 , 5 7 6 .0  and 3 6 7 .8nm.
1 3  ! 3

H yperfine  i n t e r v a l s  o f th e  6p and 6s l e v e l s  have been e s ta b l is h e d ,

g iv in g  agreem ent between c a lc u la te d  and observed h y p e rfin e  components o f 

l i n e s  a t  6 3 8 . 3 , 6 0 6 .9  and 3 76 .Onm. These le v e ls  a re  shown to  be s tro n g ly

p e r tu rb e d .

An anomalous behav iou r i s  re p o r te d  on h y p e rfin e  o s c i l l a t i o n s  on th e  

638.31101 l i n e ,  which can be a t t r i b u t e d  to  n o n -eq u ilib riu m  in  th e  p o p u la tio n  

o f  h y p e rf in e  su b le v e ls  o f th e  6s l e v e l ,  due to  p re s s u re /c u r r e n t  changes.

R e su lts  su p p o rt th e  p ro p o sa l th a t  charge t r a n s f e r  i s  th e  s e le c t iv e  

e x c i ta t io n  mechanism in  th e  h e liu m -io d in e  l a s e r .
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Note re g a rd in g  s e c t io n s ,  d iagram s, re fe re n c e s  e t c .

S e c t io n s . Each c h a p te r  i s  d iv id ed  in to  s e c tio n s  and su b -se c tio n s  r e fe r re d  

to  th u s : -  2 .2 ,  3*3»1 e t c ,  w ith o u t th e  words c h a p te r  o r s e c t io n  e t c .  

E q u a tio n s , These a re  numbered s e r i a l l y  w ith in  each c h a p te r  and a re  quoted 

in  p a re n th e s is  th u s  (2 .1 ) ,  (4 .1 6 ) w ith o u t th e  word c h a p te r .

Diagrams and T ab les . These a re  c o l le c te d  a t  th e  ends o f  th e  c h a p te rs , 

( a p a r t  from F ig ,  3*3), and r e f e r r e d  to  a s  F ig , 1 .2 ,  4 .3 ,  Table 6 .1  e t c .  

R e fe re n c e s . These a re  numbered s e r i a l l y  in  each c h a p te r , a re  c o l le c te d  a t  

th e  end o f  th e  th e s i s  and ta b u la te d  under each c h a p te r .

N om enclature. The fo llow ing  summarises th e  n o ta tio n  used th roughout th e  

t e x t  where an ex p la n a tio n  i s  no t g iv en .

G en era l.

, ga in  c o e f f ic ie n t  (cm ^)

^21’
E in s te in  A c o e f f i c ie n t ,  t r a n s i t i o n  2 —*-

D, diam eter o f d isch a rg e  tube

A  E, energy d isc rep an cy  in  e le c tro n  v o l t s

a , e le c tro n ic  charge

eV, e le c tro n  v o l t

E, e l e c t r i c  f i e ld  s t re n g th

f , frequency o f o s c i l l a t i o n

S i 1 S2 * s t a t i s t i c a l  w eights l e v e ls  1 and 2

®o’
f r a c t io n a l  g a in  (d is ta n c e )" ^  a t  l i n e  c e n tre

G, c a r r i e r  gas atom

h , P lanck  c o n s ta n t
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K, change in  p ro ro g a tio n  v e c to r  o f in c id e n t  e le c tro n
k , Boltzmann co n s ta n t

K.E, k in e t ic  energy

atom mean f r e e  p a th

y\ e le c tro n  mean f re e  p a th

7\Q, w avelength a t  l i n e  c e n tre

, d if fu s io n  le n g th  o f c o n ta in e r ,

m, mass o f e le c tro n

M, mass o f atom

n , r a t e  o f e x c i ta t io n  o f le v e l

N , e le c tro n  c o n c e n tra tio ne ’

atom d e n s ity  le v e ls  1 and 2

"\) , frequency o f t r a n s i t io n

p , gas p re s su re

r  , c r i t i c a l  r a d iu s ,  (B ates and Damgaard) a t  which p o te n t ia l
® i s  w ith in  1 p e r  cen t o f asym pto tic  form.

R, ra d iu s  of d isch a rg e  tube

R^, R^, i n i t i a l  and f i n a l  s t a t e  wave fu n c tio n s

T, a b so lu te  tem peratu re

T^, average e le c tro n  tem pera tu re

X, , r a d ia t iv e  l i f e t im e

V, v e lo c ity

V, p o te n t ia l  in  v o l t s

CT, s tan d a rd  d e v ia tio n

d if fe re n c e  in  phase from maximum in t e n s i ty
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S p e c tro sc o p ic , and c o l l i s i o n a l  n o ta t io n .

E le c tro n , e

N e u tra l atom, 0 ; e x c ite d  atom , 0 ; m e ta s ta b le  atom , 0* ,̂
t

Io n , 1 ; e x c ite d  io n , 1 ,

Photon , (p

(Example o f  c o l l i s io n  r e a c t io n ,  ( r e f .  2 (1 1 ) ) ,  lO /O l /Ql(j> ,

in d ic a t in g  sp a rk  l i n e  enhancem ent.)
*  *

He , Ne , m e ta s ta b le  helium  and neon atom r e s p e c t iv e ly .
f

H , e x c i te d  helium  atom .

N e u tra l l i n e ,  —  I ;  io n is e d  l i n e ,  —  I I .

W avelengths g iven  in  nanom etres (nm) and m icrons w ith o u t th e  p r e f ix  7\ •
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CHAPTER 1

In tro d u c t io n

T his th e s i s  covers work c a r r ie d  ou t in  th e  p e r io d  I 963 to  196% and 

in c lu d e s  p a r t  o f  one o f th e  most f e r t i l e ,  and p robab ly  th e  most r a p id ly  

moving p e r io d  in  P h y s ic s , which fo llow ed  th e  dem onstra tio n  o f o p t i c a l  maser 

a c t io n  in  ruby by Maiman (1) in  I 96O. In  th e  wake o f t h i s  dem onstra tio n  

has fo llow ed  th e  o b se rv a tio n  o f  harmonic g e n e ra tio n , s tim u la te d  Raman 

em issio n , and n o n - lin e a r  e f f e c t s  produced by th e  ex trem ely  la rg e  in t e n s i t y  

o f t h i s  o p t i c a l l y  pumped s o l id  s t a t e  o p t i c a l  m aser.

With l e s s  s p e c ta c u la r  r e s u l t s  than  th o se  shown by th e  ruby l a s e r ,  th e  

gaseous o p t i c a l  maser was developed in  I 96I  by Javan , B ennett and H a r r io t t

(2 ) .  In  l i e u  o f th e  megawatt power c a p a b i l i t i e s  o f t h e i r  fo re ru n n e r , th e  

gaseous o p t i c a l  maser p o sse sse s  v i r tu e s  o f s p e c t r a l  p u r i ty ,  beam 

d i r e c t io n a l i t y  and s p a t i a l  coherence enorm ously s u p e r io r  to  th o se  o f th e  

s o l id  s t a t e  l a s e r .  At p r e s e n t ,  con tinuous o s c i l l a t i o n  has been ach ieved  

in  gas l a s e r s  in  n e u t r a l ,  s in g ly  and doubly io n ise d  s p e c ie s ,  on over 100 

t r a n s i t i o n s  ran g in g  from th e  n ea r u l t r a - v i o l e t  in to  th e  m iddle in f r a - r e d  

and beyond. As w e ll a s  con tinuous o p e ra tio n , o s c i l l a t i o n  on over 700 

t r a n s i t i o n s  has been observed  under t r a n s ie n t  o r p u lsed  c o n d itio n s  a t  peak 

powers o f  up to  200kW.

A lthough much o f th e  work on l a s e r s  has been te c h n o lo g ic a l,  th e  

b o rd e r l in e  between technology  and pure p h y s ic s  has been such th a t  an 

in c re a s e d  u n d ers tan d in g  o f  atom ic p h y s ic s  has fo llow ed  each te c h n o lo g ic a l 

advance. Perhaps more im p o rta n t, one has been shown g lim pses
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o f  what one does n o t know, in  an a re a  where th e  p h y s ic i s t ,  chem ist, 

e l e c t r i c a l  en g in ee r and s p e c tro s c o p is t  can m eet, co nverse , and a l l  

c o n t r ib u te .

Because o f  1) th e  r a p id i ty  w ith  which advances have been made in  t h i s  

newly r i s e n  f i e l d  o f O p tic a l P h y s ic s , and 2) th e  co m p e titiv en e ss  o f th e  

work, p u b lic a t io n s  have o f te n  been incom plete o r frag m en ta ry . T his has 

n e c e s s i ta te d  th e  ra p id  a s s im i la t io n  o f new id e a s  and te c h n iq u e s , and has 

s tim u la te d  th roughou t th e  se a rc h  fo r  c l a r i f y in g  l in k s  w ith  o th e r ,  and 

e a r l i e r  work.

Up to  now, work in  t h i s  new a re a  has le d  to  s t r ik i n g  advances. A 

c o n s o lid a tio n  p e r io d  would appear now to  be re q u ire d , in  which a  b e t t e r  

u n d e rs tan d in g  i s  sought o f  th e  p ro cesse s  which one so s u c c e s s fu lly  

m a n ip u la te s . With th e  s o p h is t ic a te d  exp erim en ta l te ch n iq u es  now a v a i la b le ,  

i t  would seem an a p p ro p r ia te  tim e to  re p e a t  a  number o f experim en ts, 

conducted  -  w ith  l im ite d  te ch n iq u es  -  du rin g  th e  1930 to  1950 p e r io d  in  th e  

background a re a  o f  O p tic a l P h y s ic s .

1 ,1  The problem s d e a l t  w ith  in  t h i s  work.

The work covered  in  t h i s  th e s i s  can be d iv id ed  in to  fo u r main s e c t io n s .

In  th e  f i r s t  s e c t io n .  C hapters 2 - 4 ,  fo llo w in g  th e  g en e ra l 

c o n s id e ra tio n s  and o s c i l l a t i o n  req u irem en ts  o f C hapter 1 , e f f o r t  has been 

d ir e c te d  tow ards a n a ly s in g  a  number o f gaseous o p t ic a l  m asers and 

c la s s i f y in g  th e  atom ic p ro c e sse s  th a t  occur in  them. I t  i s  on ly  a t  t h i s  

p o in t  th a t  th e  m ajor s e le c t iv e  e x c i ta t io n  p ro cesse s  a re  becoming d isc e rn a b le ,



-  11 —

In  the  second s e c t io n ,  covered in  C hapter 5 , acco u n ts  a re  g iven o f 

th e  experim ents c a r r ie d  ou t on hollow  cathode d isc h a rg e s  d u rin g  the  f i r s t  

p a r t  o f th e  p r o je c t .  At th e  commencraent o f th e  work t h i s  type of 

d isch a rg e  had n o t been used a s  an o p t ic a l  maser medium, and i t  was 

co n sid e re d  th a t  i t s  use m ight y ie ld  in fo rm a tio n  on the  im portance o f 

re so n a n t energy t r a n s f e r  and m olecu lar p ro c e sse s  in  ach iev in g  p o p u la tio n  

in v e rs io n .

Throughout th e  developm ent o f gaseous o p t ic a l  m asers and in  th e  

l i t e r a t u r e  r e p o r ts  o f  'enhancement* in  i n e r t  gas-vapour d isc h a rg e s  (see  

C hapter 2 ) ,  th e  e x ac t p a r t  p lay ed  by helium  i s  n o t c l e a r .  In  t h i s  p r o je c t ,  

t h i s  le d  to ,

( i )  a s tu d y  o f  c e r t a in  a s p e c ts  o f th e  helium -neon l a s e r ,  (C hapter 6 ) ,  

and

( i i )  experim ents be ing  c a r r ie d  ou t on a  h e liu m -io d in e  system  o p e ra tin g  

under p u lsed  c o n d itio n s  (C hapter 7 )•

1 .2  G eneral C o n s id e ra tio n

Except in  some c a se s  where la rg e  o p t i c a l  g a in s  a re  r e a l i s e d ,  o p t i c a l  

m asers have g e n e ra lly  been used a s  o s c i l l a t o r s  and n o t a m p l i f i e r s .

B a s ic a lly  a  maser o s c i l l a t o r  d i f f e r s  l i t t l e  from tho se  proposed by Schawlow 

and Townes (3 ) ,  and c o n s is ts  o f an o p t i c a l  re s o n a to r  which su p p o rts  th e  

o s c i l l a t i o n  frequency  and p ro v id es  th e  p o s i t iv e  feedback n ece ssa ry  fo r  the  

b u ild  up o f  o s c i l l a t io n s  from spontaneous em ission  in to  th e  p a r t i c u l a r  

r e s o n a to r  mode, and th e  maser medium which p ro v id es  th e  p o p u la tio n  

in v e rs io n  n ece ssa ry  fo r  maser a c t io n .
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1 .3  O s c i l l a t io n  req u irem en ts

A gaseous d isc h a rg e  medium s u p p lie s  th e  s tim u la te d  em ission  to  b u ild  

up co h eren t o s c i l l a t i o n s  from th e  u su a l dominant spontaneous em ission  on a 

t r a n s i t i o n .  I f  th e  g a in  on one p ass  between th e  re s o n a to r  m irro rs  i s

s u f f i c i e n t  to  compensate fo r  th e  lo s s ,  th e  i n t e n s i t y  in  th e  re s o n a to r  mode 

in c re a s e s  u n t i l  s tim u la te d  em ission  b u ild s  up and competes w ith  spontaneous 

em ission  fo r  atoms whose c e n tre  f re q u e n c ie s  a re  w ith in  a n a tu r a l  l i n e  w id th  

o f th e  mode (4 ) .

The req u irem en ts  fo r  o s c i l l a t i o n  were f i r s t  p u t forw ard by Schawlow and 

Townes (3 ) ,  in  which th e y  equated  th e  power produced by s tim u la te d  em ission  

in  th e  c a v i ty  mode to  th e  r a t e  a t  which energy decayed. The same r e s u l t  i s  

o b ta in ed  by eq u a tin g  the  g a in  and lo s s  p e r  u n i t  le n g th .  The g a in  by 

s tim u la te d  em ission , and lo s s  to  a b so rp tio n , and i t s  dependence on l i n e  shape, 

i s  c a lc u la b le  u s in g  c l a s s i c a l  m ethods. In  most case s  o f low p re s s u re  maser 

system s th e  prim ary  source  o f l i n e  broaden ing  i s  th e  therm al motion o f  th e  

atom s•

Follow ing th e  tre a tm e n t o f M itc h e ll and Zeraansky (3 ) ,  when th e  n a tu ra l  

l i n e  w idth  and p re s s u re  b roadening  Doppler w id th ,th e  ex p ress io n  fo r  th e  

f r a c t io n a l  g a in /u n i t  d is ta n c e  (g^) a t  th e  c e n tre  o f  a Doppler broadened l in e  

i s  g iven  by:

*^i/^i)(N3/A'6p)............................  ( i . i ) .

I t  i s  ev id en t from ( l . l )  th a t  to  o b ta in  ga in  ” ^ l^ ^ l  ^  ^ ' t h i s

im poses l im i ta t io n s  on th e  l i f e t im e  req u irem en ts  of th e  le v e ls  s u i ta b le  fo r  

cw m aser o p e ra tio n . The most fav o u rab le  case occurs when only  th e  upper
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s t a t e  i s  e x c i te d , and th e  low er le v e l  i s  on ly  p o p u la ted  by r a d ia t iv e  cascade 

in  th e  maser t r a n s i t i o n .

The d e n s ity  o f th e  low er s t a t e  s a t i s f i e s  th e  e q u a l i ty

^21’ r e p re s e n ts  th e  t o t a l  decay r a te

o f th e  low er t r a n s i t i o n .  A s tead y  s t a t e  s o lu t io n  e x i s t s  so th a t  ^2^ ^ 2 ^  

^ I '^ ^ l’ bhe t o t a l  decay r a te  o f  th e  low er s t a t e  obeys th e  in e q u a l i ty ,

^  A^^ " Eor o b ta in in g  maser o s c i l l a t i o n  t h i s  c o n d itio n  i s  n o t

s u f f i c i e n t ;  enough in v e rs io n  must e x i s t  so t h a t  th e  o p t ic a l  ga in  in  a 

s in g le  p ass  exceeds th e  lo s s e s  p e r  s in g le  p a s s ; f o r  sm all lo s s e s  th e  

o s c i l l a t i o n  c o n d itio n  becomes

0 ^ / 9 2 ) Wj  )> ^jA2,  iJha/ny'2  .........

The s te a d y  s t a t e  p o p u la tio n s  a re  determ ined  by th e  l i f e t im e s  ( T, ) and ( T%) 

o f th e  le v e l s  and th e  r a t e  o f  e x c i ta t io n  (r^  and (n^) to  th e se  l e v e l s ,  o r

I t  can be seen  from (1 .3 )  th a t  even i f  the  l i f e t im e s  and s t a t i s t i c a l  

w eigh ts  a re  fav o u rab le , p o p u la tio n  in v e rs io n  cannot be ach ieved  u n le ss  th e  

e x c i ta t io n  r a t e  to  the  upper l e v e l  i s  s u f f i c i e n t .

Of c o n s id e ra b le  im portance , a re  th e  l i f e t im e s  Y ^ "^2 th e  two

maser l e v e l s .  In  a  gaseous d isch a rg e  environm ent i t  i s  th e  e f f e c t iv e  

l i f e t im e s  which determ ine th e  o s c i l l a t io n  and g a in  c o n d itio n s . These 

e f f e c t iv e  l i f e t im e s  can d i f f e r  a p p re c ia b ly  from p u re ly  r a d ia t iv e  ones, due 

to  th e  combined p ro c e sse s  o f  spontaneous decay, resonance tra p p in g  and 

i n e l a s t i c  c o l l i s io n s ,  ( 4 ) .
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For a c o n s id e ra tio n  o f th e  d e te rm in a tio n  o f e f f e c t iv e  l i f e t im e s  the  

re a d e r  i s  r e f e r r e d  to  "Measurement o f E x c ited  S ta te  R e lax a tio n  R a te s" , by 

B ennett e t  a l .  (7 ) .

T his th e s i s  w i l l  now be con fin ed  to  a tre a tm e n t and o b se rv a tio n s  on 

th e  way in  which p o p u la tio n  in v e rs io n  i s  r e a l i s e d  in  a d isc h a rg e .
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CHAPTER 2

S e le c tiv e  e x c i ta t io n  p ro c e sse s  in  gas d isc h a rg e s

2 .1  T h e o re tic a l tre a tm e n t

A number o f a n a ly t ic a l  s tu d ie s  o f p o p u la tio n  in v e rs io n  in  gaseous 

d isc h a rg e s  have been made, (Ward ( l ) ,  Javan (2 ) ,  F a b rik a n t (3) and 

Basov e t  a l .  ( 4 ) ) .

In  a l l  c a s e s , th e  s tu d ie s  s t a r t  w ith  assumed c ro s s - s e c t io n s  fo r  

e le c t r o n ic ,  o r c o l l i s i o n a l  and d e -e x c i ta t io n  p ro c e s se s , and an assumed! 

M axwellian e le c tro n  energy d i s t r i b u t io n .

L i t t l e  p r a c t i c a l  b e n e f i t  has ensued from th e se  c a lc u la t io n s  and the  

degree o f agreem ent w ith  ex perim en ta l s tu d ie s  has  n o t i n s t i l l e d  confidence 

in  t h i s  approach to  th e  complex p ro c e sse s  o f  th e  l a s e r  system , in  which one 

p la y s  o f f  one non-therm al e q u ilib r iu m  p ro cess  a g a in s t  an o th e r  in  o rd e r to  

ach iev e  p o p u la tio n  in v e rs io n . S ince such c a lc u la t io n s  up to  1962. (3)» had 

n o t even enab led  advance p re d ic t io n s  o f t r a n s i t io n s  on which o s c i l l a t i o n  

cou ld  be o b ta in ed , i t  has become c le a r  th a t  more d a ta  on c o l l i s io n  c ro ss  

s e c t io n s  o f a l l  ty p es  i s  r e q u ire d . A lso th e  assumed u n iv e rs a l  

a p p l i c a b i l i t y  o f M axwellian e le c tro n  energy d i s t r i b u t io n s  to  d isch a rg e s  

needs to  be determ ined , b e fo re  any th e o r e t i c a l  tre a tm e n t o f c o l le c t iv e  

d isch a rg e  p ro c e sse s  i s  more th an  mere e x e rc is e .

I t  i s  p o s s ib le ,  however, to  unders tan d  in  a  q u a l i t a t iv e  way th e  

o p e ra tio n  o f gaseous d isch a rg e  o p t ic a l  m asers by c o n s id e rin g  th e  dominant
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p ro c e sse s  t h a t  have been u sed , and th o se  t h a t  appear to  be used , to  

produce p o p u la tio n  in v e rs io n .

F ig . 2 .1 ,  and 2 . 2 , show sc h e m a tic a lly  th e  very  g e n e ra l 4 and 3 le v e l  

s i tu a t io n s  o b ta in ed  in  cw gas l a s e r  system s, fo r  n e u t r a l  and io n  l a s e r s  

r e s p e c t iv e ly .

T ra n s it io n  p r o b a b i l i t i e s

T h e o re tic a l  c a lc u la t io n s  o f pure r a d ia t iv e  t r a n s i t i o n  p r o b a b i l i t i e s  

have been made by B ates and Damgaard (6) u s in g  th e  C e n tra l F ie ld  

approx im ation  . For atom ic system s w ith  s in g le  e le c tro n s  o u ts id e  c lo sed  

e le c tro n  s h e l l s ,  th e  method o f B ates and Damgaard y ie ld s  r e s u l t s  in  ex trem ely  

good agreem ent w ith  experim en t, and in  c lo s e r  agreem ent th an  r e s u l t s  

c a lc u la te d  from th e  more complex H artree-F ock  d i f f e r e n t i a l  e q u a tio n s .

I n e l a s t i c  c o l l i s io n s

T h e o re tic a l tre a tm e n ts  o f e l a s t i c  and i n e l a s t i c  c o l l i s io n s  have been 

made by Massey and Burhop (7 ) ,  Townsend (8 ) ,  and Mott and Massey (9 ) ;  and 

a  tre a tm e n t o f  i n e l a s t i c  c o l l i s io n s  between heavy p a r t i c l e s  has been made 

by B ates (1 0 ) . F u l l  rev iew s o f  th e se  th e o r e t ic a l  tre a tm e n ts , to g e th e r  

w ith  experim ents a re  g iven  in  th e  work o f H asted (1 1 ), (1 2 ), McDaniel (1 3 ) î 

and in  Massey ( l 4 ) . and B ates and McCarrol (13 )•

A number o f predom inant c o l l i s io n  mechanisms have been observed in  

maser system s th u s  f a r ;  th e se  in c lu d e :

(1) Atom-atora, atom -ion  e x c i ta t io n  t r a n s f e r

(2) Charge t r a n s f e r ,

(3) A tom -m olecule, and

(4) E le c tro n  im pact c o l l i s io n s .
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2 .2  R esonant e x c i ta t io n  energy t r a n s f e r  

C o ll is io n  p ro c e sse s  o f th e  type

x ' + Y -4 »  X + y ' -  A E  (0 0 /0 0 * )  .............(2 .1 )
I

in  which energy i s  t r a n s f e r r e d  from th e  s t a t e  X o f one atom to  an o th e r
I

Y have been s tu d ie d  th e o r e t i c a l ly  by Massey and Burhop (7 )•

Theory and experim ent (16) shows th a t  t h i s  type o f c o l l i s i o n ; -

(a ) i s  h ig h ly  re so n a n t fo r  n e a r ex ac t energy co in c id en c e , w ith  a  c ro s s

*10 2s e c t io n  la r g e r  th a n  100 x 10 cm ; w ith  A E o f th e  o rd e r o f a  few

* l6  2kT, c ro ss  s e c t io n s  o f app rox im ate ly  10 cm a re  r e a l i s e d .  For A E

\  0 .1  eV th e  c ro s s  s e c t io n s  a re  n e g l ig ib le  a s  shown in  F ig . 2 .3

( a f t e r  Mott and M assey).

(b) has a  l a r g e r  c ro s s  s e c t io n  when th e  Wigner Spin  Rule i s  obeyed, th an  

when s p in  i s  no t conserved . However, t h i s  r u le  i s  n o t always obeyed.

2 .3  Charge t r a n s f e r

R epresen ted  in  i t s  s im p le s t form by a c o l l i s io n  o f the  type

X+ + Y X + Y+ + A E  (10/01)  (2 .2 )

A E  a s  in  (2 .1 )  i s  th e  change in  energy d u rin g  th e  c o l l i s i o n .

The energy dependence o f th e  c ro s s - s e c t io n  fo r  a  p a r t i c u la r  charge 

t r a n s f e r  r e a c t io n  depends m arkedly on th e  magnitude o f A E , a s  d iscu ssed  

in  M assey 's ( l l ) ,  (17) n ea r -  a d ia b a t ic  h y p o th e s is .  The c ro s s  s e c tio n  

fo r  a  c o l l i s io n  in  which an e le c t r o n ic  t r a n s i t i o n  o ccu rs , i s  sm all a t  gas 

k in e t ic  c o l l i s io n  v e l o c i t i e s  u n le s s  | A  E) i s  sm a ll. T his i s  because 

th e  g rad u a l c o l l i s io n  enab les  th e  atom ic e le c tro n s  to  change w ith  th e  

v a ry in g  c o n d itio n s .
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As th e  r e l a t i v e  v e lo c i ty  r i s e s ,  th e  c ro s s  s e c t io n  in c re a s e s  and 

reac h es  a maximum when th e  tim e o f in te r a c t io n  (a /v )  i s  com parable w ith  

th e  tim e o f t r a n s i t i o n  h /  (A E | , where a  i s  th e  range over which the  

i n t e r a c t io n  o ccu rs , and v i s  th e  r e l a t i v e  v e lo c i ty  o f th e  in t e r a c t in g  

p a r t i c l e s .

Thus a  IA  E | /h v  « ^ 1 ;    (2 .3 )

when IA  e |  i s  sm all o r z e ro , th e  maximum c ro s s  s e c t io n  occurs a t  low 

en ergy . jA  e |  , however, i s  a  fu n c tio n  o f th e  s e p a ra t io n  o f the  

c o l l id in g  p a r t i c l e s ,  and i t  i s  custom ary to  use ) A e ^ |  , th e  va lue  o f j A  Ej 

a t  i n f i n i t e  s e p a ra t io n .  A E can a ls o  be dom inated by Coulomb o r 

p o la r i s a t io n  fo rc e s  and c o r re c t io n s  must be made to  g ive  a mean energy 

d e fe c t  averaged  over th e  in te r a c t io n  p a th  ( l 8 ) .

The p r o b a b i l i ty  fo r  e x c i ta t io n  d ec re a se s  r a p id ly  a s  v d e c re a se s , so 

t h a t  fo r  low e n e rg ie s , th e  c ro s s  s e c tio n  i s  sm all u n le ss  A E i s  re s o n a n t.

For a re so n a n t r e a c t io n ,  th e  m agnitude o f  th e  c ro ss  s e c t io n ,  evidenced 

by 'enhancement* o r p r e f e r e n t i a l  e x c i ta t io n  ap p ea rs  to  be dependent on th e  

type  o f  l e v e l  e x c ite d  and n o t sim ply on th e  energy d e fe c t .  D uffendack and 

Thomson (19) found th a t  t r a n s i t i o n s  from t r i p l e t  le v e ls  o f th e  spark  

spectrum  o f copper were enlianced in  neon more th an  t r a n s i t io n s  from s in g le t  

l e v e l s ,  a lth o u g h  some s in g le t  l e v e ls  were c lo s e r  to  th e  neon io n  ground 

s t a t e  th an  t r i p l e t  l e v e l s ,  (a s  shown in  F ig . 2 .4 ) ,  in  a  n ea r re so n a n t 

c o l l i s io n  o f  th e  type

"2 /2 'Ne'  ̂ + C u ( \  , , )  — Ne ( \ )  + Cu^(^P) + A E
(10/01  ) .............(2 .4 ) .
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S im ila r ly , D uffendack and Thomson observed th e  10/01 /O lÿ p ro cess  

in  go ld  and s i l v e r ,  in  a helium  a r c ;  in  each o f  th e se  c a se s  th e re  i s  

a  predom inance o f t r i p l e t  enhancement in  accordance w ith  th e  Wigner Spin 

R u le . In  th e  case o f  s i l v e r ,  a lth o u g h  t r a n s i t i o n s  a re  enhanced from 

t r i p l e t  l e v e ls  w ith in  O.leV o f th e  helium  io n  ground s t a t e ,  o th e r  

t r a n s i t i o n s  from le v e ls  approx im ate ly  2eV away a re  a ls o  enhanced.

Gran and D uffendack (20) have observed s im i la r  enhancements in  th e  

s ,  p , f  and d le v e ls  in  th e  io n  spectrum  o f le a d ,  b u t in  which th e  Wigner 

Spin  Rule i s  n o t obeyed.

Non re so n a n t c o l l i s io n s

A ccording to  ( 2 .3 ) ,  th e  maximum c ro s s  s e c tio n s  w i l l  occur a t  h ig h  

e n e rg ie s  fo r  n o n -reso n an t c o l l i s io n s ;  L ip e le s  e t  a l .  (2 1 ), however, have 

r e c e n t ly  re p o r te d  th a t  in  t h e i r  s tu d ie s  o f o p t ic a l  e x c i ta t io n  w ith  low 

energy io n s  la rg e  maximum c ro s s  s e c tio n s  o f th e  o rd e r o f 10 cm^ a re  

observed  a t  low e n e rg ie s , c o n tra ry  to  e x p e c ta t io n . These o b se rv a tio n s  

can be re c o n c ile d  w ith  (2 .3 )  by n o tin g  th a t  in  g e n e ra l th e  energy le v e ls  

o f th e  m olecu lar complex formed du rin g  th e  c o l l i s io n  a re  s tro n g ly  

dependent on th e  in te r n u c le a r  s e p a ra t io n . Thus acco rd in g  to  L ip e le s  e t  a l ,  

th e  r e l a t i v e  v e lo c i ty  (v) and th e  in te r a c t io n  range a re  fu n c tio n s  o f the  

in te r n u c le a r  s e p a ra t io n .

Summary

I t  can be seen  th a t  in  charge t r a n s f e r  c o l l i s io n s ,  th e  energy 

d isc rep a n cy  need n o t be a s  sm all a s  th a t  re q u ire d  fo r  th e  r e a l i s a t i o n  o f 

la rg e  c ro s s  s e c tio n s  in  atom—atom resonance energy t r a n s f e r  c o l l i s io n s .
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2 .4  Atom-molecule c o l l i s io n s ,  d is s o c ia t iv e  e x c i ta t io n  t r a n s f e r .

These c o l l i s io n s ,  which have n o t been s tu d ie d  e x te n s iv e ly , tak e  

th e  form

M* + AB M + a ' + B (o r  B*)................................ ( 2 .3 ) .

In  t h i s  type o f  c o l l i s io n  more than  two atoms a re  in v o lv ed , so t h a t

a  d e s c r ip t io n  o f  th e  r e a c t io n  i s  n o t s im p le , and th e o r e t ic a l  e x p la n a tio n s

based  on th e  i n t e r a c t io n  cu rves become too  com plica ted  fo r  even th e  sim ple 

case in v o lv in g  a d ia tom ic  m olecu le . For t h i s  reaso n  no q u a n t i ta t iv e  

th e o ry  e x i s t s ,  though i t  i s  p o s s ib le  to  d is c u s s  th e  c o l l i s io n  q u a l i t a t iv e ly ,
t

I t  i s  assumed th a t  r e l a t i v e l y  long  range in te r a c t io n s  between M and 

AB cause v e r t i c a l  t r a n s i t io n s  between th e  ground s t a t e  and e x c i te d ,
I I

re p u ls iv e  s t a t e s  o f  AB . AB th en  d is s o c ia te s  to  g iv e , in  g e n e ra l,  one 

e x c i te d  atom and one ground s t a t e  atom . S ince each s t a t e  o f th e  p ro d u c ts
I I I  t

A and B, o r  A and B w i l l  c o r r e la te  w ith  se v e ra l r e p u ls iv e  AB cu rv es , 

and s in c e  th re e  atoms a re  in v o lv ed , th e re  i s  no s tro n g  resonance 

req u ire m en t. C ross s e c tio n s  o f  approx im ate ly  10 cm^, w ith  A  E o f 

1 -2  eV have been no ted  by B ennett (2 2 ) .

I f  th e  p ro d u c ts  o f th e  d is s o c ia t iv e  e x c i ta t io n  t r a n s f e r  a re  d ia tom ic 

r a d ic a l s  th e y  may have r o ta t io n a l  and v ib r a t io n a l  a s  w e ll a s  e le c t ro n ic  

e x c i ta t io n ,  and p o p u la tio n  in v e rs io n  in  r o ta t io n a l /v ib r a t io n a l  l e v e ls  can 

r e s u l t  (23 )•
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2 .5  E le c tro n  im pact

In  a  gaseous d isch a rg e  s e v e ra l  c o l l i s io n  mechanisms a re  p re s e n t .  

E le c tro n  im pact c o l l i s io n s  upon atoms a re  by f a r  th e  most common. Not 

a l l  o f th e  c o l l i s io n s  le a d  to  changes o f s t a t e .  For p o p u la tio n  in v e rs io n  

to  o ccu r, th e  i n e l a s t i c  c o l l i s io n s  a re  o f  p rim ary  i n t e r e s t ,  and e le c tro n  

im pact e x c i ta t io n  has y ie ld e d  more l a s e r  o s c i l l a t io n s  th an  any o th e r  

s e le c t iv e  e x c i ta t io n  p ro c e s s .

The c ro s s  s e c t io n  ^ ° r  e x c i ta t io n  from th e  ground s t a t e  (1) to  an 

e x c i te d  s t a t e  (2) by e le c tro n  im pact i s  g iven by th e  Born approx im ation  

(2 2 ), (24) a s

U k   (2 .6 ) ,

where th e  in c id e n t  e le c tro n  energy E^, and E^ i s  th e  e x c i ta t io n  

energy th re s h o ld ,

I   (2 .7 ) .

The term  on th e  r i g h t  hand s id e  o f the  p r o p o r t io n a l i ty  in  (2 .7 )  i s  

p ro p o r t io n a l  to  th e  e l e c t r i c  d ip o le  m a trix  elem ent fo r  a  r a d ia t iv e  

t r a n s i t i o n  between an e x c ite d  s t a t e  and th e  ground s t a t e .  To a f i r s t  

app ro x im atio n , a t  e le c tro n  e n e rg ie s  where e le c tro n  exchange can be n e g le c te d ,

^ 1 2 . ^  A l l  • • • • •  (2 .8 )

where i s  th e  E in s te in  t r a n s i t i o n  p r o b a b i l i ty .
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I
T his Oe/O e p ro cess  has i t s  o n se t a t  th e  th re sh o ld  energy , and i s  

e i th e r  n o n -re so n an t o r b ro ad ly  re so n a n t up to  ap p rox im ate ly  100 -  I 50  v o l t s ,  

(o r  10 tim es th e  e x c i ta t io n  p o te n t i a l ) .  A f te r  p a s s in g  th e  maximum, th e  

p r o b a b i l i ty  cu rves f a l l  away s lo w ly .

The above only  ho lds  fo r  e x c i ta t io n  o f atoms fo r  which s p in - o r b i t  

co u p lin g  i s  n e g l ig ib le .  For h e a v ie r  and more complex atoms L-S coup ling  

i s  n o t a  good app rox im ation , and j - j  coup ling  i s  obeyed.

E le c tro n  exchange c o l l i s io n s

E le c tro n  exchange c o l l i s io n s  can a ls o  r e s u l t  in  e x c i ta t io n  in  which 

s p in  m u l t ip l i c i ty  i s  changed. Except in  heavy atom s, t r a n s i t io n s  

in v o lv in g  a  change o f m u l t ip l ic i ty  a re  dom inated by e le c tro n  exchange.

Such c o l l i s io n s  a re  very  im p o rtan t c lo se  to  th re sh o ld  in  th e  case o f 

t r a n s i t i o n s  in v o lv in g  no change in  th e  az im u tha l quantum number, and 

have e x c i ta t io n  fu n c tio n s  w ith  much sh a rp e r maxima th a n  fo r  o p t i c a l ly  

allow ed  t r a n s i t i o n s .  F ig . 2 .5  ( a f t e r  B ennett (22 )) g iv e s  a  q u a l i t a t iv e  

i l l u s t r a t i o n  o f th e  energy dependence o f i n e l a s t i c  e x c i ta t io n  c ro s s  

s e c t io n s  fo r  (a ) o p t i c a l ly  allow ed  t r a n s i t io n s  and (b) fo r  e x c i ta t io n  

between le v e ls  o f th e  same p a r i t y .

I o n is a t io n  by e le c tro n  im pact.

C a lc u la t io n s  fo r  io n i s a t io n  u s in g  th e  Born approx im ation  quantum 

th e o ry  a re  s im i la r  to  tho se  fo r  e x c i ta t io n ,  and y ie ld  s im ila r  curves to
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th o se  o f e x c i ta t io n  by e le c tro n  im pact (K ie f fe r  and Dunn (2 5 ) ) ,  Above 

th re s h o ld  th e  io n is a t io n  fu n c tio n  in c re a s e s  l i n e a r ly  w ith  energy to  a 

maximum s e v e ra l  tim es th e  io n is a t io n  energy and th en  f a l l s  o f f  g rad u a lly  

above t h i s .

A part from work on helium  and n itro g e n , th e  review  a r t i c l e  o f 

K ie f fe r  and Dunn shows th a t  l i t t l e  work has been p u b lish e d  on io n is a t io n  

in to  e x c i te d  f i n a l  s t a t e s .  I t  i s  o f some re le v an ce  to  io n  l a s e r s  to  

know i f  io n i s a t io n  fu n c tio n s  e x h ib i t  re so n an ces .
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Ideal four-level system  representative of m ost cw gas 
lasers.
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Three-level excitation model proposed by Gordon 
to explain the behavior of the small-bore cw Ar+ laser 

characteristics.

F ig .  2 .2
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Curve showing the relation between the relative 
enhancement of the copper levels and the energy dis
crepancy with neon ions.

Qualitative illustration of the energy dependence of 
inelastic electron excitation cross sections for optically allowed 
transitions (a) and for excitation between levels of the same 
parity (b). The low-energy region (b) is compatible with the 

stepwise excitation process

F ig . 2 .5
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CHAPTER 5

E x c i ta t io n  p ro c e s s e s  in  d is c h a rg e s  u se d  as  o p t i c a l  m aser m edia 

I n t r o d u c t io n

The p o s s i b i l i t y  o f th e  u se  o f  a  gas d is c h a rg e  to  o b ta in  a  non

e q u il ib r iu m  p o p u la t io n  d i s t r i b u t i o n  n e c e ss a ry  to  su p p o rt o p t i c a l  m aser 

o s c i l l a t i o n  was re c o g n ise d  by s e v e ra l  p e o p le . A cco rd ing  to  Schawlow, 

t h i s  p o s s i b i l i t y  was f i r s t  p o in te d  o u t by W. S . Boyle i n  1958. However, 

ach ievem en t o f  a  n e g a t iv e  te m p e ra tu re  s t a t e  was r e p o r te d  in  th e  S o v ie t 

Union by B utayeva and F a b r ik a n t i n  1957 ( l )  i n  a  m ix tu re  o f a  m e ta l 

v apou r and a  b u f f e r  g a s .  An e a r l i e r  c la im  f o r  th e  fo rm u la tio n  o f  m aser 

th e o ry  by F a b r ik a n t as e a r ly  as 1951 can n o t be s u b s t a n t i a te d  ( 2 ) .

The f i r s t  s p e c i f i c  p ro p o sa ls  w ere p u b lish e d  i n  1959 by S anders ( 5 ) ,

( 4 ) and Jav an  ( 5 ) .  Jav an  ( 6 ), u s in g  r f  e x c i t a t io n  was th e  f i r s t  to  

r e a l i s e  o s c i l l a t i o n  in  a  gas d is c h a rg e .

S in ce  th e  f i r s t  p ro p o s a ls ,  a l l  th e  fo llo w in g  m ethods o f  e x c i t a t i o n  

have been  u sed  in  s u c c e s s fu l  o p t i c a l  m aser o s c i l l a t o r s *-

(a )  th e  glow d is c h a rg e ,  in c lu d in g  

( i )  th e  n e g a t iv e  glow and

( i i )  th e  p o s i t i v e  column re g io n s

(b ) r f  e x c i t a t io n

(c )  ho llow  ca thode  d is c h a rg e s

(d ) p u ls e d  p o s i t i v e  column d is c h a rg e s .
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5 .1  The glow d is c h a rg e

There have been  a  number o f e x c e l le n t  a n a ly se s  o f  th e  glow d isc h a rg e  

w hich in c lu d e  th o s e  o f  von E ngel ( 7 ) ,  F ra n c is  ( 8 ) ,  Brown ( 9 ) and 

P a rk e r  ( lO ) .  S in ce  an  a n a ly s i s  o f t h i s  d is c h a rg e  seems to  co v e r most 

a s p e c ts  o f  l a s e r  d is c h a rg e s ,  in c lu d in g  th o s e  o f th e  ho llow  ca th o d e  and 

p u ls e d  a f te rg lo w  d is c h a rg e s ,  on w hich a  c o n s id e ra b le  amount o f work was 

c a r r i e d  o u t  i n  th e  work r e p o r te d  h e r e ,  an a b b re v ia te d  q u a l i t a t i v e  

d e s c r ip t io n  o f s a l i e n t  p a r t s  o f  th e  glow d is c h a rg e  in  a  gas a t  low 

p re s s u re  w i l l  be g iv e n .

F ig .  5*1 ( a f t e r  von Engel ( 7 ) )  shows th e  s p a t i a l  d i s t r i b u t i o n  o f  

d a rk  and lum inous zo n es , th e  e l e c t r i c  f i e l d ,  space  ch arg e  d e n s i t i e s  p +  

and and c u r r e n t  d e n s i t i e s  i n  a  glow d is c h a rg e  a t  a  p r e s s u re  0 .1  -  

1 t o r r .

5 . 1 .1  The n e g a t iv e  glow.

The n e g a t iv e  glow i s  th e  f i r s t  l a r g e  b r ig h t  lum inous r e g io n ,  g o in g  

from  th e  ca th o d e  to  th e  anode, t h a t  o ccu rs  in  th e  glow d is c h a rg e .  I f  a 

p la n e  ca th o d e  i s  m ounted i n  a  l a r g e  s p h e r ic a l  bu lb  and r o ta t e d  w ith  

r e s p e c t  to  a  f ix e d  anode, th e  n e g a t iv e  glow re g io n  sw ings round  a s  i f  

f ix e d  to  th e  ca th o d e  s u r f a c e ,  th e  p o s i t i v e  column m ere ly  f i l l s  th e  

rem a in in g  space  betw een th e  F araday  d a rk  space  and th e  anode. T h is  

in d ic a te s  th e  beam l i k e  n a tu re  o f  th e  n e g a t iv e  glow . Whereas th e  

p o s i t i v e  column i s  a f f e c te d  by th e  d im ensions o f th e  d is c h a rg e  v e s s e l ,  

th e  n e g a t iv e  glow i s  n o t .
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C o n sid er an  e le c t r o n  e m itte d  from  th e  c a th o d e , f o r  example by a  

p o s i t i v e  io n  im p in g in g  on th e  c a th o d e . I n i t i a l l y  th e  e l e c t r o n  i s  in  a 

re g io n  o f h ig h  f i e l d  s t r e n g th  and i s  r a p id ly  a c c e le r a te d  away from  th e  

ca th o d e . At f i r s t  i t  has i n s u f f i c i e n t  e n e r ^  to  e x c i te  o r  io n i s e ;  

f u r t h e r  from  th e  c a th o d e , though  th e  f i e l d  i s  w eaker, th e  e l e c t r o n  io n ise s ; 

more e f f i c i e n t l y  and s t ro n g  e l e c t r o n  e x c i t a t io n  o f  th e  gas ta k e s  p la c e .

Near th e  boundary  betw een th e  ca th o d e  d ark  space  and th e  n e g a t iv e  

glow , th e  e l e c t r i c  f i e l d  i s  v e ry  weak, and on ly  th e  f a s t  e l e c t r o n s  w hich 

have n o t l o s t  energ y  by i n e l a s t i c  c o l l i s i o n s  w i l l  be a b le  to  io n i s e  i n  

th a t  r e g io n .  A lthough  a  sm a ll group o f  f a s t  e le c t r o n s  re a c h e s  th e  edge 

o f  th e  n e g a t iv e  glow , th e  m a jo r i ty  o f th e  e le c t r o n s  have e n e rg ie s  on ly  

s l i g h t l y  above th a t  r e q u ir e d  to  i o n i s e  th e  g a s .  T his group lo s e s  i t s  

energy  by i n e l a s t i c  c o l l i s i o n s  as  i t  e n te r s  th e  weak f i e l d  re g io n  o f 

th e  n e g a t iv e  glow . In  th e  m idd le o f th e  glow th e r e  a re  many more slow  

e le c t r o n s  th a n  f a s t .

T ab le 5 .1  

E le c tro n  V e lo c ity  D is t r ib u t io n

Helium (p  « 1 t o r r ,  j  * 2 x  10 ^ A cm

E le c tro n  
Energy (eV) 0 .6 7 .3 25

N (cm“ ^) e ' 4 .10^ 5 .1 0 ? 5 .10*

T ab le  5 .1  g iv e s  an  e le c t r o n  v e lo c i ty  d i s t r i b u t i o n  i n  a  d is c h a rg e  i n  

h e liu m , ( a f t e r  P r in g le  and P a rv is  ( l l ) ) .
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S in ce  th e  slow  e le c t r o n s  have e n e rg ie s  below  th e  io n i s a t io n  maximum 

( 7 ) b u t above o r  a t  th e  e x c i t a t i o n  maximum, th e y  e x p e rie n c e  many e x c i t in g  

c o l l i s i o n s  and p roduce th e  n e g a t iv e  glow . The e l e c t r o n  c o n c e n tra t io n  

i n  th e  n e g a t iv e  glow has been  shown to  be ap p ro x im a te ly  20 tim es  l a r g e r  

th a n  i n  th e  p o s i t i v e  column ( l 2 ) .  When th e  e l e c t r o n  energ y  i s  

s u f f i c i e n t l y  s m a ll ,  re c o m b in a tio n  w ith  p o s i t i v e  io n s  ta k e s  p la c e .

W ith in c r e a s in g  f # e ld  from  th e  boundary few er f a s t  e le c t r o n s  a re  

found  and l e s s  l i g h t  i s  e m itte d .  F u r th e r  on , th e  f i e l d  in c re a s e s  s lo w ly , 

re c o m b in a tio n  d e c re a se s  and th e  F arad ay  d a rk  space  d ev e lo p s  u n t i l  th e  

e l e c t r o n s  have a g a in  s u f f i c i e n t  energy  to  e x c i te  and io n i s e  th e  g a s ; 

th e  u n ifo rm  p o s i t i v e  column o r  th e  f i r s t  s t r i a t i o n  th e n  commences.

The e x te n t  o f th e  n e g a t iv e  glow has been  shown by Brew er and 

W esthaver ( l5 )  f o r  v a r io u s  g ases  and v a lu e s  o f ca th o d e  f a l l  to  be eq u a l 

to  th e  ran g e  o f  th e  e l e c t r o n s .  H urt ( 1 4 ) found  t h a t  e m iss io n  from  

a to m ic  s p e c ie s  o ccu rs  on th e  ca th o d e  edge o f th e  n e g a t iv e  glow re g io n  

w ith  m o le c u la r  em issio n  from  s p e c ie s  f u r t h e r  in to  th e  glow .

F o r more s p e c i f i c  d e t a i l s  o f p ro c e s se s  le a d in g  to  a tom ic and 

m o le c u la r  s p e c ie s  and th e  e x c i t a t io n  p ro c e sse s  w ith  th e  n e g a t iv e  glow , 

th e  r e a d e r  i s  r e f e r r e d  to  5 . 5 , 'The s i m i l a r i t i e s  o f  th e  a f te rg lo w  o f a 

p u ls e d  d is c h a rg e  and th e  n e g a t iv e  glow region*.

5 . 1 .2  The n o s i t i v e  column

The a x i a l  component o f  th e  e l e c t r i c  f i e l d ,  as  shown i n  F ig .  3 ,1 ,  i s  

c o n s ta n t  a t  any p o in t ,  and th e  d e n s i t i e s  o f p o s i t i v e  io n s  and e le c t r o n s
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a re  e q u a l .  In  th e  p o s i t i v e  colum n, due to  th e  s m a l le r  m o b ili ty  o f th e  

p o s i t i v e  io n s ,  m ost o f  th e  c u r r e n t  i s  c a r r i e d  by e l e c t r o n s .  Von Engel 

( 7 ) has shown t h a t  th e  un ifo rm  ap p ea ran ce  o f  th e  glow i s  due to  th e  

random v e l o c i ty  (v) of th e  e le c t r o n s  a c q u ire d  by numerous e l a s t i c  

c o l l i s i o n s  in  th e  f i e l d ,  and n o t from  th e  d r i f t  v e l o c i ty  (V^) i n  th e  

f i e l d  d i r e c t i o n .

V^/V i s  u s u a l ly  0 .1  f o r  E /p <^20 v o l t  cmT^ t o r r ”^ ( 7 ).

In  th e  s te a d y  un ifo rm  p o s i t i v e  column th e  e l e c t r i c  f i e l d  h as  such  

a  v a lu e  t h a t  th e  number o f  e l e c t r o n s  and io n s  p roduced  i s  eq u a l to  th e  

lo s s  o f  ch a rg e  to  th e  w a l l s .  The e lem en ta ry  th e o ry  o f  th e  p o s i t i v e  

column g iv e s  a  good q u a n t i t a t iv e  d e s c r ip t io n  o f th e  r e l a t i o n  betw een the  

a x ia l  and r a d i a l  e l e c t r i c  f i e l d ,  th e  p r e s s u r e ,  th e  tu b e  r a d iu s  and th e  

n a tu re  o f  th e  g a s .  The app ro ach  i s  u s u a l ly  to  d e r iv e  th e  r a d i a l  

d i s t r i b u t i o n  o f ch arg e  c o n c e n tra t io n  by e q u a tin g  th e  i o n i s a t i o n  r a t e  and 

th e  d i f f u s io n  l o s s ,  th e n  to  c a l c u la te  th e  e l e c t r o n  te m p e ra tu re  (T ^ ) , 

assum ing a  M axw ellian d i s t r i b u t i o n  o f  th e  e l e c t r o n s ,  n e c e s s a ry  to  

m a in ta in  th e  r a t e  o f  i o n i s a t i o n .

A t h e o r e t i c a l  tre a tm e n t o f  th e  e l e c t r o n  te m p e ra tu re  in  th e  p o s i t i v e  

column in  m ix tu re s  o f a tom ic g ases  has been  g iv en  by D o rgelo , A l t in g  

and Boers ( 1 5 ) ,  i n  an  e x te n s io n  o f th e  S ch o ttk y  th e o ry  w hich a p p l ie s  

o n ly  to  th e  range  where d i f f u s io n  i s  a  dom inant p ro c e s s .  They assume 

t h a t  e le c t r o n s  have a  M axw ellian energy  d i s t r i b u t i o n  and th a t  io n s  a re  

p roduced  o n ly  by d i r e c t  e le c t r o n  c o l l i s i o n s  w ith  gas m o le c u le s , and a re  

d e s tro y e d  a t  th e  walls.
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th e  numher o f  io n s  o f  gas 1 form ed p e r  cm^ p e r  s e c .  and

i s  g iv e n  by

^ 1  ”  €••••- ( 5 *1 )

w here i s  th e  e le c t r o n  c o n c e n tra t io n  and o C is  th e  number o f  io n s  s e c ”^ 

e l e c t r o n ,  ^ th e n  an e q u a tio n  analogous to  S c h o ttk y 's  i s  d e r iv e d : -

+ ( t  + 0 ^ ^  - O  ............( 3 .2 )

where b^ and bg a r e  th e  io n  m o b i l i t i e s  o f  th e  gas com ponents.

The s o lu t io n  i s  a  ze ro  o rd e r  B e sse l f u n c t io n ,  h a v in g  th e  boundary  

c o n d i t io n  « 0 a t  th e  w a l l ,  where r  « H, le a d in g  to

^  ^  ( 2 - V p f =  ( 2 '4 / r ' ) “ ^   ( 3 . 3 )
bi bz e  D '

where eV i s  th e  mean e le c t r o n  en e rg y . In  g e n e ra l

oC = c.p'% . ..........  (3 .4)

where i s  th e  i o n i s a t io n  p o te n t i a l  o f th e  g a s ,

( 3 . 4 ) shows t h a t  th e  r a t e  o f  i o n i s a t i o n  depends s t r o n g ly  upon Y^/T^. 

F o r  an  e a s i l y  io n i s a b le  gas o r  v ap o u r such  as a rgon  o r  m ercu ry , w i l l  

be low . R easonab le agreem ent was o b ta in e d  betw een c a lc u la te d  v a lu e s  o f  

T^, f o r  m ix tu re s  o f neon-m ercury  and n eo n -a rg o n  and th e  r e s u l t s  from  

probe m easurem ents, by D orgelo , A lt in g  and Boers (1 5 ) .

In  ty p i c a l  low p re s s u re  p o s i t i v e  columns i s  betw een 0 .1  -  10 eY. 

In  narrow  b o re  d is c h a rg e  tu b e  sy stem s, as  u sed  f o r  gas l a s e r s ,  E /p  can 

be as much as 50 Y cm^^ t o r r ”^ , and can be as la r g e  as  20 eY ( l 6 ) .

I n  b o re s  below  5mm, th e  e le c t r o n  te m p e ra tu re  r i s e s  r a p id ly  i n  b o th  glow

d is c h a rg e s  and r f  d is c h a rg e s  ( l ? ) .  In  t h i s  r e g io n  th e  S ch o ttk y  th e o ry
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o f  th e  p o s i t i v e  column i s  n o t ex p ec ted  to  he v a l i d ,  as th e  e le c t r o n  

mean f r e e  p a th  can he com parable to  th e  d ia m e te r  o f th e  d is c h a rg e  tu b e , 

and as  an ex tended  n e g a t iv e  space  ch arg e  s h e a th  d ev e lo p s  on th e  s id e  

w a lls  and r e f l e c t s  e le c t r o n s  back  in to  th e  p la sm a.

At low v a lu e s  o f pR th e  s h e a th  ta k e s  c o n t ro l  o f th e  r a d i a l  m otion  

o f ch a rg es  and th e  above th e o ry  does n o t a p p ly . I t  i s  i n  t h i s  r e g io n  

and below  t h a t  l a s e r  d is c h a rg e s  a re  o p e ra te d , and th e  assumed 

M axw ellian  e l e c t r o n  energy  d i s t r i b u t i o n  i s  q u e s t io n a b le ,  -  see  C hap ter 6 .

5 .2  r f  d is c h a rg e s

The e a r ly  work on l a s e r  e x c i t a t i o n  was c o n c e n tra te d  on system s 

w hich had s p e c ia l  a d v a n ta g e s . The m ost w id e ly  u sed  was t h a t  o f  r f  

e x c i t a t i o n .  This method o f e x c i t a t io n  was chosen  b ecau se  i t  av o id ed  ( i )  

c o n ta m in a tio n  and d e s t r u c t io n  o f th e  i n t e r n a l  c a v i ty  m ir ro rs  th e n  u se d , 

and ( i i )  gas c le a n  up th a t  o ccu rs  w ith  i n t e r n a l  e l e c t r o d e s .

5 . 2 .2  G eneral c o n s id e ra tio n s

The fo llo w in g  g iv e s  a  p h y s ic a l  p ic tu r e  w ith  maximum in s ig h t  in to  

th e  p h y s ic a l  p ro c e s s e s  o c c u r r in g  i n  th e  r f  d is c h a rg e  w ith  minimum • 

re c o u rs e  to  D if fu s io n  th e o ry .

I o n i s a t io n ,  th e  n e c e ss a ry  c o n d i t io n  f o r  o b ta in in g  a  d is c h a rg e  in  a  

gas s u b je c t  to  a l t e r n a t i n g  f i e l d s ,  d i f f e r s  from  io n i s a t i o n  in  s te a d y  dc 

f i e l d s ,  i n  th e  fo llo w in g  ways;

( i )  th e  f i e l d  re v e r s e s  p e r io d i c a l ly ,  th u s  ch arg es  may n o t be sw ept 

o u t o f th e  volume on to  th e  w a lls  o r  e le c t ro d e s  ( I 8 ) ,  lo s s e s  

a re  red u ced  and a s u s ta in e d  d is c h a rg e  can  be m a in ta in e d  w ith  

low e l e c t r i c  f i e l d s .
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( i i )  seco n d ary  ch arg ed  p a r t i c l e s  r e le a s e d  from  th e  w a lls  do n o t 

c o n t r ib u te  to  th e  grow th o f  a  d is c h a rg e  u n le s s  th e y  a re  

e m itte d  when th e  d i r e c t i o n  o f  th e  e l e c t r i c  f i e l d  i s  fa v o u ra b le ,

( i i i )  a l t e r n a t i n g  d is c h a rg e s  can be m a in ta in e d  i n  i n s u l a t i n g  v e s s e l s ,  

w ith  th e  s t a t i c  f i e l d s  s e t  up by th e  d r i f t i n g  o f io n s  and 

e l e c t r o n s ,  c o n t r o l l i n g  th e  e q u il ib r iu m  d e n s i ty  o f i o n i s a t i o n

i n  th e  d is c h a rg e  volum e,

( iv )  th e  maximum k i n e t i c  energy  i n  th e  o s c i l l a t o r y  m otion  o f  an

e le c t r o n  a t  th e  minimum e l e c t r i c  f i e l d  i n t e n s i t i e s  needed  fo r  

breakdow n c o rre sp o n d s  to  ap p ro x im a te ly  lO” ^ eY (Brown ( 1 9 ) ;  

t h i s  i s  i n s u f f i c i e n t  to  g iv e  gas breakdow n, and s u f f i c i e n t  

energ y  can  be a c q u ire d  o n ly  by an e le c t r o n  e x p e r ie n c in g  

c o l l i s i o n s .  A f r e e  e l e c t r o n  in  an o s c i l l a t o r y  e l e c t r i c  f i e l d  

o s c i l l a t e s  i n  phase  w ith  th e  f i e l d ,  so t h a t  th e  av e ra g e  power 

g a in e d  from  th e  f i e l d  i s  z e ro . In  a  c o l l i s i o n  an e le c t r o n  can  

have i t s  o r d e r ly  o s c i l l a t o r y  m otion  changed to  random m o tio n , 

and i t  can  g a in  energ y  from  th e  f i e l d .  The k i n e t i c  energy  

l o s t  by an e le c t r o n  in  an e l a s t i c  c o l l i s i o n ,  i s  more th a n  

re p la c e d  by th e  g a in  in  energy  due to  i t s  change o f  p h a se .

The energy  o f  th e  e l e c t r o n s ,  th e r e f o r e ,  in c re a s e s  u n t i l  i t  i s  

enough to  e n a b le  th e  e le c t r o n s  to  e x c i te  o r  io n i s e ,  when th e y  

lo s e  la r g e  amounts o f en e rg y .

F o llo w in g  F ra n c is  ( 1 8 ) , th e  f a c t o r s  w hich in f lu e n c e  th e  breakdown 

f i e l d  (E) and th e  su b seq u en t c u r r e n t  and io n  d e n s i ty  o f  a  f u l l y  

developed  plasm a a r e s -
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( a )  th e  gas p r e s s u r e ,  p ( t o r r ) ,  and c o n se q u e n tly  th e  mean f r e e  

p a th  7\^(cm) o f th e  e l e c t r o n s ,  and th e  f re q u e n c y T i , (eq u a l to

se c  w ith  w hich th e y  h i t  gas atom s and m o le c u le s .

(b )  th e  f re q u e n c y  f , and w aveleng th  A o f th e  a p p l ie d  e l e c t r i c  

f i e l d  E.

(o )  th e  d im ensions o f  th e  c o n ta in in g  v e s s e l ,  th e  le n g th  d (cm) i n  

th e  d i r e c t i o n  o f th e  e l e c t r i c  f i e l d  and th e  p e rp e n d ic u la r  

w id th  o f  r a d iu s  R (cm ).

The fo l lo w in g  s e t s  o f  c o n d i t io n s ,  d e te rm in e  th e  p h y s ic a l  p ro c e s se s  

o c c u r r in g  i n  th e  d i s c h a rg e s -

1 . Very low p re s s u re s  (lO "^ t o r r  o r  l e s s )  ^  d , R.

The e le c t r o n s  h i t  th e  w a lls  o f  th e  c o n ta in in g  v e s s e l  more o f te n  th a n  

th e y  h i t  m o lecu le s  o r  atom s. The seco n d ary  e f f e c t s  a t  th e  w a lls  th e n  

a f f e c t  th e  m a in ten an ce  o f a  d is c h a rg e  o r  th e  breakdown o f  a  g a s .

2. Medium o r  h ig h  p r e s s u r e s .

(a )  A Q low f re q u e n c y , f

The e le c t r o n s  make many c o l l i s i o n s  f o r  each  f i e l d  o s c i l l a t i o n ,  and 

d r i f t  a s  a  c lo u d  in  p hase  w ith  th e  f i e l d .

I f  th e  f re q u e n c y  ( f )  i s  h ig h , th e  am p litu d e  o f  o s c i l l a t i o n  i s  low  

and can  be l e s s  th a n  d , o r  R; ch arg ed  p a r t i c l e s  form ed by io n i s in g  

c o l l i s i o n s  i n  th e  gas a re  l o s t  by d i f f u s io n  to  th e  w a l l s .

I f  th e  fre q u e n c y  ( f )  i s  low , th e  am p litu d e  o f o s c i l l a t i o n  i s  h ig h  

and e le c t r o n s  a re  d r iv e n  in to  th e  w a lls  o f th e  tu b e  in  each  h a l f  c y c le .  

S econdary  w all, p ro c e s s e s  a re  th e n  e s s e n t i a l  to  m a in ta in  th e  d is c h a rg e .
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(b) h ig h  f r e q u e n c y f

The e le c tro n s  make many c o l l i s io n s  w ith  atoms o r m olecu les, and make 

many sm all am plitude o s c i l l a t io n s  between c o l l i s i o n s .  They rem ain 

e s s e n t i a l ly  s ta t io n a r y  and sp read  ou t only by d i f f u s io n .

5* Very h ig h  freq u en cy , (microwave freq u en c ie s )

a .  B

The e le c tro n s  a re  n o t under the  in f lu e n c e  o f th e  e l e c t r i c  f i e l d ,  b u t 

a re  s u b je c t  to  th e  s ta n d in g  o s c i l l a t o r y  e lec tro m ag n e tic  wave determ ined  by 

th e  frequency  o f th e  f i e l d ,  th e  e x c i ta t io n  and th e  geom etry, th a t  i s  by th e  

c a v i ty  p r o p e r t i e s .
I

The s i t u a t io n  in  2b, ^  d, R, h ig h  frequency  f  i s  a p p l ic a b le

to  r f  e x c ite d  l a s e r  d is c h a rg e s , where R = 3 -  10mm, p re s s u re s  a re  

ap p ro x im ate ly  a t  1 t o r r ,  and A ^  i s  abou t 1mm, fo r  e le c tro n s  o f  16 eV in  

helium , (Ward (2 0 ) ) .  D iffu s io n  th e o ry  can be used to  determ ine the  

breakdown o f  th e  gas and th e  m aintenance o f  th e  d isc h a rg e .

L im its  o f  th e  D iffu s io n  th e o ry .

C e r ta in  b a s ic  assum ptions a re  made in  c a lc u la t io n s  o f breakdown a s  a  

b a lan ce  betw een io n is a t io n  r a t e  and lo s s  o f e le c tro n s  by d i f fu s io n .

At low freq u en cy , dim ensions o f  c o n ta in in g  v e s s e ls  a re  sm all compared 

w ith  th e  w avelength  o f th e  e l e c t r i c  f i e l d  and th e  uniform  f i e l d  assum ption 

i s  very  good.

At h ig h  freq u en cy , th e re  i s  a  l i m i t  to  th e  s iz e  o f th e  d isch a rg e  tube 

c o n s is te n t  w ith  th e  uniform  f i e l d  assum ption o f th e  d if fu s io n  th e o ry .

The l i m i t  i s  when th e  s iz e  o f th e  d isch a rg e  tube i s  equal to  a  s in g le  

loop  o f  a  s ta n d in g  wave o f th e  e l e c t r i c  f i e l d .
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The r e l a t i o n  betw een th e  p a r a l l e l  p l a t e  s e p a r a t io n  ( l ) ,  th e  wave

le n g th  ( / \  ) ,  and d i f f u s io n  le n g th  _A_ may be w r i t t e n  ( I 9 ) as

A /2  = L » 7T_A— . . . . .  ( 3*5 )

or p A « 2 7T (p -A _  ) .......... ( 5 . 6 ).

The d i f f u s io n  le n g th  _A— o f a  con ta in m en t v e s s e l  i s  d e te rm in ed  by 

th e  d im ensions o f  th e  v e s s e l  and can  r e a d i ly  be c a lc u la te d  from

1/ ^  .......... (5-7)

where r  i s  th e  r a d iu s  and d i s  th e  le n g th  o f th e  v e s s e l .

The f i r s t  te rm  i s  th e  c o n t r ib u t io n  due to  d i f f u s io n  to  th e  end

w a l l s ,  and th e  seco n d , d i f f u s io n  to  th e  s id e  w a l l s .

D if fu s io n  th e o ry  a l s o  does n o t ap p ly  when th e  e l e c t r o n  mean f r e e  

p a th  ^  g becomes com parable to  th e  s iz e  o f  th e  tu b e .

In  th e  l i m i t ,  t h i s  o ccu rs  when A g  * —A—.

The p r o b a b i l i t y  o f c o l l i s i o n  i s  eq u a l to  1 /^  A  ^  th e r e f o r e

^mi “ .......... ( 3 . 8 )

The v a lu e  o f  P i s  n o t c o n s ta n t  b u t depends on th e  e le c t r o n  e n e rg y , m

From m easured v a lu es  o f P i t  i s  th e r e f o r e  p o s s ib le  to  c a l c u la te  th em

l i m i t  f o r  u se  o f  th e  D if fu s io n  th e o ry .

A verage e le c t r o n  en erg y

The v a r i a t i o n  o f  e l e c t r o n  te m p e ra tu re  (T^) w ith  f re q u e n c y  has been  

s tu d ie d  by von Engel and H a rr is  ( 2 l ) .  F ig .  5 .2  ( a f t e r  von Engel and 

H a r r is )  shows th a t  a t  low fre q u e n c y  th e  m o d u la tio n  i s  100 p e r  c e n t .

At h ig h  fre q u e n c y  th e  mean energy  i s  h ig h  f o r  th e  same f i e l d .
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3«5 The Hollow Cathode D isc h a rg e . (H .C .D .) .

G eneral d e s c r ip t io n

T h is  ty p e  o f d is c h a rg e ,  a lth o u g h  o f te n  c a l l e d  a  S c h u le r  d is c h a rg e , 

was f i r s t  d ev eloped  and u sed  by Paschen  (2 2 ) .

(Q)

Cathode

gative glow

Cathode Dark 
Space

F ig .  3^5 T y p ica l Hollow Cathode d is c h a rg e  c o n f ig u ra t io n  

I f  a  dc v o l ta g e  o f  more th a n  1 KY i s  a p p l ie d  to  a  s im p le  d is c h a rg e  

tu b e  c o n ta in in g  =an i n e r t  gas as  shown i n  F ig . 3»3a th e n  a t  a  p re s s u re  

w hich depends on th e  ca th o d e  d ia m e te r  and th e  c a r r i e r  g a s , b u t a t  

ap p ro x im a te ly  1 - 2 0  t o r r ,  an  in te n s e  glow c o n c e n tra te s  in s id e  th e  

c y l in d r i c a l  c a th o d e . F ig .  3*3b.

The b r ig h tn e s s  o f th e  d is c h a rg e  depends i n  r a t h e r  a  c r i t i c a l  manner 

on th e  c a r r i e r  gas p r e s s u r e .  I f  th e  p re s s u re  i s  red u ced  beyond th e  

optimum o f  1 -  3 t o r r ,  th e  b r ig h tn e s s  f a l l s  u n t i l  a t  a  c r i t i c a l  p o in t
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th e  d isch a rg e  in s id e  th e  cathode quenches and forms a d if fu s e  d isc h a rg e .

I t  i s  then  c h a ra c te r is e d  e l e c t r i c a l l y  by a h igh  r e s is ta n c e  and low c u rre n t, 

When th e  c u r re n t  i s  a few m illiam p ere s  on ly  a  sm all in n e r  p o r tio n  

o f the  cathode i s  covered w ith  a glow. As th e  c u r re n t  i s  in c re a s e d , 

th e  glow ex tends to  cover th e  whole su rfa c e  of th e  cathode w ith o u t any 

in c re a s e  in  th e  s u s ta in in g  v o lta g e  (V^) a c ro s s  th e  tu b e . Any f u r th e r  

in c re a s e  in  c u r re n t  now le a d s  to  an in c re a s e  in  V a s  th e  anomalous5

cathode p o te n t ia l  f a l l  d ev elops, a s  in  th e  abnormal glow d isc h a rg e .

The in t e n s i ty  o f th e  l i g h t  em itted  from th e  d isch a rg e  i s  many tim es 

g r e a te r  th an  th a t  from th e  p o s i t iv e  column o f a glow d isc h a rg e . 

Measurements o f  th e  e l e c t r i c  f i e l d  in  th e  glow, made by S chu le r (23)» show 

th a t  i t  i s  l e s s  th an  in  th e  p o s i t iv e  column, bu t s im ila r  to  th a t  in  th e  

n e g a tiv e  glow re g io n  o f a  glow d isc h a rg e .

When th e  l i g h t  em itted  by the  d isch arg e  i s  examined, i t  i s  found to  

c o n s is t  o f spectrum  l i n e s  o f th e  c a r r i e r  gas and a ls o  o f th e  m a te r ia l  o f 

which th e  cathode i s  made. As th e  e l e c t r i c  f i e l d  in  the  d isch arg e  i s  

sm all when o p era ted  under norm al c o n d itio n s , th e  em ission  l i n e s  a re  

a lm ost e n t i r e ly  f r e e  from S ta rk  b roaden ing ; f u r th e r ,  i f  th e  cathode i s  

coo led  th e  Doppler w id th  o f th e  l i n e s  can be reduced and f in e  l i n e s  

o b ta in e d , (Tolansky (2 4 ) ) ,  R o ess le r and de Noyer (23) have re p o r te d  

l i n e  w id th s o f l e s s  than  0 ,0 1  cm ^ in  a l iq u id  helium  cooled  H.C,D,
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E x c i ta t io n  th e o r ie s

A number o f th e o r ie s  have been  su g g e s te d  to  acco u n t f o r  th e  i n t e r 

a c t io n  o f th e  doub le  ca th o d e  phenomenon o f th e  h ig h  c u r r e n t ,  h ig h  

e l e c t r o n  d e n s i ty ,  th e  o c c u rre n c e  b e in g  due t o : -

(a )  a  r e d u c t io n  o f th e  p o s i t i v e  sp ace  ch arg e  i n  f r o n t  o f  th e  

c a th o d e , o r  in c re a s e  in  io n i s a t i o n  i n  th e  ca th o d e  d a rk  sp ace  due 

to  e l e c t r o n s  coming from  o p p o s ite  s id e s  o f  th e  c a v i ty  (26)

(2 7 ) .  (2 8 ) .

(b )  an  in c re a s e  i n  io n  d e n s i ty  and r a d i a t i o n  from  h ig h  quantum 

s t a t e s  i n  th e  n e a r ly  f i e l d  f r e e  n e g a t iv e  glow re g io n  (28) ( 2 5 ) .

(c )  more e f f i c i e n t  g eo m etric  u se  o f  ( i )  io n s  ( i i )  pho tons o r  ( i i i )  

m e ta s ta b le  a tom s, in  c a u s in g  seco n d ary  em iss io n  o f  e le c t r o n s  

from  th e  ca th o d e  ( 2 5 ) ,  ( 2 ? ) ,  ( 2 9 ) ,  ( 5 0 ) .

(d ) th e  p re se n c e  in  th e  ca th o d e  re g io n  o f  a  la r g e  number o f 

s p u t te r e d  m e ta l l i c  atoms w hich may in f lu e n c e  th e  seco n d ary  

p ro c e s s e s  a t  th e  c a th o d e , and i n  th e  volume o f th e  d is c h a rg e  

(3 1 ) ,  (3 2 ) .

In  s p i t e  o f  th e  w ide u sag e  o f  th e  H.C.D. l i t t l e  e x p e rim en ta l 

v e r i f i c a t i o n ,  a p a r t  from  th e  work o f  L i t t l e  and von Engel (2 6 ) , has been  

fo rth c o m in g  to  show th e  v a l i d i t y  o f  th e  above s ta te m e n ts .

S p u t te r in g  a c t io n

As s t a t e d  p re v io u s ly ,  s p e c t r a  o f th e  ca thode  m a te r ia l  a re  o b se rv ed , 

as w e ll  as t h a t  o f  th e  i n e r t ,  o r  m o le c u la r  c a r r i e r  gas u se d , from  th e  

p lasm a o f  th e  H.G.D»
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The ca th o d e  m a te r ia l  i s  s p u t te r e d  by p o s i t i v e  io n s  w hich can have 

e n e rg ie s  c o rre sp o n d in g  to  th e  f u l l  ca th o d e  f a l l  o f a  few  hundred  v o l t s  

im p in g in g  on th e  ca thode  (35)> and i s  e x c i te d  in  th e  n e g a t iv e  glow plasm a, 

The m a jo r i ty  o f  p a r t i c l e s  e je c te d  from  th e  ca th o d e  a c c o rd in g  to  von 

H ippel ( 3 4 ) a re  a to m ic . However, Honig (35) has shown tha tw hen  6OO eT 

p o s i t i v e  io n s  o f  argon bombard a  s i l i c o n  c a rb id e  c a th o d e , io n  s p e c ie s  

S i^ ,  SiCg^^ SigC^ and SlgC^"** a re  e m itte d  in  m easu rab le  q u a n t i t i e s .

Wehner and co -w orkers  (35 ) -  (3 9 ) ,  have d e te rm in ed  s p u t t e r in g  y ie ld s  f o r  

low e n e rg y , 100 -  6OO eT i n e r t  gas io n s ,  and have found  th a t  th e r e  i s  a  

p e r io d ic  dependence on a tom ic  num ber, s im i la r  to  th e  r e c ip r o c a ls  o f  th e  

h e a t  o f  s u b l im a tio n . Peaks in  y i e ld  o ccu r a t  m anganese, co p p er, s i l v e r  

and g o ld  in  th e  p e r io d ic  t a b l e .

The e x a c t mechanism o f  th e  s p u t t e r in g  p ro c e ss  i s  n o t y e t  f u l l y  

u n d e rs to o d , b u t th e  a c c e p te d  e x p la n a tio n  i s  th a t*

( i )  momentum i s  t r a n s f e r r e d  from  th e  in c id e n t  io n  to  th e  ca th o d e

s u r f a c e ,  and atoms, io n s ,  and m o lecu les a re  e m itte d  w ith  v a ry in g  

v e l o c i t i e s  from  th e  c a th o d e , (Townes, ( 4 0 ) ) .

( i i )  e v a p o ra tio n  o f  atoms o ccu rs  u n d er th e  io n  bombardment.

Use as a s p e c tro s c o p ic  so u rce

B ecause o f  th e  s p u t t e r in g  a c t io n ,  and low  e l e c t r i c  f i e l d s  away from  

th e  ca th o d e  edge o f  th e  n e g a t iv e  glow , th e  H.C.D. has been  u sed  

e x te n s iv e ly  as a  so u rce  o f l i n e  s p e c t r a  o f m ost o f  th e  e lem en ts  ( 2 4 ) ,  

and i s  o n ly  su rp a s se d  by th e  atom ic beam and th e  l a s e r  in  th e  p ro d u c tio n  

o f s p e c t r a  h av in g  sm all l i n e - w id th s .  I t s  main advan tage  ov er o th e r
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ty p e s  o f d is c h a rg e  so u rce  i s  in  e x c i t in g  th e  h ig h  m e ltin g  p o in t  m e ta ls ,  

f o r  w hich th e  s p u t t e r in g  a c t io n  can p roduce th e  n e c e s s a ry  atom ic vapour 

w ith o u t th e  n e c e s s i ty  f o r  h ig h  te m p e ra tu re  ( 4 1 ) .

E f f e c t  o f c a r r i e r  gas

The ty p e  o f s p e c t r a  e m itte d  i s  a f f e c te d  c o n s id e ra b ly  by th e  c a r r i e r

g a s .

Helium p roduces more * s p a rk ' s p e c t r a  th a n  any o f  th e  i n e r t  g a s e s .

I t  i s  b e l ie v e d  th a t  t h i s  i s  due to  i t s  h ig h  e x c i t a t io n  and io n i s a t i o n  

p o t e n t i a l s .  Helium i s  a ls o  a  l e s s  e f f e c t i v e  s p u t t e r e r  th a n  o th e r  g a s e s ,  

(S to c k e r  ( 4 2 )), so t h a t  th e  ca th o d e  m a te r ia l  vapour p re s s u re  i s  low , and 

P enn ing  ty p e  c o l l i s i o n s  a re  l i k e l y  to  p redom inate  o v e r e l e c t r o n  

e x c i t a t i o n / i o n i s a t i o n  c o l l i s i o n s .  The low e l e c t r i c  f i e l d s  i n  th e  H.C.D. 

a ls o  make i t  a  f a v o u ra b le  so u rc e  f o r  th e  e x c i t a t io n  o f  sp a rk  s p e c t r a  

w ith  th e  e x c i t a t i o n  l im i te d  by charge  t r a n s f e r  (lO /O l ) ,  o r  ( lO * /l  0) 

c o l l i s i o n s  (Sawyer (4 3 ))»

The ty p e  o f  e x c i t a t i o n  p roduced  i s  n o t o n ly  a  fu n c t io n  o f th e  

e x c i t a t i o n  p o t e n t i a l s  o f  th e  c a r r i e r  g a s . M itc h e ll  (44) found  t h a t  a rgon  

gave a r c - l i k e  s p e c t r a ,  b u t xenon gave more io n  s p e c t r a ,  u s in g  an  ^ n  

c a th o d e , a lth o u g h  th e  e x c i t a t i o n  p o te n t i a l  o f xenon i s  l e s s  th a n  th a t  o f 

a rg o n . E xam ination  o f  th e  d a ta  g iv e n  i n  (43) shows th a t  th e r e  i s  a 

maximum o f  e x c i t a t i o n  observ ed  in  a  H .C .D ., e x p la in a b le  as r e s u l t i n g  

from  th e  (lO /O l* ) p ro c e s s ,  w hich w ith  helium  as a  c a r r i e r  g a s , ap p ea rs  

more p ro b a b le  th a n  a  m e ta s ta b le  -  m e ta s ta b le  c o l l i s i o n  p ro c e s s ,  i n  th e  

e x c i t a t i o n  o f  m e ta l s p e c t r a .
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3*4 P u lse d  d is c h a rg e s

P u lse d  gas d is c h a rg e s  w ere f i r s t  u sed  as l a s e r  e x c i t a t i o n  so u rces  

by Boot and C lu n ie  (4 5 ) ,  who o b ta in e d  o s c i l l a t i o n  i n  th e  n e a r  i n f r a - r e d  

in  th e  a f te rg lo w  o f a  h ig h  p r e s s u r e ,  h ig h - c u r r e n t ,  p u ls e d  d is c h a rg e .

T his means o f e x c i t a t i o n  has en ab led  l a s e r s  to  be developed  w ork ing  up 

in to  th e  t r i p l y  io n is e d  s p e c ie s  u n d er p u ls e d  c o n d i t io n s ,  and h as  le d  

su b se q u e n tly  to  th e  r a p id  developm ent o f  h i ^  power cw and th e  new 

t r a n s i e n t  l a s e r  sy s te m s .

E x c i ta t io n  p ro c e s s e s  a t  breakdown

I f  a  h ig h  p o t e n t i a l  i s  a p p l ie d  to  a  d is c h a rg e  tu b e  v ia  i n t e r n a l  

e l e c t r o d e s ,  i n  p a r a l l e l  w ith  a  c a p a c i to r , th e  gas b re a k s  down a t  a  

p a r t i c u l a r  v o l t a g e .  T h is v o l ta g e  depends on th e  gas p re s s u re  and th e  

s e p a r a t io n  betw een th e  e l e c t r o d e s ,  i . e .  E /p . P lo ts  o f th e  v a r i a t i o n  o f 

breakdow n v o lta g e  w ith  p re s s u re  and s e p a r a t io n  o f  th e  e le c t r o d e s ,  form  

th e  fam ilia r  P aschen  breakdown c u rv e s . P ro v id ed  th e  e l e c t r i c  f i e l d  i s  

u n ifo rm  and th e  p r e s s u r e - e le c t r o d e  s e p a r a t io n  (pd) i s  l e s s  th a n  150 t o r r  

cm, P a s c h e n 's  Law i s  obeyed.

At breakdown th e  c u r r e n t  r i s e s  r a p id ly  to  a  v a lu e  d e te rm in ed  by th e  

r e s i s t a n c e  i n  th e  c i r c u i t  and th e  f i n i t e  power o f th e  s o u rc e . A f te r  th e  

i n i t i a l  r a p id  r i s e  i n  c u r r e n t ,  th e  e l e c t r i c  f i e l d  f a l l s  u n t i l  th e  c u r r e n t  

re a c h e s  a  p a r t i c u l a r  v a lu e ,  a f t e r  w hich th e  m a in ta in in g  p o te n t i a l  i s  

in d e p en d en t o f th e  c u r r e n t .  The c u r r e n t  th e n  decays e x p o n e n t ia l ly  

a c c o rd in g  to  th e  tim e c o n s ta n t  o f th e  c i r c u i t .  In  such  a  d is c h a rg e  th e  

c u r r e n t  d e n s i ty  can approach  ^00 Amp cm , as  a  r e s u l t  o f th e  c o n s id e ra b le  

i o n i s a t i o n  t h a t  o c c u rs .



-  43 "*

The norm al c a p a c i to r  d is c h a rg e  i s  n o t a  v e r s a t i l e  d is c h a rg e  as f a r  

as a n a ly s i s  o f  a  d is c h a rg e  i s  co n ce rn ed , s in c e  i t  i s  n o t  p o s s ib le  to  

i s o l a t e  p ro c e s se s  w hich o ccu r i n  th e  a f te rg lo w  o f th e  i n i t i a l  breakdown 

p u ls e ,  from  th o s e  w hich o ccu r d u r in g  th e  d ecay in g  c u r r e n t  p u ls e .  By use  

o f a  d e la y  l i n e ,  how ever, i n  c o n ju n c tio n  w ith  a th y r a t r o n  s w itc h  and a 

p u ls e  t r a n s fo rm e r ,  as  shown in  F ig .  7 .2  i t  i s  p o s s ib le  to  p roduce q u a s i-  

cw r e c ta n g u la r  d is c h a rg e  c u r r e n t  p u ls e s  o f up to  100 msec d u r a t io n .

In  th e  p u ls e d  p o s i t i v e  column d is c h a rg e  th e  e l e c t r i c  and s p e c t r a l  

p r o p e r t i e s  a re  d e te rm in e d  by th e  d im ensions o f th e  d is c h a rg e  tu b e ,  and 

th e  e m iss iv e  p r o p e r t i e s  o f  th e  c a th o d e .

To th e  w r i t e r 's  know ledge no e le c t r o n  energy  d i s t r i b u t i o n  

d e te rm in a tio n s  have been  made in  a  p u ls e d  d is c h a rg e , b u t i t  i s  b e l ie v e d  

th a t  th e  av e ra g e  e le c t r o n  energy  i s  h ig h  because  o f th e  la rg e  E/p a t  

breakdow n, o f  th e  o rd e r  o f 200 V cm""  ̂ t o r r ”^ , and d u r in g  th e  la r g e  

s u s ta in in g  p e r io d ,  when th e  r a t i o  o f th e  e l e c t r o n  d r i f t  v e lo c i ty  to  

random v e lo c i ty  T^/V — 0. 2 -  0 .3  i n  some g a s e s .  The r e s u l t s  o f  Cheo 

and Cooper ( 4 6 ) on p u ls e d  carb o n  d io x id e  and n i t r o g e n  l a s e r  d is c h a rg e s  

show t h a t  e l e c t r o n s  a re  o f  h ig h  energy  on ly  d u rin g  th e  tim e to  gas 

breakdow n.

Beyond breakdow n, B reusava (47) has shown th a t  i n  th e  ca se  o f a l l

th e  g ases  she  in v e s t ig a t e d ,  th e  l a r g e  e l e c t r i c  f i e l d  decayed a t  a  r a t e

d e te rm in ed  by th e  d ia m e te r  o f th e  d is c h a rg e  tu b e ; th e  i n i t i a l  v o lta g e

drop b e in g  s te e p e r  in  th e  s m a lle r  d is c h a rg e  tu b e .  The tim e  decay o f

th e  la r g e  e l e c t r i c  f i e l d  was ap p ro x im a te ly  25 m icroseconds from  i n i t i a l

breakdown o f th e  g a s .
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E x c i ta t io n  p ro c e s s e s  in  th e  a f te rg lo w  o f a  p u ls e d  d is c h a rg e .

I t  i s  i n s t r u c t i v e  to  c o n s id e r  a f te rg lo w  p ro c e s s e s  i n  h e liu m , s in c e  

he lium  i s  commonly u sed  as a  b u f f e r  g a s , and s in c e  i t  i s  m a in ly  w ith  

he lium  th a t  second  k in d  c o l l i s i o n a l  energy  t r a n s f e r  p ro c e s s e s ,  p ro d u c in g  

p o p u la t io n  in v e r s io n ,  have been  p o s tu la te d  f o r  l a s e r  sy s tem s .

In  th e  a f te rg lo w  o f a  p u ls e d  d is c h a rg e  in  h e liu m , th e r e  i s  a  sh a rp  

in c re a s e  in  i n t e n s i t y ,  in  atom ic  s p e c t r a  5 -  10 m icroseconds a f t e r  

c e s s a t io n  o f  th e  p u ls e ,  w ith  th e  peak  i n t e n s i t y  v a ry in g  w ith  th e  

p a r t i c u l a r  e x c i te d  l e v e l  (4 8 ) .  B iond i and H o ls te in  (49) have found  t h a t  

v i s i b l e  l i n e  s p e c t r a  a re  e m itte d  from  h ig h  le v e l  s t a t e s  n  « 3 , 4 , 5 and 

6 a l l  w ith in  1 .5  eT o f th e  he lium  a tom ic  i o n i s a t io n  p o t e n t i a l .  They a ls o  

d e te rm in ed  t h a t  th e  sq u a re  r o o t  o f  th e  r a d ia t io n  i n t e n s i t y  e m itte d  from  

th e  a f te rg lo w  fo llo w e d  c lo s e ly  th e  decay o f e l e c t r o n  d e n s i ty ,  in d i c a t in g  

th a t  th e  e m iss io n  was by a  re c o m b in a tio n  p ro c e s s .  This was su b se q u e n tly  

v e r i f i e d  by m icrowave s tu d ie s  made by A nderson (5 0 ) .

The m ost im p o rta n t d e io n is a t io n  p ro c e s se s  in  helium  a re  s t a t e d  by 

Pakhomov e t  a l .  (48) to  be%-

He^ + 2e — >  He + e . . . . .  (3 * 9 ),

(The p ro c e ss  He"*" + e — >  He , has a  much low er reco m b in a tio n  r a t e

th a n  ( 3 . 9 ) ;  (Loeb (51).)

and ^He + He —^  2He + h\S . . . . »  (3 .1 0 a )

H " + h-vi ........  (3 .lot).

P ro c e s se s  5 .9  and 3 .1 0 a  le a d  to  d e - e x c i ta t io n  w ith  th e  p ro d u c tio n  o f  

a tom ic l i n e s  and p ro c e s s  3 .10b  to  th e  appearance o f m o le c u la r  bands.
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Pakhamov has shown t h a t  a t  d is c h a rg e  w a ll  te m p e ra tu re  o f 77^K th e  

i n t e n s i t y  o f th e  a f te rg lo w  o f  m o le c u la r  he liu m  hands i s  low , so th a t  

r e a c t io n  ( j . lO h )  i s  n e g l ig ib l e .

A f te r  a l l  c u r r e n t  has c e a se d , th e  f lu x  o f e n e r g e t ic  e l e c t r o n s  i s  

n e a r ly  z e ro , and th e  re m a in in g  e l e c t r o n  d e n s i ty  i s  composed o f  f r e e  

e le c t r o n s  p roduced  by r e a c t io n s  o f th e  ty p e ; -

(a )  below  5 t o r r

He* (2^3 ) + He* (2^3) —3- He* + e   ( j . l l )

and (b ) above 5 t o r r

He’* (2^S) + He* (2^S) + He He* + He + e .......... ( 3 .1 2 ).

E le c t r o n s ,  a tom ic  and m o le c u la r  io n s  a re  th e r e f o r e  p re s e n t  f o r  

rec o m b in a tio n  to  o c c u r .

A d d itio n a l p ro c e s se s  p ro d u c in g  m o le c u la r  io n s  and e le c t r o n s  ( 5 1 ) 

a r e  th e ;

Hornbeck -  M olnar p ro c e ss

He + (e  +')>23 eT and < 2 4 .2  eT) —^  He* + e .............  (3 .1 3 )

He* + He —>  He* + e + K .E.   (3 .1 4 )

and th e  H o lt -  B iond i p ro c e ss

He"̂  + 2He He^ + He + K .E.   (3 .1 5 )

(w hich o ccu rs  a t  h ig h e r  p r e s s u r e s ) .

The d i s s o c ia t io n  energy  o f  He^ i s  betw een 2 .2  and 3 . I  ©T ( 5 1 ) .  To accoun t

+  ' 'f o r  th e  d is s o c ia t iv e - r e c o m b in a t io n  He^ + e — He + He, where He i s

an e x c i te d  s t a t e  o f  helium  (n  = 3 , 4 , 5 o r  6 ) ,  th e  m o le c u la r  he lium  io n  

H e^ can n o t be i n  i t s  lo w es t energy  s t a t e ,  b u t m ust be an e x c i te d
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m o le c u la r  io n ,  w hich l i e s  w ith in . 1 ,5  eT o f th e  a tom ic  io n i s a t io n  

p o te n t i a l  o f  h e liu m , and n o t a t  2 4 .5  -  ( 2 .5  o r  3 . I )  eT.
I

The He from  re c o m b in a tio n  and d i s s o c ia t io n  i s  e x c i te d  to  w ith in

0 .5  -  0 .3  eT o f th e  he lium  io n i s a t io n  p o t e n t i a l ,  th e  r e a c t io n  b e in g

He^ + e —^  He ( ^ 2 3  e?) + He ..........  ( 3 .16)*

F u r th e r ,  fo l lo w in g  Loeb ( 5 1 ) ,  to  acco u n t f o r  t h i s  r e a c t io n ,  th e  He^ in

i t s  e x c i te d  v ib r a t i o n a l  s t a t e  m ust l a s t  lo n g  enough to  recom bine w ith
7 8helium  atom s, a t  c o l l i s i o n  f r e q u e n c ie s  o f 10 -  10 s e c .  T his means

th a t  th e  e x c i te d  v ib r a t i o n a l  He^ io n s  can s u f f e r  a p p ro x im a te ly  10^
1 ^

c o l l i s i o n s  w ith o u t l o s in g  t h e i r  energy  o f v ib r a t io n .  S tu d ie s  o f  such  

v ib r a t i o n a l  s t a t e s  e x c i te d  to  w ith in  O.3  eT o f th e  atom ic  io n i s a t i o n  

p o te n t i a l  in d i c a te  t h a t  th e  chance o f energy  lo s s  i s  o f  th e  o rd e r  o f  lO"^ 

p e r  c o l l i s i o n .  T his means t h a t  th e  e x c i te d  he lium  m o le c u la r  io n  i s  

m e ta s ta b le  (He^ ) ,  T h is p ro c e s s ,  a c c o rd in g  to  B iond i (52) has been  

e s ta b l i s h e d  'beyond  any q u e s t i o n ',  by th e  o bserved  D oppler b ro ad en in g  o f
f

th e  a tom ic  l i n e s  from  He . However, i t  i s  now q u e s tio n e d , fo llo w in g  th e  

work o f F erguson  e t  a l .  (53)»

The o v e r a l l  p ro c e s s ,  th e r e f o r e  in  th e  a f te rg lo w  o f a  p u lse d  helium
* z

d is c h a rg e  i s  one o f d e - e x c i ta t io n  o f  He (2 S) atoms by double im pact o r  

t r i p l e  im pact depend ing  on th e  p re s s u re  as  in  ( 3 . I I )  o r  ( 3 . 1 2 ) ,  g iv in g

(a )  m e ta s ta b le  m o le c u la r  helium  io n s  (He* )

(b ) e x c i te d  he lium  atom s, e x c i te d  to  w ith in  O.3  -  0 ,5  eT o f th e  

h e lium  io n  ground s t a t e .

T h is i s  j u s t  th e  energy  ran g e  in  w hich s e le c t iv e  e x c i t a t io n  occurs in
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h elium -m ercu ry  and h e liu m -io d in e  l a s e r s ,  and in  w hich a  decay in t e r v a l

s im i la r  to  th e  decay o f  e x c i te d  helium  a tom ic  l e v e l s  i s  o b se rv ed .

More r e c e n t  work by C o ll in s  and R o bertson  (5 4 ) ,  on a  f lo w in g  helium

a f te rg lo w , has shown a t  ex trem es o f  h ig h  io n i s a t i o n  and low n e u t r a l

d e n s i ty ,  t h a t  i t  i s  c o l l i s i o n a l - r a d i a t i v e  reco m b in a tio n  o f  He*, t h a t

d e te rm in e s  th e  r a t e  o f a tom ic spon taneous em issio n  in  th e  50- 2 5 0 /u s e c

p e r io d  in  a  he liu m  a f te rg lo w  and th a t  th e  r a t e  o f e m issio n  fo llo w s  t h a t  
+ +o f  He and n o t He^ , even a t  p re s s u re s  as h ig h  as 20 t o r r .

3 .5  S im i l a r i t y  o f th e  n e g a t iv e  glow o f th e  glow d is c h a rg e  and th e  

a f te rg lo w  o f  a n u ls e d  d is c h a rg e .

A nderson (55) has shown t h a t  th e  n e g a t iv e  glow o f a  p u ls e d  

d is c h a rg e  can  be quenched by th e  a p p l ic a t io n  o f microwave r a d i a t i o n .

More im p o r ta n t ,  he found  t h a t  em issio n  from  th e  anode s id e  o f  th e  

n e g a t iv e  glow was quenched, w h ile  t h a t  on th e  ca thode  s id e  was enhanced . 

These r e s u l t s  su g g e s t t h a t  re c o m b in a tio n  i s  th e  im p o rta n t p ro c e ss  deep 

in  th e  n e g a t iv e  glow , s in c e  t h i s  i s  th e  on ly  p ro c e ss  le a d in g  to  th e  

fo rm a tio n  o f r a d i a t i v e  s t a t e s  t h a t  would be a f f e c te d  by th e  m icrow aves.

H urt ( 1 4 ) i a  in v e s t ig a t io n s  on th e  n e g a tiv e  glow has found  th a t  

em iss io n  from  atoms peaked  on th e  ca thode  s id e  o f  th e  glow , w ith  th e  

peak f o r  m o le c u la r  em ission , te n  tim es g r e a t e r  th a n  in  th e  p o s i t i v e  

c o lu m n ,o c c u rr in g  tow ards th e  anode s id e .  To accoun t f o r  th e  m o le c u la r  

em issio n  i n  th e  n e g a t iv e  glow , Emeleus and D uffendack ( 5 6 ) p roposed  a 

th r e e  body c o l l i s i o n

He*(2^S) + 2He He^ ( 2 ^ ^  ) + He  (3 -1 ? ) .
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U sing  a f lo w in g  h e lium  a f te rg lo w , C o ll in s  and H urt ( 5 7 ) de te rm in ed  

th a t  th e  o b se rv ed  m o le c u la r  em issio n  was d e f i n i t e l y  th e  r e s u l t  of 

rec o m b in a tio n  o f th e  m o le c u la r  io n . They found  th a t  th e  m o le c u la r  

em iss io n  had th e  same p re s s u re  dependence as th e  m o le c u la r  io n ,  w hich 

was v e ry  d i f f e r e n t  from  th e  p re s s u re  dependence o f  th e  a tom ic io n  o r  

th e  He (2^S) m e ta s ta b le .

As in  th e  he lium  a f te rg lo w , m o le c u la r  em iss io n  i s  enhanced a t  h ig h e r  

p re s s u re s  in  th e  n e g a t iv e  glow . Above s e v e ra l  t o r r ,  th e  m o le c u la r  io n  

i s  th e  dom inant io n ,  (K err ($ 8 ) ,  Hornbeck and M olnar (5 9 ) ,  P he lp s  and 

Brown ( 6 0 ) ) .  A no ther s t r i k i n g  s i m i l a r i t y  betw een th e  a f te rg lo w  and th e  

n e g a t iv e  glow m o le c u la r  em iss io n  i s  t h a t  th e  r e l a t i v e  i n t e n s i t i e s  o f 

m o le c u la r  bands a re  th e  same, i n d i c a t in g  t h a t  e x c i te d  m o lecu les  a re  

form ed by th e  same p ro c e s s  i n  th e  two c a s e s .

R ecen t work by F erg u so n , F e h se n fe ld  and Schm eltekopf (5 3 ) ,  ( b r i e f l y  

m en tioned  i n  3 *4 ) on f lo w in g  he lium  a f te rg lo w s  ap p ea rs  to  con firm  th e  

c o n c lu s io n s  reac h ed  by C o ll in s  and R obertson  (54) on th e  mechanism 

p ro d u c in g  th e  atom ic  em iss io n  in  th e  helium  a f te rg lo w . They ap p ea r to  

show c o n c lu s iv e ly  t h a t ;

( i )  th e  a tom ic em issio n  i s  due to  c o l l i s i o n a l  reco m b in a tio n  o f th e

+  * /  \ a tom ic io n  by th e  He + 2e —>■ He + e ,p ro c e s s  (3*9) o£

Pakhomov e t  a l .  ( 4 8 ) .

( i i )  th e  m o le c u la r  em issio n  in  th e  l a t e  a f te rg lo w  i s  due to

c o l l i s i o n a l - r a d i a t i v e  reco m b in a tio n  o f  th e  Heg^ io n .
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I f  t h i s  i s  th e  c a s e , th e  p re se n c e  o f  th e  h ig h ly  e x c i te d  m e ta s ta h le  

m o le c u la r  he liu m  io n ,  n e c e s s a ry  to  e x p la in  th e  p ro c e ss  e s ta b l is h e d  

'beyond  any q u e s t io n ' by B io n d i i s  q u e s t io n a b le .  I t  i s  hoped th a t  

th e  s i t u a t i o n  w i l l  be made c l e a r e r  in  th e  n e a r  f u tu r e  fo llo w in g  f u r t h e r  

f lo w in g  a f te rg lo w  e x p e rim e n ts .



r
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CHAPTER 4 

S p e c if ic  O s c i l l a to r  Systems

In tro d u c t io n

In  t h i s  c h a p te r , p a r t i c u la r  system s have been chosen fo r  a n a ly s is  to  

i l l u s t r a t e  th e  s e le c t iv e  e x c i ta t io n  p ro cesse s  d iscu ssed  under th e  s ix  

head ings in  C hapter 2 .

4 .1  Atom-atom, e x c i ta t io n  t r a n s f e r  c o l l i s io n  m asers

There have been fo u r s u c c e s s fu l m asers in  which p o p u la tio n  in v e rs io n

has been produced predom inan tly  by e x c i ta t io n  t r a n s f e r  c o l l i s io n s .  These 

a re  th e  helium -neon, m ercu ry -z in c , helium -kryp ton  and neon-xenon system s.

4 .1 .1  Helium-Neon System

The f i r s t  l a s e r  o s c i l l a t i o n ,  on f iv e  t r a n s i t io n s  in  th e  n ea r i n f r a  re d

in  neon was o b ta in ed  by Javan ( l )  in  1961. The f iv e  t r a n s i t io n s  a re

between th e  2s and 2p le v e ls  o f l e v e ls  in  n e u t r a l  neon.

I t  can be seen  from F ig . 4 .1  th a t  th e re  i s  an energy co inc idence  between

th e  helium  (2^S) m e tas tab le  l e v e l ,  and th e  fo u r neon 2s l e v e l s .  A s im i la r
1 'energy  co in c id en ce  e x i s t s  between th e  helium  (2 S) m e tas tab le  l e v e l  and th e  

fo u r neon 3s l e v e l s .

F ig . 4 .2  shows in  d e t a i l  th e  energy co in c id en ces  fo r  th e  helium  (2^S) 

m e ta s ta b le s  a t  19*8 eV above th e  ground s t a t e .
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As s ta t e d  in  s e c t io n  2 .1 ,  la rg e  c o l l i s io n  c ro s s  s e c tio n s  a re  observed
♦

fo r  c o l l i s io n s  o f th e  type A + B ----->  A+B(excited) + A E  .............(4 .1 )

where A  E i s  l e s s  th an  a  few kT and where th e  Wigner Spin  Rule i s  n o t 

v io la te d  (2 ) .

A ll th e  Ne 2s energy le v e ls  a re  w ith in  124? cm"^ o f  th e  He (2^8) l e v e l ,

so th a t  re so n a n t energy t r a n s f e r  i s  to  be expected  between th e  helium  (2^S)

m e ta s tab le  atoms and neon ground s t a t e  atom s, r e s u l t in g  in  e x c i ta t io n  to

th e  2s l e v e l s  and d e -e x c i ta t io n  o f th e  helium  m e tas tab le  atom s.

The r e a c t io n  i s : -

He* (2^8) + Ne ----^  Ne (2 s ,  , =) + He (^8 ) +ZlE . . . .  (4 .2 ).o
The 2 s ,  . _ l e v e ls  correspond to  th e  * l e v e ls  r e s p e c t iv e ly  in  L85 ,4 , 5   ̂ 0 ,1 , 2

n o ta t io n ,  so th a t  s p in  co n se rv a tio n  i s  obeyed in  t h i s  r e a c t io n .  The 2s£̂  ̂

l e v e l  i s  o p t i c a l ly  connected to  th e  ground s t a t e  v ia  a  s tro n g  f a r  ÜV 

t r a n s i t i o n  so th a t  a  la rg e  e le c tro n  im pact c ro ss  s e c tio n  fo r  the  r e a c t io n

Ne + (e + K E) ---- >  Ne (2 s .)  + e   (4 .3 )

r e s u l t s  in  s e le c t iv e  e x c i ta t io n  o f th e  2s^  le v e l  o c c u rrin g .

Assuming th a t  the  neon p re s su re  i s  h igh  enough fo r  r a d ia t io n  tra p p in g  

o f th e  f a r  UV photons to  occur th e  2S|^ le v e l  p o p u la tio n  i s  m ain ta ined  and 

can decay on ly  r a d ia t iv e ly  to  th e  2p s t a t e .

L ife tim e  c o n s id e ra tio n s

The e f f e c t iv e  l i f e t im e s  o f th e  2s le v e ls  o f neon have been measured 

by B ennett (3) and o f th e  2p le v e ls  by B ennett (4 ) ,  KLose (5 ) ,  Landenburg (6)

and G r i f f i t h s  (? )•

Table 4 .1  g iv e s  th e  e f f e c t iv e  l i f e t im e s  from r e f .  (3) o f th e  two s t a t e s .

The 2s v a lu e s  correspond  to  1 t o r r  o f neon.



-  53 •*

T able 4.1 R ad ia tiv e  l i f e t im e s  fo r  th e  2p and 2s (Paschen n o ta tio n )  

le v e ls  o f neon, in  nanoseconds.

2s3 2s^ 2Pi 2pg ^"3 2P4 '^3 2P6 2P, 2pg 2P9 2p^Q

96 160 98 110 8 10 13 12 11 13 13 16 17 20

The e f f e c t iv e  l i f e t im e s  d i f f e r  a p p re c ia b ly  from th e  p u re ly  r a d ia t iv e  ones 

e x h ib ite d  by an i s o la te d  atom and given  by th e  method o f B ates and 

Daragaard (8), s in c e  c o l l i s io n a l  d e -e x c i ta t io n  r a t e s  can be com parable to  

r a d ia t iv e  decay r a t e s  a t  p re s s u re s  o f a few t o r r .

From l i f e t im e  c o n s id e ra tio n s  a lo n e , g iven  s u f f i c i e n t  e x c i ta t io n  o f th e  

2s l e v e l s ,  i t  shou ld  be p o s s ib le  to  o b ta in  p o p u la tio n  in v e rs io n  on a l l  o f 

th e  t h i r t y  a llow ed  2s -  2p t r a n s i t i o n s ,  and th u s  o s c i l l a t io n  should  be 

o b ta in a b le  in  a  pure neon d isc h a rg e . A lthough o s c i l l a t io n  on 2s -  2p 

t r a n s i t i o n s  was f i r s t  observed in  a  m ix tu re o f helium  and neon, o s c i l l a t i o n  

has s in c e  been re p o r te d  in  pu re  neon by B ennett (9) and Chebotayev (1 0 ) .

Assuming th a t  th e  e le c tro n  energy d i s t r i b u t io n  was M axwellian,

Javan  (11) c a lc u la te d  t h a t  th e  r e a c t io n

e + Ne ( i s )  ---- ^  Ne (2p) + e . . . . .  (4 .4 )

and resonance tra p p in g  o f th e  2p — — I s  photons were second o rd e r 

p ro c e s se s , and th a t  in v e rs io n  would no t be u p se t between th e  2s and 2p l e v e l s .

At h ig h  p re s su re s  th e se  second o rd e r p ro cesses  were subseq u en tly  found 

to  be o f  c o n s id e ra b le  im portance, n e c e s s i ta t in g  o p e ra tio n  a t  low p re s s u re s ,

  where th e  assum ption o f a  M axwellian e le c tro n  d i s t r ib u t io n  i s

q u e s tio n a b le .



-  54 -

The a d d i t io n  o f an im p u rity  (argon) to  reduce th e  Ne (1s) m e ta s ta b le s , 

d id  n o t ach iev e  th e  e f f e c t  d e s ire d  by red u c in g  t h i s  second o rd e r  p ro c e ss , as 

th e  upper s t a t e  p o p u la tio n  r a t e  was reduced . (Argon was an u n fo rtu n a te  

cho ice  in  t h i s  r e s p e c t  a s  i t  has a  h ig h  io n is a t io n  e f f ic ie n c y .)  The 

a d d it io n  o f hydrogen o r oxygen,by Chebotayev (10) in  l a t e r  work u s in g  

hollow  cathode d isc h a rg e s  has enabled  o s c i l l a t io n  in  neon on a number o f  

2s -  2p t r a n s i t i o n s  to  be o b ta in ed , by reducing  the Ne ( i s )  m e ta s tab le  

c o n c e n tra tio n .

N oting  th e  re so n a n t energy t r a n s f e r  p ro cess  o f (4 .2 ), Javan (1 2 ), 

sug g ested  u s in g  a  helium -neon m ixture in  which o s c i l l a t io n  in  th e  d isch a rg e  

a f te rg lo w  m ight be observed .

E xperim ental s tu d ie s  by Javan and B ennett (13) showed th a t  in  heon th e  

2s le v e ls  decayed w ith  a  tim e v a r ia t io n  s im ila r  to  th e  He(2^8) m e ta s ta b le s , 

and l a s e r  o s c i l l a t i o n  was su b seq u en tly  observed in  th e  a fte rg lo w  a t  f iv e  

w avelengths ( in  m icrons)

1 .1 1 8 0  (2s^  -  2p^) ; 1 .1 3 2 3  (2s^  -  2p^);

1 .1 6 0  (2s^ -  2p^) ; 1 .199 (2s^ -  2P2 );

1 .2 0 7  (2 Sc -  2pg) .

The s t ro n g e s t  o s c i l l a t io n  occu rred  on the  2s^ — 2p̂  ̂ t r a n s i t i o n .  T his 

was c o n tra ry  to  e x p e c ta tio n  a s  s e le c t iv e  e x c i ta t io n  o f th e  2s^ le v e l  i s  no t 

expected  in  c o l l i s io n s  w ith  He(2^8) m e ta s tab le s  s in c e  th e  Wigner 8p in  Rule 

i s  v io la te d ,  -----  th e  2s le v e l  in  L8 coup ling  being  a s in g le t  ( P^) l e v e l .
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The re a c t io n  He(2^S) + Ne  >  Ne(2s2) + He + A  E   (4 .3 )

was th e re fo re  a p p a re n tly  o f  g r e a te r  im portance th an  ( 4 .2 ) .

A  E i s  on ly  313 cm  ̂ f o r  th e  2s_ l e v e l ,  and 468 cm  ̂ fo r  th e  2s_

l e v e l ,  so th a t  i t  ap pears  th a t  the  sm a lle r  energy d isc rep an cy  i s  more

im p o rtan t than  th e  sp in  co n se rv a tio n  req u irem en t, u n le ss  LS co u p lin g  f a i l s  

in  th e  Ne(2s) l e v e l .

The 2s^  le v e l  i s  s tro n g ly  o p t i c a l ly  connected to  th e  ground s t a t e ,  so

t h a t  a la rg e  c ro ss  s e c tio n  fo r  d i r e c t  e x c i ta t io n  from th e  ground s t a t e  i s  to

be expected  in  th e  re a c t io n :

e + Ne ---- >  Ne (28^) + e   (4 .6 ) .

S tu d ie s  by B ennett ( l4 )  have shown th a t  n o t only  a re  re a c tio n s  (4 .3 )  and 

(4 .6 )  o f equal im portance fo r  the  optimum p re s s u re s  used in  th e  in f r a - r e d ,  

r f  helium -neon l a s e r  (P^^ approx . 1 t o r r ,  approx . 0 .1  to r r )  bu t th a t  

r e a c t io n  (4 .6 )  was enhanced by th e  p resence o f  helium . E v id en tly  the  

p resen ce  o f  helium  en ab les  a  h ig h e r e le c tro n  c o n c e n tra tio n  to  be o b ta in ed  

w ith o u t a  decrease  in  e le c tro n  te m p era tu re . An e x p lan a tio n  o f t h i s  i s  

p roposed  in  C hapter 6 . Cw o s c i l l a t i o n  has been ob ta in ed  now on 23 o f th e  

30  p o s s ib le  t r a n s i t io n s  between th e  2s and 2p le v e ls  o f neon.

In v e rse  r a d ia l  dependence o f g a in .

Gain measurements on th e  1.1323 micron l i n e  by B ennett (9) showed 

th a t  th e  s in g le  pass  g a in  v a r ie d  in v e rs e ly  a s  th e  d isch arg e  tube d iam ete r, 

f o r  d iam ete rs  ran g in g  from 7 - 3 0  mm. A s im i la r  r a d ia l  g a in  r e la t io n s h ip  

has been o b ta in ed  on th e  2 .02 and 3 .3  m icron l i n e s  in  xenon, and on th e  

o p t i c a l ly  pumped cesium t r a n s i t i o n  a t  7 .1 8 2  m icrons (13)*
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B ennett (13) has shown th a t  th e  only  mechanism which y ie ld s  a 1 / r  gain  

dependence in  th e  helium -neon l a s e r  i s  th a t  o f atom-atom c o l l i s io n a l  

d e - e x c i ta t io n  o f th e  m e ta s ta h le /q u a s i-m e ta s ta b le  N e (ls )  l e v e l s .  A dominant 

lo s s  mechanism dependent on d if fu s io n  to  the  w a lls  (u s u a lly  assum ed), 

r e s u l t s  in  a l / r ^  dependence. Using known d if fu s io n  c o n s ta n ts  and 

e s tim a te d  c ro s s - s e c t io n s  fo r  helium -neon c o l l i s io n s ,  a  t r a n s i t io n  from a

c o l l i s io n  to  d if fu s io n  lim ite d  ca se , should  occur a t  a  bore o f approx im ate ly

5 mm, w ith in  a f a c to r  n o t g r e a te r  th an  3*

In  a l l  tre a tm e n ts , th e  r a d ia l  dependence o f th e  e le c tro n  tem p era tu re , 

and i t s  e f f e c t  on th e  s e le c t iv e  e x c i ta t io n  o f th e  upper maser le v e l  has 

been n e g le c te d ; t h i s  i s  consid ered  in  C hapter 6 .

A ttem pts to  in c re a se  th e  atom-atom c o l l i s io n a l  r e la x a t io n  r a t e  o f th e  

Ne( is )  l e v e l  b o tt le n e c k  by th e  a d d itio n  o f argon has le d  only  to  a  re d u c tio n  

in  g a in , and i t  has been presumed th a t  the  Penning type re a c tio n

He (2^S) + M  ^  Ar"̂  + He + e  G<4.7),

r e s u l t in g  in  th e  d e s tru c t io n  o f He(2^S) m e ta s ta b le s ,is  la rg e  compared w ith

He(2^S) + Ne —^  Ne(2s2) + He + e o f (4 .3 )*

The p resence o f even sm all q u a n t i t i e s  o f argon in  a glow d isch arg e  

has been shown by D orgelo, A ltin g  and Boers ( l6 )  to  reduce the  e le c tro n  

te m p era tu re , so th a t  as  w ell a s  d e s tro y in g  He(2^S) m e ta s ta b le s , th e  r a t e  

o f  p ro d u c tio n  o f t r i p l e t  m e ta s tab le s  and Ne(2 s2 ) atoms by h igh  energy 

e le c tro n s  w i l l  be reduced , and low er g a in  w i l l  ensue.
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The a d d i t io n  o f hydrogen, which i s  known from th e  d is p e rs io n  work of 

Ladenburg, and D orgelo (17) to  be e f f e c t iv e  in  d e s tro y in g  N e(ls )  m e tas tab les  

has been used a s  a su c c e s s fu l r e la x a t io n  c o n s t i tu e n t  in  a  neon maser during  

th e  l a s t  y e a r  by Chebotayev (1 0 ), b u t as  y e t th e re  have been no r e p o r ts  of 

th e  a d d i t io n  o f hydrogen to  a  helium -neon system . The c ro ss  s e c t io n  o f

6 .1  X  10 cm ,̂ (Benton ( l8 ) )  o r 1*7 x 10 cm^ (Je s se  and Sadausk is (19 )) 

fo r  th e  d e s tru c t io n  o f  He(2^S) by hydrogen m olecules i s  com parable to  th a t  

o f  6 .6  X  10 cm^ (Benton and R obertson (20)) fo r  t h e i r  d e s tru c t io n  by argon 

atom s, so t h a t  u n le ss  th e  e le c tro n  tem peratu re  i s  m ain ta ined , l i t t l e  b e n e f i t  

w i l l  r e s u l t  from th e  a d d it io n  o f hydrogen.

The g a in  measurements of B ennett ( l 4 ) . . which proved th a t  a p r a c t i c a l  

amount o f  ga in  was o b ta in a b le  by d i r e c t  e le c tro n  im pact e x c i ta t io n  on th e  

28^ l e v e l  o f neon, le d  to  an in v e s t ig a t io n  o f o th e r  pure noble gas system s, 

and to  o b ta in in g  o s c i l l a t i o n  su b seq u en tly  in  them. The a d d i t io n  o f  helium  

to  th e  o th e r  noble gas system s, where re so n a n t energy t r a n s f e r  p ro cesse s  do 

n o t occur w ith  helium  m e ta s ta b le s , has a ls o  r e s u l te d  in  in c re a se d  g a in .

O s c i l l a t io n  in  th e  v i s ib l e .

Rigden and White (21) observed th a t  th e  -  2p^ t r a n s i t io n  a t  6 3 2 .8nm 

in  neon was s tro n g ly  enhanced in  a  d isch a rg e  in  a  helium -neon m ixture and 

concluded th a t  s e le c t iv e  e x c i ta t io n  was o ccu rrin g  through th e  re a c tio n

He (2^S) + Ne — Ne (^s^) + He + A E  . . . .{ n ^ 4 .7 ) .

T h is  was n o t the  f i r s t  o b se rv a tio n  o f s e le c t iv e  e x c i ta t io n  o f th e  33^ 

le v e l  o f neon, a s  enhancement on th e  vacuum UV t r a n s i t io n  -  2p^
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a t  60«004nra in  neon in  a  condensed d isch a rg e  in  a helium -neon m ix tu re , 

had p re v io u s ly  been re p o r te d  in  1938 by Suga (2 2 ) . Suga concluded th a t  

re so n a n t energy t r a n s f e r  from helium  (2^S) m e ta s ta b le s  to  neon ground s ta t e  

atoms was re sp o n s ib le  fo r  th e  enhancement.

F ig u re  4 .3  g iv e s  th e  energy co inc idences  fo r  helium  (2^S) m e ta s ta b le s  

in  neon and shows th a t  th e  33^ le v e l  of neon l i e s  386 cmT^ (approx im ate ly  

2 kT) above th e  s in g le t  helium  m etas tab le  le v e l  and i s  f u r th e r  from i t  than  

th e  35^ o r th e  3s^  ̂ l e v e l s .  The 38^ le v e l  i s  a  s in g le t  l e v e l ,  so th a t  sp in  

i s  conserved  in  r e a c t io n  (4 .7 )  in v o lv in g  th e  s in g le t  helium  m e tas tab le  and 

a  ground s t a t e  neon atom. U nlike re a c t io n  (4 .3 ) in  which th e  Wigner Spin  

r u le  i s  n o t obeyed, in  t h i s  case th e  la rg e r  energy d iscrep an cy  appears  to  

be o f l e s s  im portance than  sp in  c o n se rv a tio n . However, th e re  a re  

a d d i t io n a l  rea so n s  fo r  th e  s e le c t iv e  e x c i ta t io n  o f th e  neon 38^ l e v e l .  The 

3s le v e l  i s  o p t i c a l ly  connected to  th e  ground s t a t e  by th e  s tro n g  vacuum 

UV t r a n s i t i o n  a t  60.004nm and has a la rg e  c ro s s - s e c tio n  fo r  e le c tro n  im pact 

e x c i ta t io n ,  in  a  s im ila r  way to  th e  2s^  le v e l  of neon.

The r e a c t io n ,

e + Ne —>“ He (3 8 2 ) + e . . . . .  (4 .8 ) •

can th e re fo re  be a s  im portan t in  s e le c t iv e ly  e x c i tin g  th e  le v e l ,  as  

r e a c t io n  (4 .6 )  i s  in  e x c i t in g  th e  2S2 l e v e l  of neon. I t  subsequen tly  

ap p ea rs  t h a t  d i r e c t  e le c tro n  im pact e x c i ta t io n  of the  ^^2 1®^®  ̂

com parable to  th e  re so n an t energy t r a n s f e r  p rocess  of ( 4 .7 ) .
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A lthough o s c i l l a t i o n  could  n o t be o b ta in ed  in  th e  la rg e  bore d isch arg e  

tu b e s  used  fo r  th e  f i r s t  in f r a - r e d  m asers, Rigden and White (21) were 

s u c c e s s fu l in  o b ta in in g  cw o p e ra tio n  a t  632 .8nm on th e  -  2p̂  ̂ t r a n s i t io n  

in  neon by u t i l i s i n g  sm a lle r  bore tu b es  and d i f f e r e n t  optimum p re ssu re s*

In  t h i s  o p e ra tio n  a t  6 32 .8nm, i t  has n o t been p o s s ib le  to  determ ine w ith  any 

c e r t a in ty  th a t  a  re so n a n t energy t r a n s f e r  p ro cess  i s  a c tu a l ly  inv o lv ed  in  

th e s e le c t iv e  e x c i ta t io n  o f the  38^ l e v e l .

The l i f e t im e  o f th e  He(2 S) m e ta s tab le s  i s  very  s h o r t  under th e  

o p e ra tin g  c o n d itio n s  o f th e  63 2 .8nm helium -neon l a s e r ,  so th a t  enhancement 

i s  n o t  observed  in  th e  a fte rg lo w  (Suzuki (2 3 )) ,  and i t  has n o t been p o s s ib le  

to  use  th e  e le g a n t tim e-re so lv e d  co incidence techn ique  o f B ennett ( l4 )  to  

determ ine i f  th e  6 3 2 .8nm spontaneous em ission has th e  same decay r a t e  a s  

th e  He(2 S) m e ta s tab le  decay r a t e .

In v e rse  r a d i a l  dependence o f ga in

Rigden and White (24) have shown th a t  o s c i l l a t io n  on th e  63 2 .8nm 

t r a n s i t i o n  e x h ib i ts  a  s im ila r  in v e rse  r a d ia l  ga in  dependence to  th a t  o f th e  

1 .1 3 2 3  m icron m aser. As w ell a s  in c re a s in g  th e  d if fu s io n  lo s s  o f Ne ( I s )  

m e ta s ta b le s , a  re d u c tio n  in  th e  bore o f a d isch arg e  tube r e s u l t s  in  an 

in c re a s e  in  th e  e le c tro n  tem p era tu re , so th a t  th e  c o n tr ib u tio n  to  upper 

l e v e l  p o p u la tio n  by d i r e c t  e le c tro n  im pact e x c i ta t io n  can assume g re a te r  

s ig n if ic a n c e .
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A d d itio n a l l a s e r  t r a n s i t io n s  from th e  3s le v e ls  in  Neon.

O s c i l l a t io n  from th e  38^ le v e l  to  other.^ le v e l s  has now been observed, 

by su p p re ss in g  th e  s tro n g  6 32 .8nm (382  -  2p^) t r a n s i t i o n ,  on seven o th e r 

l i n e s .  There a re  two om issions, 3s^  -  2p^ and 3 S2  -  2p^g. At th e  tim e 

o f  w r i t in g ,  a lth o u g h  t r a n s i t io n s  from th e  3s^ and 3 th e  2p group have 

been shown by Zarowin and S c h if f  (23) to  show some g a in , o s c i l l a t i o n  has s t i l l  

to  be re p o r te d  on them.

Bloom e t  a l . (26) were th e  f i r s t  to  r e p o r t  o s c i l l a t io n  from th e  382  to  

th e  3p l e v e l s ,  (38^ -  3p^) a t  3*39 m icrons. The g a in  on th i s  t r a n s i t i o n  

(more th a n  20 db p e r  m etre) i s  s u f f i c i e n t  to  s a tu r a te  th e  medium, and can 

p rev en t o s c i l l a t i o n  a t  632 .8nm by d e p le tin g  th e  p o p u la tio n  o f th e  common 

382  upper l e v e l .

A lthough o s c i l l a t io n  has no t been ob ta in ed  on th e  3 s^ , ^ l e v e ls

to  th e  2p l e v e l s ,  o s c i l l a t io n  between the  3S|^ and 3s^ le v e ls  and the  3p 

group have been observed (P a te l  e t  a l .( 2 7 )*

Resonant energy t r a n s f e r  between He(2 S) m e ta s tab le s  and th e  4 f  le v e ls  

in  neon, which l i e  approx im ate ly  4 kT above the  m e tas tab le  l e v e l ,  i s  a ls o  

co n s id e red  re sp o n s ib le  fo r  s e le c t iv e ly  p o p u la tin g  th e  4 f  le v e ls  and so 

en ab lin g  o s c i l l a t i o n  to  be ob ta ined  on s ix  4 f  — 3^ t r a n s i t io n s  a t  1 .8  

m icrons (2 8 ) .

4o1*2 Mercury - Zinc System
B efore o s c i l l a t i o n  a t  1 .1  m icrons in  neon had been re p o r te d , Ablekov 

e t  a l . (2 9 ) re p o r te d  o b ta in in g  co n sid e ra b le  ga in  in  a  m ercury-zinc d isch arg e
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a t  6 3 6 . 2nm, co rrespond ing  to  th e  4 -  4 t r a n s i t i o n  in  z in c . The

s e le c t iv e  e x c i ta t io n  mechanism proposed being

''2Hg (7 + Zn —>  Hg + Zn (4 ) -  A E  . (4 ,9 )

where A E = I 33  cm” ^ .

M ercury atoms in  th e  7 s t a t e  a c t  a s  donors in  a re so n a n t energy

t r a n s f e r  p ro c e ss  w ith  ground s t a t e  z inc  atoms to  g ive  e x c i ta t io n  to  th e
1 —1 34 le v e l  o f z in c ,  133 cm above th e  7 s t a t e .  Decay o f th e  low er

4 P^ le v e l  ta k e s  p la ce  through UV r a d ia t io n  a t  213»8nra. The l i f e t im e s  o f

- 8  —Qth e se  le v e l s  a re  in  th e  r a t i o  o f  2 .3  x lO" / 1 . 7 x 10~ and so s a t i s f y  th e  

o s c i l l a t i o n  l i f e t im e  req u irem en t.

In  s p i t e  o f th e  re p o rte d  o p t ic a l  a m p lif ic a tio n  o f  10 a t  6 3 6 . 2nm 

o s c i l l a t i o n  has n o t been re p o rte d  in  t h i s  system . I t  would appear th a t  th e  

e a r l i e r  exp erim en ta l r e s u l t s  were m is in te rp re te d .

(P r iv a te  Communication, Prokhorov (1964), work i s  about to  recommence 

on t h i s  system ; no re p ly  g iven  to  query about o s c i l l a t i o n . )

4 . 1 .3  H elium -krypton and neon-xenon system s

O s c i l l a t io n  in  th e  v i s ib le  was ob ta in ed  in  th e  a f te rg lo w  o f  p u lsed

h e lium -k ryp ton  and neon-krypton d isch a rg e s  by Dana and Laures (30) in  1964.

In  each ca se , helium  and neon a re  b u f fe r  gases a t  h igh  p re s su re s  

(3  to  10  t o r r )  and only sm all q u a n t i t i e s  (10*"̂  -  10“^ to r r )  o f  k ryp ton  and 

xenon a r e  n ece ssa ry  to  s u s ta in  o s c i l l a t i o n .

The e x c i ta t io n  mechanisms, in  which sp in  i s  conserved, a re :

He (2^S) + Kr ^  He(''ŝ ) + Kr (6s ^P) + A e  (4.10),

Ne ( I s )  + Xe "^(^S^/2^ —^  Ne(^S^) + Xe + (7s ^P) + A E  (4.11).
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The He (2^S) m e tas tab le  le v e l  i s  approx im ate ly  2000 cm  ̂ (0*23 eV)
+ 4above th e  Kr ( 6s  P) le v e ls  and re so n a n t energy t r a n s f e r  occurs  between 

th e  helium  and k ryp ton  l e v e l s .  The Kr ( 6s  ^P) le v e ls  decay in  

t r a n s i t i o n s  having  s tro n g  o s c i l l a t o r  s tre n g th s  p re d ic te d  on th e  b a s is  o f LS 

co u p lin g , and o s c i l l a t i o n  can be o b ta in e d .

S im ila r ly ,  in  th e  neon-xenon m ix tu re , re so n an t energy t r a n s f e r  occurs 

between th e  Ne ( l s )  le v e ls  and th e  7s ^P le v e ls  o f  s in g ly  io n is e d  xenon.

A e  i s  app rox im ate ly  1200 cm  ̂ (0 .13  eV) and p o p u la tio n  in v e rs io n  o ccu rs in

4 * 2  4 4th e  a f te rg lo w  between th e  7s P and 3d S le v e ls ,  and th e  6p P and 6p D

* 2 4  ̂4and 3d S le v e l s ,  and th e  6p P and 6p D le v e l s .  O s c i l la t io n  occurs on ly

in  th e  a f te rg lo w  as  s ta t e d ,  w ith  spontaneous em ission  la s t in g  23 -  30  m icro

seconds. I t  w i l l  be no ted  th a t  th e  above re a c t io n s  fo r  an atom -ion  

c o l l i s io n  a re  re so n a n t w ith  energy d isc re p a n c ie s  o f up to  0 .23  eV, so th a t  

th e  requ irem en t f o r  resonance in v o lv in g  io n s  i s  n o t a s  r e s t r i c t i v e  a s  fo r  

re so n a n t atom-atom c o l l i s io n s  in  which A  E must be o f the  o rder o f a few kT, 

presum ably because p o la r i s a t io n  occurs du rin g  th e  c o l l i s io n .

The low er l a s e r  le v e ls  fo r  th e  re p o r te d  l i n e s  in  k rypton  a re  th e  upper 

l e v e ls  f o r  l a s e r  l i n e s  re p o r te d  in  pure k ryp ton  by B ridges and C heste r (31) 

so t h a t  r a p id  d ep opu la tion  o f th e  low er le v e ls  can occur. O s c i l la t io n  on 

th e  low er le v e l  l a s e r  l i n e s  o b ta in ed  in  low p re ssu re  p u lsed  k ryp ton  d isc h a rg e s  

(31) was no t observed in  the  h ig h  p re s su re  helium -kryp ton  d isch a rg e s  o f Dana 

and L a u re s ,so  th a t  th e  s e le c t iv e  e x c i ta t io n  appears  alm ost c e r ta in ly  to  be 

o f  a  c o l l i s i o n a l  ty p e .

The s tro n g e s t  l i n e s  in  bo th  k ryp ton  and xenon obey th e  s e le c t io n

r u le s  A  J  = A e  = 0 .
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4 .2  Charge t r a n s f e r  c o l l i s io n  m asers

A number o f su c c e s s fu l l a s e r s  have been observed in  which the  s e le c t iv e  

e x c i ta t io n  o f th e  upper l a s e r  le v e l  appears to  be th rough  a  charge t r a n s f e r ,  

o r e le c tro n  exchange c o l l i s io n .

In  only  two case s  has th e  mechanism producing  p o p u la tio n  in v e rs io n  

been reaso n ab ly  determ ined  a s  being  due to  a charge t r a n s f e r  c o l l i s io n .

These two a re  th e  h e liu m -io d in e  and helium -m ercury system s.

4 .2 .1  H elium -Iodine System

The f i r s t  l a s e r  in  which charge t r a n s f e r  was proposed a s  th e  s e le c t iv e  

e x c i ta t io n  p ro c e s s , was th e  h e liu m -io d in e  system  re p o r te d  by Jenson and 

Fowles (3 2 ) .

O s c i l l a t io n  was o b ta in ed  by them in  th e  a fte rg lo w  o f a p u lsed  helium - 

io d in e  d isc h a rg e , from th re e  le v e ls  in  s in g ly  io n ise d  io d in e , w ith in  O.3 I  eV 

o f  th e  helium  io n  ground s t a t e .  The proposed upper s t a t e  p o p u la tin g  

mechanism w as:-

He^ + I  ^ ^ 3 /2 ^  — ^  (^8^) + I* (6 p ^  ) + A e  . . . .  (4 .1 2 ),

where A  E was between 0 .21  -  O.3I  eV.

The 6p le v e ls  which were p r e f e r e n t i a l ly  e x c ite d  a re  a l l  t r i p l e t  l e v e l s .  

A lthough th e re  a re  s in g le t  le v e ls  which l i e  c lo s e r  to  th e  helium  io n  ground 

s t a t e  than  th e  t r i p l e t  l e v e ls ,  o s c i l l a t i o n  does no t occur on t r a n s i t io n s  

from them . Fowles and Jenson (33) suggested  th a t  t h i s  was a  case in  which 

th e  Wigner Spin  s e le c t io n  ru le  a p p l ie s .  There i s  a  t r i p l e t  l e v e l ,  however, 

n e g le c te d  by Fowles and Jenson which i s  w ith in  0 .2  eV o f th e  helium  io n
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grt)und s t a t e  from which th e re  i s  a s tro n g  analogous l a s e r  t r a n s i t io n  in  

i s o e le c t r o n ic  doubly io n ise d  xenon, y e t o s c i l l a t i o n  i s  n o t observed from 

t h i s  t r i p l e t  (6p l e v e l .

T y p ica l o p e ra tin g  c o n d itio n s  were a few t o r r  o f  helium  and 0 .2  t o r r

vapour p re s su re  o f io d in e , in  a  3mm d iam ete r, 1.2m lo n g , co ld  cathode 

p u lsed  d isc h a rg e . O s c i l la t io n  was a lso  observed on two t r a n s i t io n s  in  a  

neon-io d in e  d isch a rg e  when r f  e x c i ta t io n  was used to g e th e r  w ith  h igh  c u r re n t 

p u ls e s .  These two t r a n s i t io n s  have analogous l a s e r  t r a n s i t io n s  in  s in g ly  

io n is e d  c h lo r in e  and doubly io n ise d  xenon, and th e  s e le c t iv e  e x c i ta t io n  i s  

ex trem ely  l i k e l y  to  be by a two s ta g e , e le c tro n  impact, ty p ic a l  io n  l a s e r  

p ro c e s s .

A f u l l  a n a ly s is  o f t h i s  system  i s  g iven in  C hapter 7, to g e th e r  w ith  

r e s u l t s  o b ta in ed  in  re s e a rc h  undertaken  on th i s  system .

4 .2 .2  Helium-M ercury System

L aser a c t io n  in  gaseous io n s  was f i r s t  observed in  io n ise d  m ercury, by

B e ll (3 4 ) ,  who o b ta in ed  o s c i l l a t i o n  in  th e  a fte rg lo w  o f a p u lsed  helium -

m ercury d isc h a rg e , on green  (3 6 7 . 7nm), orange (6l3 .0nm ), and a number o f 

in f r a - r e d  t r a n s i t i o n s  in  s in g ly  io n ise d  m ercury.

S ince  th e  f i r s t  re p o r te d  o s c i l l a t i o n ,  o s c i l l a t io n  has been re p o r te d  a t  

o th e r  w aveleng ths, w ith  o th e r  i n e r t  gas-m ercury m ix tu res , and in  pure mercury

by a  number o f w orkers (33) -  (39)•

The fo llo w in g  th re e  s e le c t iv e  e x c i ta t io n  mechanisms have been 

su g g ested  fo r  t h i s  h igh  g a in , (g re a te r  than  20 p e r c en t/m e tre ) system .
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(1) Bloom, B e ll and Lopez (33) suggested  th a t  d i r e c t  e le c tro n  im pact 

e x c i ta t io n  from th e  ground s t a t e  popu la ted  th e  upper l a s e r  le v e ls  

o f  th e  367*7  and 6l3*Onm t r a n s i t io n s .  They accounted  fo r  the  

hollow  beam form ation  which th ey  observed , under c e r t a in  e x c i ta t io n  

c o n d itio n s , and th e  a b i l i t y  to  change from o s c i l l a t i o n  a t  one wave

le n g th  to  an o th e r  by a p p a re n tly  minor changes in  t h e i r  p u lse  r i s e  

tim e and c u r r e n t ,  a s  being  due to  changes in  th e  e le c tro n  energy 

d i s t r i b u t io n .  F ig . 4 .4  shows th e  t r a n s i t io n s  f i r s t  observed by 

Bloom, B e ll and Lopez (33)*

(2 ) Dyson (4o) has shown f a i r l y  co n c lu s iv e ly  th a t  in  th e  case o f  th e  

6l 3 *Onm l i n e ,  th e  s e le c t iv e  e x c i ta t io n  in  h is  d isch arg e  system  was 

t h a t  o f  charge t r a n s f e r  in v o lv in g  th e  helium  ground s t a t e  io n , the  

r e a c t io n  suggested  being

He’*‘(^S^y2 ) + Hg('^S^) He(^S^) + làg A E  o . . . .  (4 .13 )
- l 4  2where A E  = 0 .1 3  eV, w ith  a  c ro s s - s e c tio n  o f 1 .3  x 10  cm 

com parable to  th e  Penning io n is a t io n  c ro ss  s e c tio n  fo r  He(2^S) + Hg 

o f  1 .40  X lO 'l^  cmi

(3) Suzuki (4 l) ,  u s in g  a  tim e re so lv e d  sp e c tro sc o p ic  g a tin g  tech n iq u e , 

showed th a t  th e  in t e n s i ty  o f the  6l 3 . 0nra l i n e  was p ro p o r tio n a l to  

th e  p ro d u c t o f th e  d e n s i t ie s  o f m e tas tab le  helium  and m e tas tab le  

m ercury atoms in  th e  d isch a rg e  system  th a t  he was u s in g . He 

concluded th a t  the  s e le c t iv e  e x c i ta t io n  mechanism was th a t  o r ig in a l ly  

proposed by Paschen (42) to  ex p la in  enhancement o f th e  6l3.0nm l in e  

observed  in  a  helium -m ercury hollow cathode d is c h a rg e :-
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He (2^8) + Hg * (^P) — He + Hg * (7^ P^y^^ + (e + KE)

  (4 .1 4 ) .
—14 2An e s t im a te 'o f  t h i s  c ro ss  s e c tio n  i s  approx im ate ly  10 cm • F ig . 4 ,5  

shows th e  energy r e la t io n  between th e  m e tas tab le  s t a t e s  o f  m ercury and 

helium .

The e x c i ta t io n  co n d itio n s  used by Suzuki and Dyson d i f f e r e d .  Dyson 

used  a d isch a rg e  tube o f 2 .3  cm bore and Suzuki one of 6mm b o re , so th a t  

d if f e re n c e s  in  r e s u l t s  might be expected . Although Suzuki used sh o r t  

e x c i ta t io n  p u ls e s  o f 0 .5  m icroseconds which a re  considered  no t to  g ive la rg e  

m e ta s tab le  c o n c e n tra tio n s  (H asted (4 3 )) ,  h is  s e le c t iv e  e x c i ta t io n  i s  s t i l l  

a t t r i b u t e d  to  m e ta s ta b le -m e te s ta b le  c o l l i s io n s .

A ccording to  B ridges and C hester (4 4 ), B e ll and Bloom have re c e n t ly  

o b ta in ed  o s c i l l a t i o n  a t  479*7, 567*7  and 6l 5 *Onm in  a  pure mercury d isch a rg e  

(as  y e t u n p u b lish e d ) , so th a t  i t  i s  ev id en t th a t  a number o f s e le c t iv e  

e x c i ta t io n  p ro c e sse s  a re  invo lved  in  the  mercury system s, which in c lu d e  

charge t r a n s f e r ,  d i r e c t  e le c tro n  im pact e x c i ta t io n  and m e ta s tab le -m e ta s tab le  

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

F u r th e r  evidence th a t  e le c tro n  im pact e x c i ta t io n  i s  of co n s id e ra b le  

im portance in  th e  helium -m ercury system , i s  th a t  o s c i l l a t io n  has now been 

observed  in  o th e r  Group 2a elem en ts, -  cadmium and z inc  -  on id e n t ic a l  

t r a n s i t i o n s  to  tho se  on which o s c i l l a t io n  i s  observed in  m ercury. On only 

a  few o f th e se  t r a n s i t io n s  in  cadmium or z inc  does c o l l i s io n a l  energy 

t r a n s f e r  appear l i k e l y .
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Given in  Appendix 4,1 a re  th e  e q u iv a le n t l a s e r  t r a n s i t io n s  in  z in c , 

cadmium and m ercury, to g e th e r  w ith  l i s t s  o f th e  n e u t r a l  and io n ise d  le v e ls  

in v o lv ed  in  th e  l a s e r  t r a n s i t i o n s .  In d ic a te d  a l s o ,  a re  th e  p o s s ib le  

m e ta s ta b le -m e ta s ta b le , ion-atom , re so n a n t type c o l l i s io n s  re sp o n s ib le  fo r  

th e  s e le c t iv e  e x c i ta t io n .

4 .3  Atom-molecule l a s e r s .

At l e a s t  fo u r  gas system s have e x h ib ite d  maser a c t io n  on d is s o c ia t io n  

by c o l l i s io n s  w ith  m e ta s tab le  atoms o f an o th er g a s . These in c lu d e : -

(a) Ne -  0^ ; Ar -  0^ , He o r Ne -  CO o r CQ^, He o r Ne -  NO o r

N^O g iv in g  o s c i l l a t i o n  in  atom ic oxygen a t  844 .6nm (P a te l  e t  a l .  

(43 , 46)).

(b) He o r Ne -  CO or CO^, g iv in g  o s c i l l a t io n  in  n e u tra l  atom ic carbon 

in  th e  in f r a - r e d  (43, 4 6 ) .

(c ) He -  SFg, o r SF^ g iv in g  o s c i l l a t io n  in  n e u t ra l  atom ic su lp h u r

(43, 4 6 ) .

(d) Argon -  B r^, g iv in g  o s c i l l a t io n  a t  84 4 .6nm, in  an unknown s p e c ie s ,  

most l i k e ly  atom ic bromine (45, 4 6 ).

4 .3 .1  Ne -  0^ , Ar -  0^ Systems

I t  i s  on ly  in  th e se  two m asers th a t  a  q u a n t i ta t iv e  d e s c r ip t io n  can be 

g iven  o f  th e  e x c i ta t io n  p ro cess  in v o lv ed , a s  c o l l i s io n  c ro ss  s e c tio n s  a re  

known on ly  fo r  energy t r a n s f e r  from neon o r argon m e tas tab les  to  oxygen.

For a  com prehensive account o f  th e se  system s th e  re a d e r  i s  r e f e r r e d  to  

P a te l  (4 7 ) .
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The p e r t in e n t  energy le v e ls  of neon and argon , th e  oxygen molecule 

and atom ic oxygen a re  shown in  F ig . 4 .6  a f t e r  B ennett e t  a l .  (4 8 ). Maser

a c t io n  i s  o b ta in ed  a t  844 .6nm on th e  3p ------ 3 s t r a n s i t i o n  o f atomic

oxygen.

In  th e  Ne -  0^ m aser, c o l l is io n s  o f oxygen m olecules w ith  neon 

m e ta s ta b le s , r e s u l t  in  m olecular d is s o c ia t io n ,  le a d in g  to  ground s t a t e

(2^P) and e x c ite d  (3^P) oxygen atoms being  produced.

5 3R a d ia tiv e  decay occurs from th e  3 P le v e l  to  th e  3 S le v e l ,  and then

to  th e  atom ic ground s t a t e  g iv in g  r a d ia t io n  a t  around l40.0nm . The

3 8r a d ia t iv e  l i f e t im e  o f th e  3  Pg le v e l  i s  approx im ately  3  x 10 s e c , and th e
3 -Q

3 8 l e v e l  approx im ate ly  10  s e c , so th a t  th e  t r a n s i t io n  p r o b a b i l i t i e s  a re

s u i ta b le  fo r  o s c i l l a t i o n .  The low atom ic ground s t a t e  oxygen p o p u la tio n

en su res  t h a t  r a d ia t io n  tra p p in g  does no t l im i t  t h i s  system a s  i t  does in

o th e r  atom ic system s.

The e x c i ta t io n  p ro cess  i s : -

Ne * (^P^, ^P^) + 0^ -4 »  0 (3p ^P) + 0 (2^P) + Ne .......... (4 .1 3 ).

The Ar -  0^ system  i s  s l i g h t ly  d i f f e r e n t  from th a t  o f Ne -  O^, in  th a t

i t  in v o lv e s  a  two s te p  p ro cess  le a d in g  to  th e  p r e f e r e n t ia l  e x c i ta t io n  o f  th e

3^P le v e l  o f atom ic oxygen. Argon m e ta s tab le s  have in s u f f ic i e n t  energy to

g iv e  d i r e c t  e x c i ta t io n  to  th e  3^P le v e l ,  b u t a re  e f f i c i e n t  in  g iv in g

1 1d is s o c ia t io n  to  th e  m e tas tab le  2 8 and 2 D le v e ls ,  a s  fo llow s

kr*  ( I s )  + 0^ 0 *(2 ^8 , 2 ^D) + 0(3^P) + Ar   (4 .l6 ) ,

o r 0*(2^D) + 0*(2^D) + Ar   (4 .17).
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The second r e a c t io n  g iv in g  one e x c ite d  and one ground s t a t e  atom i s  the

more u su a l form o f d is s o c ia t iv e  energy t r a n s f e r .

The m e ta s tab le  oxygen atoms a re  then e x c ite d  by e le c tro n  im pact to  

3th e  3 P l e v e l ,  r e s u l t in g  in  p o p u la tio n  in v e rs io n  o c c u rr in g . The o p e ra tin g  

c o n d itio n s  fo r  bo th  system s a re  s l i g h t ly  d i f f e r e n t ,  b u t r e s u l t  in  s im ila r  

p o p u la tio n  in v e rs io n s .

4 .4  E le c tro n  Im pact, -  Pure noble gas masers

I t  was th e  ga in  r e s u l t s  o f B ennett (9) on th e  Bs^ -  2p̂  ̂ t r a n s i t i o n  in  

neon a t  1 .1 3 2 3  m icrons which showed th a t  a p r a c t ic a l  amount o f g a in  was 

o b ta in a b le  in  a system  th a t  r e l i e d  on e le c tro n  im pact e x c i ta t io n  a lone  fo r  

s e le c t iv e  e x c i ta t io n .

Subsequen tly  P a te l  e t  a l .  (49) have produced cw maser o s c i l l a t io n  on 

l4  nob le gas t r a n s i t i o n s ,  and have extended cw o p e ra tio n  out to  133 m icrons

in  th e  nob le g a ses ; most o f th e  t r a n s i t io n s  being  in  neon.

4 .4 .1  N eu tra l l a s e r s

The e le c tro n  c o n f ig u ra tio n  o f neon, argon, k ryp ton  and xenon a re
6 2 , 3, 4  5

s im i la r ;  th e  ground s t a t e  i s  (np) , where n = ^  and ^  r e s p e c t iv e ly .

In  each g as , th e re  a re  s tro n g ly  allow ed o p t ic a l  t r a n s i t io n s  from the  le v e ls

in  th e  h ig h e r  (np)^  ms and (np)^ rad c o n f ig u ra tio n s , and so th e  main

e x c i ta t io n  occurs  through r e a c tio n s  o f th e  type ,

e + (np)^ —9^ (np)^ ms + e   ( 4 .l8 )

. . 6 _____^  (np)^ rad + e   (4 .19 )
and e + (np; — ^

where m = n + l ,  n + 2  e tc  as shown in  F ig . 4 .7 .
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For th e  p re s su re s  a t  which th e se  m asers a re  opera ted  0 ,01  -

0 .2  t o r r ,  in  up to  40ram bore tu b e s ) ,  th e  s tro n g ly  allow ed UV t r a n s i t io n s  

to  th e  ground s t a t e  a re  r a d ia t io n  trap p ed , and th e  s and d s t a t e s  can only 

decay through t r a n s i t io n s  to  th e  low er ly in g  e x c ite d  p s t a t e s .  These a re  

marked a s  MASER in  F ig . 4 .7 .

The r a d ia t iv e  l i f e t im e s  of le v e ls  (np)^ mp c o n f ig u ra tio n s  a re  o f the  
-8

o rd e r  o f 10 sec due to  t r a n s i t io n s  o f th e  type mp -  (n + l ) s .  Thus 

th e se  le v e ls  a re  s u i ta b le  l a s e r  le v e ls  and p o p u la tio n  in v e rs io n s  can occur 

between th e  s and p , and th e  d and p le v e l s .

In  s p i t e  o f t h i s ,  i t  i s  found th a t  more maser t r a n s i t io n s  a re  observed 

in  neon and argon from t r a n s i t io n s  between th e  h ig h e r ly in g  s ,  p , d and f  

l e v e l s ,  th a n  between th e  s and p , and the  d and p le v e ls .

I t  i s  on ly  in  th e  case o f the  3s -  4p t r a n s i t io n s ,  where th e  He (2 S) 

m e ta s ta b le s  a re  co n s id ered  re sp o n s ib le  fo r  s e le c t iv e ly  e x c i t in g  th e  3s 

l e v e l ,  t h a t  th e  p o p u la tin g  mechanism i s  known. The only ex p lan a tio n  seems 

to  be th a t  a la rg e  p a r t  o f th e  e x c i ta t io n  to  the  h igh  ly in g  s t a t e s  a r i s e s  

from cascade t r a n s i t i o n s ,  o r through e le c tro n - io n  recom bination .

As s ta t e d  in  s e c tio n  4 .1 .1 ,  i t  has been found th a t  the a d d itio n  o f 

la rg e  q u a n t i t i e s  o f helium  to  an r f  d isch a rg e  in  xenon in c re ased  th e  o p t ic a l  

g a in  on a  number o f t r a n s i t io n s  (P a te l  e t  a l .  (30))» b u t p a r t i c u la r ly  a t  

2 .026 and 3 .3 0 8  m icrons. This in c re a se  in  gain  has been a t t r ib u t e d  to  an 

in c re a s e d  e le c tro n  d e n s ity ,  o r an in c re a se d  tem pera tu re , o r b o th .

A isenburg  (3 1 ) u s in g  a m u lti-p ro b e  tech n iq u e , has observed an in c re a se  

in  th e  e le c t ro n  d e n s ity  b u t no a p p re c ia b le  change in  the  e le c tro n .
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tem p era tu re  when helium  was added to  an r f  d isch a rg e  in  xenon under la s in g  

c o n d itio n s .

In  a dc d isch a rg e  in  xenon th e  a d d itio n  o f helium  only  r e s u l t s  in  a 

s l i g h t  in c re a s e  in  g a in , and a t  th e  h ig h e r c u r re n ts  n ece ssa ry , c a ta p h o re s is  

occurs  and th e  g a in  i s  g re a t ly  reduced (B ridges, (3 2 ) ) .

4 .4 .2  Ion  l a s e r s .

O s c i l l a t io n  in  gaseous io n s  was f i r s t  observed by B e ll (34) in  s in g ly  

io n is e d  m ercury, in  th e  a f te rg lo w  o f a p u lsed , h igh  c u r re n t d isc h a rg e .

W h ils t in v e s t ig a t in g  th e  e f f e c t  o f noble gas b u f fe rs  on th e  v i s ib le  mercury 

l a s e r  io n  l i n e s ,  o s c i l l a t i o n  was observed in  s in g ly  io n ise d  argon . Even 

sm all t r a c e s  o f argon  were s u f f i c i e n t  in  which to  s u s ta in  o s c i l l a t io n  

(B ridges (3 3 ), Convert e t  a l .  (34) (33))»

U nlike th e  a f te rg lo w  o s c i l l a t io n  in  m ercury, o s c i l l a t io n  in  argon was 

observed  du rin g  th e  e x c i ta t io n  p u ls e .  Quasi-cw o p e ra tio n , lon g er than  any

tim e c o n s ta n ts  o f rea so n ab le  atom ic p ro cesses  was re p o rte d  in  io n ise d  argon 

by B ennett e t  a l .  (3 6 ) who o b ta in ed  o u tp u t powers o f w a tts  fo r  about a  

m ill is e c o n d .

By u t i l i s i n g  sm all bore tu b e s , g iv in g  in c re a se d  c u rre n t d e n s ity , cw 

o p e ra tio n  was ach ieved  by Gordon e t  a l .  (37) 011 most of th e  s tro n g  s in g ly  

io n is e d  arg o n , k ryp ton  and xenon l i n e s .

O s c i l l a t io n  has now been ob ta in ed  in  over 20 elem ents on over 230 

t r a n s i t i o n s ,  in  s in g ly ,  doubly and t r i p l y  io n ise d  sp e c ie s , ex tend ing  over 

th e  UV, v i s ib l e  and IR reg io n s  o f th e  spectrum  (Gheo and Cooper (3 8 ), B ridges

and C h este r (3 9 ))•
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The s e le c t iv e  e x c i ta t io n  in  th e  m a jo rity  o f th e se  t r a n s i t io n s  i s  by 

e le c t ro n  im pact, and i s  c h a ra c te r is e d  by two ty p es  o f p ro c e ss ,

( i )  th e  sudden p e r tu rb a tio n  p rocess  o f  B ennett e t  a l .  (3 6 )

( i i )  th e  two s te p  p ro cess  o f Gordon e t  a l .  ( 6 0 ) .

( i )  Sudden p e r tu rb a tio n  p ro cess

T his f i r s t  p ro cess  has been used to  i n t e r p r e t  p u lsed  low p re s su re  

d is c h a rg e s , in  which th e re  i s  a preponderance o f p -  s and p -  d 

l a s e r  t r a n s i t i o n s .  B ennett (3 6 ) has shown th a t  the  sudden 

p e r tu rb a t io n  p ro cess  r e s u l t s  in  m ainly e x c ite d  s t a t e s  in  th e  io n  

core hav ing  th e  same p a r i ty  as th e  io n  ground s t a t e .  Having th e  

same p a r i t y  a s  th e  ion  ground s t a t e ,  r a d ia t iv e  decay can occur to  

low er le v e ls  which can be re la x ed  by s tro n g  vacuum UV t r a n s i t io n s  

to  th e  ground s t a t e .  This p o p u la tin g  mechanism only  appears ' 

dominant in  p u lsed  d isch a rg es  w ith h igh  E /p , and sh o r t p u lse  d u ra tio n , 

The sudden p e r tu rb a tio n  trea tm en t has been extended to  h ig h e r 

d eg rees o f io n is a t io n  than  the  f i r s t ,  in  which t h i s  p ro cess  must 

occur w ith  e x c i ta t io n ,  no t from the  n e u tra l  ground s t a t e ,  b u t from 

th e  io n  ground s t a t e  o f th e  p reced ing  degree o f io n is a t io n .  This 

i n t e r p r e ta t io n  has been borne ou t by the  o b se rv a tio n s  o f Gheo and 

Cooper (6 1 ) ,  who r e p o r t  th a t  doubly io n ise d  l in e s  only  appear a f t e r  

s a tu r a t io n  o f th e  s in g ly  io n ise d  l i n e s ,  c o n s is te n t  w ith  a two s te p  

p ro c e s s .
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(ii) Two-step process

T his p ro cess  was proposed to  e x p la in  th e  sm all bore cw argon 

io n  l a s e r ,  and i s  a two s ta g e  p ro cess :

Ar (3p^) + e —>  Ar + (3p) + 2e  (4 .2 0 ),

then  Ar"*"(3p) + e —̂  Ar (4p) + e  (4 .2 1 ).

The ev idence to  suppo rt t h i s  p ro cess  i s  th a t  th e  spontaneous 

em ission  r a t e  o f the  upper argon io n  le v e ls  v a r ie s  a s  th e  square 

o f th e  d isch a rg e  c u r re n t .

A nother two s te p  p ro cess  has been proposed by B ennett and 

L ichen (6 2 ), which i s  as  fo llow s

Ar (3p^) + e — Ar (3p^ 4s) + e . . . . .  (4 .22 ),

fo llow ed  by Ar (3p^ 4s) + e —^  Ar ^ (4p) + 2 e   (4 .2 3 ).

In  t h i s  p ro c e s s , th e  f i r s t  s te p  produces m etastab le  argon atoms in  

th e  3p^ 4s le v e l ;  th e  second e le c tro n  im pact produces the  

s e le c t iv e  e x c i ta t io n  to  th e  Ar ^ (4p) le v e l .

4 .4 .3  T ra n s ie n t L asers

The f i r s t  t r a n s ie n t  l a s e r  was re p o rte d  by Fowles and Jenson  (6 3 ) who

3 2 1observed  a h igh  g a in  l a s e r  t r a n s i t io n  6p ?s  -  6p a t  7 2 2 . 9nm in  th e

spectrum  o f n e u t r a l  le a d .  The low er l a s e r  le v e l  has th e  same c o n f ig u ra tio n

a s  th e  le a d  ground s t a t e ,  and i s  m e ta s tab le . The l a s e r  t r a n s i t io n  i s  a ls o  

fo rb id d en  fo r  e l e c t r i c  d ip o le  r a d ia t io n  in  LS coup ling , though i t  i s  

observed  a s  a  f a i r l y  in te n s e  l i n e  in  the  a rc  spectrum  o f le a d .
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T ra n s ie n t o s c i l l a t i o n  has a ls o  been re p o r te d  by P i l t c h  e t a l .  (64) 

in  n e u t r a l  manganese, and r e c e n t ly  o s c i l l a t io n  has been observed in  n e u tra l  

atom ic copper vapour a t  310.54nra (38  db/m, 2 kW peak power) and a t  378.215nra 

(42 db/m, 0 .6  kW peak pow er), by W alter e t  a l .  (6 3 ) .

Physical properties of the new transient lasers

A ll th e  t r a n s i e n t  l a s e r s  a re  ty p i f ie d  by th e  le a d  and copper system s, 

th e  energy le v e l  diagram s o f which, l a s e r  t r a n s i t io n s  and e x c i ta t io n  p a th s  

a re  shown in  F ig s .  4 .8  and 4 .9  and a re  c h a ra c te r is e d  by th e  fo llo w in g :

(a ) th e  upper l a s e r  le v e l  i s  a resonance le v e l ,  having an o p p o site  

p a r i t y  to  th e  ground s t a t e ,  w ith  th e  e x c i ta t io n  prov ided  by 

e le c tro n -a to m  c o l l i s io n s .

(b) th e  low er l a s e r  le v e l  i s  m etastab le  having the  same p a r i ty  as  th e  

ground s t a t e .

(c) th e  t r a n s i t i o n  p r o b a b il i ty  o f th e  l a s e r  t r a n s i t io n  i s  sm a lle r than  

th a t  o f th e  e x c i ta t io n  t r a n s i t io n  (approxim ately  10^ sec ^ ) , b u t 

l a r g e r  th an  th e  re la x a t io n  t r a n s i t io n  (approx im ately  1 sec ^ ) .

Experimental conditions
( i )  To o b ta in  s u f f i c i e n t  vapour p re ssu re  o f s u i ta b le  elem ents h igh

tem p era tu res  have been used in  th e  la s e r s  re p o rte d  so f a r .  The 

tem p era tu res  used have ranged from 800°C in  the  case o f le a d  to  

1300°C in  th e  case o f copper, g iv in g  vapour p re ssu re s  o f 0 .1  to

0 .3  t o r r .
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( i i )  C a r r ie r  gases  of helium  or neon a t  p re s s u re s  o f 1 -  3 t o r r ,

enab le  th e  d isch a rg e  to  be c a r r ie d  from th e  e le c tro d e s  to  th e

m e ta l l ic  vapour re g io n , and p rev en t m e ta ll ic  vapour from being 

d e p o s ite d  on th e  B rew ster angled  windows.

( i i i )  The p u lse  r i s e  time has to  be s h o r te r  than  the  r a d ia t iv e  l i f e t im e

o f th e  l a s e r  t r a n s i t io n  to  enable s u f f ic ie n t  p o p u la tio n  in v e rs io n

to  b u ild  up . To ach ieve t h i s ,  th e  p u lse  e x c i ta t io n  has taken  th e  

form o f a  sim ple c a p a c ito r  d isch arg e  through  in t e r n a l  e le c tro d e s ,  

o r by th e  d isch a rg e  o f a delay  l i n e ,  charged to  about 7*5 kV 

th rough  a  sp ark  gap in  s e r ie s  w ith  th e  d isch arg e  tu b e .
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CHAPTER

P o p u la tio n  In v e rs io n  in  th e  n eg a tiv e  glow plasma o f a 

Hollow Cathode D ischarge

In tro d u c t io n

The re so n a n t, atom-atom , energy t r a n s f e r  p ro c e ss , in  I 963 b e lie v e d  to  

be th e  predom inant s e le c t iv e  e x c i ta t io n  p ro cess  in  th e  helium -neon l a s e r ,  

in d ic a te d  th a t  t h i s  p ro cess  would be th e  s o r t  o f p ro cess  to  seek fo r  o th e r  

l a s e r  system s.

The n e g a tiv e  glow Hollow Cathode D ischarge (H.C.D.) has th e  fo llow ing  

p ro p e r t ie s  which made i t  worthy o f c o n s id e ra tio n  as  a  l a s e r  medium.

(a) Atom-atom p ro cesse s

The l i t e r a t u r e  in d ic a te d  th a t  atom-atom c o l l i s io n a l  p ro cesse s  

were o f co n s id e ra b le  im portance, in  the  lo w -f ie ld ,  e lec tron -beam  

m ain ta ined  plasm a o f th e  H.C.D.

(b) Narrow lin e -w id th

Under s u i ta b le  c o n d itio n s , th e  H.C.D. can g ive extrem ely  narrow 

l i n e s ,  having been used e x te n s iv e ly  fo r  h y p erfin e  s t r u c tu re  

a n a ly s is  by S chu le r (1 ) , Tolansky (2) and R oesle r and De Noyer (3 ) .  

The f r a c t io n a l  ga in  in  a l a s e r  (g^) i s  in v e rs e ly  p ro p o r tio n a l to

assuming th e  l i n e  i s  Doppler broadened (Heavens ( 4 ) ) ,  a s  i s  

shown by ( 1 .1 ) .  C onsiderab le  advantage i s ,  th e re fo re ,  to  be 

expected  in  u s ing  a source th a t  p rov ides  narrow em ission  l i n e s .
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(c ) E le c tro n  c o n c e n tra tio n

The e le c tro n  c o n c e n tra tio n  i s  la rg e r  in  th e  n e g a tiv e  g low -region 

o f a glow d isch arg e  than  in  th e  p o s i t iv e  column, and i s  la rg e r  by 

two o rd e rs  o f magnitude in  the  H.C.D, (Badareu and Wachter ( 3 ) ) .  

F u r th e r ,  i t  i s  b e lie v e d  th a t  a  non-M axwellian e le c tro n  energy 

d i s t r i b u t io n  b ia sed  to  h igh  en e rg ie s  occurs in  th e  H.C.D. a t  th e  

cathode edge o f the  n eg a tiv e  glow plasm a, (F ra n c is  ( 6 ) ) .

(d) R ad ian t in t e n s i ty

The r a d ia n t  in t e n s i t y  in  th e  H.C.D. i s  many tim es la rg e r  th an  th a t  

in  th e  p o s i t iv e  column o f th e  glow d is c h a rg e . (P opovici and 

Somesan ( ? ) ) .

(e) S p u tte r in g  mechanism

The s p u t te r in g  a c t io n  o f  th e  H.C.D. p ro v id es  an atom ic vapour of 

th e  m a te r ia l  o f which th e  cathode i s  c o n s tru c te d , w ithou t the  need 

fo r  h ig h  tem p era tu res  to  p rov ide s u f f i c i e n t  vapour p re ssu re  in  

which to  o b ta in  l a s e r  o s c i l l a t i o n .  By a s u i ta b le  choice o f cathode 

m a te r ia l  and c a r r i e r  g as , p o p u la tio n  in v e rs io n  through re so n an t 

energy t r a n s f e r  c o l l i s io n s  appeared p o s s ib le .  T h is , in  1963 would 

have extended l a s e r  in v e s t ig a t io n s  in to  the  non-gaseous e lem en ts, 

and p o s s ib ly  in to  s h o r te r  w avelengths than  were then  a v a i la b le .  

(P u lsed  o s c i l l a t io n  has now been ob ta in ed  in  non-gaseous elem ents 

by B e ll e t  a l .  (8 ) ; P i l t c h  e t  a l .  (9 ) ; and S i l f v a s t  e t  a l .  (10) 

u s in g  h igh  tem peratu re te c h n iq u e s .)
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( f )  M olecular p ro cesse s

The n eg a tiv e  glow o f a  glow d isch arg e  i s  a recom bination-dom inated 

plasm a, (H urt, (1 1 ) ) ,  M olecular p ro cesse s  a re  o f co n sid e ra b le  

im portance in  such a plasm a and a re  th e re fo re  o f  i n t e r e s t  in  b a s ic  

l a s e r  s tu d ie s .

(g) Plasma u n ifo rm ity

No s t r i a t i o n s  o r i n s t a b i l i t i e s  have been re p o rte d  in  electron -beam  

m ain ta ined , f i e l d  f re e  p lasm as, and th e  same i s  to  be expected  in  

th e  H.C.D. (B irg e r-P e rsso n  (1 2 ) ) .

3 .1  S p e c if ic  system s

The H.C.D. was in v e s t ig a te d  a s  a means o f o b ta in in g  p o p u la tio n  in v e rs io n  

and cw l a s e r  o s c i l l a t i o n  in ;

(1) m e ta l l ic  elem ents which have low vapour p re s su re s  and h igh  m e ltin g  

p o in ts .

(2) th e  io n  sp e c ie s  o f a  gas m ixture.

(3) pure neon; o r in  a  helium -neon m ix tu re , a t  low p re ssu re  a t  6 32 .8nm,

3 .1 .1  P o p u la tio n  in v e rs io n  in  m etal vapours 

R esonant energy t r a n s f e r  r e a c t io n s  o f the  type

M + G —^  M + G — ^  E . . . . .  (3 . 1 )

where M h ere  in d ic a te s  a  m etal atom, and G a  c a r r i e r  gas atom, were 

co n s id e re d , fo r  A® 0 .1  eV, in  which la rg e  c ro ss  s e c tio n s  fo r  energy

t r a n s f e r  occur (see  F ig . 2 .4  from Mott and Massey (1 3 )) .

S u ita b le  com binations were determ ined , o f th e  i n e r t  gases helium , neon 

and argon , and o f elem ents from which cathodes o r cathode l i n e r s  could  be
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made and in  which c lo se  energy co in c id en ces  o ccu rred  between m etastab le  

l e v e ls  o f th e  i n e r t  gas and th e  cathode elem ent.

The m e ta s tab le  le v e ls  o f th e  i n e r t  gases a re  h ig h e r than  th e  io n is a t io n  

p o te n t ia l s  o f  o th e r  e lem en ts, so th a t  r e a c t io n  (3*1) becomes th e  f a m i l ia r  

Penning r e a c t io n

M + G* + G + (e + A a )  ( o o '/ l 'o e )    ( 3 .2 ) .

In  t h i s  r e a c t io n  an e le c tro n  i s  a v a i la b le  to  remove any excess p o te n t ia l  

energy and re so n a n t r e s t r i c t i o n s  a re  n o t a s  s t r in g e n t  a s  fo r  n o n - io n is in g , 

atom-atom e x c i ta t io n  t r a n s f e r  c o l l i s io n s .

Assuming th a t  p a r t i c u la r  le v e ls  would be s e le c t iv e ly  e x c ite d  by t h i s  

p ro c e s s , w ith  A  E o f th e  o rd e r o f a  few kT, t r a n s i t io n s  were determ ined 

from Atomic Energy L eve ls  ( l4 )  and examined fo r  l a s e r  s u i t a b i l i t y .

P o s s ib le  re so n a n t energy com binations o f th e  i n e r t  gases and m ercury, w ith  

v a r io u s  cathode m a te r ia ls  a re  g iven  in  Appendix 3*1»

Because o f  th e  h igh  s p u t te r in g  y ie ld  o f neon (13) and in fo rm atio n  

a v a i la b le  on th e  c o n c e n tra tio n  o f  neon m e ta s tab le s  in  a  H.C.D. ( l6 ) ,  

com binations o f  neon and cathode m a te r ia ls  were &iven s p e c ia l  a t t e n t io n .

F ig s .  3 .1  -  3 .3  show e l e c t r i c  d ip o le  r a d ia t io n  t r a n s i t io n s  w ith  

s u i ta b le  l i f e t im e s  fo r  th e  upper and low er le v e ls  in  which th e  upper le v e l  

has a  c lo se  energy co incidence w ith  a  neon I s  m etastab le  l e v e l .

The neon-aluminium com bination was chosen fo r  experim en ta l s tu d ie s  fo r  

th e  fo llo w in g  re a so n s : ( i )  t r a n s i t io n  p r o b a b i l i t i e s  a re  c a lc u la b le  fo r

io n is e d  aluminium w ith  s u f f i c i e n t  accuracy  u s in g  th e  B ates and Damgaard 

C e n tra l F ie ld  approx im ation , and ( i i )  neon can g ive  a  h ig h  s p u t te r in g  y ie ld

o f alum inium .
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3*1.2  P o p u la tio n  in v e rs io n  in  gas m ix tu res

C o n s id e ra tio n  o f th e  r e p o r t  o f p o p u la tio n  in v e rs io n  in  a m ercury-zinc 

system  ( l a t e r  u n su b s ta n tia te d )b y  Ablekov e t  a l .  (1 ? ) , and v a r io u s  a sp e c ts  

o f th e  o p e ra tin g  co n d itio n s  of th e  helium -neon p o s i t iv e  column and r f  

e x c ite d  l a s e r s  le d  to  an exam ination o f th e  H.C.D. a s  an e x c ite d  medium 

fo r  gas, and gas m ixture l a s e r s .  Three system s were examined 

( i )  helium -m ercury;

( i i )  h e liu m -io d in e ; and

( i i i )  helium -neon; and neon; a t  low p re s s u re s .

In  bo th  mercury and io d in e , th e  spectrum  l in e s  show ex ten siv e  

h y p e rfin e  s t r u c tu r e ,  and i t  was o f co n s id e ra b le  i n t e r e s t  to  examine such 

s t r u c tu r e  du rin g  l a s e r  o s c i l l a t i o n .

( i )  H elium -m ercury

L aser o s c i l l a t io n  was f i r s t  observed in  the  io n  s p e c ie s , in  mercury, in  

a m ix ture o f helium  and mercury under p u lsed  e x c i ta t io n  c o n d itio n s  by B e ll 

( l 8 ) . O s c i l l a t io n  occurred  on two v is ib l e  l i n e s  and on a number o f l i n e s  

in  th e  in f r a - r e d .  The behaviour o f th e  l a s e r  ou tpu t was such to  in d ic a te  

th a t  s a tu r a t io n  was n o t o ccu rrin g  so th a t  cw o p e ra tio n  might be p o s s ib le  in  

a s u i ta b le  so u rc e .

D uring an experim ent designed  to  determ ine i f  mercury was an e f f e c t iv e  

c a r r i e r  gas in  producing  s p u tte r in g  and to  check w hether the  A1 I I  l in e  a t  

39 0 .Onm (see  3 .8 .3 . )  was enhanced in  a  H.C.D. w ith  a  c a r r i e r  gas o th e r  than  

neon, i t  was n ecessa ry  to  id e n t i f y  s tro n g  spectrum  l in e s  in  the  reg io n  o f 

4-OOnm.
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In  t h i s  id e n t i f i c a t i o n  i t  was found th a t  th e  s tro n g  l i n e s  o r ig in a te d  

from h ig h ly  e x c ite d  mercury io n  l e v e ls ,  above th e  le v e ls  from which la s e r  

t r a n s i t i o n s  occu r. I t  was a sm all s te p  then  to  check fo r  th e  l i n e s  on 

which o s c i l l a t i o n  had been o b ta in ed  in  th e  range 300 -  800nm, in  th e  H.C.D. 

spectrum . In  t h i s  ran g e , a l l  the  l i n e s  on which o s c i l l a t io n  had been 

o b ta in ed  under p u lsed  co n d itio n s  were observed in  th e  H .C .D ., w ith  

i n t e n s i t i e s  com parable w ith  th o se  o f Hg I  l i n e s .  A l a t e r  l i t e r a t u r e  sea rch  

re v e a le d  th a t  th e se  l i n e s  had been observed and examined by McLennon (1 9 ), 

Naude (2 0 ), and Mrozowski (21) in  a H.C.D. in  mercury and helium -m ercury 

m ix tu re s . In  view o f t h i s ,  a  number of experim ents were c a r r ie d  ou t to  see 

i f  i t  was p o s s ib le  to  m a in ta in  a  plasm a in  a  long  m etal hollow  cathode , w ith  

a  le n g th  o f g r e a te r  than  one m etre , n ecessa ry  fo r  o b ta in in g  a p r a c t i c a l  

amount o f  g a in .

S tu d ie s  were a ls o  made o f m u lti-ca th o d e  hollow  cathode d isc h a rg e s .

( i i )  H elium -iodine

P u lsed  l a s e r  o s c i l l a t io n  was f i r s t  o b ta in ed  by Fowles and Jenson (2 2 ), 

on 12 v i s ib l e  and near in f r a - r e d  l i n e s  in  th e  n e u tra l  and io n  spectrum  o f 

io d in e . O s c i l la t io n  occurred  only in  th e  a f te rg lo w .

In  s tu d ie s  o f halogen e x c i ta t io n  u sin g  argon , neon and helium , B erez in  

and Yanovskaya (23) observed th a t  the  in t e n s i ty  of c e r ta in  io n ise d  io d in e  

l i n e s  was c o n s id e ra b ly  enhanced when a he liu m -io d in e  m ixture was e x c ite d  in  

a H.C.D. Three of the  l i n e s  X s 498 .6 , 321.6 and 3 4 0 .?nm which were found 

to  be enhanced in  th e  w avelength range 440.0 -  3 7 0 . Onm (Table 7 .1 ) ,  have 

e x h ib ite d  p u lsed  la s e r  o s c i l l a t io n .  The maximum in t e n s i ty  o f th e se  io n ise d  

l i n e s  in  th e  H.C.D. occurred  a t  a p re ssu re  o f 17 t o r r .
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The h ig h  p re ssu re  o p e ra tio n  o f th e  H.C.D. o f B erez in  and Yanovskaya and 

the  r e l a t i v e l y  h ig h  p re ssu re  o f o p e ra tio n  (a few t o r r  o f  helium ) o f Fowles 

and Jen so n , in d ic a te d  th a t  the  h e liu m -io d in e  system  was a lm ost c e r ta in ly  a 

re so n a n t c o l l i s i o n a l  system  w ith  atom-atom, a tom -ion , or atom -m olecule 

c o l l i s io n s  b e ing  re sp o n s ib le  fo r  th e  s e le c t iv e  e x c i ta t io n  o f th e  upper l a s e r  

l e v e l s .  S ince th e  upper l a s e r  le v e ls ,  w ith  one ex ce p tio n , a re  w ith in  O.3 I  

eV o f th e  helium  io n  ground s t a t e ,  Fowles and Jenson suggested  th a t  the  

s e le c t iv e  e x c i ta t io n  v;as one o f th e  charge exchange type (10/01 ) .  The h igh  

g a in  in  t h i s  system  does su g g est th a t  th e  e x c i ta t io n  i s  v ia  a re so n a n t 

p ro c e s s . However, energy t r a n s f e r  p ro cesse s  have only  been co n sidered  

re so n a n t when th e  energy d isc rep an cy  i s  l e s s  than 0 .1  eV, and la rg e  

c o l l i s io n  c ro s s  s e c tio n s  a re , by th e  Massey 'n e a r -a d ia b a tic  h y p o th e s is ',  no t 

expected  fo r  slow io n s .

Dr. R. S tebb ings (p r iv a te  communication) has shown th a t  a la rg e  

c o l l i s io n  c ro s s - s e c t io n  occurs in  th e  slow m olecule, 0^ + c o l l i s io n  bu t 

on ly  when resonance i s  o b ta in e d . Presumably p o la r i s a t io n  o r Coulomb fo rc e s ,  

which could  accoun t fo r  th e  la rg e  A  E fo r  re so n an t ion-atom  c o l l i s io n s ,  a re  

n o t r e le v a n t  to  3 body ion-m olecu le  c o l l i s io n s .

A s e r i e s  o f experim ents were c a r r ie d  ou t to  see i f  cw la s e r  o s c i l l a t io n  

could  be ach ieved  in  a h e liu m -io d in e  H .C .D ., and to  t r y  to  determ ine the  

energy t r a n s f e r  mechanism invo lved  in  th e  s e le c t iv e  e x c i ta t io n  o f c e r ta in  

io n ise d  io d in e  energy l e v e l s .  These experim ents a re  covered in  3*11»

(ii#) Helium-neon and neon a t  low p re s s u re .

T his system  i s  inc luded  a s  a se p a ra te  trea tm en t in  3 .1 2 , to g e th e r  w ith  

exp erim en ta l work and r e s u l t s .



3*2 The neon-alum inium , m etal vapour system

3 .2 .1  In  o rd e r to  ach ieve cw l a s e r  o s c i l l a t io n  (1 .3 )  shows th a t  l i f e t im e s  

o f th e  upper and low er le v e ls  must be s u i ta b le ,  and th a t  th e  r a t e  of 

e x c i ta t io n  to  th e  upper le v e l  must be s u f f ic ie n t  to  enable th e  g a in  to  be 

g re a te r  than  th e  o v e ra l l  system  lo s s e s .

The in v e s t ig a t io n  o f th e  neon-aluminium system  c o n s is te d  o f  two p a r ts

(a) C a lc u la tio n  of th e  t r a n s i t io n  p r o b a b i l i t i e s  o f th e  proposed A1 I I  

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

(b) E xperim ental measurement o f th e  ab so lu te  in t e n s i ty  o f th e  proposed 

l a s e r  l i n e ,  under optimum c o n d itio n s , to  determ ine th e  s tead y  s t a t e

p o p u la tio n  o f th e  upper le v e l  and r a t e  o f e x c i ta t io n  to  th e  upper 

l e v e l ,

3 .2 .2  C a lc u la tio n  o f t r a n s i t i o n  p r o b a b i l i t i e s

The c a lc u la t io n  of t r a n s i t i o n  p r o b a b i l i t i e s  between le v e ls  o f an atom ic

system  e n t a i l s  th e  e v a lu a tio n  o f  t r a n s i t io n  in t e g r a l s  fo r  th e  le v e ls

concerned . B ates and Damgaard (24) have shown th a t  a lm ost th e  whole

c o n tr ib u tio n  to  th e  t r a n s i t io n  in t e g r a l s  invo lved  a r i s e s  from th e  reg io n  o f

th e  atom fo r  which a Coulomb approxim ation  fo r  th e  p o te n t ia l  i s  v a l id .

The in t e g r a l s  may th u s  be exp ressed , a s  in  th e  case o f the  hydrogen

atom, in  term s o f hypergeom etric fu n c tio n s . The in te g r a l  quantum numbers
*

o f hydrogen a re  re p la c e d  by th e  e f f e c t iv e  quantum numbers (n ) .

n* =  (5 .3 )

where (  i s  th e  energy in  Rydbergs fo r  e x c i t in g  th e  n e u tra l  atom . T ables 

fo r  e v a lu a tin g  the  r a d ia l  p a r t  o f the  t r a n s i t io n  in t e g r a l  have been given 

by B ates and Damgaard.
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The spontaneous t r a n s i t i o n  p ro b a b i l i ty  fo r  r a d ia t io n  from s t a t e  A to  

s t a t e  B i s  g iven  by Condon and S h o rtle y  (23) a s

A (A , 6 )  =  (t4-n"^-v) V 3 k ) .  5(A )  (5 . 6 )

where S(A,B) i s  th e  l i n e  s t r e n g th ,  i s  th e  t o t a l  an g u la r  momentum in  

s t a t e  A, and i s  th e  wave number in  cm

The l i n e  s t r e n g th  may be expressed  in  term s o f th e  in te g r a l  o f the  

r a d i a l  p a r t  o f th e  waVe fu n c tio n  in  th e  i n i t i a l  and f in a l  s t a t e  and 

in  th e  form

-  i / ( 4 - £ 2 _ x')  J  G lR f
  (5.7)

where 1 i s  th e  la r g e r  o f th e  two az im u tha l quantum numbers. Values o f

a re  o b ta in ed  from th e  ta b le s  o f B ates and Damgaard. W ith l) expressed

in  Rydbergs, th e  t r a n s i t i o n  p ro b a b i l i ty  may be w r i t te n  a s

A(A,B) = 2.662 X  lO* k"Ll 2 g e c '^  ................‘ (3 .8 )

where k depends on th e  l i n e  o f th e  m u l t ip le t  considered  (g iven  in  (2 3 ) ) .

B a s ic a l ly , in  th e  B ates and Damgaard C en tra l F ie ld  approx im ation , the  

charge i s  con sid ered  a s  lumped in  a sm all r a d iu s ,  and th a t  fo r  r  l e s s  th an  

r^  th e  c o n tr ib u tio n  to  th e  p o te n t ia l  i s  n e g l ig ib le .  B ates and Damgaard 

ta k e  1 p e r c en t o f coulomb d ep a rtu re  a s  l i m i t  o f r^  — P«po • The 

method r e s u l t s  in  th e  fo llow ing  agreem ent being  ob ta ined  between c a lc u la te d  

and experim en ta l d e te rm in a tio n s  fo r :

( i )  s im p le , l i g h t  system s, a c c u ra te  on a l l  t r a n s i t io n s ;  agreem ent 

w ith in  10 p e r cen t fo r  p -  s  t r a n s i t io n s  a s  f a r  a s  atom ic number

19, and p -  d, d -  f  t r a n s i t io n s  fu r th e r  down th e  p e r io d ic  ta b le .
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(ii) simple, heavy systems, not subject to interference farther down

than atomic number 19, e.g. Cul or Csl, the agreement is to
within about 50 per cent.

(iii) complex systems, e.g. the active electron is in a shell

containing other electrons, fair agreement is shown; even Til,

(atomic number 8l) is not expected to differ by a factor greater 
than 2.

Transition probabilities for A1 II transitions

Aluminium has an atomic number of 13, and has neutral ground state 

electron configuration Is^ 2s^ 2p^ 3s^ 3p* Fig. 5.1 shows the proposed 

A1 II laser transitions, which are:

(3p^ “■ ^^^) at 390.Onm, and

(3s 3p - 3s^ ) at 167.Inm.

For these transitions, in a light complex system, fair agreement is expected

between calculated and experimental transition probabilities. Using the 

method of Bates and Damgaard:

cy ^ for the transition A1 II (3P^ ^D^ - 3s 3p ^P^ )̂ = 0.64»

Carrying out a similar treatment for the lower transition

cT ̂  for the transition A1 II (3s^ - 3s 3p ^P^) = 0.l4.
From (5 .6), and with the line strength S(A,B) calculated from Condon 

and Shortley (25), the ratio of the upper transition probability (A^^) to

the lower (A^^) is equal to  1.28/1.79. Since A^^A^^ is less than 1, the

transitions are just suitable for cw oscillation. The effect of the

statistical weights factor (g^g^) in (1.3) marginally reduces the 

suitability by a factor of 5/3.

cw
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Using (3.8), = 130 X  10^ sec” ,̂ and A^ = 162 x 10^ sec.”^

3 .2 .3  Measurement of the absolute intensity of the A1 II 390.0nm line

The absolute intensity is defined as the radiant energy flowing per 

unit time in unit solid angle, through unit area perpendicular to the beam. 

This energy may be contained in a unit spectral range, or unit wave number

i.e. I>̂  or I-̂  . If the energy is distributed over a spectrum line the
integrated intensity is given by

I  o r  ciO   (3.9).

Generally I,() = I{) (€,</) and the total radiant energy flow through

an element of surface dcf at a given place is 
^  r W z f ln
à--^dcf =  I I l ^ ( ^ Q ^ 0 ) c o s e s ' , i ^ e c W d ^ ç f d ( r    (5.10)

' O

For energy over a small frequency range dnj , within a small solid angle dJL ,

^ ^ d r ^ d c r  =  d J L  d-A cAor   (3.11)

Absolute intensity measurements are made by comparing the fluxes 

through some optical dispersing system when the unknown is substituted by a 

standard source. The simplest method available possessing sufficient accuracy 

was the photographic method.

The Standard Source
Most desirable as a standard source is a cavity resonator at a uniform 

temperature T°K, so that the specific intensity

I-{) = (T) is given by Planck's function

B-J (T) = ) —_fj   (3.12)-
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Using the Planck radiation law, the source energy (bandwidth)"^ (steradian)“^ 
(unit area) ^ can be calculated from

..... (5.13)

where is the total radiant flux (unit area)“^ (solid angle 27T)"^, T is

in °K (colour temperature), and and are constants, (26).

For ease of computation, (5.13) is often reduced to the Wien law 
approximation

Ik = CiX'  ̂ Sa  (5.14)
where is in watt cm and?&̂  are in cm. This approximation at

colour temperatures of 2500°K and at 3000°K, results in inaccuracies of 

<T 0.59̂ , and <( 1.0^ respectively, (27).

-£oa,c,Ja = 4 -5 7 2 8 7 -5 -£ < = -^ ,o ? '-( .'^5 A T   (5 .15)

was the form used in the computation here. The temperature applicable in 

(5 .15) is the colour temperature. This is defined as the temperature at 

which a black body would have to be maintained to match the visible spectral 

distribution of the non-blackbody source. The colour temperature is 

usually higher than the actual temperature, as non-black body radiators have 

spectra shifted towards the blue.

Choice of Source
On the advice of the Light Division, NPL, a number of coiled filament 

car type bulbs were purchased and specifications given to G.E.C., (Wembley) 

for their calibration for Directional Intensity, at a specified standard 

colour temperature of 2854°K.



standard lamp calibration
Since the calibration of the standard lamp is given in subjective

visual Candela units, it is necessary to consider the eye sensitivity and

variation of emissivity of the surface of the source with wavelength, in

order to obtain the calibration in a form which enables the flux (steradian) ^

(bandwidth) ^ at the wavelength of interest to be calculated.

To be able to use calibration tables the effective area of the source in

the calibration direction must be known. From Walsh (28)

^  -  I07l4fe7j (vx?OA/\   (5.16)
Û

where ̂  is the spectral flux in watts and Vts is the eye visibility function.

At 380nra and ySOnm the value of Va is about 0.01^ of its maximum at 

335nm (Daughters (29)), so that the visual response is determined by the 

interval 3 ^ 0 ^ X  ^  760nm. Thus (3.17) becomes

=  10V l4 -fe7 | ( V x Î x V a    (5 . 1 7 )

which gives the radiant flux in erg (steradian) (cm) (sec), has 

emissivity taken into account and is given in the tungsten radiation tables 

of de Vos (30), against the true temperature.

From Fig. 3.4 a colour temperature of 2834°K is equal to a true 

temperature of 2800°K for a tungsten surface, (31)'
Taking bandwidths of 20nm to give integration over the effective visible 

range, 400 - 760nm at 2800°K, and using 683 lumens = 1 watt at 333^^, the 

effective directional area of the coiled tungsten filament was determined as

being O.OO76 cm^.
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This now enables use to be made of the de Vos tables, which give energy 
per unit area per steradian per micron per second.

Fig. 3 .5 shows the calibration curve for tungsten at 390nm, where the 

temperature is in °K true. From this graph at 2834°K (colour temp.) at 

390.Onm the standard source gives I.I6 x 10^ (erg) (cm)"^ (steradian)’^ 
(micron) ^ (sec)

3*2.4 Photographic plate calibration 

Photographic Photometry

In determining the absolute intensity of a line it is necessary to 

relate the density of the image on the plat® to the intensity of the source 

producing it. This is done by using a microphotometer and comparing the 

density produced by an exposure for a known time to the line whose intensity 

is required with the density produced by the standard source.

The response of an emulsion depends on at least seven factors 

the intensity of the light; its wavelength; the time of exposure; the nature 

of the emulsion and the time, type and temperature of the development that it 

undergoes. All of these are controllable.

Reciprocity failure
Intensity and time are interchangeable as far as a plate response is 

concerned, except for:

(i) low intensities --- long times

(ii) high intensities --- short times.
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Letting and D represent microphotometer galvanometer deflections 

through a clear portion of the plate close to a line and the deflection 

through the place at the point of interest, then d = log^^ D^/D. The 

relationship between d and the intensity (I) of a source, acting for a time 

t, giving the characteristic curve is of the form:

d = g log^Q (It?) - q   (3 .18)

q is small and is usually neglected, p is the Schwarzschild constant, g is 

usually called the gamma of the emulsion.

The Schwarzschild Constant

Schwarzschild enunciated the law that the product It^*^^, for a gelatine 

emulsion plate was constant for equal degrees of blackening, (Robertson,

(3 2 ) ) .

Helmick, (33) got values of p ranging from 0.68 - 1.93; and Robertson 

obtained values of P=0.91 at 387«6nra and 0.74 at 447.Inm so that it can be 

concluded that p is not a constant and needs to be determined at each 

wavelength of interest.

The exposure ratios in these experiments were sufficiently different 

from unity to necessitate its evaluation, as exposures for emission spectra 

were up to 2 hr, and for the standard source were in the region 10 - 100 sec.

Eberhard effect.
If a region of high density is being developed on an emulsion, the 

developer in the centre becomes relatively exhausted compared with that on 

the outer parts of the region. To prevent errors being introduced due to 

this effect, it is essential to agitate the developer constantly close to 

the surface of the emulsion.
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Elaborate wiper systems have been used in some experiments to do this 

necessary agitation. In this calibration, the sensitive balls of the 2nd 

and 3rd fingers were used to give constant agitation over the surface of the 

emulsion during the full period of development, in preference to designing 
and making a mechanical system.

Spectrograph illumination

Uniform spectrum lines are needed when measurements are being made to 

determine absolute, and even relative, intensities of lines.

To obtain uniform lines an image of the source must be focussed on the 

dispersing element used; with the Hilger large quartz/glass spectrograph 

used, this can be either the prism, or the collimator/camera lens.

To give maximum energy into the dispersing system, the whole of the 

prism must be illuminated. In all the experimental arrangements used in 

both the photographic plate calibration and the H.C.D. intensity determination 

uniform lines were obtained by focussing an image of the source on the 

collimator/camera lens by a suitable quartz condensing lens.

Slit width and parallelism

In the determination, comparisons are made between the integrated 

densities of spectrum lines. To allow such comparisons to be made from 

microphotometer readings taken across any cross-section of a spectrum line, 

parallel slits must be used. A knowledge of the slit width is also required. 

Both of these requirements were satisfied by separate experiments, and 

measurements were made on the detached slit assembly of the spectrograph, 

using a helium—neon laser that had been constructed in earlier work*
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5*3 Experimental Apparatus, neon-aluminium 

3 .3*1 Vacuum/gas filling system

A conventional, mixed metal and glassware high vacuum system was 

constructed. It consists of an oil diffusion pump, and a 0^ trapped 

rotary pump, connected via a greased cone and socket to the main pumping/ 

filling glassware. The glassware used in this part of the project is shown 

in Plate 1 of Chapter 7* It is essentially a glass T-piece of 2” and 1" 

bore, with a cold trap built into the main pumping line above the base plate 

of the diffusion pump. It has facilities for pressure measurement, gas 

bleeding, and support and isolation of the discharge tubes. The ultimate

pressure attainable with this system at the discharge tube is of the order
*"5 “5of 10 torr. A background pressure of 10 torr represents an impurity

content of 1 part in 100,000 in a gas at the pressure of 1 torr used in this 

experiment. With care in the processing of the H.C.D. tubes, clean, non

banded, spectra could be obtained with this system, over exposure periods 

of over 8 hours.
Low pressures are measured with Pirani/Penning gauges and the gas

filling pressures by means of a differential oil manometer containing 702

diffusion pump oil, isolated from the main pumping line by a liquid nitrogen

trap. The filling gases were obtained from B.O.C. Ltd. in 11 pyrex flasks,

specified purity 3^3i with less than 1-2 p.p.m argon.

3 *3 .2 The hollow cathode discharge tube
As a workable H.C.D. laser would ideally be a small system removable

from the pumping/filling system, a non-continuous flow tube was designed.

No trouble was experienced from impurities, but gas clean—up was subsequently 
observed during the long exposures used. A diagram of the H.C.D. tube used
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is shown in Fig. 3«6. It consists of a 11 pyrex chamber enclosing a hollow 

cylindrical cathode and a single probe anode. Connection is made to the 

vacuum system by means of a greased Bl4 cone and a 4mm greaseless stopcock.

The spectra excited in a H.C.D. depend to a considerable extent on 

the diameter of the cathode and to a small extent on the length, (Mitchell 

(34)). To maintain stable operation, the ratio of length to diameter must 

not be greater than 7, (A. von Engel, private communication).

The cathode is of 0.5" diameter, and 2" in length and is made of 

spectrally pure (5N) aluminium. It is supported by a mild steel rod at 

the lower end and by a 1” long stem of the same material as the cathode, 

at the upper end. The support, apart from the upper aluminium stem, is 

surrounded by pyrex tubing, which (a) prevents a discharge striking to the 

mild steel support and (b) acts as an additional support to the stem.

Brazed to the bottom of the mild steel stem is a 1mm. diameter tungsten 

rod, which forms a connection through the glassware. The anode is a 1mm 

diameter tungsten rod, having 1" clear length in the tube, about 2 .75" 

from the centre of the cathode.
The design of the tube results in striking voltages of approximately 

6OO-8OOV and sustaining voltages of 300-400V at 50mA in neon, at a. pressure 

of 1 torr. A resultant increase in sustaining voltage, due to gas clean

up, of about + lOV/hr when running at 50mA at an initial neon gas pressure 

of 1 torr, was observed when this tube was isolated from the rest of the 

system.
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5«3*3 The sp ec tro g rap h

The instrument used was a Hilger E5?8 Large Quartz/Glass, prism spectro

graph of the Littrow type, having a range of 200 - 800nm and an inverse 
dispersion of 1 .2nm/mm at 390nm.

3.4 Experimental procedure, neon-aluminium system

3 .4 .1  Calibration of plate

The standard lamp was set up in front of the spectrograph slit to 

satisfy the requirements stipulated in 3.2.4. To avoid contact troubles, 

leads were soldered directly on to the sole plates of the standard lamp.

To check the reproducibility of exposures, and the developing and 

fixing procedure a number of exposures were made under differing room 

conditions. Subsequent density measurements showed that reproducibility 

could not be obtained with the set-up used.

The simple replacement of a sliding type rheostat used to control the 

lamp voltage, by a clampable variable resistance made out of 20g tinned 

copper wire and an old ceramic coil former, having a value of o j 0 .1 ohm 

completely {Eliminated the poor reproducibility experienced.

Exposure procedure.
The standard lamp was allowed to thermalise at its specified calibration 

voltage and current for a minimum period of 30 minutes before all calibration 

exposures. Exposures on Ilford Ordinary plates were made of 10,000 and 200 secc 

Development and fixing.
Development was carried out in full strength, fine grain ID 11 developer, 

and fixing in Hypo. Standard solutions were kept in dark, well
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s to p p e red  b o t t l e s ,  and used only  fo r  t h i s  experim ent.

The ty p ic a l  tem peratu re  change th a t  occurred  in  th e  developer during  

developm ent was found to  be abou t + 2°C, a t  an i n i t i a l  tem pera tu re  of 22°C.

To m inim ise t h i s  change, the  developer was cooled to  21°C b e fo re  commencing 

each developm ent. To c o r re c t  f o r  exhaustion  o f th e  developer when a  number 

o f p la te s  were developed, su ccess iv e  development tim es were in c re a se d  by 10%. 

A f te r  a maximum o f s ix  p la te s ,  th e  developer was thrown away. A fte r  a  quick 

r in s e  in  w ater which con ta ined  a dash o f f ix e r  fo r  s to p p in g  pu rp o ses , f ix in g  

was c a r r ie d  ou t fo r  a  s tan d ard  p e rio d  of 10 m inutes. This s tan d a rd  p e r io d  

avo ided  any v a r ia b le  re d u c tio n  in  th e  d e n s ity  o f th e  p la te  th a t  could  occur, 

due to  th e  f ix in g  p ro c e ss .

To p re v e n t r e t i c u l a t i o n ,  developer, f ix e r  and r in s in g  w ater were a l l  

k ep t w ith in  a  ran g e . A fte r  washing f o r ^ 3 0  m inu tes, p la te s  were r in s e d  

in  a  w a te r- te e p o l w e ttin g  agen t m ixture and l e f t  to  dry  in  th e  atm osphere. 

3 .4 .2 .  I n te n s i ty  o f th e  A1 I I ,  390«Omn l in e

The H.C.D. lamp was p rocessed  in  a  s e r ie s  o f cy c les  o f pumping, f i l l i n g ,  

runn ing  a t  h ig h  c u r re n t ,  pumping, u n t i l  b an d -free  sp e c tra  were o b ta in ed .

T his cou ld  alw ays be achieved  in  th re e  c y c le s , u n le ss  a  le a k  had developed 

in  th e  system , u s u a lly  in  a  m e ta l/g la s s  s e a l .  P r io r  to  p ro cess in g , a l l  

g lassw are  was flam ed a s  f a r  as  the  g reased  ta p s  would a llo w , to  remove 

s u rfa c e  w ater vapour.

I n i t i a l  experim ents in d ic a te d  th a t  gas c lean  up was o ccu rrin g  on 

runn ing  th e  d isc h a rg e , when th e  tube was is o la te d  from th e  system . To add



-101  -

some a d d i t io n a l  volume to  the  tu b e , i t  was l e f t  connected to  th e  vacuum 

system , g iv in g  an a d d i t io n a l  volume o f about 2 l i t r e s .

Exposures of 2 hours were made on the  c e n t r a l  p o r tio n s  o f  I l f o r d  

O rdinary  p la te s ,  over the  neon p re ssu re  range of 0 ,7  -  3 t o r r .  Im m ediately 

a f t e r  com pletion o f an exposure, th e  p la te  was developed and f ix e d .

5 .4 .3  D ensity  measurement

D ensity  measurements were made on a manual H ilg e r m icrophotom eter 

m odified  to  tak e  an IP  21 p h o to m u ltip lie r .  The m icrophotom eter lamp was 

o p e ra ted  from a s t a b i l i s e d ,  v a r ia b le  v o ltag e  u n i t  and run fo r  a  minimum 

p e rio d  o f 30 m inutes to  s t a b i l i s e  i t  be fo re  u se . The o u tp u t from the  

p h o to m u ltip lie r  was taken  through a 20,000 ohm r e s i s t o r  and a  Cambridge 

p re c is io n  microammeter w ith  a  f . s . d .  o f lOOydAmp.

To o b ta in  an accuracy  o f 0 .05 in  d e n s ity  a t  0 .7 ,  d e f le c tio n s  must be 

read  to  w ith in  -  1 d iv is io n  fo r  a D^ o f 100 d iv is io n s .  In  scanning a c ro ss  

a spectrum  l i n e ,  th e  microammeter was c o n tin u a lly  g en tly  tapped to  overcome 

th e  s t ic k in g  f r i c t i o n  of the  m eter movement. W ithout t h i s ,  measurements 

were found to  be i r r e g u la r ,  and r e p ro d u c ib i l i ty  could no t be o b ta in ed .

A ll re a d in g s  could  be reproduced to  w ith in  th e  accuracy o f read in g  the  

m eter ( -  0 .2  d iv is io n )  on a com plete r e - t r a v e r s a l  o f a spectrum  l i n e ,  a f t e r  

an i n i t i a l  t r a v e r s a l  r e q u ir in g  up to  10  m inu tes.

5.5» R e su lts

5 . 5 .1  The d e te rm in a tio n  o f th e  Schw arzschild  co n s tan t ( p ) .

F ig  5 .7  shows the  r e s u l t s  o f th e  100,400 and 1000 sec exposures of th e  

s ta n d a rd  lamp p lo t te d  a g a in s t th e  tim e o f exposure fo r  fou r p o s it io n s  around 

3 9 0 . Onm.
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Assuming th a t  th e  response  o f th e  em ulsion w i l l  n o t vary  ap p rec iab ly  

over an in t e r v a l  o f 5 .Onm, by ta k in g  p o in ts  o f equ a l d e n s ity ,  and knowing the  

l i g h t  f lu x  from the  s tan d a rd  lamp a t  p a r t i c u la r  w avelengths (from th e  de Vos 

lamp c a l ib r a t io n  and u s in g  (5 . 1 8 )) 

p = 0 .4  t  0 . 0 5 .

The v a r ia t io n  o f -  O.O5 i s  a t t r ib u t e d  to  a v a r ia t io n  o f em ulsion 

response  over th e  w avelength in t e r v a l  used in  th e  d e te rm in a tio n .

5 . 5*1  S tandard  lamp

F ig . 5*8 shows th e  p lo t  o f th e  d e n s ity  o f th re e  c a l ib r a t io n  p la te s  o f 

th e  s ta n d a rd  lamp, a g a in s t  p o s i t io n  (o r w avelength) on th e  p la te ,  fo r  an 

exposure o f 10  s e c . At 3 9 0 . Onm th e  d e n s ity  i s  O.7 6  -  O.O3 *

5*5*2 The in t e n s i t y  o f th e  A1 I I ,  390*0nm l in e

F ig . 5*9 shows th e  m icrophotom eter d e n s ity  measurements fo r  the  3 9 0 .Onm 

l i n e  a t  th re e  neon c a r r i e r  gas p re s s u re s .  Maximum d e n s ity  o f about O.6 3  i s  

observed  a t  a  p re s su re  o f approx im ately  1 t o r r .

Whereas w ith  a  continuous source th e  lum inance i s  d i r e c t ly  p ro p o r tio n a l 

to  th e  energy p e r  u n i t  bandw idth, th e  s l i t  w idth and th e  in v e rse  d is p e rs io n  

o f  th e  d is p e rs in g  system , in  in t e n s i ty  measurements o f l i n e  s p e c tra ,  where 

th e  d is p e rs io n  i s  s u f f ic ie n t  to  avo id  overlap  of in d iv id u a l spectrum  l i n e s ,  

th e  s p e c tra  a re  broadened w ithou t t h e i r  lum inance being a f f e c te d .  The 

a re a  under th e  l i n e  p r o f i l e  r e p re s e n ts  th e  energy in c id e n t a t  the  w avelength 

o f  th e  l i n e  co n s id e red , (Walsh (2 8 ), Sawyer (35) and H arriso n , Lord and 

Loofbourow (3 6 ) ) •
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In te g r a t in g  under th e  curve o f g r e a te s t  d e n s ity  in  F ig . 5*9 a t  0 .8  t o r r

o f neon, a  mean d e n s ity  o f 0 .4  over the  l in e  p r o f i l e  i s  o b ta in ed .

( i )  Using (5*16), th e  lum inance o f th e  s tan d a rd  lamp, and knowing the

an g le  subtended by th e  s l i t  image a t  th e  so u rce , th e  exposure tim es

which produced two known d e n s i t ie s  o f  b lack en in g , and assum ing no 

s c a t t e r  lo s s e s  in  th e  sp ec tro g rap h , th e  energy producing th e  

b la ck en in g , o f th e  A1 I I  3 90 .Onm l i n e ,

"390.0am = 9 .2  x lO '! ?  w a tt.

( i i )  Taking equal d e n s i t ie s  produced by th e  s tan d a rd  source and the

3 9 0 . Onm l i n e  and f in d in g  the  tim e re q u ire d  by th e  s tan d a rd  source 

to  g ive  th e  mean d e n s ity  o f 0 .4  o f th e  l i n e ,

" 3 9 0 .Onm = 1 .1  X 10-^^ w a tt .

Taking a s  1 .0  x lO”^^ w a tt , from a s o l id  ang le  o f 6 x 10 ^

s te r a d ia n s  o f  th e  H .C .D ., th e  em ission from th e  source a t  390 .Onm i s

— 6app rox im ate ly  2 .1  x 10 w a tt .

C onsidering  th e  source a s  a p o in t so u rce , the  em ission p e r cm  ̂ o f 

d isch a rg e  i s  o f th e  o rd er o f 3 % 10 ^ w a tt .

5 .6  Gain and o s c i l l a t io n  requ irem ent

S ince  I (a b g o lu te )  * ^2 ^21 ^  21^* th e  s tead y  s t a t e  p o p u la tio n  in

th e  A1 I I ,  3p ^ ^D le v e l  i s

3 X 10~^ cm-3

1 .3  X lO*'^ X 5 .1  X 10"^^
3 -3

5 X 10 cm .
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X
I f  I  = I q® d e sc r ib e s  the  in te n s i ty  of a  p lane  wave propagated  through

a  medium w ith  o p t ic a l  g a in , th e  a b so rp tio n  c o e f f ic ie n t  o f (1 . 1 ) re so lv e s  t o : -

=  3 -7 5  X  (5 .19 ).

Assuming th a t :  fo r  (N^ -  N^), and = 0 , = 2 x 10^ sec“^ ,

and A^^ = 1 .3  x 10^ sec ^gonm “ ^ ^ lO"^ cm“^ .

The sm all s ig n a l  g a in  co n s ta n t ( oC cm~^) a t  th e  l in e  c e n tre  has been g iven  by 

B ennett (37) on the  fo llow ing  l i n e s  a s : -

H elium -neon, 63 2 .8nm = 2 x 10 ^

1 . 133 /Lim = 4 .2  X lO"^

5«59/cim = 1 .7  X 10 ^

1 -3H elium -xenon, 2.02yiAm = 4 .0  x 10-

-4The g a in  c o n s ta n t fo r  th e  39 0 .Onm l i n e ,  i s  th e re fo re  seen to  be 10 down 

on th e  rea so n ab le  632 .8nm -  2p^) neon o s c i l l a t o r  gain  c o n s ta n t .

Follow ing Schawlow and Townes (3 8 ), and Heavens, O p tic a l M asers, Ch. 4, 

th e  excess s tead y  s t a t e  p o p u la tio n  n ecessary  to  m ain ta in  o s c i l l a t io n  in  a  

p r a c t i c a l  system , in  t h i s  aluminium system a t  390.Onm can be shown to  be o f 

th e  o rd e r o f 10^^ cm

3 .7  The s p u tte re d  p o p u la tio n  in  th e  H.C.D.

In  a  H.C.D. under s tead y  s t a t e  c o n d itio n s , the  r a te  o f p ro d u c tio n  o f 

s p u tte re d  cathode m a te r ia l w i l l  be equal to  th e  r a te  o f lo s s  o f sp u tte re d  

m a te r ia l  by d if fu s io n  to  th e  w a lls  o f th e  cathode.

T ab les have been given by Cobine (39) o f the  s p u tte r in g  r a te  o f hydrogen

fo r  m e ta ls  w ith  a  cathode drop o f 83OV. I f  th e  momentum t r a n s f e r  model i s
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a p p ro p r ia te  to  th e  s p u t te r in g  p ro c e ss , th e  r a t e  o f s p u tte r in g  w i l l  be 

p ro p o r t io n a l  to  :

(a ) th e  mass o f th e  in c id e n t io n s

(b) th e  c u r re n t

(c) th e  cathode m a te r ia l ,  (Copper and s i l v e r  a re  two o f th e  most 

e a s i ly  s p u tte re d  m a te r ia ls ;  aluminium, magnesium and molybdenum 

some o f th e  h a rd e s t . )

Neon io n s  having  a mass 6 - 2 0  tim es g re a te r  than  o r io n s , w i l l  

be 6 -  20 tim es more e f f e c t iv e  a t  s p u tte r in g  than  hydrogen. (The io n s  in  

hydrogen g iv in g  th e  f ig u re s  quoted by Cobine could  p o ss ib ly  in c lu d e  io n s . )  

From Cobine, fo r  a c u r re n t o f lOA th a t  could be considered  as  a c u r re n t fo r  

a H.C.D. l a s e r  system , th e  s p u t te r  r a t e  o f aluminium in  neon i s  approx im ate ly  

4 X  10^^ atoms sec

Loss r a t e  by d if fu s io n

C onsider a H.C.D. plasma in  the  form of a c y lin d e r  d iam eter d, and 

le n g th  L. The number o f atoms (Q) which a re  l o s t  by th e  column in  u n i t  

tim e i s  g iven  by

z:  (5 .20 )

where S i s  th e  su rfa c e  a rea  of th e  c y lin d e r , (n e g le c tin g  the  end a r e a s ) ,

^  -  yU o^D /cL '^  (5 .21 )

where. = 2 .4 ,  i s  the  1 s t  ro o t of the  B essel fu n c tio n  o f zero  o rd e r .

D i s  th e  d if fu s io n  c o e f f ic ie n t ,  A n i s  th e  d if fe re n c e  between the  

c o n c e n tra tio n  o f atoms a t  the  a x is  and a t  th e  su rfa c e  o f th e  column. D i s
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1
g iven  by. D = u where u = (8kT/7T m)^; m i s  th e  atom ic mass of the

im p u rity  elem ent (aluminium in  t h i s  c a s e ) . in  the  plasm a, (Mandelstam and 

N edler (4 0 ) ) ,

A c  =  l / l 2  7TKV?-A'  ̂ ..........(5 .22 )

where n i s  th e  c o n c e n tra tio n  o f th e  main gas (neon) and A i s  th e  d iam eter o f

th e  gas atom s.

For a  p r a c t i c a l  H.C.D. o s c i l l a t o r  system ,

L = 1 m etre , d = 0 .5  cm; from (5 .21)

^  = (2 .4 )2  0 /0 .2 5 .

Assuming 4 x 10 then  a t  a p re ssu re  of 2 t o r r ,  n = 10^^ atom cm,

A ^ ^ io  cm^, so th a t  D = 55 cm^ sec ^  = 805, and s u b s t i tu t in g  in  (5 .2 0 ) 

Q = Tv (0 .5  X 1q2) 805 A n s e c l^  ..........(5 .2 3 ).

I f  th e  atom ic c o n c e n tra tio n  i s  assumed to  decrease  l i n e a r ly  tow ards

th e  s u r fa c e ,  N/2 = N , where N i s  the mean co n ce n tra tio n  o f aluminium ’ o o
Q <^3 X  10^ secT^.................................................................................... (5 .24 )

Under s tead y  s t a t e  co n d itio n s  th e  s p u tte r in g  r a te  i s  equal to  the  d if fu s io n

15 -3r a t e .  E quating  5*23 and 5 * 2 4 ^ 1 0  atoms cm .

The c o n c e n tra tio n  o f s p u tte re d  cathode m a te r ia l in  a  n e u tra l  or io n ic

form, r e a l i s a b le  in  a  p r a c t ic a l  H.C.D. system i s  th u s  shown to  be o f the

15 -3o rd e r o f  10 atoms cm .
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5 .8  I n te n s i ty  v a r ia t io n  o f  th e  A1 I I  390»Onm l in e  in  v a r io u s  system s.

5*8.1  Neon-aluminium

The v a r ia t io n  o f the  in t e n s i ty  o f the  A1 I I  39 0 .Onm l i n e ,  and th e  

in t e n s i ty  o f A1 I ,  Ne I  and Ne I I  l i n e s  w ith  neon p re ssu re  in  a H.C.D. i s  

shown in  F ig . 5*10. The curves m erely show th e  way in  which th e  in t e n s i ty  

o f  each in d iv id u a l  l i n e  v a r ie s  w ith  p re ssu re  and cannot be in te rcom pared .

I t  i s  seen  th a t  maximum in te n s i ty  of a l l  th e  l in e s  occurs in  th e  range 

1 - 2  t o r r  o f neon. The in te n s i ty  curves fo r  th e  A1 I I  390 .Onm and Ne I I  

357*5nm l i n e s  have th e  same g en era l shape, w ith  a maximum in te n s i ty  a t  

approx im ate ly  1 t o r r .  The io n  l in e s  appear to  be more p r e s s u re - s e n s i t iv e  

than  th e  n e u t r a l  l i n e s  of aluminium or neon.

The 3 9 0 .Onm A1 I I  l i n e  i s  p a r t i c u la r ly  p r e s s u re - s e n s i t iv e ;  a t  h a l f  

peak am plitude i t s  widtrf i s  1 t o r r .  At p re s s u re s  g re a te r  than  3 t o r r  o f 

neon, e x c i ta t io n  o f bo th  n e u tra l  and io n  l i n e s  o f aluminium i s  a b se n t.

I f  resonance energy t r a n s f e r  was o ccu rrin g  between Ne I s  m e tas tab les  

and alum inium , i t  would be expected th a t  the  A1 I I  390 .Onm l in e  would show a  

s im i la r  p ressu re-dependence to  th e  n e u tra l  neon l i n e s .  This i s  no t the  

c a se . From th i s  i t  could be concluded th a t  the  e x c i ta t io n  o f th e  A1 I I  

3 9 0 .Onm l i n e  i s  s im ila r  to  th a t  o f the  Ne I I  l i n e s ,  th a t  i s  by d i r e c t  

e le c tro n  im pact e x c i ta t io n ,  o r th a t  perhaps e x c i ta t io n  o f aluminium occurs 

th rough  an asym m etric charge t r a n s f e r  re a c tio n  w ith  neon io n s .

5 ,8 .2  Neon-aluminium r f  d ischarge

The H.C.D. tube used in  th e  p rev io u s experim ents, was coupled v ia  a 

m atching u n i t  to  a l6  Mc/s r f  o s c i l l a t o r .
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At a  neon p re ssu re  o f 1 t o r r ,  the  optimum fo r  th e  do e x c ite d  H.C.D., a  

d if fu s e  d isch arg e  was ob ta ined  in s id e  the  cathode, vd.th a Cathode Dark Space 

1 /5  o f th e  r a d iu s ,  a s  in  th e  normal H.C.D.

An exposure o f 7 hours showed th a t  a l l  th e  A1 I  resonance l i n e s  were 

p re s e n t ,  to g e th e r  w ith  both  Ne I  and Ne I I  l i n e s ,  and th e  A1 I I  390 .Onm 

l i n e ,  which was r e l a t i v e ly  weak. C e rta in  Ne I  l i n e s  were s tro n g e r  in  t h i s  

d isch a rg e  th an  in  th e  normal H.C.D. D if fe r in g  e le c tro n  energy d is t r ib u t io n s  

a re  p robab le  in  each of th e se  d isch arg es  so th a t  com parisons beyond th e  

above a re  n o t considered  m eaningful.

5 .8 .3  M ercury-aluminium H.C.D.

Experim ents were c a r r ie d  out w ith  t h i s  system to  determ ine w hether 

m ercury was an e f f e c t iv e  s p u tte r in g  c a r r i e r  gas, and to  see i f  th e  3 9 0 . Onm 

A1 I I  l i n e  was enhanced when a  c a r r i e r  gas o th e r  than  neon was used .

S e le c tiv e  e x c i ta t io n  by re so n an t energy c o l l is io n s  i s  n o t expected in  t h i s  

system .

S trong  resonance l i n e s  of A1 I ,  and s tro n g  Hgl l in e s  were observed u s in g  

an aluminium cathode and mercury as  a c a r r i e r  g as . The 390 .Onm A1 I I  l i n e  

was n o t d e te c te d  on any o f the  spectrum  p la te s  o b ta in ed , even though io n  

l i n e s  of mercury a t  391.4 and 3 9 1 . 8nm were found to  be p a r t i c u la r ly  in te n s e .  

These l i n e s  a re  from le v e ls  more than  24 eV above the  n e u tra l  ground s t a t e ,  

so th a t  e x c i ta t io n  o f A1 I I  l i n e s  would be expected a ls o  from in e l a s t i c

e le c tro n  im pact c o l l i s io n s .
T his would suggest th a t  th e  A1 I I  390 .Onm l in e  i s  no t e x c ite d  in  th e  

neon-alum inium  H.C.D. by e le c tro n  im pact, bu t more l i k e ly  by th e  a l te r n a t iv e  

method m entioned in  5*8.1 of asymmetric charge tra n s fe r#

The s tro n g  resonance l in e s  o f aluminium observed show th a t  mercury i s  a 

Very e f f e c t iv e  s p u t te r e r  o f aluminium.
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5*9 Summary, neon-aluminium m etal vapour system

/  \  * ?  1(a) The s tead y  s t a t e  p o p u la tio n  o f th e  3p D le v e l  in  io n ise d

aluminium in  a H.C.D, a t  optimum e x c i ta t io n  c o n d itio n s , from a 

measurement o f the  ab so lu te  in te n s i ty  o f th e  A1 I I  39 0 ,Onm l i n e ,  has 

been found to  be approx im ately  6 x 10^ cml^

(b) The excess s tead y  s t a t e  p o p u la tio n  n ecessa ry  to  s u s ta in

o s c i l l a t i o n  i s  about 10^^ cm I t  was ev id en t a t  th i s  s ta g e , th a t

a lth o u g h ,

( i )  th e  s p u t te r in g  p ro cess  p ro v id es  a  s u f f ic ie n t  atom ic p o p u la tio n  

in  which to  s u s ta in  o s c i l l a t io n ,  and

( i i )  th e  t r a n s i t io n  p r o b a b i l i t i e s  o f th e  proposed t r a n s i t io n s  were 

s u i ta b le ,  th a t  an in c re a se  in  the  s tead y  s t a t e  p o p u la tio n  by a  

f a c to r  o f 10^ would be u n lik e ly  to  be r e a l i s e d .

5 .10  E xperim ental a p p a ra tu s .

5 .1 0 .1  The dc power supply

A c i r c u i t  diagram  of the  power supply  i s  shown in  F ig . 5.11* I t  

c o n s is ts  o f a  3 phase , f u l l  wave r e c t i f i e r ,  i s o la te d  from th e  mains by th re e  

s tep -u p  i s o la t io n  tra n s fo rm e rs . To p rev en t breakdown o f th e  sem i-conductor 

diode r e c t i f i e r s  by t r a n s ie n t  p u ls e s , to  which th e se  components a re  

s u s c e p t ib le ,  two d iodes in  s e r ie s  a re  p laced  in  each half-w ave arm, g iv in g  a 

s a f e ty  f a c to r  o f 3 on the  P ,I .V  of each . This u n i t  g ives v o lta g e s  up to  

1 ,2  KV a t  up to  5 Amp.
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5*10.2  Hollow cathode d isch a rg e  system

A number o f system s o f d i f f e r in g  c o n f ig u ra tio n s  were t r i e d  in  th i s  work, 

in c lu d in g  p ro to ty p e s  o f th e  m u lti-c a th o d e  tube shown in  F ig . 5 .1 2 ; the  

e x te rn a l  type hollow  cathode tu b es  shown in  F ig s . 5*15 and 5*14; and the  

n e g a tiv e  glow t e s t  tube shown in  F ig . 5 .I5 .

In  th e  work on helium -m ercury m ix tures a means was sought o f o b ta in in g  

H.C.D. o f g r e a te r  than  100 cm plasm a le n g th . Two system s were designed and 

c o n s tru c te d , which enabled  a d isch arg e  to  be m ain tained  in  a  m e ta ll ic  cathode 

su rro u n d , w ith  no ap p aren t r e s t r i c t i o n  on le n g th .

The f i r s t  system  o f the  e x te rn a l type i s  s im ila r  to  th a t  shown in  

F ig . 5*14, which was used by Chebotayev (4 l)  as  a helium -neon l a s e r  system .

The second, enclosed  in  a  g la s s  vacuum system c o n s is te d  o f an aluminium 

tube  10" lo n g , O .5 ” I .D . ,  in  which a  lo n g itu d in a l  s l o t  was made, l-2mm w ide, 

a lo n g  th e  f u l l  le n g th  o f th e  tu b e . Facing th e  s l o t ,  a t  a  d is ta n c e  o f 0.75"» 

a n ic k e l  w ire  which formed th e  anode ra n  th e  f u l l  le n g th  o f th e  cathode .

The h e liu m -io d in e  m u lti-ca th o d e  d isch arg e  tube used in  th e  ga in  

measurement experim ents was made fo llow ing  p re lim in a ry  experim ents in  which 

o p tim ised  cathode/anode geom etries were determ ined fo r  th e  enhanced io n ise d  

io d in e  l i n e s .  F ig . 5 .12  shows th i s  tu b e . I t  c o n s is ts  o f a  main body o f 

2 cm. bore py rex  tu b e , to  th e  ends o f which a re  se a le d  7 RiGi B rew ster ang led  

end tu b e s . A pproxim ately mid-way along  th e  tube i s  s i tu a te d  a  co ld  f in g e r  

in to  which io d in e  i s  condensed on b leed in g  i t  through from th e  r e s e rv o ir  in  

th e  main p u m p in g /f il lin g  system , 10 c y l in d r ic a l  cathodes o f molybdenum,

7 .5  cm X 6mm d iam eter a t  a  s e p a ra tio n  o f 1 .5  cm, a re  lo c a te d  by dim ples made
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in  th e  pyrex o f th e  body, and by th e  p o in ted  ended 1 mm d iam eter rods which 

form th e  e l e c t r i c a l  connection  from th e  cathodes through th e  s id e  tubes on 

th e  body. The anodes a re  of 1 mm tu n g sten  rod p laced  in  s id e  tu b es  so th a t  

anode glows a re  k ep t out o f th e  l in e  o f s ig h t  th rough th e  B rew ster ang led  end 

tu b e s  and ca th o d es . Connection i s  made to  the  p u m p in g /f il lin g  system  through 

a 6 mm g re a s e le s s  s to p -co ck  and a g reased  cone and so c k e t.

5 . 1 0 .3  The ga in  m easuring se t-u p

The experim en ta l method chosen fo r  th e  measurement o f p o p u la tio n  

in v e rs io n  in  a d isch a rg e  was th a t  o f Resonant C avity  Spectroscopy o f Zarowin

e t  a l .  (4 2 ) . In  t h i s  method th e  s in g le  pass gain  i s  ob ta ined  by com parison

o f th e  re so n a n t i n t e n s i ty  (I^^w ith  the  non -resonan t in te n s i ty  ( I ^ )  from th e  

end o f a p lane  p a r a l l e l  F ab ry -P ero t c a v ity  co n ta in in g  the  f lu o re s c e n t atom s. 

The n o n -reso n an t in t e n s i ty  i s  d i r e c t ly  p ro p o rtio n a l to  the  spontaneous 

em ission  in t e n s i ty  in  th e  medium,

Zarowin e t  a l .  show t h a t : -

r = C ï ( i - r J / Î R  ....... (5 .25 ).

I f  c/_ i s  sm a ll, R must be known to  h igh  accuracy  to  p rev en t masking o f 

th e  d if f e re n c e ;  t h i s  i s  avoided by making two measurements o f P  w ith  

d i f f e r e n t  d isch a rg e  le n g th s  1^, and 1^, thus

  ( 5 . 26),

Thus fo u r measurements s u f f ic e  to  give the  ga in  o r a t te n u a t io n  ( t / .  ) over a 

d is ta n c e  (1^ -  1^ )•
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F ig . 5 .1 6  shows the  experim en ta l la y o u t used in  th e  he lium -iod ine  work. 

The two choppers a re  phase locked  by d r iv in g  one o f them w ith  a  sm all 

dc motor connected to  a m agslip t r a n s m it te r / r e c e iv e r  and th e  o th e r  by an 

e l e c t r i c a l  l i n k  to  an o th e r m agslip  t r a n s m i t te r / r e c e iv e r .  The re fe re n c e  

s ig n a l  from each chopper i s  p rov ided  by a  sm all a m p lif ie r  based on M ullard 

OCP 71  p h o to t r a n s is to r s .  The chopper b lad es  a re  mounted in  a  p a r a l l e l  

l i g h t  p a th  p o s i t io n  between bulb  and p h o to d e te c to r . The re so n a n t c a v i ty  

o f a mixed co n fo ca l ty p e , in c o rp o ra te d  a  -2m m irro r and one o f -Im , a t  a 

s e p a ra t io n  o f  175cm. P la te  5*1 shows the  g en era l arrangem ent o f th e  

a p p a ra tu s , P la te  5*2 th e  ’re so n a n t ' chopper assem bly.

5*11 E xperim ental procedure 

5 . 11*1  Helium-mercury

A fte r  p ro c e ss in g  th e  d isc h a rg e s , by pumping, f i l l i n g  and overrunning'^ 

exposures were made over th e  range 500 -  SOOnra, u s ing  I l f o r d  Long Range 

p l a t e s ,  and th e  spectrum  l i n e s  id e n t i f i e d .  A part from v is u a l  e s tim a te s  w ith  

a  hand sp ec tro sco p e , and exam ination o f spectrum  p la te s ,  experim ents o f 

v a r ia t io n  o f i n t e n s i ty  w ith  c u r re n t o r p re ssu re  were n o t c a r r ie d  out*

5*11*2 H elium -iodine

Experim ents were c a r r ie d  ou t on t h i s  system , in  much th e  same way a s  

th e  p re lim in a ry  experim ents in  th e  helium -m ercury system  mentioned in  5*11*1* 

In  th e se  experim ents spectrum  l in e  id e n t i f i c a t i o n  was c a r r ie d  out u s in g  a 

H ilg e r  Large Q uartz sp ec tro g rap h .

Experim ents were a lso  c a r r ie d  ou t to  determ ine th e  optimum cathode s iz e ,  

and cathode/anode geometry to  give maximum spontaneous em ission o f th e
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io n is e d  io d in e  l i n e s  533«8 and 5 4 0 ,7nm and th e  s tro n g  yellow  He I  l in e ,  

u s in g  a hand sp ec tro sco p e , in  c y l in d r ic a l  cathodes o f  10cm x 1cm d iam eter,

5cm X 6mm diam eter and 5cm x  3mm d iam ete r, over the  helium  p re s su re  range 

0 - 2 0  t o r r ,  a t  a maximum c u rre n t o f  150mA p e r cathode.

The optimum cathode s iz e  from t h i s ,  and o th e r experim en ts, was found to  

be 7*5cm X 6mm d iam ete r.

P ro cess in g  procedure

Io d in e  f la k e s  (4n8 p u r i ty ) ,  p re v io u s ly  kep t m oisture f r e e ,  in  a

d e s s ic a to r  c o n ta in in g  anhydrous calcium  c h lo r id e , were in tro d u ced  in to  th e

r e s e r v o ir  w ith  th e  pumping system a t  atm ospheric p re s s u re . A fte r  a ra p id

-2pump down to  about 10 t o r r ,  a l iq u id  n itro g e n  t r a p  was p laced  around th e  

r e s e r v o i r  to  reduce th e  vapour p re ssu re  o f th e  io d in e . The H.C.D. tube and 

p u m p in g /f il l in g  system  was then  pumped down to  i t s  u lt im a te  p re ssu re  o f 

b e t t e r  than  10 ^ t o r r .  The tube was then  p rocessed  and ou tgassed  by means 

o f h e a tin g  ta p e s ,  and by over-runn ing  the  cathodes u n t i l  they  were red  h o t .  

When on ly  helium  l in e  sp e c tra  could be observed, the  co ld  tra p  was removed 

from th e  io d in e  r e s e r v o ir  and io d in e  vapour was allow ed to  d if fu s e  through 

in to  th e  H.C.D. tube and in to  th e  co ld  f in g e r .  On running th e  d isch a rg es  

more io d in e  vapour had to  be d if fu se d  through to  re p la c e  th a t  which was l o s t  

due to  c lean -u p  near th e  anodes.

I t  was, however, e s s e n t ia l  to  m ain ta in  a low vapour p re ssu re  of io d in e  

by u s in g  a l iq u id  n itro g e n  t r a p  round the  co ld  f in g e r . I f  th e  vapour p re ssu re  

in c re a se d , th e  in t e n s i ty  o f th e  io n ise d  io d in e  l i n e s  decreased , th e  d isch a rg e s  

became u n s ta b le  and lo c a l  overh ea tin g  o f th e  cathodes occu rred .
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O ptim ising  c o n d itio n s  fo r  o s c i l l a t io n

Using p h o to e le c t r ic ,  and phase s e n s i t iv e  d e te c tio n  te ch n iq u es , 

in t e n s i ty / c u r r e n t  and in te n s i ty /p r e s s u r e  measurements were made o f a number 

o f  io n ise d  io d in e  and n e u tra l  helium  l in e s  in  a h e liu m -io d in e  m ixture*

These experim ents agreed  w ith  th e  r e s u l t s  o f B erezin  and Yanovskaya (23) 

in  th a t  c e r t a in  io n ise d  io d in e  l i n e s  were enhanced (321*6, 333*8, 340*7 

and 367*8nm) in  a  he liu m -io d in e  H.C.D. and th a t  maximum in t e n s i ty  o f th e se  

enhanced l i n e s  occu rred  a t  a  h igh  helium  p re ssu re  o f about 20 t o r r .

The in t e n s i ty  o f th e  enhanced l i n e s  v a r ie d  alm ost a s  th e  (c u r re n t)  , so 

th a t  some advantage would be in d ic a te d  in  u s in g  th e  l a r g e s t  c u r re n ts  

p e rm itte d  by th e  pyrex o f th e  d isch arg e  tu b e . T his maximum c u rre n t was 

found to  be 130mA p e r ca thode .

The d isch a rg e  tube was s e t  up in s id e  a  mixed near confocal c a v i ty  o f  

m u l t i la y e r  d i e l e c t r i c  m irro rs , having r a d i i  o f  cu rv a tu re  o f  -2m and -Im , a t  

peaked r e l e c t i v i t i e s  o f g re a te r  than  97 p er c en t a t  5 3 0 .0  and 632 .8nm 

r e s p e c t iv e ly ,  u s in g  th e  p in h o le  and c ro ss  alignm ent te ch n iq u e . Over the  

helium  p re s su re  range 3 -  20 t o r r  and c u r re n ts  o f 30 -  130mA p e r cathode, 

o s c i l l a t i o n  was n o t observed .

In  o rd e r  to  op tim ise  e x c i ta t io n  co n d itio n s  fo r  p o p u la tio n  in v e rs io n , 

and to  determ ine th e  gain  o r ab so rp tio n  in  th e  system , experim ents were 

c a r r ie d  ou t over th e  p re ssu re  and c u rre n t ranges used above u sin g  the  

R esonant C av ity  Spectroscopy (R .C .S .) method.

I n i t i a l  measurements u sin g  a t r i a l  s e t-u p  o f a  movable chopper and 

phase s e n s i t iv e  d e te c tio n  showed th a t  ab so rp tio n  was o ccu rrin g  on th e  s in g le
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l i n e  540.7nra examined. F u rth e r  measurements on th e  l i n e s  540 .7 , 553*8 and 

521*6 in d ic a te d  th a t  over th e  helium  p re ssu re  range 8 -  l6  t o r r ,  and 

c u r re n t  range 50 -  150mA p e r cathode a b so rp tio n  was o ccu rrin g  on th e se  l i n e s .

5*12 Helium-neon and neon a t  low p re s s u re .

The H.C.D. was in v e s t ig a te d  a s  a  means o f o b ta in in g  o s c i l l a t io n  in  th e  

v i s ib l e  a t  652 * 8nm in  a  helium -neon m ix tu re .

V arious a s p e c ts  o f th e  o p e ra tin g  co n d itio n s  in  helium -neon p o s i t iv e  

column and r f  l a s e r s ,  f u l ly  covered in  C hapter 6, have le d  to  th e  conc lu sio n  

th a t  a h ig h  e le c tro n  tem peratu re  and a low e le c tro n  c o n c e n tra tio n , i s  needed 

fo r  6 3 2 . 8nm o p tim isa tio n , and th a t  cw o s c i l l a t io n  on t h i s  l i n e  might be 

o b ta in a b le  in  pure neon, (o r  in  a  neon-hydrogen m ixture where re so n an t energy 

t r a n s f e r  does n o t give s e le c t iv e  e x c i ta t io n  to  th e  Ne le v e l)  by e le c tro n  

im pact e x c i ta t io n  in  a  H.C.D. To g e t h igh  e le c tro n  tem peratu re and low 

e le c tro n  c o n c e n tra tio n  in  a H.C.D. in  neon re q u ire s  o p e ra tio n  a t  p re s su re s  

below 1 t o r r .

Smith (4 5 ) has ob ta ined  o s c i l l a t io n  in  th e  in f r a - r e d ,  in  helium -neon, 

and a ls o  in  pure neon b u t n o t a t  632 .8nm in  a  s im ila r  hollow cathode 

s t r u c tu r e  to  th a t  used in  th e  he liu m -io d in e  work d esc rib ed  e a r l i e r . S ince 

S m ith 's  f i r s t  r e p o r t  o f o s c i l l a t io n ,  o th e r  workers have re p o rte d  p o p u la tio n  

in v e rs io n , and l a s e r  o s c i l l a t io n  in  a  H.C.D. in  th e  in f r a - r e d  on a  number o f 

l i n e s  (Chebotayev ( 4 l ) ,  and Znamenskii e t  a l .  (4 4 ) ) .

Chebotayev, a t  the  tim e t h i s  work commenced, a ls o  re p o rte d  o s c i l l a t io n  

a t  632*8nm in  a  2 :1  He-Ne m ixture in  a  H .C.D., a t  a t o t a l  p re ssu re  0 .3  t o r r .
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V arious hollow  cathode s t r u c tu r e s  in c lu d ed  th e  two shown in  F ig s 5 .13 

and 5*14; some in c o rp o ra tin g  w ater co o lin g  were c o n s tru c te d  and te s te d  fo r  

low p re s su re  o p e ra tio n .

In  none o f th e se  s t r u c tu re s  could a d ischarge  be m ain tained  a t  l e s s  than 

0 .8  t o r r  neon.

The i n a b i l i t y  to  o p era te  hollow  cathode d isch a rg es  a t  low p re s s u re s ,  in  

s t r u c tu r e s  which d if f e re d  i n i t i a l l y  from those  o f Chebotayev, bu t which l a t e r  

were i d e n t i c a l ,  and th e  considered  u n c e r ta in t ie s  o f th e  a c t io n  o f helium  in  

l a s e r s  in v o lv in g  helium  gas m ix tu res , le d  to  an exam ination o f the  s ta te d  

o p e ra tin g  p ro p e r t ie s  o f (a) hollow  cathode d isch arg es  and (b) p o s i t iv e  

column and r f  helium -neon l a s e r s ,  covered in  C hapter 6 .

5*12.1 Low p re s su re  hollow  cathode d is c h a rg e s .

The minimum p re s su re  a t  which a H.C.D. can be m ain tained  i s  determ ined 

by th e  d iam eter o f th e  cathode, th e  c a r r i e r  gas, and th e  cathode m a te r ia l .

A g e n e ra l r u le  i s  th a t  i t  i s  n o t p o s s ib le  to  run  a  H.C.D. i f  th e  ra d iu s  o f  

th e  cathode i s  l e s s  than  th e  w idth  o f th e  cathode dark  space (C .D .S .) .

The C .D .S. i s  about te n  tim es the  e le c tro n  mean f re e  p a th .

As the  C.D.S. v a r ie s  in v e rs e ly  a s  the  p re s su re , th e re  i s ,  fo r  a g iven 

cathode ra d iu s  a  minimum p re ssu re  below which a  d ischarge  w i l l  n o t o p era te  

a s  a  H.C.D. Below t h i s  minimum p re ssu re  th e  d ischarge  goes over in to  a 

d i f f u s e ,  'su p p re ssed  mode' d isch a rg e , (S tu rg ess  and Oskam (4 5 )) .  Von Engel 

(4 6 ), and P a rk e r (4?) g ive v a lu es  o f cathode dark sp aces , fo r  v a rio u s  gases 

and cathode m a te r ia ls .
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For neon, th e  ra d iu s  o f an iro n  cathode must n o t be l e s s  than  4 cm a t  

0 .2  t o r r ,  in  o rd e r th a t  the  C.D.S. does not o v e rla p . S im ila r ly  in  a rg o n , 

which i s  an e a s i ly  io n ise d  gas , and hence has a sm all C .D .S ., th e  ra d iu s

must n o t be l e s s  than 1 .5  cm a t  0 .2  t o r r .

R e su lts ,  however, were given by Chebotayev (4 l)  fo r  l a s e r  o p e ra tio n  

down to  0 .0 9  t o r r  neon, in  a H.C.D. o f 2 .5  cm d iam ete r.

In  s p i te  of good th e o re t ic a l  reaso n s why a H.C.D. should  no t o p era te

under the  c o n d itio n s  claim ed by Chebotayev, experim ents were c a r r ie d  ou t on 

hollow  cathode s t r u c tu r e s  s im ila r  to  those  used in  th e  R ussian  work. 

A lto g e th e r  f iv e  s t r u c tu r e s  were examined; in  no case could lov; p re ssu re  

o p e ra tio n  be ach ieved , and th e  d isch a rg e s  went over in to  'su p p re ssed  mode' 

d isc h a rg e s  a t  pD v a lu es  ag ree in g  w ith  the  p lane cathode r e s u l t s  o f Oskam 

and S tu rg e s s , and w ith  the  g en era l ru le  s ta te d  e a r l i e r .

To have any n eg a tiv e  glow plasm a, in  a H.C.D. the  le n g th  of the  n eg a tiv e  

glow must be approx im ate ly  l e s s  th an  the  d iam eter o f the  cathode. F ig . 5*1? 

shows th e  e x te n t o f the  n eg a tiv e  glow, a t  cathode f a l l  p o te n t ia l s  of 300  -  

340V, fo r  v a ry in g  neon p re s s u re . F ig . 5*15 shows th e  c o n s tru c tio n  o f the  

sim ple d isch a rg e  tube used to  determ ine the  r e s u l t s  p lo t te d  in  F ig . 5*17*

The co n c lu sio n  a r r iv e d  a t  in  t h i s  work, was th a t  Chebotayev must have 

some e a s i ly  io n is a b le  im purity  (probably  mercury) in  h is  d isch a rg e s , or was 

u s in g  a s p e c ia l  therm ion ic  hollow  cathode which he had not m entioned, and so 

was ab le  to  s u s ta in  a H.C.D. a t  low p re s s u re s . This ex p lan a tio n  need no t 

now be invoked, a s  i t  appears l i k e ly  th a t  h is  hollow cathode d isc h a rg e s , 

a re  no t cw d isc h a rg e s , bu t 'q u a s i - s ta t io n a r y ' (200  — 300^  sec) pu lsed  

d isc h a rg e s , (Chebotayev (4 8 )) .



-118 -

5*13 R e su lts  and D iscussion  

5 . 13*1  Helium-mercury

The few experim ents c a r r ie d  out^ have shown th a t  enhancement of c e r ta in  

mercury io n  l i n e s ,  on which o s c i l l a t io n  has been observed under pu lsed  

conditionspO C curs in  a H.C.D. in  pure mercury, and a neon-m ercury m ix tu re , as 

w ell a s  in  a helium -mercury m ix tu re . The enhanced Hg I I  l i n e s ,  479 .7 ,

5 6 7 . 7 , 615*0  and 7 3 4 . 6nm were most in te n s e  in  a  I 08  cm s lo t t e d  cathode 

s t r u c tu r e ,  a t  p re s su re s  around 10 yA , a t  the  maximum c u rre n ts  used o f 500mA. 

The in t e n s i t y  o f th e se  l i n e s  depended markedly on the  p re ssu re  and c u r re n t .  

From th e se  o b se rv a tio n s , and th e  re p o rte d  o b se rv a tio n s  in  4 .2 .3 ,  i t  i s  

e v id e n t th a t  th e  s e le c t iv e  e x c i ta t io n  o f the  upper le v e ls  o f th e  enhanced 

l i n e s  can be due to  d i r e c t  e le c tro n  im pact e x c i ta t io n ,  in  the  case o f pure 

m ercury, and neon-m ercury d isc h a rg e s , and in  helium -m ercury to  th e  near 

re s o n a n t, c h a rg e - tra n s fe r  c o l l i s i o n : -

He"*'(0) + Hg HeC^S ) + Hg+' + A E

5 *13*2  H elium -iodine

Enhancement o f th e  io n ise d  io d in e  l in e s  521 .6 , 540 .7 , 533*8, 567*8  and 

5 7 6 . Onm o ccu rred  when a he lium -iod ine  m ixture was e x c ite d  in  a  H .C.D., 

compared w ith  a  H.C.D. in  a neon-iod ine  m ix tu re . In  helium  some o f th e se  

l i n e s  were o b ta in ed  w ith  the same in te n s i ty  as  n e u tra l  helium  l in e s  under 

c e r t a in  p re s su re  c o n d itio n s .

F ig s . 5 .1 8  and 5 .1 9 , show r e s u l t s  ob ta ined  from hollow cathode d isch a rg es  

in  cathodes 7.5cm long  x 0.6cm d iam ete r. Maximum in te n s i ty  occurred  a t  a  

h igh  helium  p re s su re  o f about 20 t o r r .
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Fig* 5*19 shows th a t  whereas the  in t e n s i ty  o f n e u t ra l  helium  l in e s

v a r ie d  l in e a r ly  w ith  c u r re n t ,  th e  in te n s i ty  o f a l l  th e  io n ise d  io d in e  l in e s
2

measured v a r ie d  alm ost as  the  (c u rre n t)  ,

In  th e  s tu d ie s  o f B erez in  and Yanovskaya (23) the  in t e n s i ty  o f the  

io n ise d  io d in e  l in e  (3d^ -  6p ^D^) a t  448.854nm v a r ie d  l i n e a r ly  w ith

c u r r e n t .  Follow ing th e  p u lsed  io d in e  la s e r  work d esc rib ed  l a t e r  in

C hapter 7 , i t  was im portan t to  determ ine why th i s  l i n e ,  which has an upper 

le v e l  (6p ^D^) common to  t r a n s i t io n s  on which la s e r  o s c i l l a t io n  can be

o b ta in ed , d id  n o t vary  in  the  same way, as  enhanced io d in e  l i n e s  on which 

o s c i l l a t i o n  i s  observed . U nless the  enhancement was determ ined by e f f e c t s  

on th e  low er le v e ls  ( p e r tu rb a t io n s ) , the  in te n s i ty  should vary  w ith  

c u r re n t in  a s im ila r  way to  th e  enhanced io n ise d  io d in e  l i n e s .  Over th e  

p re s su re  range 8 - 2 0  t o r r  o f helium , and c u rre n t range 50 -  225mA p er 

cathode , (which encompasses th e  ranges used by B erezin  and Yanovskaya), the  

in t e n s i ty  was n o t observed to  vary  l i n e a r ly  w ith  c u r re n t , bu t alm ost a s  the  

(c u r re n t)  , s im ila r  to  the  in te n s i ty  v a r ia t io n  of the  enhanced io n ise d  

io d in e  l i n e s  533 .8  and 54 0 .7nm. Anomalous behaviour i s  th e re fo re  n o t 

e x h ib ite d  by t h i s  l i n e ,  c o n tra ry  to  the  o b se rv a tio n s  o f B erezin  and 

Yanovskaya.
2

The in t e n s i ty  vs (c u rre n t)  dependence su ggests  th a t  a two s tag e  p ro cess  

i s  invo lved  in  th e  s e le c t iv e  e x c i ta t io n .  I t  i s  no t due however, to  f i r s t  

th e  p ro d u c tio n  o f an io n , and th e  e x c i ta t io n  o f th e  ion  by e le c tro n  im pact, 

a s  th e  (^S° co re) p le v e ls  would be th e  f i r s t  to  be e x c ite d , (as in  th e  i n e r t  

gas io n  l a s e r s ) , and s tro n g  p -s  t r a n s i t io n s  would be observed, -  they  a re  no t 

in  a  h e liu m -io d in e  H.C.D. There seems no o th e r  b a s is  fo r  suggesting  th a t  a 

m e ta s ta b le -m e ta s ta b le , o r io n -e x c ite d  sp ec ie s , c o l l i s io n  i s  invo lved .
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A lthough co n sid e ra b le  enhancement o f c e r ta in  io n ise d  io d in e  l in e s  

in  a  h e liu m -io d in e  H.C.D. was observed , l a s e r  o s c i l l a t i o n  could no t be 

o b ta in e d . M oreover, measurements in d ic a te d  th a t  a b so rp tio n  was occu rrin g  

over th e  helium  p re ssu re  and c u r re n t ranges in v e s t ig a te d .  In  a  p u lsed  

h e liu m -io d in e  p o s i t iv e  column d isch arg e  (d esc rib ed  in  th e  n ex t ch ap te r)  

enhanced l i n e s ,  on which o s c i l l a t io n  was o b ta in ed , were observed 1) to  

have much h ig h e r  i n t e n s i t i e s  th an  in  th e  m u lti-c a th o d e , H.C.D. and 2) to  

be p a r t i c u la r ly  s e n s i t iv e  to  th e  a p p lie d  v o lta g e , c u r re n t and vapour 

p re s su re  o f io d in e .  In  view of th e se  two o b se rv a tio n s  and th e  determ ined 

in t e n s i ty  -  vs -  ( c u r re n t)  dependence o f th e  enhanced l i n e s ,  i t  appears  

t h a t  t h i s  re p o r te d  n o n -o s c i l la t io n  does no t p rec lude  o s c i l l a t io n  being  

o b ta in ed  in  a  H.C.D. s t r u c tu r e  which o p e ra te s  a t  a h ig h e r c u rre n t d e n s ity  

th an  th a t  used  in  t h i s  work.
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F ig ,  5 .1 ,  Neon-aluininitim p a r t i a l  energy le v e l  diagram 

showing proposed la s e r  t r a n s i t io n .
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Lead cathode — Neon carrier gas
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Plate 5*1* General arrangement of helium-iodine H.G.D. 
apparatus showing chopper systems.

P la te  5 ,2 . 'Resonant* chopper assembly.
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CHAPTER 6

P o p u la tio n  In v e rs io n  in  p o s i t iv e  column d isch arg es  

In tro d u c tio n

T his s h o r t  ch ap te r d e a ls  on ly  w ith  th e  helium -neon l a s e r ,  and 

e x p la in s  im p o rtan t a s p e c ts  o f  th e  observed e f f e c t s  o f  th e  d isch arg e  tube 

d iam ete r, th e  p re s s u re ,  and the  a d d itio n  o f helium , on t h i s  w ell documented 

l a s e r  system . I t  i s  no t concerned w ith  g iv in g  a  d e ta i le d  d e s c r ip t io n  o f 

p o p u la tio n  in v e rs io n  mechanisms in  th e  p o s it iv e  column reg io n  o f glow 

d isc h a rg e s , in  a  whole range o f l a s e r  system s.

The f i r s t  helium -neon la s e r  re p o rte d  by Javan , B ennett and H a r r io t t  (1) 

a t  1.1523yuM, used an e le c tro d e le s s  r f  e x c ite d  d isch a rg e . T his type o f 

d isch a rg e  was used to  avo id  s p u tte r in g  o f the  in te r n a l  m irro rs  th a t  were 

f i r s t  u sed . I t  was l a t e r  shown by White and Rigden (2 ) , u s in g  an e x te rn a l  

m irro r  c a v i ty ,  th a t  o s c i l l a t io n  could be ob ta ined  in  the  p o s it iv e  column 

o f a  glow d isc h a rg e .

6.1 P o p u la tio n  in v e rs io n  problem s.

A number o f th e o r e t ic a l  s tu d ie s  o f p o p u la tio n  in v e rs io n  in  gaseous 

d isc h a rg e s  have been made in  which th e  assum ption i s  made th a t  a  

M axwellian e le c tro n  energy d is t r ib u t io n  i s  app licab le ,^B aso v , (3)» Javan 

( 4 ) .  The v a l id i t y  o f th i s  assum ption i s  no t obvious, and i t  has been 

q u es tio n ed  by F a b rik a n t (3 ) , Ward (6) and B ennett (? )•
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In  th e  f i r s t  helium -neon system s o p era tin g  in  neon a t  l«132^J!m and 

a t  6 3 2 *8nm, th e  dominant mechanisms producing p o p u la tio n  in v e rs io n  were 

co n sid ered  to  be th o se  o f re so n an t energy t r a n s f e r  c o l l i s io n s  in v o lv in g  

helium  m e ta s ta b le s  and ground s t a t e  neon atoms, a s  d escrib ed  in  C hapter 4 . 

Subsequen tly  o s c i l l a t i o n  was ob ta ined  a t  1.1323^m in  an r f  d isch arg e  in  

pure neon by e le c tro n  im pact e x c i ta t io n ,  and in  th e  in f r a  red  in  a  number 

o f pure noble gases by B ennett (8 ) ,  However, th e  a d d itio n  o f helium  was 

found to  g ive in c re a se d  g a in , (notably 3n a  helium-xenon discharge), in  noble 

g a se s , where re so n an t energy t r a n s f e r  c o l l is io n s  do no t occur, (P a te l  e t  

a l . ( 9 ) ) .  At th e  same tim e a s  th e  above, Rigden and White (10) showed th a t  

th e  g a in  a t  6 3 2 . 8nm in  th e  helium -neon l a s e r  v a rie d  in v e rs e ly  as  the  

d isch a rg e  tube d iam ete r. This in v e rse  d iam eter dependence o f th e  s in g le  

p ass  g a in  has been a t t r ib u t e d  to  th e  p rocess o f d if fu s io n  to  th e  w a lls  and 

d e - e x c i ta t io n  o f th e  Ne 1s m e ta s ta b le s , the  presence o f which r e s u l t s  in  

e le c tro n  e x c i ta t io n  to  th e  2p le v e ls ,  and a lso  in  ra d ia t io n  tra p p in g  o f 

th e  2p-1s em ission .

B ennett (1 1 ), however, has analysed  th e  helium -neon l a s e r ,  and 

c a lc u la te s  th a t  th e  only  p rocess  th a t  can r e s u l t  in  a  l / r  ga in  dependence 

i s  th a t  o f  atom-atom c o l l i s io n a l  d e -e x c ita t io n  o f the  low er l a s e r  l e v e ls ,  

and th a t  d if fu s io n  o f  m e tas tab les  to  th e  w a lls  r e s u l t s  in  a  l / r  ga in  

dependence. T his observed l / r  ga in  dependence le d  to  the design  o f sm all 

bore l a s e r s  system s, and le d  to  s u b s ta n t ia l  gains being o b ta in ed . With 

tu b e s  o f  d iam ete r about 2mm i t  i s  d i f f i c u l t  to  couple in  enough r f  power 

and i t  i s  now custom ary to  use dc d ischarges  to  p rovide th e  necessary  

e x c i ta t io n .
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The o b se rv a tio n s  above le d  to  an exam ination o f  th e  d isch arg e  

p ro p e r t ie s  o f th e  p o s i t iv e  column (and r f )  d isch a rg e s , in  an a ttem p t to  

o b ta in  a u n ify in g  q u a l i ta t iv e  ex p lan a tio n  o f helium -neon l a s e r  d isc h a rg e s , 

and th e  e f f e c t  o f  helium  in  gaseous la s e r  system s.

6 .2  D ischarge p ro p e r t ie s  o f p o s i t iv e  column and r f  l a s e r  d isc h a rg e s .

The e lem entary  th eo ry  o f th e  p o s it iv e  column and r f  d isc h a rg e s , in  

which th e  io n is a t io n  r a t e  and d if fu s io n  r a te  to  th e  w a lls  a re  equated , 

g iv e s  a good q u a n t i ta t iv e  d e s c r ip t io n  o f the  r e la t io n  between th e  a x ia l  

and r a d i a l  e l e c t r i c  f ie ld ,  p re s su re , tube ra d iu s  and th e  n a tu re  o f th e  gas 

(von Engel (1 2 ) ) .

In  th e  r f  d isch a rg e , e le c tro n s  ga in  energy from the  o s c i l l a t in g  f i e l d ,  

and in  th e  p o s i t iv e  column, from th e  s t a t i c  e l e c t r i c  f i e ld  along  th e  

column. The only  way th a t  an e le c tro n  can ga in  s u f f ic ie n t  energy from an 

o s c i l l a t i n g  e l e c t r i c  f i e l d  to  enable i t  to  e x c ite  o r io n is e ,  i s  through 

e l a s t i c  c o l l i s io n s .  The average k in e t ic  energy l o s t  per c o l l i s io n  

(2m /k), where m i s  th e  mass o f th e  e le c tro n  and M the  mass o f an atom o r 

m olecule , i s  more th an  made up by th e  gain  in  energy which can ensue by 

p u t t in g  th e  e le c tro n  ou t o f phase w ith  th e  o s c i l l a t in g  f i e l d ,  and in to  

a c c e le r a t in g  phase w ith  th e  nex t h a l f  c y c le .

In  th e  dc d isc h a rg e , c o l l i s io n s ,  in  th e  absence o f plasma o s c i l l a t io n s ,  

can on ly  r e s u l t  in  a  lo s s  o f k in e t ic  energy by the  e le c tro n s .

Two th in g s  im m ediately emerge, to  produce h igh  energy e le c tro n s  

capab le o f  d i r e c t  e x c i ta t io n  i n : -
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(s-) an r f  d isc h a rg e , th e  e le c tro n  c o l l i s io n  frequency  must be a s  

h ig h  a s  p o s s ib le .

(b) a dc d isc h a rg e , th e  r a t i o  o f e le c tro n  d r i f t  ve loc ity /random  

v e lo c i ty  must be la r g e .  This can only be achieved by making the  g ra d ie n t 

o f th e  s t a t i c  e l e c t r i c  f i e l d  la rg e .

1 . Helium has th e  low est io n is a t io n  e f f ic ie n c y  o f a l l  th e  gases a t  a l l  

e le c tro n  e n e rg ie s , (von Engel (13)) so th a t  i t  w i l l  be the  most e f f i c i e n t  

gas in  producing  e l a s t i c  c o l l i s io n s  w h ils t  m ain tain ing  a  h igh  e le c tro n  

tem pera tu re  (T ^). The a c tio n  o f  helium  in  non-resonan t l a s e r  system s, 

and r f  l a s e r  d isch a rg es  can th u s  be exp la in ed . This c o l l i s io n a l  

in te r p r e ta t io n  and i t s  im portance in  th e  632 .Snm helium -neon la s e r  has been 

borne ou t by th e  o b se rv a tio n s  o f Toyoda and Yamanaka ( l4 )  who observed th a t  

in  a  60  c . p . s .  s in u s o id a l ly  modulated helium -neon r f  d isch a rg e , o s c i l l a t io n  

was observed only  when the  e le c tro n  c o l l i s io n  frequency was h ig h . W hilst 

the  c o l l i s io n  frequency  in c re a sed  th e  e le c tro n  d e n s ity  remained e s s e n t i a l ly  

c o n s ta n t .

2 . A re d u c tio n  in  th e  bore o f a d ischarge  tube r e s u l t s  in  an in c re a se  in  

th e  e l e c t r i c  f i e l d  th a t  i s  needed to  balance th e  charge d if fu s io n  lo s s .

As a  r e s u l t  o f the  in c re a se  in  the  e l e c t r i c  f i e ld ,  the  average energy o f 

th e  e le c tro n s  in c re a s e s ,  and more d i r e c t  e le c tro n  im pact e x c i ta t io n  occurs 

in  the  form o f;

Ne + e -------- ^  Ne (^^g) + @ . . . . o  (6 .1 ),

He ("*S ) + e ------^  He (2^S) + e . . . . .  (6 .2 ) ,
o

o r He (^S ) + e ------>  He (2^S) + e   (6 .3 ).
o
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Wada and H e il (15) have re c e n tly  shown th a t  a t  a  p re ssu re  x d iam eter 

o f d isch a rg e  (pD) o f 0*6 t o r r  -  ram, in  a helium -neon dc d isc h a rg e , the  

average e le c tro n  energy i s  20eV. D irec t e x c i ta t io n  to  the  3s^ le v e l  

can th e re fo re  be a p p re c ia b le .

A f u r th e r  exam ination o f  th e  p ro p e r t ie s  o f helium -neon la s e r  d isch a rg e s  

has r e s u l te d  in  th e  e s tab lish m en t o f a  r e la t io n s h ip  between such a  d isch a rg e  

and 't r a n s i t i o n  d is c h a rg e s ',  and the  f a c t  th a t  th e re  i s  an optimum value 

fo r  th e  average e le c tro n  tem peratu re  fo r  maximising p o p u la tio n  in v e rs io n  

on th e  (^Sg -  2p^) 632 .8nm neon t r a n s i t io n  in  a  helium -neon d isc h a rg e .

6 .3  The r e la t io n s h ip  between th e  632 .8nm helium -neon la s e r  d isch arg e  and

t r a n s i t i o n  d isc h a rg e s .

Using th e  elem entary  theo ry  o f the  p o s it iv e  column in  a  s in g le  gas 

(von Engel and Steônbeck ( l 6 ) ) ,  and ex ten sio n s  to  th e  theory  by D orgelo, 

A ltin g  and Boers (1?) fo r  b in a ry  gas m ix tu res. Young (19) has shown th a t  

th e  average e le c tro n  energy in  th e  p o s it iv e  column o f a  helium -neon d isch a rg e  

i s  a  fu n c tio n  only  o f the  p re ssu re -d iam e te r p roduct (pD) and th e  m ixture 

r a t i o  o f th e  two g a se s . F ig . 6 .1  ( a f t e r  Young ( l8 ) )  shows th e  v a r ia t io n  

o f  th e  average e le c tro n  tem peratu re w ith  pD and th e  m ixture r a t i o .  The 

f u l l  l i n e  i s  th e  c a lc u la te d  tem pera tu re , th e  dashed l in e  i s  a s t r a i g h t  l in e  

approx im ation  to  th e  c a lc u la te d  tem pera tu re . Good agreement i s  shown 

between th e  c a lc u la te d  and ex perim en ta lly  determ ined e le c tro n  tem peratu re  

e s tim a te s  o f  Labuda and Gordon (19)•



- 140-

Shown p lo t te d  in  F ig . 6.1 a re  r e s u l t s  derived  from graphs given by 

K orolev, O dintsov and M itsa i (20) and r e s u l t s  g iven by M ielenz and 

N efflen  (21) fo r  optimum 632 .8nm la s e r  o u tp u t, fo r  dc and r f  d isch a rg e s  

r e s p e c t iv e ly .  The pD p roducts  a g a in s t the  r a t i o  of neon p r e s s u r e / to ta l  

p re s su re  a re  p lo t te d  g iv in g  th e  re le v a n t e le c tro n  tem perature in  10^ °K 

fo r  each d isc h a rg e . The range o f e le c tro n  tem perature over which

optimum p o p u la tio n  in v e rs io n  on th e  3s^ .........  2p^ le v e ls  occurs i s  about

8,000°K fo r  each type o f e x c i ta t io n  in  each experim ental d e te rm in a tio n .

At helium :neon r a t i o s  g re a te r  than 3 :1 , or ^ ^ e ^ t o t a l  0 .166 , th e  

re p o r te d  optimum fo r  632.8nm la s e r  g a in , (Gordon and White (22)) energy 

t r a n s f e r  from He(2 S) m e ta s ta b le s , o r the  p roduction  o f h igh  energy 

e le c tro n s  v ia  s u p e re la s t ic  c o l l i s io n s  w ith  helium  m e tas tab les , csin ex p la in  

th e  movement o f  p^^^^ D to  low er e le c tro n  tem p era tu res.

The e f f e c t  o f reducing  th e  d iam eter o f a  plasma tube , o r reducing  the  

p re s su re  i s  to  in c re a s e  th e  e le c tro n  tem perature in  agreement w ith  the  

r e s u l t s  o f Bochkova e t  a l . (23 ), (2 4 ). This in c re a se  i s  extrem ely ra p id  

below ^mm b o re , and p a r t ly  ex p la in s  the  in c re a se  in  gain  experienced  w ith  

sm all bore l a s e r  tubes (lO ).

In  F ig . 6.1 assuming th a t  the  average e le c tro n  tem perature 6 .0  x 10^ °K 

i s  an optimum fo r  632 .8nm o s c i l l a t io n  in  a  ty p ic a l  r f  helium -neon d isch a rg e , 

and rem ains c o n s ta n t a t  g re a te r  than 0 .3 ,  the  pD re q u ire d  to  m ain ta in

t h i s  e le c tro n  tem peratu re  in  pure neon i s  approxim ately  2 .9  -  3 .2  torr-mm; 

w ith  D = 12mm, p = 0 .26  t o r r .  This p ressu re  corresponds c lo se ly  to  th e  

p re s su re  o f 0 .2 4  t o r r  in  a tube of 12mm bore, in  an r f  d isch a rg e , a t  which 

a  t r a n s i t i o n  from a  'weak* to  a  ' s tro n g ' d ischarge in  neon occu rs , see
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Table 6 .1 , ( a f t e r  Bochkova and Razumovskaya (23)). and F ig s . 6 .2  -  6 .3  

(2 6 , 2 3 ) fo r  v a r ia t io n  of e x c ite d  atom co n ce n tra tio n s  w ith  e le c tro n  

c o n c e n tra tio n  in  th e se  t r a n s i t io n  d isch a rg e s , and th e  p re ssu re  dependence 

o f th e  b r ig h tn e s s  o f some helium  s p e c tr a l  l in e s  in  tubes of d i f f e r e n t  

d iam ete rs  r e s p e c t iv e ly .

To m a in ta in  an e le c tro n  tem peratu re  of 6 .0  x 10^ °K in  a  pure helium  

r f  d isc h a rg e , r e q u ire s  a  pD o f approxim ately  7 torr-mm. For a 12mm 

d iam eter tu b e , p = O.3 8  t o r r .  This i s  again  in  reasonab le agreem ent w ith  a  

p = 0 .4  t o r r ,  D = 12mm, t r a n s i t io n  p o in t in  pure helium  (2 3 ). I t  has been 

re p o r te d  by Bochkova and Razumovskaya (23) th a t  p o p u la tio n  in v e rs io n s  occur 

in  s im i la r  t r a n s i t io n  d isch a rg es  in  helium . Under th ese  t r a n s i t io n  

d isch a rg e  c o n d itio n s , th e  e le c tro n  mean fre e  p a th  i s  o f th e  same magnitude 

a s  the  d iam eter o f  th e  d ischarge  tu b e , and appears to  be s im ila r  to  th a t  

in  a 'c o n s t r i c t e d ' glow d isch arg e  (von Engel (1 2 )) .  Bochkova and 

Razumovskaya (23) a t t r i b u t e  th e se  p o p u la tio n  changes to  d is s o c ia t io n  o f io n -  

m olecu lar com plexes, s in c e  the  in flu e n c e  o f the  w alls  of th e  d ischarge  

tube when Ae =  D, i s  to  produce a  Maxwellian d is t r ib u t io n  o f e le c tro n  

v e l o c i t i e s .

C onstan t e le c tro n  tem peratu re

K orolev e t  a l .  (20) have shown th a t  as long as  th e  neon p re ssu re  -  

d iam ete r p roduct i s  h igh  enough to  g ive complete r a d ia t io n  tra p p in g  o f th e  

60.004nm vacuum UV t r a n s i t io n ,  3^2 “ th e  neon ground s t a t e ,  th e  6 3 2 . 8nm 

helium -neon la s e r  ou tpu t depends only to  a sm all e x te n t on th e  helium  

p re s s u re .
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R e su lts  shown in  Table 6 .2  derived  from re fe re n c e  (2 0 ), show th a t  th e  

p re s s u re -c u r re n t  p roduct i s  co n s tan t fo r  optimum 632.8nm la s e r  o u tp u t, 

when r a d ia t io n  tra p p in g  i s  com plete. This i s  c o n s is te n t w ith  th e  

m aintenance o f c o n s ta n t e le c tro n  tem perature (von Engel, p r iv .  com m unication). 

I t  i s ,  however, c o n tra ry  to  th e  o b se rv a tio n s  o f Labuda and Gordon (19) who 

have shown, u s in g  a  microwave n o ise  measurement techn ique, fo r  a  g iven 

p re s s u re - ra d iu s  p ro d u c t, t h a t  th e  e le c tro n  energy i s  no t dependent on th e  

d isch a rg e  c u r re n t over a wide range o f p re ssu re s  in  a  ty p ic a l  632 .8nm 

helium -neon d isc h a rg e .
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GAS Tube diameter(mm)

3 0 120 35 0 60 0
Helium — 38-20 0 4 0 15 0 10

Neon — — 0 2 4 0 10 —

Argon — ------- 0 0 6 -------- —

Table6‘1 Transition pressures (torr)

Total Optimum Pressure
He: Ne ratio Pressure Current Current

(torr) (mA ) (torr-mA)
= 7:1 14 25 35

12 30 36
DC discharge 10 32 30

08 42 336
7 mm bore tube 06 52 31 2

05 82 41

Table62 Pressure/optimum current relationship 
for maximum output at X632-8nm
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CHAPTER 7

P o p x ila tio a  In v e rs io n  in  p u lse d  d isc h a rg e s  -  

th e  Helium -  Io d in e  system

I n tro d u c t io n

As s t a t e d  in  5 .1 .2 ,  l a s e r  o s c i l l a t i o n  in  io n is e d  io d in e  was f i r s t  

observed  by Jenson  and Powles ( l )  in  th e  a f te rg lo w  o f a  p u lse d  he lium  -  

io d in e  m ix tu re . O s c i l l a t i o n  on tw elve  l i n e s  was su b se q u en tly  r e p o r te d  

by them (2 ) u s in g  a few t o r r  o f helium  and 0 .1  t o r r  vapour p re s s u re  o f 

io d in e ,  in  a  co ld  ca thode  d isc h a rg e  o f bo re  and le n g th  1.2m .

O s c i l l a t i o n  was a ls o  observed  a t  5 6 2 .5  and 690.4nm in  a  n e o n -io d in e  

d is c h a rg e , and a t  69O. i n  a k ry p to n - io d in e  d is c h a rg e .

As a l l  th e  u p p er l e v e l s ,  excep t f o r  th e  5 6 2 . 5nm l i n e ,  a re  w ith in  

0 . 5 1  eV o f th e  helium  io n  ground s t a t e  H e*(0), Powles and Jenson  ( 2 ) 

su g g es ted  t h a t  th e  s e le c t iv e  e x c i t a t io n ,  in  th e  case  of th e  h e liu m -io d in e  

system , was by th e  fo llo w in g  p ro c e s s ,

e /  ( \ / 2 ) + M \ )  + I*(X)............ .....  (7 .1 )
I f  th e  e x c i te d  le v e l  o f  io n is e d  io d in e  (x) in  t h i s  asym m etric charge 

exchange r e a c t io n  i s  a t r i p l e t ,  s p in  i s  con serv ed , b u t n o t i f  i t  i s  a  

s i n g l e t .  F ig u re  7 . I  shows t h a t  l a s e r  o s c i l l a t i o n  i s  on ly  observed  from  

t r i p l e t  l e v e l s .

Both he lium  and neon m e ta s ta b le  s t a t e s  have s u f f i c i e n t  energy  to

e x c i te  an  io d in e  io n  by a  p ro c e ss  analogous to  t h a t  r e p o r te d  by Dana and

L aures ( 3 ) f o r  th e  Kr and Xe a f te rg lo w  l a s e r s ,

He(2^S) + 1^ ( 0 ) — He(^S^) + I ^ ( 6p ) + A E .......  (7»2)

H e ( ls )  + I+(o) Ne (^S ) + 1+ ( 6p ' )  + AE, ...... (7.5)
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th e  io d in e  io n  b e in g  form ed e i t h e r  by p r io r  c o l l i s i o n  w ith  a n o th e r  

helium  o r  neon m e ta s ta b le ,  o r  by p h o to d is s o c ia t io n  in  th e  d is c h a rg e .

U sing  th e  n o ta t io n  o f  M artin  and C o r lis s  ( 4 ) :

( i )  There a re  th r e e  s in g l e t  le v e l s  ( 6p 6p $d ^Dg)

w hich a re  c lo s e r  to  th e  h e liu m  io n  ground s t a t e  th a n  th e  u p p er l a s e r  

l e v e l s ,  b u t th e se  do n o t undergo p o p u la tio n  in v e rs io n ,  im p ly in g  th a t  s p in  

c o n s e rv a tio n  i s  im p o rtan t in  th e  p o p u la tin g  p ro c e s s .

( i i )  There i s  a  t r a n s i t i o n  from  th e  s in g l e t  l e v e l  6p ^F^ g iv in g  a  s tro n g

io n is e d  io d in e  l i n e  a t  6O7 . 5nm, analogous to  a v e ry  s t ro n g  l a s e r  
I I  * 1 V

t r a n s i t i o n  (5 s -  5p F^) observed  in  pu re  brom ine by K eefe and

Graham ( 5 ) ,  and i s o e l e c t r o n i c  w ith  a  l a s e r  t r a n s i t i o n  in  doubly  io n is e d  

xenon ( 4 6 3 «Tam) ( 6 ) ,  so t h a t  l a s e r  o s c i l l a t i o n  i s  to  be ex pec ted  on t h i s  

t r a n s i t i o n  i f  th e  s in g l e t  l e v e ls  were b e in g  p o p u la ted  a t  a r a t e  eq u a l to  

t h a t  o f th e  t r i p l e t  l e v e l s ,  and a ls o  i f  th e  s e le c t iv e  e x c i t a t io n  was by 

e le c t r o n  im p a c t.

( i i i )  There i s  a ls o  a v e ry  s tro n g  t r a n s i t i o n  ( 6s -  6p ^F^) a t

5 3 3 . 8nm, from  a  t r i p l e t  l e v e l  c lo s e r  to  th e  helium  io n  ground s t a t e  th a n  

any o f th e  u p p er l a s e r  l e v e l s ,  which does not o s c i l l a t e .  This l i n e  i s  

equal in  i n t e n s i t y  to  th e  5 4 0 . 7nm l a s e r  l i n e ,  which i s  enhanced l )  when 

u sed  w ith  he lium  u n d er p u lse d  c o n d it io n s ;  2) i n  th e  H.G.D. work re p o r te d  

in  C hap ter 5; and 3 ) i n  th e  work o f B erez in  and Yanovskaya ( ? ) .  This 

l i n e  co rresp o n d s  to  a  l a s e r  t r a n s i t i o n  i n  Cl I I  a t  490.5Kum ( S) ,  and by 

com parison w ith  Xe I I I ,  i s  exp ec ted  to  have a  la rg e  r e l a t i v e  l i n e  s t r e n g th .  

(F ig . 7 . 1 7 ) .  F u rtherm ore  th e  l i n e  (5d ^Dg -  6p* ^F^) a t  4 5 6 . 06nm from



- 14-8 —

I 3
th e  bp t r i p l e t  l e v e l ,  analogous to  a  weak l a s e r  t r a n s i t i o n  a t

5 0 5 . 4nm. in  Br I I ,  does n o t o s c i l l a t e  under th e  c o n d itio n s  u se d .

Absence o f l a s e r  o s c i l l a t i o n  on th e se  l i n e s  would ap p ea r to  in d ic a te  

th a t  th e  6p ^F^ l e v e l  i s  n o t b e in g  s e l e c t i v e ly  e x c i te d  a t  th e  same r a t e  

as th e  o th e r  t r i p l e t  l e v e l s  o r  t h a t  t r a n s i t i o n  p r o b a b i l i t i e s  a re  n o t 

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

Table 7 .1  g iv e s  a  l i s t  o f t r a n s i t i o n s  i n  th e  range  480 .0  -  830.0nm„ 

in  io n is e d  io d in e  w hich have u p p er l e v e ls  w ith in  ap p ro x im ate ly  0 .5  eV o f 

th e  io n  l i m i t  o f He ^ (O ). In d ic a te d  a re  th o se  l i n e s  which a re  enhanced 

in  h e liu m , (E), and th o se  on which l a s e r  o s c i l l a t i o n  has now been  o bserved  

(L).

The fo llo w in g  s e c t io n s  d e s c r ib e  th e  a p p a ra tu s  c o n s tru c te d , and th e  

experim en ts  c a r r i e d  o u t ,  i n  th e  h e liu m -io d in e  system , to  de te rm in e  th e  

e x c i t a t io n  mechanism r e s p o n s ib le  f o r  th e  p o p u la tio n  in v e rs io n ,  and 

su b seq u en t l a s e r  o s c i l l a t i o n .

7 . 1  E xperim en ta l A pparatus

7 . 1 . 1  The p u m p in g /f i l l in g  vacuum system

The p u m p in g /f i l l in g  system  used  was t h a t  d e sc r ib e d  in  C hapter 5» 

w hich was u sed  f o r  th e  H.C.D. in v e s t ig a t io n s .  P la te  7*1 shows th e  

g e n e ra l arrangem ent o f th e  a p p a ra tu s .

7 . 1 . 2  The P u lse  M odulato r.

The p u ls e  m odu la to r c o n s tru c te d  was desig n ed  to  g iv e  h ig h  

v o lta g e  p u ls e s  a t  up to  4OKY a t  up to  25A, a t  a  v a r ia b le  r e p e t i t i o n
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r a t e  o f 500  -  1 ,5 0 0  c / s . ,  w ith  th e  le n g th  o f th e  c u r re n t  p u ls e  determ ined  

by th e  d e la y  l i n e  and th e  power c a p a b i l i t i e s  o f th e  h ig h  v o lta g e  do 

power su p p ly  c o n s tru c te d .

P ig . 7*2 shows th e  b a s ic  c i r c u i t  o f th e  m o d u la to r, w hich was b ased  

on a  m o d ified  government su rp lu s  r a d a r  p u lse  m o d u la to r, k in d ly  g iv en  by 

R .R .E ., M a lv e rn ,fo r  t h i s  work.

The d is c h a rg e  c a p a c i to r  o r  d e la y  l i n e  i s  charged  from  a  dc power 

su p p ly  h av in g  a  maximum o u tp u t v o lta g e  o f lOKV, re so n a n t c h a rg in g  o f th e  

l i n e  occu rs  th ro u g h  a  lOH c h a rg in g  choke^ and H.V. d iodes a re  in c lu d e d  

in  th e  c h a rg in g  c i r c u i t  to  d isc o n n e c t th e  l i n e  o r  c a p a c i to r  from  th e  

su p p ly  when th e  v o lta g e  reac h es  a  maximum and i s  b eg in n in g  to  f a l l  ( 9 ) .  

The d isc h a rg e  i s  t r ig g e r e d  by a  heavy du ty  th y r a t r o n .  To i s o l a t e  th e  

d isc h a rg e  and to  h e lp  m atch th e  n o n - l in e a r  d isc h a rg e  to  th e  d e la y  l i n e  

and to  s te p  up th e  d isc h a rg e  v o lta g e  a  4*1  b i f i l ar-wound p u lse  

tra n s fo rm e r  i s  in c o rp o ra te d  in  th e  c i r c u i t .

The d is c h a rg e  c u r re n t  was m on ito red  by means o f a 1 :1  c u r re n t  

tr a n s fo rm e r  on th e  e a r th  r e tu r n  from  th e  d isc h a rg e  tu b e . P ro v is io n  was 

made f o r  m o n ito r in g  waveforms o f th e  ch a rg in g  c u r r e n t ,  th y r a t r o n  anode 

and o u tp u t to  th e  p u ls e  tra n s fo rm e r .

7 . 1 . 5  The L ase r  tu b e

A number o f  d isc h a rg e  tu b e s  w ith  d ia m ete rs  from  7 to  20mm and from  

Im to  2 . 5m in  le n g th  were c o n s tru c te d  th ro u g h o u t th e  work to  be 

d e s c r ib e d .
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A ty p ic a l  d i s c h a r g e / la s e r  tu b e  c o n s is ts  o f a  fu se d  s i l i c a  tu b e  to  

which a re  s e a le d  TmiiL bo re  fu se d  s i l i c a  B rew ster an g led  end tu b e s ,  w ith  

windows f l a t  to  A / lO ,  and p a r a l l e l  to  30 se c s  o f a r c .  Fused s i l i c a  

was always u sed  f o r  th e  d isc h a rg e  tu b e , as t h i s  en ab les  end tu b e s  to  be 

s e a le d  d i r e c t l y  to  i t  w ith o u t g raded  s e a ls *  r e s u l t i n g  in  g r e a te r  

m echan ical s t r e n g th .  M oreover, fu s e d  s i l i c a  i s  b e l ie v e d  to  g iv e  u n d er 

d isc h a rg e  c o n d itio n s  (lO ) a  low er co n tam in a tio n  r a t e  th a n  p y rex .

I n te r n a l  e le c tro d e s  from  d is c a rd e d  f l a s h  tu b e s  a re  mounted in  s id e  

arm s, w ith  a  p u m p in g /f i l l in g  arm a t ta c h e d  c lo se  to  th e  la rg e  e le c tro d e  

(c a th o d e ) ,  where a  h ig h e r  c o n c e n tra t io n  o f im p u r it ie s  i s  exp ec ted  th a n  

e lsew h ere .

The l a s e r  tu b e  co u ld  be i s o l a t e d  from  th e  vacuum system  by means o f 

a  la r g e  b o re , V iton  A, g r e a s e le s s  s to p c o c k .

7 . 1 .4  The l a s e r  c a v i ty

N ear C onfocal arrangem ent

This c o n s is t s  o f two m u l t i la y e r  concave m ir ro rs ,  d i e l e c t r i c - c o a t e d ,  

h ig h  r e f l e c t i v i t y ,  ( ^ e a t e r  th a n  ^8 p e r  cen t over th e  range 6OO -  6S0nm) 

u sed  in  a  n e a r  c o n fo ca l c o n f ig u ra t io n .  This c o n f ig u ra t io n ,  a lth o u g h  

h av in g  th e  d isad v an tag e  o f n o t u s in g  th e  whole volume o f  th e  a c t iv e  

medium, i s  c o m p ara tiv e ly  easy  to  s e t  up and en ab les  mixed, r a d i i  o f 

ouiTvature m ir ro rs  to  be u sed .

The o rth o g o n a l movement m ir ro r  mounts shown in  F ig . 7»5 p ro v id e  a 

means o f h o ld in g  th e  c a v i ty  m ir ro rs  w ith o u t damaging th e  d i e l e c t r i c  

c o a t in g s ,  and o f a d ju s t in g  th e  m irro r  a lig n m en t. The 40 TPI m icrom eter
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screw s p ro v id ed  a l l  th e  c o a rse  and f in e  ad ju stm en t t h a t  was n e c e s sa ry , 

w ith  45 m inu tes o f a rc  p e r  tu r n ,  and a  minimum s e t t i n g  v a r i a t i o n  o f 

abou t 5 m in u te s .

P rism  w aveleng th  s e le c t io n

In  l a t e r  work i n  th e  h e liu m -io d in e  system  i t  was d e s ir e d  to  s e l e c t  

s in g le  l a s e r  t r a n s i t i o n s  from  amongst a  number com peting f o r  u p p er l e v e l  

p o p u la tio n s .  A m o d ified  v e r s io n  o f th e  p rism  w aveleng th  te ch n iq u e  

su g g es ted  by W hite ( l l )  was u se d , as shown in  F ig . 7 . 4 . P la t e  7 .2  

shows th e  p r is m /m ir ro r  a rrangem ent.

The B rew ste r ang led  p rism  of fu se d  s i l i c a ,  n » I . 46OI a t  A 546nm, 

g iv in g  a  p rism  a n g le  o f  6 8° 50 > w ith  a  t o t a l  c a v i ty  lo s s  app ro ach in g  

0 .5  -  1 p e r  c e n t ,  i s  mounted on a  r o t a t a b l e  t a b le  so th a t  i t  can be 

p o s i t io n e d  f o r  minimum d e v ia t io n .  A c ro s s  s l i d e  en ab les  one o f th e  

r e s o n a to r  m ir ro rs  to  be p o s i t io n e d  and a d ju s te d  in  an o f f - a x is  p o s i t io n  

to  com plete th e  c a v i ty .  W ith th e  c a v i ty  shown in  F ig . 7*4A, s in g le  

w aveleng th  o s c i l l a t i o n  co u ld  be o b ta in e d , when th e  w avelengths d i f f e r e d  

by more th a n  abou t 6nm. W ith s m a lle r  s e p a ra t io n ,  s im u ltaneous 

o s c i l l a t i o n  a t  two w aveleng ths on d i f f e r e n t  p a r t s  o f th e  c a v i ty  m ir ro rs  

o c c u rre d .

7 .2  E xperim en ta l d e t a i l s  and p ro c e d u re .

7 . 2 .1  C lean ing  o f l a s e r  tu b e s

The c o n d i t io n  o f th e  B rew ster an g led  end tu b e  windows i s  c r i t i c a l  

in  most l a s e r  o s c i l l a t o r s .  F o r t h i s  re a so n , c a re  was ta k en  to  avo id
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co n d en sa tio n  o c c u rr in g  on th e  end tu b e  windows d u r in g  g la s s  b low ing by- 

u s in g  a d ry in g  tu b e  and by f la m in g  w ith  a  h o t ,  b lu e ,  to r c h  f la m e . A f te r

assem bly l a s e r  tu b e s  w ere washed o u t w ith  warm Decon 75 and th o ro u g h ly

r in s e d  o u t w ith  d i s t i l l e d  w a te r . F in a l ly ,  to  remove any rem a in in g  

d i s t i l l e d  w a te r ,  th e  tu b e s  w ere washed ou t r e p e a te d ly  w ith  m ethyl a lc o h o l 

and pumped ou t on a  two s ta g e  gas b a l l a s t e d  r o ta r y  vacuum pump. P r io r  

to  c o n n e c tio n  to  th e  vacuum system , tu b e s  were pumped ou t and c lo se d  o f f  

to  p re v e n t in g re s s  o f d u s t from  th e  room.

7 .2 .2  O u tg ass in g

A c c id e n ta l im p u r i t ie s  can have a  d e le te r io u s  e f f e c t  on c o l l i s i o n a l  

p ro c e s se s  o c c u rr in g  in  a l a s e r  d is c h a rg e . ( in  th e  helium -neon  l a s e r ,  an 

oxygen c o n tam in a tio n  in  neon o f 1 p a r t  i n  10^ g iv e s  a re d u c t io n  in  g a in

of 1 p e r  c e n t ,  and 1 in  10^ g iv e s  100 p e r  c e n t r e d u c t io n ,  (T a y lo r  (12%)

To ou tg as  th e  l a s e r  tu b e s ,  e le c tro th e rm a l h e a t in g  ta p e s  were wound 

around th e  tu b e  and e le c tro d e  a ssem b lie s  and g ra d u a l ly  ru n  up to  above 

250°C w ith  th e  d i f f u s io n  pump on. At th e  same tim e any exposed g la ssw are  

o f th e  p u m p in g /f i l l in g  system  was flam ed in  a d i r e c t io n  tow ards th e  pumps.

A f te r  a  minimum of two hours th e  h e a t in g  ta p e s  were removed, helium  

added to  a  p re s s u re  o f  ap p ro x im ate ly  10 t o r r  and a p u lse d  d isc h a rg e  ru n .

As im p u r i t ie s  were removed from  th e  e le c tro d e s  and w a lls  o f th e  tu b e , th e  

l i n e  s p e c t r a  o f helium  changed to  band s p e c t r a .  \ The tu b e  was th e n  

ev acu a ted  as q u ic k ly  as  p o s s ib le .  When t h i s  p ro ced u re  had been c a r r ie d  

o u t f o r  th r e e  o r  more t im e s , th e  d isc h a rg e  would m a in ta in  em issio n  o f 

l i n e  s p e c t r a .
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A lthough th e  system  used was n o t bakeable a t  th e  u su a l tem peratu re o f 

kOO -  50 0°C, th e  o u tg ass in g  procedure used proved s a t i s f a c to r y ,  and la s e r  

o s c i l l a t io n  could be ob ta in ed  in  a tube a f t e r  i t  had been l e f t  i s o la te d  fo r  

p e r io d s  o f a t  l e a s t  one week.

A fte r  f i l l i n g  w ith  helium  to  the  d e s ire d  p re s su re , io d in e  was allow ed 

to  d if fu s e  through from th e  io d in e  r e s e r v o i r .  To m ain ta in  l a s e r  o s c i l l a t io n  

i t  was found n ecessa ry  p e r io d ic a l ly  to  b leed  in  io d in e  vapour to  re p la c e  

th a t  which became absorbed on th e  w a lls  o f th e  tube c lo se  to  th e  e le c tro d e s .

7 . 2 .3  R esonator alignm ent

C avity  m irro r alignm ent was ach ieved  by means of th e  sim ple p in h o le  

and il lu m in a te d  c ro ss  method. Alignment was in d ic a te d  by the  appearance 

o f a b r ig h t  'moon' when look ing  through the  p in h o le  along  the  a x is  o f the  

d isch a rg e  tu b e . Once th i s  b r ig h t  'moon' was seen , i t  was c e n t r a l i s e d  by 

minor ad ju stm en ts  to  bo th  m irro rs . This ad justm en t was c a r r ie d  out befo re  

co n d itio n s  were op tim ised  fo r  l a s e r  o s c i l l a t io n .

O bservation  o f o s c i l l a t io n

C avity  m irro rs  peaked a t  632 .8nm were used when o s c i l l a t io n  was f i r s t  

o b ta in ed . O s c i l la t io n  was i n i t i a l l y  in d ic a te d  by a  re g u la r  d if fu s e  yellow  

p a t te rn  which could be seen when th e  l a s e r  tube was viewed a x ia l ly  through 

a sm all 15,000 LPI tran sm iss io n  d i f f r a c t io n  g ra t in g .  This f a in t  p a t te rn  

developed as  th e  p u lse  v o ltag e  was in c re a se d  and d isappeared  on fu r th e r  

in c re a s e  o f v o lta g e . Optimum ou tpu t was then achieved  by c a re fu l  

ad justm en t of th e  helium  p re s s u re , th e  vapour p re ssu re  of io d in e
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and th e  p u ls e  v o l ta g e .  I t  was l a t e r  found th a t  g r e a te r  o u tp u t and 

s t a b i l i t y  was o b ta in e d  i f  th e  2 / a sec  d e lay  l i n e  was re p la c e d  by a

0 .00 6 6 ^ iF  E,V. c a p a c i to r ,  and a  s im p le  c a p a c i to r  d isc h a rg e  u sed  in s te a d  

o f one h av in g  a f ix e d  i n t e r v a l ,  de term ined  by th e  d e la y  l i n e .

O s c i l l a t i o n  on seven  l i n e s  7 0 3 .3 , 6 5 8 , 5 , 6 1 2 .7 , 5 7 6 .0 , 5 6 7 . 8 , 540 .7  

and 4 9 8 .7nm, p re v io u s ly  r e p o r te d  by Fowles and Jenson,w as observed  

s u b se q u e n tly  w ith  a  number o f c a v i ty  m ir ro rs  w ith  r e f l e c t i v i t y  g r e a te r  

th a n  98 p e r  c e n t ov er th e  w aveleng th  range  5OO -  700nm ,using  a  l a s e r  

tu b e  o f 7^ 0. b o re .

The 'm i ld n e s s ' o f th e  e x c i ta t io n  n e c e ssa ry  to  g ive  l a s e r  o s c i l l a t i o n ,  

th e  s e n s i t i v i t y  o f each t r a n s i t i o n  to  m odu la to r in p u t v o l ta g e ,  and th e  

o b s e rv a tio n  th a t  a s h o r t  c u r re n t  p u lse  gave maximum o u tp u t, su g g es ted  

th a t  th e  means by which p o p u la tio n  in v e rs io n  o ccu rred  in  t h i s  system  was 

d i f f e r e n t  from  th a t  o c c u rr in g  i n  th e  i n e r t  gas io n  l a s e r  sy stem s. I t

was d e c id e d , th e r e f o r e ,  to  u se  a l a r g e r  bo re  l a s e r  tu b e , where 

c o l l i s i o n a l  reco m b in a tio n  p ro c e sse s  would be in c re a s e d  and w a ll e f f e c t s  

d im in ish ed , where c a ta fp h o re s is  would be red u ced , and in  which th e  

v a r i a t io n  o f r a d i a l  g a in  due to  th e  e l e c t r i c  f i e l d  would a ls o  be red u ced , 

(Ahmed and F a i th  ( 1 3 ) ) .

The u se  o f a  126cm lo n g  l a s e r  tu b e , h av ing  a  plasm a le n g th  o f 100cm 

and b o re  o f 2cm, su b se q u en tly  en ab led  h ig h e r  g a in s  o f  up to  10 p e r  c e n t 

p e r  m e tre , and a new in te rc o m b in a tio n  l a s e r  t r a n s i t i o n  a t  651.6nm to  be 

o b ta in e d  ( 1 4 ) .  F u r th e r ,  by m a in ta in in g  a h ig h  vapour p re s s u re  o f io d in e ,  

o s c i l l a t i o n  on th e  h y p e rf in e  components o f a number o f l i n e s  was
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o b ta in e d  f o r  th e  f i r s t  tim e (15), c o n tra ry  to  th e  o b s e rv a tio n s  o f Fowles 

and Jen so n , ( l 6 ) ,

P la te s  7*5 &nd 7*4, showing d is p e rs e d  l a s e r  l i n e s  c ro s se d  w ith  

F a b ry -P e ro t f r i n g e s ,  in d ic a te  by th e  double and t r i p l e  f r in g e  system s 

t h a t  s im u ltan eo u s o s c i l l a t i o n  i s  o c c u r r in g  on h y p e rf in e  components o f 

in d iv id u a l  l a s e r  l i n e s .

D uring  a tte m p ts  to  o b ta in  l a s e r  o s c i l l a t i o n  on th e  553-8nm l i n e  

and c e r t a in  o th e r  l i n e s ,  u s in g  prism  w aveleng th  s e le c t io n ,  o s c i l l a t i o n  

was o b ta in e d  on f u r t h e r  new lin e s *  6 8 2 .5nm (6s ^D^ -  6p ^Fg); and
; % I z

7 1 3 . 9nm (5d D  ̂ -  6p Dg), and on a  number o f h y p e rf in e  com ponents, 

( 1 7 ) ,  an a ly se d  in  7 *3 *

7 . 2 .4  W avelength m easurement and h y p e rf in e  components d e te rm in a tio n .

(a )  W avelength m easurement

M easurements made on spectrum  p la te s ,  o b ta in e d  on a H ilg e r  and 

W atts D186 C onstan t D ev ia tio n  sp e c tro g ra p h  h av in g  a  l i n e a r  

d is p e r s io n  o f ap p ro x im ate ly  7 «0 îm/mm a t  6 5 0 . 0nm,were n o t 

s u f f i c i e n t l y  a c c u ra te  to  en ab le  i d e n t i f i c a t i o n  to  be made to  l e s s  

th a n  -  l.Onm o f th e  l i n e  observed  a t  abou t 6 5 2 . Onm. There a re  two 

p o s s ib le  t r a n s i t i o n s  in  t h i s  w aveleng th  re g io n ,

( i )  (5p^ ^P^ -  6p ^Fg) a t  651.6l8nm , and

( i i )  ( t e n t a t i v e  c l a s s i f i c a t i o n ,  5 .̂ ^Dg -  6p ^F^), a t  651.891nm.

(M artin  and C o r lis s  ( 4 ) do n o t c l a s s i f y  t h i s  651.9nm l i n e ;  and 

th e  c l a s s i f i c a t i o n  above was a r r iv e d  a t  by assum ing th a t  th e  l a s e r  

l i n e  would be l i k e l y  to  have an analogous l a s e r  t r a n s i t i o n  in
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i s o e l e c t r o n i c  doubly  io n is e d  xenon, and th a t  i t  m ight be from  th e  6p '

l e v e l  in  io n is e d  io d in e  from  w hich o s c i l l a t i o n  had n o t been  o b serv ed .

The X e l l l  l a s e r  l i n e  a t  4 8 7 .Onm (5d -  6p* (6 )*  g iv e s  th e

c o r r e c t  wave number i n t e r v a l  f o r  th e  651.891nm I  I I  l i n e . )

A Beck R ev ers io n  S p e c tro sc o p e , No. 3505» was used  to  d e te rm in e  th e

w aveleng th  o f t h i s  l i n e  and o th e r  l i n e s  to  w ith in  an accu racy  o f -  O.lnm

in  th e  fo llo w in g  way.

A s e r i e s  o f t h i r t e e n  re a d in g s  was ta k e n  o f th e  c lo s e s t  l a s e r  l i n e

a t  658*5nm and on th e  unknown l i n e  a l t e r n a t e l y  i n  p a i r s .  From th e

m easurem ents on th e  6 5 8 .5nm l i n e  th e  in s tru m e n t e r r o r  a t  t h i s  w aveleng th

was de te rm in ed  as  b e in g  0.63nm . Assuming th e  in s tru m e n t e r r o r  and

s e t t i n g  e r r o r s  a t  th e  unknown w aveleng th  would be th e  same as a t  6 5 8 .5nm*

th e  unknown w aveleng th  i s  (652 .18  -  0.63)nm  = 65I .6 5  -  O.lnm ( c r  « 0.05nm

on s e t s  o f I 3 m easurem en ts). The l i n e  i s  th u s  th e  (5p^ -  6 ^Fg)

t r a n s i t i o n ,  a t  651.6l8nm .

A lthough t h i s  i s  a  doubly  fo rb id d e n  t r a n s i t i o n  in v o lv in g  a  change

o f s p in ,  and b e in g  a  p -  f  t r a n s i t i o n ,  i t  recommends i t s e l f  because
I 3

th e  l i n e  behaves in  a s im i la r  way to  o th e r  l a s e r  l i n e s  from  th e  6p Fg 

l e v e l .  I t  i s  l a t e r  shown in  7 . 4  to  be a  l i n e  hav in g  a  low er l e v e l  t h a t  

i s  v e ry  s t r o n g ly  p e r tu rb e d .

A nother l i n e  a t  ap p ro x im ate ly  607.0nm o b ta in e d  on ly  by u s in g  p rism  

w aveleng th  s e le c t io n ,  was id e n t i f i e d  in  th e  same way, u s in g  th e  c lo se  

6l2.7iun. l a s e r  l i n e  as a  r e f e r e n c e ,  g iv in g  6 0 6 .9  Î  O.lnm ( cT = 0.04um* 

on s e t s  o f 11 m easurem en ts).
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This io n ise d  io d in e  l i n e  a t  6o6.893nm (6s -  6p i s  a l in e  on

which l a s e r  a c t io n  might be expected  s in ce  i t  has bo th  upper and low er le v e ls  

common to  o th e r  l a s e r  l i n e s ,  and i t  would only o s c i l l a t e  when the  very  

s tro n g  l a s e r  l i n e  (6s -  6p a t  376 .Onm was suppressed*

(b) H yperfine component id e n t i f i c a t i o n

A Fabry P e ro t é ta lo n  was cro ssed  w ith  th e  D l86  C onstant D ev ia tion  

sp ec tro m ete r, w ith  th e  é ta lo n  p laced  in  the  p a r a l l e l  l i g h t  p o s i t io n  

between th e  c o llim a to r  le n s  and d isp e rs in g  p rism , (Tolansky ( l 8 ) ) .

T yp ica l ranges o f th e  h y p erfin e  components in  th e  io n ise d  io d in e  

spectrum  a re  0 -  0.6cm To avo id  overlapp ing  o f the  components

o f  one o rd e r w ith  th o se  o f an o th e r , th e  s e p a ra tio n  between o rd e rs  o f 

th e  é ta lo n , ( l / 2 t  cm , where t  i s  the  s e p a ra tio n  o f th e  é ta lo n  

p la te s ,  must be g re a te r  than  th e  sp read  o f components. Having 

e s ta b l is h e d  th e  r e la t io n s h ip s  o f  th e  components, an é ta lo n  w ith  a  

l a rg e r  sp acer can be used fo r  more ac c u ra te  h y p erfin e  s e p a ra tio n  

m easurem ents.

In  th e  work d escrib ed  h e re , an é ta lo n  having a  fused  s i l i c a  

sp ace r o f 10.12mm, w ith  o rd er s e p a ra tio n  o f 0.494cm ^ was used , a s  

w e ll as  one having ruby b a l l  b earin g  sp ace rs  of 0 .123 in ,  (acc u ra te  

to  0.0001 i n ) ,  g iv in g  approx im ately  1 .3  cm"^ between o rd e rs .
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The f in e s s e  o f  th e  10.12mm. é ta lo n ,  w hich had a lu m in ise d  f l a t s

and a  s p e c i f ie d  r e f l e c t i v i t y  o f  90 p e r  c e n t ,  was c a lc u la te d  as

b e in g  36O. The in s tru m e n ta l h a l f -w id th  f o r  t h i s  f in e s s e ,  g iv en

by B = 1 / ( 1  + F s i n  S / 2 ) ,  i s  equal to  I /3 0  o f an o rd e r  (19)» 
2

where B; i s  th e  t r a n s m it te d  i n t e n s i t y ,  and F i s  th e  f i n e s s e .

T his was checked u s in g  a  6 3 2 . 8nm helium -neon  l a s e r ,  i n  s in g le  

mode o p e ra t io n ,  in  w hich th e  l i n e  w id th  i s  l e s s  th a n  th e  

in s tru m e n ta l  w id th . Under th e se  c o n d itio n s  th e  m easured h a lf -w id th  

g iv e s  d i r e c t l y  th e  in s tru m e n ta l h a l f -w id th .  I t  was found to  be 

l e s s  th a n  l / lO  o f an o rd e r ,  so t h a t  s u f f i c i e n t  r e s o lu t io n  was 

o b ta in a b le  to  en ab le  s e p a ra t io n  o f h y p e rf in e  components o f g r e a te r  

th a n  0 .0 5  cm and D oppler l i n e  w id th s  o f t h i s  o rd e r ,  to  be 

d e te rm in ed .

No o p t ic s  were u sed  betw een th e  s l i t  o f th e  s p e c tro m e te r /  

sp e c tro g ra p h  and th e  l a s e r ,  and th e  l a s e r  beam shone d i r e c t l y  on th e  

s l i t .  T y p ica l exposure tim es were 10 -  120 s e c , (u s in g  I l f o r d  R40 

p l a t e s ) ,  w ith  F a b ry -P e ro t f r in g e s  in  o n -a x is  and o f f - a x is  p o s i t i o n s .

Scans were made o f th e  F a b ry -P e ro t f r in g e s  shown in  P la te s  7»3 

and 7 . 4 , on a  Joyce -  Loebl m ic ro d e n s ito m e te r, and measurem ents 

made to  w ith in  -  0.02mm u s in g  a  m icrom eter e y e -p ie c e .

The h y p e rf in e  components s e p a ra t io n  was c a lc u la te d  u s in g ;

(a )  l i n e a r  i n t e r p o la t io n  on th e  o f f - a x is  f r in g e s

(b) th e  J? a r r a y  method o f M eissner (20), on o n -a x is  f r in g e s ,  

(s e e  Appendix 7 .1 ) .
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A ty p ic a l  c a lc u la t io n  i s  g iv en  in  th e  Appendix 7 .2 ,  f o r  th e  

th re e  component i d e n t i f i c a t i o n  on th e  6 5 8 , 5nm l i n e .

By com parison w ith  t r a n s i t i o n  diagram s g iven  by Murakawa ( 2 l )  -  

( 2 3 ) and T olansky ( 2 4 , 2 5 ) , and c a lc u la te d  t r a n s i t i o n  diagram s to  g iv e  

agreem ent w ith  T olansky ex p e rim en ta l r e s u l t s ,  th e  h y p e rf in e  components 

were i d e n t i f i e d .

7 . 2 .5  L ine w id th  d e te rm in a tio n  o f l a s i n g  com ponents.

M easurements w ere made on th e  m ic ro d en s ito m e te r scans o f th e  

Fabry  -  P e ro t f r in g e s  to  y ie ld  th e  l i n e  w id th  o f th e  in d iv id u a l  l a s in g  

com ponents.
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7 .3  T reatm ent o f  R e s u lts  and C o n c lu sio n s .

7 . 3 .1  L aser O s c i l l a t io n

L ase r o s c i l l a t i o n  i n  io n is e d  io d in e  was found to  o ccu r d u r in g  th e  

e x c i ta t io n  p u ls e  h u t m ain ly  in  th e  a f te rg lo w  p e r io d ,  h av in g  a  d u ra tio n  

o f up to  ap p ro x im a te ly  250/A sec. The d u ra tio n  depends on th e  vapour 

p re s s u re  o f  io d in e  and on th e  p re s s u re  o f he lium , w ith  o s c i l l a t i o n  

o c c u rr in g  o v er th e  he liu m  p re s s u re  range  o f 3 -  60 t o r r .  Maximum l a s e r

o u tp u t o ccu rs  a t 6 t o r r  o f h e lium , a t  <—'0 .2  t o r r  vapour p re s s u re  o f

io d in e .

P ig .  7 .5  shows th e  tim e r e la t io n s h ip  o f th e  5 7 6 .Onm l a s e r  o u tp u t 

(u p p er t r a c e )  and th e  c u r re n t  p u ls e  (lo w er t r a c e ) ,  a t  a r e p e t i t i o n  

freq u en cy  o f 1 K c /s . (The ap p a re n t s t r u c t u r e  on th e  waveforms i s  due to  

u se  o f 'C hop ' on th e  T e k tro n ix  o s c il lo s c o p e  u s e d .)  A s im i la r  tim e 

b eh av io u r i s  e x h ib ite d  by th e  6 5 8 . 5 , 6 1 2 .7 , 540*7  and 5 2 1 . 6nm l in e s  

exam ined. F ig  7*6 shows th a t  maximum spontaneous em issio n  occu rs  on th e

5 7 6 . Onm l i n e ,  when th e  c u r re n t  p u ls e  i s  p r a c t i c a l l y  z e ro , a t  abou t 3 /^ sec

a f t e r  th e  commencement o f  th e  p u ls e .  A s im i la r  tim e dependence i s  shown 

by th e  n o n - la s e r  io n is e d  io d in e  533.8%# l i n e ,  n e u t r a l  io d in e  and he liu m  

l i n e s ,  -  F ig s .  7*7 -  7*9.

As th e  vapour p re s s u re  o f io d in e  d e c re a se s  on ru n n in g  th e  d is c h a rg e , 

a r e d u c t io n  i n  l a s e r  o u tp u t o c c u rs , and f i n a l l y  o s c i l l a t i o n  c e a se s .

P r io r  to  c e s s a t io n  o f o s c i l l a t i o n ,  and a f t e r ,  th e  spontaneous em issio n  o f  

l a s e r  l i n e s  has a d i f f e r e n t  tim e b eh av io u r from  th a t  when l a s in g  s t ro n g ly .
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There i s  an i n i t i a l  r a p id  in c re a s e  i n  i n t e n s i t y  on commencement of th e  

c u r re n t  p u ls e ,  th e n  a l e s s  r a p id  in c re a s e  to  a  maximum a t  abou t 20/A se c , 

and f i n a l l y  a slow  decay , (P ig . ? .1 0 ) .

Io n is e d  io d in e  l i n e s  on w hich o s c i l l a t i o n  was n o t o b se rv ed , n e u t r a l  

helium  and io d in e  l i n e s  e x h ib i t  th e  same in t e n s i t y  b eh av io u r. F ig s .  7 .11  

and 7 . 1 2 .

7 . 3 .2  L ase r t r a n s i t i o n s

The h ig h e r  term s o f I ^  a re  o f th r e e  ty p e s  acc o rd in g  to  w hether th e  

p a re n t  term  in  I^'*’ i s  5p^ -  ^D°, o r

i . e .  5s^ 5p^ ( V )

" (

" ( ^ P ° ) , in d ic a te d  by
I II

nx , nx and nx  r e s p e c t iv e ly  ( 4 ) .

A ll  th e  l a s e r  t r a n s i t i o n s  fexcept one) observed  by Jenson  and Fow les, 

and th e  7 1 3 . 9 , 6 8 2 .5 , 65I . 6  and 606.9nm l i n e s  a re  t r a n s i t i o n s  from  th r e e  

t r i p l e t  6p le v e l s  c lo se  to  and w ith in  th e  range  0 .2 3  -  O .5I  eV below 

th e  helium  io n  ground s t a t e .

A ll th e  l a s e r  t r a n s i t i o n s  have TJ7 te rm in a l t r a n s i t i o n s  to  th e  t r i p l e t  

io d in e  io n  ground s t a t e ,  o r  th e  t r i p l e t  5p^ ^P^ le v e l  c lo se  to  th e  io n  

ground s t a t e .  The in te rc o m b in a tio n  l a s e r  t r a n s i t i o n  651.6nm (5p^ ^P̂  ̂ -  

6p ^Fg) has an in te rc o m b in a tio n  U7 te rm in a l t r a n s i t i o n  to  t h i s  l e v e l .

F ig .  7 . 1 , a p a r t i a l  energy  le v e l  diagram  f o r  io n is e d  io d in e ,sh o w s th e  

l a s e r  t r a n s i t i o n s  o b se rv ed , and th e  n o n - la s e r  t r a n s i t i o n  ( 6 s ' ^Dg -  

6p ^F^) a t  5 3 3 . 8%#'
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7*3.3  Comparison o f io n is e d  io d in e  and io n is e d  brom ine l a s e r  t r a n s i t i o n s .

G ro tia n  diagram s F ig s .  7*13 and 7*14, show t h a t  l a s e r  t r a n s i t i o n s  

in  io n is e d  io d in e  d i f f e r  s i g n i f i c a n t l y  from  th o se  o b served  in  p u re  bromine 

by K eefe and Graham ( 5 ) ,  where th e  s e le c t iv e  e x c i ta t io n  i s  by e le c t r o n  

im pact e x c i t a t io n  from  th e  io n  ground s t a t e .  A ll th e  t r a n s i t i o n s  in  

io n is e d  io d in e  ex cep t th e  u s u a l p -  s ( 6p -  6s )  io n  l a s e r  t r a n s i t i o n  a t  

5 6 2 . 5nm in  th e  co re  and th e  5 2 1 . 6nm np -  ( n - l ) d  t r a n s i t i o n  d i f f e r .

No l a s e r  t r a n s i t i o n s  from  s in g l e t  le v e ls  have been o b se rv ed , even 

though s im i la r  energy  le v e l s  in  io d in e  a re  a t  a  low er energy  above th e  

io n  ground s t a t e  th a n  in  brom ine, from  w hich o s c i l l a t i o n  o c c u rs .

F ig . 7*15  and |* ig . 7*13 show th a t  io d in e  p ro v id es  th e  m a jo r i ty  o f
I I

th e  np -  ns l a s e r  t r a n s i t i o n s  in  th e  io n is e d  h a lo g en s .

7 . 3 .4  Comparison o f l a s e r  t r a n s i t i o n s  in  io n is e d  io d in e ,  and doubly- 
io n is e d  Argon, K rypton and Xenon.

F ig .  7*16 shows t h a t  l a s e r  t r a n s i t i o n s  in  io n is e d  io d in e  obey th e

s e le c t io n  r u l e s ;

A s  = 0 , A L  « A j ,  j u s t  as th o se  o f doubly io n is e d  a rg o n , k ry p to n  

and xenon, ex cep t t h a t  more l a s e r  t r a n s i t i o n s  occu r in  io d in e  f o r  

A  J  = 0  and AL = +1 ; and

A  J  = —1 and A  II » +1 .

F ig . 7 .1 7  g iv e s  th e  c a lc u la te d  l i n e  s t r e n g th s  o f t r a n s i t i o n s  in

doubly  io n is e d  nob le  gas atoms and w ith  F ig , 7*13 shows th a t  o s c i l l a t i o n

on th e  (^D°) co re  t r a n s i t i o n s  in  io n is e d  io d in e  does n o t o ccu r on th o se  

t r a n s i t i o n s  analogous to  th o se  w ith  la rg e  r e l a t i v e  l i n e  s t r e n g th  in  th e  

doubly  io n is e d  nob le  g a se s , o r  on th o se  in  Xe I I I  on w hich o s c i l l a t i o n  

has been  o b serv ed .
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7 . 3 .5  L ase r o s c i l l a t i o n  on h y p e rf in e  components

Io d in e  i s  p a r t i c u l a r l y  advantageous f o r  a  s tu d y  o f o s c i l l a t i o n  on 

h y p e rf in e  components because  i t  i s  m ono iso top ic  w ith  a  n u c le a r  s p in  of 

5/ 2 , and has wide h y p e rf in e  s t r u c t u r e  to  i t s  spectrum  l i n e s ,  (2 5 ) . I t  

has s t r o n g ly  p e r tu rb e d  energy  l e v e l s , t h e  e x ac t cause o f  w hich has y e t  to  

be d e te rm in ed , ( (2 1 )  -  ( 2 5 ) ,  ( 2 7 ) ) .

S im ultaneous l a s e r  o s c i l l a t i o n  on h y p e rf in e  components has been 

o bserved  f o r  th e  f i r s t  tim e on th e  fo llo w in g  io n is e d  io d in e  l i n e s ;  in  nm 

7 0 3 . 3 » 6 5 8 . 5 ; 6 12 .7 ; 6 0 6 , 9 ; 5 7 6 .0  and 5 6 7 . 8 , as shown i n  P la t e s  7-3

and 7 . 4 .

P re v io u s ly , l a s e r  o s c i l l a t i o n  had been r e p o r te d  by Fowles and Jenson  

( 1 6 ) as on ly  o c c u rr in g  on a  s in g le  h y p e rf in e  component o f a  g iv en  l i n e ,  

even though adeq u a te  g a in  f o r  o s c i l l a t i o n  to  o ccu r on o th e r  components 

was r e a l i s e d  i n  t h e i r  ex p erim en ts .

O s c i l l a t i o n  in  t h i s  work was o b serv ed , w aveleng ths in  nm, a t* -

(1 ) 705.5  on two components I 65 -  50 x  10 ^ cm ^ a p a r t

( 2 ) 6 5 8 .5  on th r e e  com ponents, w ith  s e p a ra t io n  from  th e  s t r o n g e s t  o f

(i) 150 ±50 X 10"3 cm"^
(ii) 210 Î38 X 10"5 cm"^

( 3 ) 6 1 2 .7  on two com ponents, I 90  -5 0  x 10 ^ cm ^ a p a r t

( 4 ) 6 0 6 .9  on two com ponents, 180 -55 x 10 ^ cm a p a r t

(5)  5 7 6 .0  on two com ponents, IO4  -20  x 10” ^ cm“^ a p a r t ,  and a t

(6 ) 5 6 7 .8  on two com ponents, 524  -1 5  x 10“  ̂ cm“^ s e p a r a t io n .
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As a  r e s u l t  o f th e  n u c leu s  p o s se s s in g  a  m echan ical moment I ,  co u p lin g  

i s  ex p e rien ced  betw een th e  t o t a l  m echan ical moment J  o f th e  e x tra n u c le a r  

e l e c t r o n s ,  g iv in g  a  r e s u l t a n t  moment o f th e  n u c leu s  F , The h y p e rf in e  

s p l i t t i n g s  o f h y p e rf in e  s t r u c tu r e  due to  n u c le a r  s p in  a re  sm a ll compared 

w ith  m u l t ip le t  s p l i t t i n g s  on w hich LS: co u p lin g  i s  b ased , so t h a t  th e  

i n t e r a c t io n  o f  I  i s  much s m a lle r  th a n  th a t  betw een L and S, o r  any o th e r  

in t e r a c t io n s  t h a t  a re  in v o lv e d , (Kuhn (28) and W hite ( 2 9 ) ) .

In  th e  case  o f io d in e ,  th e  r u le s  a p p l ic a b le  to  m u l t ip le t  a n a ly s is  

w i l l  ap p ly  to  h y p e rf in e  d e te rm in a tio n , L, S and J  b e in g  re p la c e d  by J ,  I  

and F r e s p e c t iv e ly ,  where F has th e  v a lu es*

F * * J  + I ,  J  + I  —1 , . « . « « # « . . | j  — l |

(a )  The in t e r v a l s  betw een two components F and F + 1 w i l l  be g iv e n  by 

th e  Lande I n te r v a l  Rule

r .  A( p  + 1 )   ( 7 . 4 )

where A i s  an  i n t e r v a l  f a c t o r  depending on th e  le v e ls  conce rned . 

I r r e g u l a r i t i e s  in  i n t e r v a l s ,  and d e v ia t io n s  from  th e  I n te r v a l  Rule 

o ccu r due to  p e r tu r b a t io n s .

(b) The r e l a t i v e  i n t e n s i t i e s  o f  h y p e rf in e  components w i l l  be g iv en  by th e  

F -  sum Rule o f L orgelo  ( 5 0 ) ,  G rn s te in  and B urger ( j l ) ,  i n  which th e  

r a t i o  o f  th e  sums o f th e  i n t e n s i t i e s  o f a l l  t r a n s i t i o n s  from  two 

quantum le v e ls  F and F* a re  in  th e  r a t i o  o f t h e i r  s t a t i s t i c a l  w eigh ts

(2F + 1 ) /  ( 2 f ‘ + 1 ) ,

A ll th e  la s i n g  components have been i d e n t i f i e d  and a re  shown in  

F ig s .  7 .18  -  7 . 2 3 .
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In  t r a n s i t i o n s  from  th e  6 s ' and 6p ' l e v e l s ,  o s c i l l a t i o n  i s  

observed  in  o rd e r  o f th e  c a lc u la te d  r e l a t i v e  i n t e n s i t i e s ,  c a lc u la te d  

u s in g  th e  F -  sum R ule .

In  t r a n s i t i o n s  from  th e  6p ^Fg le v e l  ($ 6 7 .8  and 606.9nm ), 

o s c i l l a t i o n  o ccu rs  on th e  s t r o n g e s t  c a lc u la te d  component, from  th e  F 9 /g  

l e v e l ,  and th e n  from  th e  F $ /g  l e v e l ,  even though th e re  a re  s t r o n g e r  

c a lc u la te d  components from  th e  F 7 /2  l e v e l ,  (se e  F u r th e r  w ork).

U sing th e  observed  l a s e r  components in  nm f o r  th e  l i n e s  6$8.5 

( 6 s '  -  6p* ^D^), 6 0 6 .9  (6s* -  6p ' ^Fg) and 576.07 ( 6 s '  -

6p ) ,  th e  in t e r v a l s  f o r  th e  6s and 6p le v e ls  have been

e s ta b l i s h e d  so t h a t  agreem ent o f observed  and c a lc u la te d  components i s  

now o b ta in e d . W ith th e  5 6 7 . 8nm l i n e  (6a ^Dg -  6p ^Pg) agreem ent o f 

l a s e r  components has been  shown w ith  th e  components observed  by Murakawa 

( 2 2 ) w hich d is a g re e d  w ith  th o se  r e p o r te d  by Tolansky ( 2 3 ) .

I t  has been e s ta b l is h e d  from  th e  measurem ents made, and th e

i d e n t i f i c a t i o n  of th e  l a s i n g  components on th e  6 5 8 . 5 , 6 1 2 . 7 , 606,9  and

5 7 6 . Onm l i n e s ,  t h a t  th e  u pper l a s e r  l e v e l  6p and th e  low er l a s e r
I 3

l e v e l  6s a re  v e ry  s tro n g ly  p e r tu rb e d .

The h y p e rf in e  in t e r v a l s  f o r  th e s e  two le v e ls  do n o t obey th e  in t e r v a l  

r u l e ,  s in c e  th e y  a re  n o t p ro p o r t io n a l  to  th e  s t a t i s t i c a l  w eigh ts  o f th e  

h y p e rf in e  l e v e l s .  S ince th e  i n t e r v a l  r u le  i s  n o t obeyed, th i s  

p e r tu r b a t io n  co u ld  be a t t r i b u t e d  to  a  S ch u le r  -  Jones ( 3 2 ) p e r tu r b a t io n ,  

due to  th e  c lo se  approach  o f two te rm s .
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From measurements o f th e  two la s in g  components o f th e  (5d -

6p ^Fg), 7 0 3 .3nm l in e  th e  two la s in g  components have been id e n t i f i e d  as  the

two s tro n g e s t  c a lc u la te d  h y p erfin e  components, i f  the  in te r v a l  f a c to r  i s

taken  a s  69  f o r  th e  term . Tolansky (24) g iv es  th e  in te r v a l  f a c to r

a s  being  e i th e r  69  o r -  89  fo r  t h i s  term . This value  o f A i s  much la rg e r

than  i s  expected  fo r  th i s  5s 5p^ 5d term  and in d ic a te s  th a t  th i s  term  i s

a ls o  s tro n g ly  p e r tu rb e d , supposedly by a Shenstone -  R u sse ll p e r tu rb a tio n

(3 2 ) due to  te rm (s) as  much a s  a  few thousand cm ^ away. In  t h i s  type of

p e r tu rb a tio n  th e  in t e r v a l  r u le  i s  obeyed, b u t th e  in te r v a l  fa c to r  i s  la rg e .

5 1^ * 3The in te rco m b in a tio n  l a s e r  t r a n s i t io n  a t  651.6nm (5p -  6p F^)

may occur a s  a  r e s u l t  o f p e r tu rb a tio n , s in c e  th e  in te r v a l  f a c to r  fo r  the

5p^ terra i s  the  la r g e s t  (80  -  90) fo r  any term o f J  = 1 , and a lso

(acco rd in g  to  Murakawa (27)) does no t obey th e  in te r v a l  r u le .

The term s re sp o n s ib le  fo r  th e  assumed S chuler -  Jones p e r tu rb a tio n  

have n o t been determ ined . No c l a s s i f i e d  energy le v e ls  a re  c lo se  to  e i th e r  

th e  6p* o r th e  6s le v e ls  so such te rm (s) can only  be h y p o th e tic a l .

The r a t i o  o f th e  quadrupole coup ling  c o n s ta n t, B/A, can be ob ta ined  

from th e  form ula o f Casim ir (2 8 ) ,  where the  in t e r v a l ,  ( A v a b ), between 

two h y p e rfin e  le v e ls ,  in  the  absence o f term  in te r a c t io n ,  i s  g iven b y :-

A ^ a t, = 1/2A(C^ -  C^) + 3/8B + D -  C^(C^ + 1) ] /

1(21 -  1) J  (2J -  1)..................... ....  (7 .5 )

where C = F(F + l )  -  1(1 + l )  -  J ( J  + 1 ) .
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Assiuning th a t  th e  p e r tu rb a tio n , o f th e  6p* and 6s* term s i s  

n o t due to  term  in t e r a c t io n ,  h u t i s  due to  an e l e c t r i c  quadrupo le  

moment,

B/A i s  “3*2, and -3 .1 2  f o r  each te rm  r e s p e c t iv e ly .

These v a lu e s  a r e  l a r g e r  th a n  th a t  o f B/A o f + 1 .385  f o r  from
2

th e  l e v e l  g iv en  by Kuhn, and a re  o f a  d i f f e r e n t  s ig n .

As th e  r a t i o  f o r  b o th  term s i s  n e g a tiv e  th e  p e r tu r b a t io n  cannot be 

due to  a common te rm , ( th e  term s a ls o  do n o t obey th e  i n t e r v a l  ru le ,) and 

f u r t h e r  i t  seems u n l ik e ly  t h a t  p e r tu r b a t io n  due to  two term s would g iv e  

th e  same v a lu e s  f o r  B/A.

I f  th e  wave fu n c tio n s  of th e  (^D) 6p and (^D) 6s term s can 

be c a lc u la te d ,  w ith  th e  v a lu e  o f  B, a  v a lu e  f o r  th e  quadrupo le  moment 

(Q ( l^ ^ ^ ) )  sh o u ld  be c a lc u la b le  and be equ a l to  ap p ro x im ate ly  -  0 .6  b a m  

( 2 7 ) .  F a i l in g  ag reem en t, some o th e r  p e r tu r b a t io n  i s  e v id e n t.

I 3
7 . 3 .6  Non e q u il ib r iu m  p o p u la tio n  o f h y p e rf in e  s u b le v e ls  o f th e  6s 

o f io n is e d  io d in e  d u rin g  l a s e r  o s c i l l a t i o n .

I f  two term s have n e a r ly  th e  same energy  and d i f f e r  on ly  in  v a lu e s  

o f  J  o r  F , t h e i r  p o p u la tio n  i n  a  gas d isc h a rg e  co rresponds v e ry  c lo s e ly  

to  s t a t i s t i c a l  e q u i lib r iu m . The r a t i o  o f i n t e n s i t i e s  o f t r a n s i t i o n s  from  

th e se  te rm s , i n  th e  absence o f s e l f  a b s o rp tio n , i s  equal to  th e  r a t i o  o f 

th e  s t a t i s t i c a l  w eig h ts  tim es 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 .  This form s 

th e  b a s is  o f th e  i n t e n s i t y  sum r u l e s .
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P rev io u s  s tu d ie s  by Turkin in  1959 (34) o f th a lliu m  show th a t  non- 

eq u ilib riu m  p o p u la tio n  co n d itio n s  a re  ob ta ined  in  h y p erfin e  su b - le v e ls  of 

t h i s  elem ent in  a  h igh  c u r re n t hollow  cathode d isc h a rg e . S im ila r  s tu d ie s  

by Schrammen (35) and S chu ler (3 6 ) o f cadmium showed th a t  the  r e l a t iv e  

i n t e n s i t i e s  of h y p erfin e  components depended on th e  e x c i ta t io n  c o n d itio n s . 

Turkin  (37) re p o rte d  th a t  th e  anomalous in te n s i ty  changes re p o rte d  

p re v io u s ly  in  cadmium depended on th e  c u r re n t d e n s ity  o r th e  p re ssu re  of 

th e  cadmium vapour.

The expected  r a t i o  o f th e  th e o re t ic a l  in t e n s i t i e s  was observed only 

a t  low c u r re n t d e n s i t ie s  in  both  hollow  cathode and p o s i t iv e  column 

d isc h a rg e s . In  a l l  th e  l i n e s  s tu d ie d  th e  in te n s i ty  o f th e  long  w avelength 

component in c re a se d  w ith  in c re a se  in  c u r re n t d e n s ity  w h ils t  the  in te n s i ty  

o f the  sh o r t wavelength component decreased .

S im ila r  anomalous in te n s i ty  changes, r e s u l t in g  in  a  change o f
t 3

o s c i l l a t in g  components o f th e  io n ise d  io d in e  l i n e  6 3 8 .3nm (6s -

6s ^D^) a re  re p o rte d  in  th i s  t h e s i s .

O s c i l la t io n  on th e  6 3 8 . 3nm l in e  has been ob ta ined  on th re e  h y p erfin e  

components s im u ltaneously  w ith  two components o f the  3 7 6 . Onm l i n e ,  as  

shown in  F ig . 7*24. With a  h igh  vapour p re ssu re  o f io d in e , o s c i l l a t io n  

occurred  on th e  F 7 /2  -  3 /2  t r a n s i t io n  o f the  6 3 8 . 3nm l in e  a lo n e . This 

component has a  low er th e o re t ic a l  r e l a t iv e  in te n s i ty  than  th a t  o f the  

F 7 /2  -  7 /2  h y p erfin e  t r a n s i t io n  a t  a  s l i g h t ly  lon g er w avelength.

As th e  vapour p re ssu re  o f io d in e  decreased  due to  c lean  up in  the  

d isc h a rg e , th e  in t e n s i ty  o f th e  o s c i l l a t in g  component decreased , b u t
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o s c i l l a t io n  commenced on th e  lo n g e r wavelength F 7 /2  -  7 /2  t r a n s i t io n .  

F u rth e r  re d u c tio n  in  th e  vapour p re ssu re  o f io d in e  r e s u l te d  in  

o s c i l l a t io n  a lone  on t h i s  lo n g e r w avelength component.

S ince th e  two o s c i l l a t in g  components have a  common upper h y p erfin e

le v e l  (F 7 /2 ) ,  th e  change o f  th e  o s c i l l a t in g  components cannot be

a t t r ib u t e d  to  changes in  p o p u la tio n  o f th e  s u b -le v e ls  o f the  upper l a s e r  

le v e l  6p and can only  be a t t r ib u te d  to  n o n -equ ilib rium  in  th e

p o p u la tio n s  o f the  s u b - le v e ls  o f th e  low er 6s l e v e l .

H yperfine t r a n s i t io n s  o f th e  376 .Onm l in e  in to  th e  F 7 /2  o r 3 /2

le v e ls  p o p u la tin g  th e se  le v e ls ,c a n n o t account fo r  th e  v a r ia t io n  in  

p o p u la tio n  in v e rs io n , a s  th e  f in a l  in te n se  o s c i l l a t in g  components a t  low 

p re s su re  a re  long  w avelength components having a  common F 7 /2  su b - le v e l 

o f th e  low er 6s le v e l .

S im ila r  anomalous behaviour in  th e  o s c i l l a t in g  components i s  observed 

when th e  6 3 8 . 3%m l in e  i s  o s c i l l a t in g  on ly .

In  a l l  th e  o th e r l in e s  on which o s c i l l a t io n  on h y p erfin e  components 

was observed , no anomalous in te n s i ty  changes occurred , and th e  in te n s i ty  

o f th e  la s in g  components follow ed th e  observed and th e o re t ic a l  i n t e n s i t i e s .

From th e se  changes in  o s c i l l a t in g  components i t  i s  ev id en t th a t  th e re
I 3

i s  a  n o n -eq u ilib riu m  p o p u la tio n  o f th e  6s le v e l ,  as  th e  r a t i o  o f

th e  p o p u la tio n s  o f th e  su b - le v e ls  3 /2  and 7 /2  must be lower in  a  d ischarge  

a t  h ig h e r vapour p re ssu re  o f io d in e  than  a t  a  low er p re s su re . Such 

changes could  a ls o  be due to  c u rre n t changes determ ined by changes in  th e  

vapour p re ssu re  o f io d in e .
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7*3*7 Line w idth  o f o s c i l l a t in g  components

6 3 8 *3%# The lin e w id th  o f the  s tro n g e s t o s c i l l a t in g  component wag found 

to  be approx im ately  0 .07  cm 

3 6 7 «8nm The lin e w id th  o f  th e  s tro n g e s t  component was 0 .11  cm”^ . This

lin e w id th  o f approx im ately  4,000 Mc/s i s  s im ila r  to  th a t  observed

in  th e  noble gas io n  la s e r s  (Byer e t  a l .  (3 8 ) ) ,  and i s

approx im ately  3 to  4 tim es the  Doppler w idth fo r  io d in e  a t  room 

te m p era tu re .

7*3*8 S e le c tiv e  e x c i ta t io n  mechanism

S trong  np -  ns t r a n s i t io n s  a re  observed in  the  doubly io n ise d  noble

g a se s , and in  s in g ly  io n ise d  f lu o r in e ,  c h lo rin e  and bromine in  pu lsed

d is c h a rg e s . These t r a n s i t io n s  occur in  io n ise d  io d in e  only when an r f

d isch a rg e  i s  coupled w ith  a  p u lsed  d ischarge , suggesting  th a t  th e  p r in c ip a l

s e le c t iv e  e x c i ta t io n  o f the  o th e r  6p upper l a s e r  le v e ls  in  io d in e  i s  by

an a to m ic /io n ic  c o l l i s io n a l  mechanism and no t by e le c tro n  im pact

e x c i ta t io n  from e i th e r  th e  n e u tra l  o r io n  ground s t a t e s .
4 oIn  io n ise d  io d in e  th e  np le v e ls  o f th e  S core a re  o f low er energy 

than  th e  np core le v e ls ,  and th e se  would be expected to  be e x c ite d  i f ,  

a s  in  the  noble gas l a s e r s ,  the  e x c i ta t io n  was p u re ly  e le c t ro n ic .

F u r th e r , th e  h ig h  helium  p re ssu re  (up to  60 to r r )  used in  th i s  work would, 

acco rd ing  to  B ridges and C hester (39 ), suppress normal e le c tro n  im pact 

e x c ite d  io n  l a s e r  l i n e s .
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A ll e x c i ta t io n  mechanisms ? ,1  -  7*3 a re  p o s s ib le .  Argon and the 

h e a v ie r  i n e r t  gases do no t have s u f f ic ie n t ly  e n e rg e tic  m e ta s tab le s  to  be 

a b le  to  e x c ite  io d in e  ground s t a t e  io n s  in  a s in g le  c o l l i s io n  so th a t  

o s c i l l a t io n  in  a  k ryp ton  -  io d in e  m ixture (1) cannot be exp la ined  by 

mechanisms s im ila r  to  7 .2  and 7 .3  in v o lv in g  helium  and neon m e ta s ta b le s .

In  helium  -  io d in e  m ix tures th e  s e le c t iv e  e x c i ta t io n  appears to  be 

most l i k e ly  th a t  o f asymmetric charge t r a n s f e r  (10/01 ) between a  helium  

atom ic io n  and a ground s t a t e  io d in e  atom, w ith  th e  energy d iscrepancy  

o f 0 .2  -  0 .6  eV accounted fo r  by th e  p o la r i s a t io n  energy invo lved  in  th e  

c o l l i s io n .  In  t h i s  r e a c tio n  Wigner sp in  s e le c t io n  a p p l ie s ,  a s  in  the  

ion-atom , re so n a n t energy t r a n s f e r  e x c ite d  helium -kryp ton , neon-xenon 

io n  la s e r s  o f Dana and Laures (3 )•

A f u r th e r  p o s s ib le  r e a c tio n ,  in  view o f 1) th e  o s c i l l a t io n  a t  h igh  

(60 to r r )  helium  p re s s u re s , 2) the  enhancement o f c e r ta in  io n ise d  io d in e  

l i n e s  in  th e  h ig h  p re s su re , recom bination-dom inated plasma o f a hollow  

cathode d isch a rg e , could inv o lv e  a Ee^g m olecular io n  a s  fo llow s

He '̂'" + ^  2He ( }s^ )  +

N o te :-  P ro fe s so r  Murakawa has confirm ed th e  a n a ly s is  o f  the  h y p erfin e  

components o f th e  l in e  a t  6 3 8 . 3nm w ith  re c e n t h igh  accuracy  

measurements made on t h i s  l i n e .  See F ig . 7*23 fo r  unpublished  

r e s u l t s  k in d ly  se n t by P ro fe sso r  Murakawa.



Table 7.1 "

P a r t i a l  l i s t  o f t r a n s i t io n s  having upper le v e ls  w ith in  approxim ately

0 .3  eV o f io n  l im i t  o f E e*(0 ).

Wavelength Lower Upper A e Enhanced in L aser
-  (nm) le v e l le v e l eV helium  (E) A ction (L)

480.64 3d 6p '^ 2 0 .3 4 (E) -

488.48 6s* 6p -0 .0 1 - -

4 9 8 .6 9 3d 6p 0 .2 3 (E) (L)

304.64 6s* 6p ^p0 - 0 . 0 1 - -

3 2 1 .6 3 3d - 6p ^^2 0 .3 4 (E) (L)

3 2 6 .3 2 6s* 6p 0.02 - -

3 3 3 .8 2 6s* 6p* 0 .2 - -

3 4 0 .7 4
1

6s 6p* 0.23 (E) (L)

3 3 9 .3 1 3d 6p 0 .3 1 (E) -

3 3 9 .8 2 3P^ 6p 0.02 - -

3 6 7 .8 1 6s* 6p* % 0 .3 4 (L)

3 7 1 .0 3 6s* 6p* s —0.01 -

3 7 6 .0 7 6s* 6p 0 .2 3 (L)

3 8 3 .3 3
t

3d 6p s 0.01 -

6 0 6 .8 9
1

6s 6p* % 0 .3 4 (L)

6 0 7 .3 0 6s* 6p* s -0 .0 1 —

612.73 6s* 6p 0 .3 1 (L)

6 1 6 .2 2 3p̂ 6p* 0 .2 3 -

6 2 0 .4 9 6s* 6p 0.02 -
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Wavelength. 
-  (nm)

Lower Upper A e

le v e l le v e l eV

6 2 3 .3 3
f

3d % 6p S
- 0 .0 1

6 3 4 .0 0 6s ' S 6p ' % 0 .2

6 3 1 .6 2 6p 0 .3 4

6 3 1 .8 9 (5d ' 6p 0 .2

6 3 8 .3 2
t

6s 6p 0 .3 1

662.24 3d ' 6p ' 0 .2 3

6 7 6 .4 2 3d ' 6p s - 0 .0 1

6 8 2 .3 2 6 s ' s 6p' 0 .3 4

6 9 0 .4 8 6 s ' 6p ' 0 .2 3

7 0 1 .8 9 3 d ’ s 6p S 0 .2 0

7 0 3 .3 0 3d ' 6p' % 0 .3 4

7 1 1 .3 1 3P^ 6p 0 .3 1

7 1 3 .9 0 3d ' 6p 0 .2 3

7 6 1 .8 3 3d ' s 6p' % 0 .3 4

7 7 3 .3 8 3d’ 6p 0 .3 1

8 1 7 .0 1 3d ' s 6p ' 0 .2 3

8 2 3 .3 8 3d '
0

6p ' 0 .3 1

L aser 

A ction (1)

(L)

(L)

(L)

(L)

(L)

(L)

(L)
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A.

219 cm

— “1m
PLASMA LENGTH 197cm -2 m

B.

235cm

“2m

Mirrors: Peaked reflectivity M «̂2 6328nm
Mg 5500 nm

ARRANGEMENT FOR PRISM 

WAVELENGTH SELECTION.

Fig. 7.4.
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F ig . 7.5

R elationsh ip  of the  576,Onm la s e r  outpu t (upper trace) and 
the cu rren t pu lse (lower tr a c e ) ,  a t  a r e p i t i t io n  ra te  of 1 Kc/s.

F ig . 7.6

R elationship  of the 576.Onm spontaneous emission (upper trace) 
and the cu rren t pulse under lasin g  conditions. Scan: 20^ sec/cm.



F ig . 7 .7

R e la tio n sh ip  o f th e  in te n s i ty  of the  n o n -la se r io n ised  iodine 
l i n e  a t  533.4nm fupper tra c e )  and th e  cu rren t pu lse  under 
la s in g  co n d itio n s . Scan: 20 yusec''em.

F i g .  7 .8

R ela tio n sh ip  o f th e  in te n s i ty  o f th e  n e u tra l  iodine l in e  a t  
589.4jun (upper tra c e )  and the cu rren t pulse under la s in g  
c o n d itio n s . Scan: 20yUsec/cm.
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F ig . 7 .9

R e la tio n sh ip  o f th e  in te n s i ty  o f th e  n e u tra l  helium l in e  a t  
388.9nm (upper tra c e )  and th e  cu rre n t p u lse . Vapour p ressu re  of 
io d in e  lower than  optimum fo r  l a s e r  o s c i l l a t io n .  Scan 20^sec /cm ,

F ig . 7.10

R ela tio n sh ip  o f th e  spontaneous em ission o f the  576.Onm la s e r  
l in e  (non la s in g ) a t  a low vapour p ressu re  of iodine(upper tra c e ) 

and th e  c u rre n t p u lse . Scan: 20yUsec/cm.
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F ig . 7.11

R e la tio n sh ip  of th e  in te n s i ty  of th e  n o n -la se r io n ised  iod ine 
l in e  a t  533.8nm (upper t r a c e ) ,  and th e  cu rren t p u lse  a t  a low 
vapour p re ssu re  o f io d in e . Scan: 20 yusec/cm.

F ig . 7.12

R ela tio n sh ip  o f the  in te n s i ty  of th e  n e u tra l helium l in e  a t  
388,9mn (upper tra c e )  and th e  cu rren t pu lse a t  a low vapour 
p re ssu re  of io d in e . Scan: 20yusec/cm.
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P la te  7 .1 . General arrangement of vacuum system.
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Plate 7.2, Wavelength selection arrangement showing 
Brewster-angled prism and laser cavity mirror.
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567.81nm 576.07nm 6o6,89nm

P la te  7 .3 . D ispersed ion ised  iod ine l in e s  showing sinrultaneous

hyperfine la s e r  o s c i l la t io n s .
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6l2,75nm
8$1.62nm

658.5211111 7U3.30nm

Plate 7.3. Dispersed ionised iodine lines showing simultaneous
hyperfine laser oscillations.



-194 -

Summary

The work d e sc r ib e d  in  t h i s  t h e s i s  i s  concerned  w ith  th e  ways in  which 

p o p u la tio n  in v e rs io n  i s  ach iev ed  i n  a  number o f gas d is c h a rg e s  used  a s  

o p t i c a l  m aser m edia.

A f te r  a b r i e f  in t ro d u c to ry  c h a p te r ,  C hap ters  2 to  4 cover in  d e t a i l  

s e l e c t iv e  e x c i ta t io n ,  e x c i ta t io n  p ro c e sse s  i n  gas d isc h a rg e s  and s p e c i f i c  

l a s e r  system s r e s p e c t iv e ly .  In  th e se  c h a p te rs  a t t e n t i o n  h as  been g iven  

to  a n a ly s in g  th e  e x te n s iv e  l i t e r a t u r e  t h a t  has  become a v a i la b le  on gaseous 

o p t i c a l  m aser system s th ro u g h o u t th e  p e r io d  covered  by t h i s  work, and to  

r e l a t i n g  i t  to  th e  a re a  o f atom ic c o l l i s i o n  p h y s ic s .  In  th e se  c h a p te r s ,  

th e  p a r t  p lay ed  by helium  in  gas d isc h a rg e  p ro c e s se s  has been em phasised, 

a s  th ro u g h o u t th e  p r o je c t  p e r io d , i t s  b eh av io u r a s  ( i )  a  b u f f e r  g a s , and 

( i i )  a  means o f  t r a n s fe re n c e  o f energy h as  n o t been e n t i r e ly  p r e d ic ta b le .

A s h o r t  s tu d y  o f  th e  6 3 2 .8nm helium -neon  l a s e r  d isc h a rg e  i s  made in  

C hap ter 6 , in  which a s p e c ts  o f th e  d isch a rg e  a re  d isc u sse d  w hich a re  n o t 

covered  in  th e  l i t e r a t u r e .  On th e  ev idence p re se n te d  in  t h i s  c h a p te r  a s  

to  th e  r e la t io n s h ip  o f th e  helium -neon 6^2.8nm l a s e r  d isc h a rg e  and th e  

t r a n s i t i o n  'weak to  s trong*  d is c h a rg e s , th e re  a re  a s p e c ts  o f  t h i s  d isc h a rg e  

o f  s u f f i c i e n t  im portance to  w a rran t d e ta i le d  ex p erim en ta l in v e s t ig a t io n s .

L a s t ly ,  in  C hapter 7 r e s u l t s  a re  r e p o r te d  o f  experim en ts  on a  p u lse d  

h e liu ra - io d in e  l a s e r .  These r e s u l t s  p ro v id e  in fo rm a tio n  abou t l a s e r  

o s c i l l a t i o n  on h y p e rf in e  com ponents, and su p p o rt th e  p ro p o sa l t h a t  

asym m etric charge t r a n s f e r ,  betw een th e  atom ic ground s t a t e  helium  io n  and a 

ground s t a t e  io d in e  atom, i s  th e  s e le c t iv e  e x c i ta t io n  p ro c e s s .
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F u tu re  work.

The fo llo w in g  i s  a l i s t  o f in v e s t ig a t io n s  t h a t  ap p ea r w orthw hile  

u n d e rta k in g  to  c l a r i f y  a s p e c ts  o f  l a s e r  d is c h a rg e s  and d is c h a rg e s  in  

g e n e ra l ,  t h a t  have become a p p a re n t d u rin g  t h i s  work:

1 . E le c tro n  energy d i s t r i b u t io n s ,  in  helium -neon , and neon ,

r f  and dc d is c h a rg e s .

(a ) I t  i s  n o t known w ith  any c e r t a in ty  what c o n t r ib u t io n  d i r e c t  

e le c t r o n  im pact e x c i ta t io n  makes in  e x c i ta t io n  o f th e  NeC^s^) 

l e v e l ,  i n  th e  helium -neon  l a s e r .

(b) The a d d i t io n  o f helium  to  a  neon d isc h a rg e  r e s u l t s  in  in c re a s e d  

e x c i ta t io n  o f th e  l e v e l .  I t  i s  n o t c l e a r  w hether th e  

p resen ce  o f helium  r e s u l t s  in  resonance  energy  t r a n s f e r  betw een 

helium  and neon, o r i f  i t  p u ts  th e  d isch a rg e  in to  th e  'weak to  

s t r o n g ' t r a n s i t i o n  d isc h a rg e  re g io n , no ted  in  r f  d is c h a rg e s  by 

Bochkova and Eazumovskaya, (C hap ter 6 ) .

(c )  In  'weak to  s t r o n g ' t r a n s i t i o n  d isc h a rg e s  th e  e le c t r o n  

c o n c e n tra tio n  has been observed  to  in c re a s e  a b ru p t ly ,  w ith o u t an 

a p p re c ia b le  change in  e le c t r o n  te m p e ra tu re . I t  i s  o f  c o n s id e ra b le  

i n t e r e s t  to  see  1) i f  th e  same e f f e c t  i s  observed  in  dc d is c h a rg e s ,  

and 2) i f  th e re  i s  any change in  th e  e le c t r o n  tem p era tu re  o r 

e le c t r o n  c o n c e n tra tio n  a t  t h i s  t r a n s i t i o n  p o in t .

E le c tro n  energy d i s t r i b u t io n ,  coupled  w ith  e le c tro n  and atom 

c o n c e n tra tio n  m easurem ents shou ld  en ab le  one to  e lu c id a te  ( a ) ,  (b) and ( c ) .
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2 . Flow ing a f te rg lo w  te ch n iq u e

The e x a c t s e le c t iv e  e x c i ta t io n  p ro c e ss  in  th e  case  o f th e  he lium - 

raercury and h e liu ra - io d in e  l a s e r s  has y e t  to  be d e te rm in ed . The use  o f  

th e  flo w in g  a f te rg lo w  te ch n iq u e  would show to  what e x te n t  th e  e x c i ta t io n  

i s  due to  th e  10/01  , o r  0°^0^/01 e p ro c e s s e s .  I t  sho u ld  a ls o  show i f  a  

m o lecu la r helium  io n  i s  re s p o n s ib le  fo r  th e  s e le c t iv e  e x c i t a t io n .

3 .  Induced  e l e c t r i c  d ip o le  r a d ia t io n

(a ) B e ll  and Bloom (1), have o b ta in ed  l a s e r  o s c i l l a t i o n  in  s in g ly  

io n is e d  brom ine. The observed  w aveleng ths fo r  th e  Br* 

t r a n s i t i o n s  a t  318*2  and 533*2nm, a re  o u ts id e  t h e i r  range  o f 

p ro b ab le  e r r o r .  These two l i n e s  a r e  l i n e s  which A ssagoe (2) 

observed  to  be broadened and s h i f t e d  in  h ig h  p r e s s u re ,  h ig h  

c u r re n t  d is c h a rg e s .  S im ila r  s h i f t s  and b roaden ing  were a l s o  

observed  on l i n e s  o f  c h lo r in e ,  and in  io d in e  on w hich l a s e r  

o s c i l l a t i o n  h as  been o b ta in ed  in  t h i s  w ork. I t  i s  p o s s ib le  t h a t  

th e  'e r r o r ' ( -  0.2nm) in  th e  B e ll  and Bloom r e s u l t s  cou ld  be 

accoun ted  f o r  by th e  e f f e c t  n o ted  by A ssagoe. I f  t h i s  i s  th e  

c a se , such la rg e  s h i f t s  would s u re ly  in d ic a te  t h a t  a p p re c ia b le  

changes in  t r a n s i t i o n  p r o b a b i l i ty  were o c c u rr in g . I t  i s  

im p o rta n t to  d e term ine  th e  m agnitude and mechanism o f  such ch anges.

4 . Microwave s tu d ie s  o f  t r a n s i t i o n s  among in d iv id u a l  h y p e rf in e  l e v e l s  in  

io n is e d  io d in e .

In  o b ta in in g  l a s e r  o s c i l l a t i o n  on h y p e rf in e  components o f  c e r t a in  

io n is e d  io d in e  t r a n s i t i o n s ,  th e  p o s s i b i l i t y  t h a t  induced  fo rb id d en
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t r a n s i t i o n s  o f A F = 2 cou ld  acco u n t fo r  l a s e r  o s c i l l a t i o n  o c c u rr in g  on 

one h y p e rf in e  component and n o t on a n o th e r , was a p p a re n t.  Changes in  

o s c i l l a t i n g  components were observed  in  a n o th e r  t r a n s i t i o n  when d isc h a rg e  

c o n d itio n s  v a r ie d .  Microwave s tu d ie s  a t  a  w avelength  o f abou t 10cm, 

sho u ld  show i f  changes in  h y p e rf in e  t r a n s i t i o n s  can acco u n t fo r  t h i s  

b e h a v io u r, and m ight g iv e  f u r th e r  in fo rm a tio n  on th e  s e le c t iv e  e x c i t a t io n  

mechanism in v o lv ed  in  th e  h e liu ra - io d in e  l a s e r .

3 .  P r e f e r e n t i a l  enhancement

There a re  now numerous exam ples in  th e  l i t e r a t u r e  where s e le c t iv e  

e x c i ta t io n  o f  io n  le v e l s  ap p ea rs  to  be th rough  lO /O l /O10 o r O^^o'Voi © n e a r  

re so n a n t p ro c e s s e s .  To th e  w r i t e r 's  knowledge th e re  i s  no th e o ry  to

acco u n t f o r  th e  p re fe re n c e  t h a t  ap p ea rs  to  be shown fo r  s e le c t iv e

3 3e x c i t a t io n  o f  D l e v e l s ,  a s  a g a in s t  F l e v e l s  in  enhancem ents a t t r i b u t e d  to

th e  lO /O l /O 10 p ro c e s s .  At h ig h e r, atom ic helium  io n  e n e rg ie s ,  i n  th e
W  ( g )

range 100-300eV, Dworetsky e t  a l .  ( \ ) ,  Deheer e t  a l .  (^) have found th a t  

maximum c ro s s  s e c t io n s  fo r  charge t r a n s f e r  in  i n e r t  g ases  o ccu rs  w ith  

e x c i ta t io n  in to  D le v e l s  a t  low er io n  e n e rg ie s  th an  th e  P o r  S l e v e l s .

F u r th e r  work i s  needed to  determ ine i f  th e re  i s  indeed  any tendency

fo r  c e r t a in  t r i p l e t  le v e l s  to  be e x c i te d  in  c o l l i s io n s  w ith  low energy  io n s ,

in  which s p in  i s  conserved , and i f  so , to  determ ine i f  th e  e f f e c t  i s  s im i la r

to  th e  h ig h  energy  e f f e c t  r e p o r te d  above.
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6 . Measurement o f th e  v e lo c i ty  of l i g h t  u s in g  l a s e r s .

B ennett and K nutsen (3) su g g es ted  u s in g  th e  two cw in f r a - r e d  l a s e r  

l i n e s  a t  1.15228 and 1.15250 m icrons in  th e  helium -neon l a s e r ,  in  th e  

manner o f th e  microwave in te r f e ro m e te r  used  by Froome (6) in  a  d e te rm in a tio n  

o f  ' c ' by m easuring th e  w avelength  and th e  d if f e re n c e  freq u en cy  o f th e  two 

l i n e s .  The i n a b i l i t y  to  o b ta in  com parable i n t e n s i t y  in  th e se  l i n e s  has 

p re v e n te d  such an  experim ent b e in g  c a r r ie d  o u t .

There i s  now v ery  good ground fo r  su g g e s tin g  th a t  a  m ix tu re  o f io d in e  

and c h lo r in e , in  an in d u c t iv e ly  pumped p lasm a, would p ro v id e  two v i s ib l e  cw 

l a s e r  l i n e s ,  w ith  a  s u i ta b le  sm all w aveleng th  s e p a ra t io n .  These l i n e s  

a re  Cl"** 521.7?6nm and 521.627nm, g iv in g  d if f e re n c e  f r in g e s  o f  0.9mm, 

( s u i ta b le  fo r  lo n g  p a th  in te r f e r o m e t r y .) a t  a frequency  o f  ap p ro x im ate ly  

l66K m c/s. D ou b tle ss  u n fo re seen  co m p lic a tio n s  cou ld  be in v o lv e d , b u t i t  

would ap p ea r th a t  such  an experim ent i s  n o t to o  fo rm id ab le  to  u n d e r ta k e .
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APPENDIX 4 .1

E q u iv a le n t l a s e r  t r a n s i t i o n s  in  Z in c , Cadmium and M ercury 

O s c i l l a t io n  c o n d it io n s :  Fowles and S i l f v a s t  ( l ) ;  S i l f v a s t  e t  a l .  (2 ) ;

and Bloom e t  a l .  (3)» As y e t  u n la sed  l i n e s  a re  shown u n d e r l in e d .

Elem ent

W avelength 

in  nm

Upper l a s e r  

le v e l

P ro c e ss  in  helium  
A E  in  eV Comments

oV /O l'e 10/ 0 1 '

V. S tro n g , He o n ly  

He*(^S) V; S tro n g

Zn

Cd

Hg

6 1 0 .2

673 .0

734 .6

5" S/2
6d "

7d ”

— 0 .1  

1 .

0 .1

0 .5 6  

2 .0  

-  1 .3

Zn 7 4 7 .9 > 6 . > 7 - He on ly

Cd 441 .6 „ Cascade la s in g S tro n g , He on ly

Zn 775.8 6 s 0 .2 5 1 .0 He on ly

Cd 840.0 7s » 1 .5 2 .3 —

Eg 1 0 5 8 .3 8s  ” 0 .6 loO He* (^S)

Zn 7 5 8 .8 5P 2 2 .5 He on ly

Cd 7 5 0 .0 6p " 3 4 . -

Eg 6 1 5 .0 7p  " 0 .1 7 0 .1 5 V.V. S tro n g

Zn 4 9 2 .4 4 f -  0 .0 2 0 .6 3 V. S tro n g  He on ly

Cd 5 3 7 .8 4 f  4 ^ / 2 1 .2 3 .3 He and Ne

Eg 5 6 7 .7 5 f  " -  0 .5 1 .3 He (^S) V .S trong
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APPENDIX 4.2

P artial l i s t  of energy le v e ls  for Zinc, Z = 30

1st I .P . 75,767 or 9.391 V

L evel
C o n fig u ra tio n D esign, J

Level 

( in  cm

3d^° (^S) 4s^ ' s 0 0
Znl 4s 4p 4p ^P° 0 3 2 ,3 0 0

1 3 2 ,5 0 1

2 3 2 ,8 9 0

Z n ll 3d^° (^S) 4s 4s ^8 1 /2 0

4p ^P° 1 /2 48,480

(^8) 3 /2 4 9 ,3 5 4

3d^ 4s^ 4s^ ^D 3 /2 6 2 ,7 2 2

3 /2 65,441

3d^° (^8) 5s ^8 1 /2 8 8 ,4 3 7

»» 4d ^D 3 /2 96,909

3 /2 9 6 ,9 6 0

" 5p V 1 /2 1 0 1 ,3 6 5

3 /2 10 1 ,6 1 1

" 6s ^8 1 /2 114,499

tt 4 f 4 f 7 /2 1 1 7 ,2 6 3

3 /2 1 1 7 ,2 6 3

" 5d ^D 3 /2 1 1 7 ,9 6 9

3 /2 1 1 7 ,9 9 3
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APPENDIX 4 .3

P artia l l i s t  of energy le v e ls  for Cadmium̂  Z = 48

1st I .P . 72,539 cra" ,̂ or 8.991 V

L evel

C o n fig u ra tio n
D esign. J L evel 

( in  cm

Cdl 4d^^ (^S) 5s^ " s 0 0

3s 3p
3pO 0

1

2

30,114

3 0 ,6 5 6

3 1 ,8 2 7

C d ll 4d^° (^S) 5s 2s 1 /2 0

3p
2p O 1 /2

3 /2

4 4 ,1 3 6

46,619

4d9 5s^ 3 /2

3 /2

6 9 ,2 5 9

7 4 ,8 9 4

4d^° (^S) 6s 1 /2 8 2 ,9 9 1

ft 3d 3 /2

3 /2

8 9 ,6 8 9

89,844

ft 6p V 1 /2

3 /2

9 4 ,7 1 0

9 3 ,3 8 3

ti 7s 1 /2 1 0 7 ,3 0 1

tt 4 f V 3 /2

7 /2

108,419

1 0 8 ,4 3 2

tt 6d 3 /2

3 /2

1 1 0 ,1 7 4

110,248



— 20/ —

APPENDIX 4 .4

P a r t i a l  l i s t  o f energy  le v e ls  f o r  M ercury Z = 80 

1 s t  I .P .  84 ,184 cm"^, o r 10.43 V

L evel
C o n fig u ra tio n D esign J

L evel

,  • —1 \ ( in  ora ;

Hgl Os)  6s^ E 0 0

6s Os)  6p - V 0 37,643
1 39,412

2 44,043

H gll 5d^0 (^S) 6s 2g 1/2 0

5d^ Gs^ ^D 3 /2 33 ,314

3 /2 30,332

3d^0 Os)  6p 2p° 1 /2 31,483

3 /2 6o,6o8

" 7s 2g 1 /2 93,714

" 6d 2d 3 /2 1 0 4 ,9 8 3

3 /2 1 0 3 ,3 4 3

" 7p 2pO 1 /2 1 0 8 ,2 9 8

3 /2 1 1 1 ,9 7 0

” 8s 2g 1 /2 121,416

.1 3 f 7 /2 1 2 3 ,1 3 2

3 /2 1 2 3 ,4 0 9

" 7d ^D 3 /2 123,324

3 /2 1 2 3 ,3 7 8
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APPENDIX 4 .3

P artia l l i s t  of energy le v e ls  for Helium, Z = 2
-11 s t  I .P  = 1 9 8 ,3 0 3  cm , o r 2 4 .3 8  V

C onfign . D esign J L evel

1s^ ' s 0 0  -  13

I s  2s 2s ^S 1 1 3 9 ,8 3 0

I s  2s 2s ^S 0 1 6 6 ,2 7 2

E le c tro n  and S h e ll  d i s p o s i t io n  o f Z inc , Cadmium and Mercury

K L M N 0 P

s s  p s  p d f s p d f s  p d f s  p d f

Zn 2 2 6 2 6 10- 2

Cd 2 2 6 2 6 10- 2 6 10- 2

Hg 2 2 6 2 6 10- 2 6 1 0 1 4 2 6 10- 2



— 2c 6 —

APPENDIX 3 .1

P o s s ib le  re so n a n t energy  com binations o f th e  i n e r t  g ases  

and M ercury, w ith  s u i ta b le  ca thode m a te r ia l  e lem en ts .

C o in c id en ces  g iv in g  p o s s ib le  t r a n s i t i o n s ,  ( >s in  nm) w ith ;

He (2^8) m e ta s ta b le  l e v e l ,

1 .  Aluminium A E = 0 . l 6  eV, a t  1 ,4 0 0 .

2 . Magnesium A E = 0 .1  eV, a t  2 ,400  th en  800, l i f e t im e  r a t i o  27.

He io n  l e v e l .

1 .  S i lv e r

2.
3 .

4 .

3 .

Aluminium

A rsen ic

A E = 0 .003  eV, t r i p l e t  l e v e l  e x c ite d  g iv in g  900 th en

240 t r a n s i t i o n s .

AE = 0 .16  eV, many l i n e s  a t  800.

AE = 0 .0 4  eV, t r a n s i t i o n  a t  3 ^ 0 «

A E  = 0 .0 4  eV, number o f  t r a n s i t i o n s ,  one a t  820.Copper

Phosphorous A  E = 0 .1 3  eV, t r a n s i t i o n  a t  784.3  which has

is o e le c t r o n ic  l a s e r  t r a n s i t i o n  in  Argon IV.

A E  = 0 .6 3  eV, g iv in g  most p e r s i s t e n t  l a s e r  t r a n s i t i o n  

P I I  a t  6 0 4 . 3 .

A  E = 0 .2 3  eV, t r a n s i t i o n  a t  309*7 in  Se I I  w hich has 

la s e d .

6 . Selenium

7 . Zinc A E = 0 .3  eV, g iv in g  l a s e r  t r a n s i t i o n  a t  6 IO.O

? 2 
(3d D^y^ -  3P ^3/ 2 ^ ’ t h i s  l a s e r  l i n e  was

p re d ic te d  d u rin g  t h i s  work.
2

A E = 0 .2 3  eV, g iv in g  t r a n s i t i o n  from 6p P^y^ l e v e l  a t  

1 ,210  which has analogous l a s e r  t r a n s i t i o n  8 6 2 .2  

i n  H g ll, t h i s  h as  y e t  to  be r e p o r te d .
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Ne ( I s )  m e ta s ta b le s

1 . Manganese A e = 0 .0 4  eV, t r a n s i t i o n  a t  320.

2 . Zirconium T ra n s i t io n  a t  4 8 0 .

Ne io n le v e l

1 . Aluminium A s = 0 .022  eV, t r a n s i t i o n  a t  247.3

A E = 0 .003  eV, " " 331*3

(D uffendack and Thomson, (2 .1 9 ))*

Argon -  no co in c id e n c e s  found

Mercury ( Hg  6 ^P^, 6 ^P^) m e ta s ta b le s .

1 . Aluminium A e 0 .003  eV, e x c i ta t io n  o f 3s 1 /2  l e v e l

t r a n s i t i o n a t  2000.

2 . Bismuth A e = 30  cm e x c i ta t io n  o f  6d le v e l .

3 . Calcium A e = -  100 cm e x c i ta t io n  4d le v e l i

A e = 100 cm " 7s
II

4 . G allium A e 70  cm“^ " 6s II

A e 100 cra“^ 

p o s s ib le

II 4 f

t r a n s i t i o n  a t  6 0 0 .

II

3 . Barium A e -  30  cm ^
1 -%

e x c i ta t io n  6d P II

6 . Molybdenum A e
- -1
60 cm »» Z ^ II

7 . Niobium A e 100 cmT^ »» t II

A  E =
-1

-  20 cm " V ^ II

8 . Osmium A e = -  30 cm ^ »' z 7p 11

9 . P la tinum A e = 30  cm"^ '» 6 s M
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10 . Ruthenium A  E = 30  cm e x c i ta t io n
y  \

A e = 30  cm t t 2 ° ( 5 6 ° )

1 1 . S tro n tiu m A E 1 cm t t 11s

1 2 . Technetium A  E 30  cm"1 t t

^® 7/2

A E 20 cm t t

1 3 . Tungsten A E -  30  cm ^ t t Z

A E 20 cm t t
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APPENDIX 7 .1

Measurement o f  sm all w ave-leng th  d if f e r e n c e s  o r i n t e r v a l s  (M eissner, (7 * 2 0 )) .

L e t us suppose t h a t  two v ery  c lo se  l i n e s  \  ^  and \ ^  ( u ^ and À

produce o v e rla p p in g  in te r f e r e n c e  p a t t e r n s ,  th e  co rresp o n d in g  d ia m e te rs

b e in g  D , D „ ,  D _  . . .  D ,^ , D, _ , D,_ . . .  The c e n t r a l  o rd e r  number o fa l  a2 ap bO b l  b2

A and \ , may be denoted  by P and P. , Then the  fundam ental form ulaa  b a  b

P = 2 t/X  y ie ld s  P = p +  ̂= 2t'v/ , and P = p + f  , -  2 t À,  .a  a   ̂ a  a  b b ^ b  b

Thus, fo r  th e  i n t e r v a l  o f  th e  two l i n e s  we g e t :

a  -  = (Pa -  P b ) / 2 t  + (( :  a  " ^

The f r a c t i o n a l  p a r t s   ̂ ^ and (  ^ have to  be c a lc u la te d .  The v a lu e  o f 

(p^ -  p^) w i l l  be a  sm all in t e g e r  o r  z e ro , b u t i t  rem ains undeterm ined u n t i l

a n o th e r  pho tograph  o f th e  f r in g e  system , tak en  w ith  a  d i f f e r e n t  gap i s  a t

hand . From th e  change o f  th e  p a t te r n s  th e n  i t  i s  easy  to  determ ine w hether

th e  s e p a ra t io n  o f  th e  l i n e s  i s  sm a lle r  th a n  th e  ran g e  o f  d is p e r s io n ,  o r th e

o rd e rs  o v e r la p . In  th e  f i r s t  c a s e ,  (p^ -  p^) i s  z e ro , in  th e  second 1 o r  2 , 

o r even more. U sing th e  e x p re s s io n s

P = 2 f ^ c o s  0  = 2 t i i  (1 -  R ^ /2 f^ ) = 2 t \ )  (1 -  D ^/8f^)

and (d ^^  -  D^^) /  (k -  i )  = 4A  0 / t  = A D^,

fo r  two co n secu tiv e  r in g s  o f th e  a  and b system  we can w r ite

'-A -̂ 'b = (Pa - P b ^ /2 t + ( D ^  D 2 )/2 t,
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As the lines are very close A  D ^ and A D, ^ will be the samea b
(= A d^ = 4f^/A t) • Therefore,

^  a  - ^ b  = ( P a  -  P b ) / 2 t  +  ( B ^  -  D ^ ^ ) / 2 t  A D ?
2 2From this relation we see that not only the values (D  ̂v - D , )a(k - 1; ak

2and (D^ ^ in the single ring systems are constant but also the
2 2corresponding values - D between two or more different systems.

Thus, it is possible to arrange the observations of the jO in a rectangular

scheme with constant horizontal (A  H) and vertical ( A  V) differences.

Sometimes, such a scheme will show, by discrepancies in the horizontal or
2vertical differences, that the one or the other D value is far off and 

may be discarded.

The general scheme of an interference pattern, produced by three close

components a, b, and c, can be arranged as follows:

A N  A h  A H  A h  a h

D

' L 4 4 4

’bO 4 "b3 “ bif "b5

®C2 ^o4 “ c5

A

A

Supposing that the orders do not overlap, the intervals A  - 'A

and \) ̂  ” given as

-^ b ^  = (“L  -  A d2 = /2 t  < À i) ,

C^b 0̂  “ K k  - A d̂  = < A v ^ 2 t  < A h>  ,
where the sign<^ \  indicates the average values of the horizontal and

vertical differences*

b
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APPENDIX 7.2

Component identification on the 638.3nm line 

to illustrate jQ  array method.

A.

Component

A h A H A h A H A H

Doa 46.2 74.8 121 73 196 73 269 69 338 78 4l6

Dob 67. 72. 139 74 213 76 289 72 361 77 438

20.8 18 17 20 23 22

< A v p  = 2 0 . 1 3 , < A h 7  = 7 4 . 1

("Ô -Ù. ) = 20.13/(7 4 .1 X 2.024)cm"^ = 134 X 10"^ cm"^a D —

B.

Component

A  H A H A H A h A H

2Doa 46.2 7 4 .8 121 73 196 73 269 69 338 78 4i6

2
Doc 77.3 76 .3 154 71 223 73 300 76 376 74 450

AV2 3 1 .3 33 29 31 28 34

< A v,>  = 5 1 .0 5 , < A h > = 7 4 . i

(Ti - Ù  ) = 31.05/(74.1 X 2.024) cm”"̂ = 207 x 10 ^ cm"a c
-1 .“3 —1

Note:- All frequency differences are measured from the 
' strongest component.



-212 -

References -  Chapter 1

1. Mairaan, T. H., Nature, l8?, 4-93, (i960).

2. Javan, A,, Bennett, W. R., Jr., and Harriott, D. R.
Rhys. Rev. Letters, 6, 106, (I96I)

3 . Schawlow, A. L., and Townes, C. H., Phys. Rev, 112, 1940, (1938).

4. Bennett, W. R. Jr., Appl. Optics, Supplement on Chemical Lasers, 3, (1963)

3 . Mitchell, A. and Zemansky, M. W., Resonance radiation and excited atoms,
C.U.P., (1961).

6. Bennett, VJ, R., Jr., Kindlmann, P. J., Mercer, G. N., as reference (4),
pp. 34 - 3 8.



-213 -

References -  Chapter 2.

(1

(2

(3
(4

(3
(6

(7

(8

(9

(10

(11

(12

(13
(14

(13
(16

(17
(18

(19
(20

(21

Ward R. C., Aerospace Rept. T.D.R. - 930 (2230-20) TN - 1, (I96I)

Javan A., Quantum Electronics, ed. Townes C, H,, (N. York, Col. Univ.
Press, i960).

Fabrikant V. A., All Union Electr. Inst. 236, (1940)

Basov N. G., Krokin 0. N., Appl. Opt., 1, 3, 213, (1962).

Bennett W. R. Jr., Appl. Opt. Supplement Optical leasers, 33, (1962)

Bates D. R. and Damgaard A., Phil. Trans. A242, 10, (1930)

Massey H. S. W. and Burhop E. H. S., Electronic and Ionic Impact 
Phenomena, O.U.P,, (1932).

Townsend J. S., Electrons in gases, Hutchinson, (1948)

Mott N. F. and Massey H. S. W., The Theory of Atomic Collisions,
2nd Editn., O.U.P., (1932).

Bates D. R., Atomic and Molecular processes, N. York, Acad. Press,
(1962)

Hasted J. B., Physics of Atomic Collisions, Butterworths (1964). 

Hasted J. B., "Charge transfer and Collisional detachment", in (10) 

McDaniel W. W., Collision Phenomena in Ionized gases, Wiley, (1964) 

Massey H. S. W., Rept. Progress in Phys. 12, 248, (1948).

Bates D. R. and McCarrol R., Phil. Mag. Suppl. 12, 39, (1962). 

Mitchell A. C. and Zemansky M., Resonance radiation and excited atoms,
C.U.P., (1961).

Page 313 ref. (7), and Page 420 ref. (11)

Hasted J. B. and Lee A. R., Proc. Phys. Soc. (London) 79, 702, (I962).

Duffendack 0. S. and Thomson K., Phys. Rev. IO6, (1933)#

Gran, W. H. and Duffendack 0. S., Phys. Rev. 8o4, (1937)*
?l5

Lipeles M., Novick R. and Tolk N., Phys. Rev. Letters, 1^, 21^J(1963)•



— 21/4 “

(22) B ennett W. R ., J r . ,  A ppl. O p t., S upp l. Chemical L a se rs  19, (1963).

(23) S h u le r  K. E .,  C a rrin g to n  T., and L ig h t J .  C., A ppl. O pt. S upp l.
Chem ical L ase rs  8, (I963).

(24) Born M., Z. P h y sik , ^  803, (1926).

(23) K ie f f e r  L. J . ,  and Dunn G, H ., R evs. Mod. Phys. 3 8, 1, 1, (I966).



-215 -

References -  Chapter 3*

(1

(2

(5

(4

(5

(6

(7

(8

(9

(10

(11

(12

(15

(14

(15

(16

(17

(1 8

(19

(20

(21

B utayeva P . A. and F a b r ik a n t  7 . A ., J .E .T .P .  62, (1 9 5 9 ) .

S o v ie t  Gas L a se r  R e se a rc h . A.D. 282253, 1 2 , ( I 9 6 2 )

S a n d e rs , J .  H ., P hys. Rev. L e t t e r s ,  3 .» 8 6 , (1959)

S anders  J .  H ., B e l l  T elephone L abs. Case 38543 (1 9 5 9 ) .

Jav an  A. P h y s. Review L e t t e r s  3 , 87 , ( I 9 6 O)

Jav an  A ., B e n n e tt W. R . , H e r r io t t  D. R . , P hys. Rev. L e t t e r s

6 , 1 0 6 , ( 1 9 6 1 ) 

von E ngel A .,  I o n is e d  G ases , C la rendon  P r e s s ,  ( 1 9 6 5 )

F ra n c is  0 . ,  Handbuch d . P h y s ik  X II . S p r in g e r -V e r la g ,  B e r l in  

Brown S . C . , B a s ic  d a ta  o f  P lasm a P h y s ic s , W iley , N. Y ork, (1 9 5 9 ) . 

P a rk e r  P . ,  E l e c t r o n i c s , A rn o ld , (1 9 5 3 ).

P r in g le  B, H. and P a rv is  W. E . , P h y s. Rev. £ 6 , 536, ( l9 5 4 )

U delson  B. J . ,  B u rto n  and Creedon J .  E . , P h y s . Rev. 145 , (1952) 

Brew er A. K. and W esthaver J .  W., J ,  A ppl. P hys. 8̂ , 779, (1937)

H urt B. S . ,  U n iv . m ic ro f i lm s ,  11803, ( 1 9 6 4 ) •

D orgelo  H. B . , A l t in g  H, and  B oers J . ,  P h y s ic a ,  Haag, 2 ,  959 , (1935) 

Wada J .  W. and H e il H ., I .E .E .E .  J .  Q uan t. E l e c t r .  327, (1965) 

Bochkova 0 . P . ,  Razumovskaya L. P . and P r i s h ,  O pt. S p e c try ,
1 1 . 5 7 6 , ( 1 9 6 1 ) .

F r a n c is  0 . ,  I o n i s a t i o n  Phenomena i n  G ases , B u tte rw o rth , L ondon ,(1955)

Brown S . C . , Handbuch do P h y s ik , Band 22 , p . 34, S p r in g e r - T e r la g ,  
B e r l in ,  (1 9 5 6 ).

W ard, R. C . , A erospace R e p o r t, T . D . R . - 9 3 0 ,  ( 2 2 5 0 - 2 0 )  TNI ( I 9 6 1 ) .  

von E ngel A. and H a r r i s ,  W. L . , P ro c . Roy. S oc , A 2 2 2 ,  4 9 0 ,  ( 1 9 5 4 ) .



-  2l6 -

( 2 2 ) P aschen  P . ,  Ann. d . P h y s ik  50 . 901 , ( 1 9 1 6 ) .

( 2 5 ) S c h u le r  H . , High R e s o lu t io n  S p e c tro s c o p y , T o lansky  S . ,  M ethuen,
p . 55, ( 1 9 4 7 ) .

( 2 4 ) T o lansky  S . a s  ( 2 3 ) p . 4 8 .

( 2 5 ) R o e s s le r  P . L. and de N oyer L . ,  P hys. Rev. L e t t e r s ,  12 , I 4 , 396,
( 1 9 6 4 ) .

( 2 6 ) L i t t l e  P . P . and von E ngel A ., P ro c . Roy. Soc. A224, 209, ( l9 5 4 ) .

( 2 7 ) B adareu  E . , Popescu  I .  and lo v a  I . ,  Ann. P hys. 5O8 , ( 1 9 6 O ).

(28) B adareu  E and P opescu  I . ,  J .  E l e c t r .  and C o n tro l 5O3 (1 9 5 8 ) .

( 2 9 ) C io h o ta ru  D ., J .  E l e c t r .  and C o n tro l ,  IV , 6 , 529, (1 9 5 8 ) .

( 3 0 ) D ru y v estey n  M. J .  and P en n in g  P . M ., Rev. Mod. P h y s . 1 2 ,  87 , ( I 9 4 O)

( 3 1 ) W hite A. B . ,  J .  A pp l. P h y s. 3 0 , 711, (1 9 5 9 ).

( 3 2 ) Musha T . ,  P h y s. S oc. Jap an  1%, 1440 and 1447, ( 1 9 6 2 ) ,

( 3 5 ) B av is W. B. and V a n d e rs lic e  J .  A ., P hys. Rev. 1 3 1 , 219 , ( 1 9 6 3 )

( 3 4 ) von H ip p e l A ,, Ann, P hys. 81 , IO4 3 , ( 1 9 2 6 ) .

( 3 5 ) Honig R. E. I o n i s a t io n  Phenomena i n  G ases , N. H o lla n d , ( 1 9 6 2 )
p . 1 0 6  Munich C onf. ( 1 9 6 I ) .

( 3 6 ) Wehner 0 . E . , P hys. Rev, 1 0 8 , 35 , (1 9 5 7 ).

( 3 7 ) Wehner 0 . K ., P hys. Rev. 1 1 2 , 1120, (1 9 5 8 ).

( 3 8 ) L a e g re id  N. and  Wehner 0 . K ., J .  A ppl, P hys. 3 2 , 365, ( 1 9 6 I ) .

( 3 9 ) Wehner 0 . K ., J .  A ppl. P h y s. 3 1 , 1842, (1962)

( 4 0 ) Townes, C. H ., P hys. Rev. 6 3 , 11 and 1 2 , 319, (1964)

( 4 1 ) S u l l iv a n  J .  V. and W alsh A. ’High I n t e n s i t y  Hollow C athode Lamps'
C .S .I .R .O .,  R ep o rt M elbourne.

( 4 2 ) S to c k e r ,  B. J . ,  B. J .  A pp l. P h y s . 1 2 , 9 , 465 , ( 1 9 6 I ) .



-217 -

(43 ) Saw yer, R. A ., P h y s. Rev. l 6 ,  44 , ( l9 3 0 ) .

(44 ) M itc h e l l  K. B .,  J .O .S .A . ,  3 I ,  8 , 8 4 6 , ( I 9 6 I )

( 4 5 ) Boot H. A. and C lu n ie  B. M ., N a t. 1 3 %, I 7 3 , ( 1 9 6 3 )

( 4 6 ) Cheo and C ooper, A ppl. P h y s. L e t t e r s  3 , 3 , 42 , ( 1 9 6 4 )

( 4 7 ) B reu sav a  L. N ., Rad. Eng. E l e c t r .  P hys. O c t. *6 5 .

( 4 8 ) Pakhomov, P . L . , R eznikov G. P . and P ugal I .  O p t. S p e c try .  5 ,
2 0 , (1 9 6 6 ) .

( 4 9 ) B io n d i M. A. and H o ls te in  T . ,  P hys. Rev. 8£ , 9^2 , (1 9 5 1 ); 8 3 ,
1078, ( 1 9 5 1 ) .

( 5 0 ) A nderson J .  M ., P h y s. Rev. 1 0 8 , 898, (1957)

( 5 1 ) Loeh L. B . ,  B a s ic  p ro c e s s e s  o f  G aseous E le c t r o n ic s ,  U n iv . o f C a l.
P r e s s .  B e rk e le y , (1955) p . 567*

( 5 2 ) B io n d i M, A ., 6 th  Conf. on G aseous E le c t r o n ic s ,  W ashington  B .C .,
C4, ( 1 9 5 3 ) .

( 5 3 ) F e rg u so n  E . E . , F e h s e n fe ld  F . C . , and S ch m e ltek o p f, A. L . , P h y s.
Rev. 1 3 8 , 2A, A381, ( I 9 6 5 ) .

( 5 4 ) C o ll in sC . B. and R o b ertso n  W. W ., J .  Chem. P hys. ^ 0 , 8 , 2202,
( 1 9 6 4 ) .

( 5 5 ) A nderson J .  M . , P hys. Rev. 108 , 898 , (1 957 )•

( 5 6 ) Em eleus K. 0 . and B u ffendack  0 . S . ,  P hys, Rev. 47 , 4&0, (1 9 5 5 )•

( 5 7 ) C o ll in s  C. B. and H urt W. B . , 3 rd . I n t .  C onf. P h y s. o f  E l e c t r .
and A tom ic C o l l i s io n s ,  London, ( 1 9 6 3 ) .

( 5 8 ) K err B. E . , Johns H opkins U niv . ( I 9 6 O) U np u b lish ed  R e p t.

( 5 9 ) H om beck V. A. and M olnar J .  P . , P hys. Rev. 81 , 621, ( 1 9 5 1 )

( 6 0 ) P h e lp s  A. V. and Brown, P h y s. Rev. 86 , 102 , (1 9 5 2 ).



- 2 1 8 -

References -  Chapter 4

(1

(2

(3

(4

(3

(6

(7

(8

(9

(10

(11

(12

(13

( l4

(13

(1 6

(17

(18

(1 9

Javan  A ,, B ennett W. R, J r . ,  H e r r io t t  D. R . , Phys. Rev. L e t te r s
6 , 1 0 6 , (1 9 6 1 ) .

Massey H. S . W. and Burhop E. H. S . ,  E le c tro n ic  and Io n ic  Im pact 
Phenomena, (C larendon P re s s ,  O xford, 1932.

B ennett W. R . , Advances in  Quantum E le c t r o n ic s , (Columbia U niv. P r e s s ,  
New York, ( I 96I )  pp . 28 -43 .

B en n e tt W. R . , Javan  A, and B a l l ic k  E. A. B u ll .  Am. Phys. Soc.
3 , 4 9 6 , ( i 9 6 0 ) .

K lose , J .  Z. B u ll .  Am. Phys. Soc. 9 , 488, (1964).

Ladenburg R . , Rev. Mod. P hys. 3 , 243, (1933).

G r i f f i t h s  J .  H ., P ro c . Roy. Soc. (London) 143, 3 8 8 , (1934 ).

B ates D. R. and Damgaard A ., P h i l .  T ran s . A ,242, 101, (1930)»

B ennett W. R ., B u ll .  Am'. Phys. Soc. 7 , 13 , ( I 9 6 2 ) .

Chebotayev, V. P . ,  Rad. J . ,  Eng. E l e c t r .  Phys. (U .S .A .) 10, 2 ,
3 1 6 , (1 9 6 3 ) .

Javan  A ., P hys. Rev. L e t te r s  3 , 8 7 , (1939)

Javan  A ., Quantum E le c t r o n ic s , Columbia U niv. P r e s s ,  N, York ( I 96O)
p p . 364 -  3 7 1 .

Javan  A ., B ennett W. R . , H e r r io t t  D. R . , Advances in  Quantum 
E le c tr o n ic s ,  Columbia U niv. P re s s ,  N. York, ( I 96O) p p . 10 -49 .

B en n e tt W. R . , A ppl. O pt. Supplem ent on O p tic a l M asers ( I 9 6 2 ) p p . 24-61

B ennett W. R . , (P r iv .  Communication w ith  Gould) AD. 426961.

D orgelo , H .B ., A ltin g  H. and B oers J . ,  P h y sica  (Haag) 2 , 939, (1933)

Ladenburg R ., and D orgelo H. B ., P h y s ic a , 3 , 90, (1923)

Benton E. E . ,  P hys. Rev. 206, 128, (1962).

J e s s e ,  W. P . ,  S ad au sk is , J . ,  Phys. Rev. 4 l7 ,  (1 932 ).



-219-

(20) Benton E, E , and R obertson  W, W., B u ll ,  Ara. Phys. Soc. 7 , 114, (1962)

(21) Rigden J .  D. and White A. D ., P ro c . I .R .E . 7 , ( I 9 6 2 )

(2 2 ) Suga T . ,  S c i .  P ap ers  I n s t .  Phys. Chem. R es. Tokyo 7 , ( I 9 3 8 ) .

( 2 3 ) Suzuki N ,Japan  J .  A ppl. P hys. 3 , 11, 703, (1964)

(24) Rigden J .  D. and W hite A. D ., P ro c . I.E.E.E. 5I, 943, ( I 9 6 3 )

(2 3 ) Zarowin C. B ., S c h if f  M. and W hite G. R ., P roceed ings  Symp. on O p itc a l 
M asers , B rooklyn . A p r il  ( I 9 6 3 ) pp . 423-434.

(2 6 ) Bloom A. L . ,  B e l l  W. E. and Rempel R. C ., A ppl. O pt. 2 , ( I 9 6 3 ) .

(2 7 ) P a te l  C. K, N ., M cFarlane R. A. and F a u s t W. L . ,  Quantum E le c tro n ic s  I I I ,
Columbia U niv. P re s s  N. York 1964, pp . 361-372.

(2 8 ) M cFarlane R. A ., F au s t W. L . ,  and P a te l  C. K. N ., P ro c . I .E .E .E .  3 1 ,
468, (1 9 6 3 ) .

(2 9 ) Ablekov V. K., P e s in  M. S . and F ab e lin sk y  I. I . ,  S o v ie t P hys. J .E .T .P .
1 2 , 6 1 8 , (1 9 6 1 ) .

(3 0 ) Dana L, and L aures P . ,  Conf. (London) Sep. 1964, and P ro c . I .E .E .E . ,
33 , 78  (1 9 6 3 ) .

(3 1 ) B rid g es  W, B. and C h este r A. N ., P ro c . I .E .E .E . ,  843, (1964)

(3 2 ) Jenson  R. C. and Fowles G. R ., P ro c . I .E .E .E . ,  1330 (1964 ).

(3 3 ) Fowles R. C. and Jenson  G. R ., A ppl. O pt. 3 , 10, I I 9 I ,  (1964)

(3 4 ) B e l l  W. E . ,  A ppl. Phys. L e t te r s  4 , 34 , (1964 ).

(3 3 ) Bloom A. L. and B e ll  W. E. and Lopez F .O ., Phys. Rev. 133a, 37&, (1 9 6 4 ).

(3 6 ) Heard H. G. and P e te rso n  J . ,  P ro c . I .E .E .E ,  9 , 1049, (1964)

(3 7 ) G e r r i ts e n  H. J .  and G o e d e r tie r  P . V ., J .  A ppl. P hys. 306O, (1964)

(3 8 ) Byer R. L . ,  B e ll W. E . ,  Hodges E . ,  Bloom A. L . ,  J .O .S .A .,  12
1 3 9 8 , (1 9 6 3 ) .

(39) B e ll  W. E . ,  A ppl. Phys. L e t te r s  7 , 7 , 190 ( I 9 6 3 )

(40) Dyson D. J . ,  N a tu re , 207, 3 6 1 , 24 J u l .  (1 9 6 3 ).



- 220 -

(41) Suzuki N., Japan  J . A ppl. Phys. 4, 4^2, Jun  (1965).

(42) Paschen F., Sitzungsber. Preuss Akad. Wissench 32, (1928)

(43) Hasted J .  B., Physics of Atomic Collisions p .268 (Butterworths) (1964).

(44) Bridges W. B. and Chester A. N. (priv. comm.) I.E.E.E. Quantum E l e c t r .
1 - 2, May (I963).

(45) Patel C, K. N., and Bennett W. P., Phys. Rev. Letters 6, IO6, (I96I)

(46) Patel C. K. N., and McFarlane R. A., Faust W. L., J .O .S .A .,  33, 322,(1963)

(4?) Patel C. K. N., Atomic Collisions Processes. (N. H. Publ.Press).
Sep. (1963) ppT 1010 - 1034.

(48) Bennett W. R., Faust W..L. and McFarlane R. A. and Patel C. K. N.
Phys. Rev. Letters 8, 4/0, (1962).

(49) Patel C. K. N. Patel, Faust W. L., McFarlane R. A. and Garrett C. G. B.
Proc. I.E.E.E. 713 (1964).

(3 0) Patel C. K. N., Bennett W. R., Faust W.L. and McFarlane R. A.
Phys. Rev. Letter, 9, 102 (I962).

(31) Aisenburg S., Appl. Phys. Letters 2, I87, (1963)*

(32) Bridges W. B., Appl. Phys. Letters 3, 3, 43, (I963).

(33) Bridges W. B ., Appl. Phys. Letters 4, 128, (1964).

(34) G. Convert, M. Armand, P. Martinot-Lagarde, Compt. Rend. Acad. Sci.
Paris Mar 23, 3239, (1964).

(33) I b id .  258, May; 4467, (1964),

(36) Bennett W. R., Knutson J .  W., Mercer G. N. and Detch J .  L . ,
Appl. Phys. Letters 4, I8 0, (1964).

(37) Gordon E. I., Labuda E. F., and Bridges W.B., Appl. Phys. Letters 4,
178, (1964).

(38) Cheo P. K. and Cooper H. G., Bull. Am. Phys. Soc. 9, 6, 626, (1964)

(39) B rid g es  W. B. and C h este r A. N ., I .E .E .E . Quantum E l e c t r .  66, May (1963)*



-221 -

(60) Gordon E. I . ,  Labuda E. F . and B rid g es  W. B . , A ppl. P hys.
L e t te r s  4 , I 7 8 , (1964 ).

( 6 1 ) Cheo P . K. and Cooper H. G ., B u ll .  Am. P hys. Soc 9, 6 , 6 2 6 , (1964).

( 6 2 ) B ennett W. R. and L ic h te n  W. (u n p u b lish e d ), A ppl. O p tic s .
Supplem ent on Chem ical L a se rs  p . 2 0 . ( I 9 6 3 ) .

( 6 3 ) Fowles G. R. and Jenson  R. C ., A ppl. Phys. L e t te r s  6 , 12 ,236  ( I 9 6 3 ) .

(64) P i l t c h  M., W alter W. T .,  Solim ene N ., and Gould G ., A ppl. Phys.
L e t te r s  7 , 11 , 309, (1965 ).

( 6 5 ) W alter W. T .,  Solim ene N ., P i l t c h  M., and Gould G ., ( p r iv .  comm.)
J .  Quantum E l e c t r .  ( in  p r e s s ) .



-222 -

References -  Chapter 5*

(1) S c h u le r , H ., Z. P h y s ., 35 , 323, (1926)

(2) T olansky , S . ,  High R e so lu tio n  S p ec tro sco p y , M ethuen, (194-7).

(3) R o e s le r ,  F . L. and De Noyer, L .,  Phys. Rev. L e t te r s  12 ,  14 , 396  (1964)

(4) Heavens, 0 . S . ,  O p tic a l M asers, Ch. 4, Methuen, (1964)

(5 ) B adareu, E. and V/achter, F r . ,  J .  E l e c t r .  C o n tr. 4 , 1539, (1958)

(6) F ra n c is ,  G. Handbuch d er P h y sik , Band X X ll, (1 9 5 6 )

( 7 ) P o p o v ic i, C. , and Somesan, M., A ppl. Phys. L e t te r s  8 , 5 , 103, ( I 9 6 6 )

(8) B e l l ,  W. E . , Bloom, A, L. and G oldsborough, J .  P . ,  I .E .E .E .
J .  Quantum. E le c t r .  400, Dec. ( I 9 6 5 ) .

( 9 ) P i l t c h ,  M. ,  W alte r, W. T .,  Solim ene, N ., and Gould G.
A ppl. Phys. L e t te r s ,  7 , 11, 3 0 9 , ( I 9 6 5 ) .

(1 0 ) S i l f v a s t ,  W. T .,  Fow les, G. R. and H opkins, B. D.
A ppl. Phys. L e t te r s ,  8 , 12, 3 l8 ,  ( I 9 6 6 ) .

(1 1 ) H u rt, J r .  W. B. Univ. m ic ro film s 64 -  I I 803

(1 2 ) B irg e r-P e rs so n , K., J .  A ppl, Phys. 10, 3 0 8 6 , ( I 9 6 5 ) .

(1 3 ) M ott, N. F . and Massey, E. H. S . ,  The Theory o f Atomic C o l l i s io n s ,
O .U .P ., (1 9 5 2 ) .

(14) Moore, C. E. Atomic Energy L e v e ls , V o ls . 1 - 3 ,  W ashington, D.C.
G ovt. P r in t in g  O ff ic e ,  (1952).

(1 5 ) Wehner, 0 . K., Phys. Rev. 1 ^ ,  1120, (1958)

(1 6 ) Bogdanova, I .  0 . and Chen Gi -  Tkek, O pt. i  S p e k tr .
2 , 6 8 1 , (1 9 5 7 ) ,  (N.L^L. R .T .S . 2 4 5 6 )

(1 7 ) A blekov, V. K ., P e s in , M. S . and F a b e lin sk y , I .  I . ,
Sov. Phys. JeTP, 12 ,  6I 8 , ( I 96I )

(1 8 ) B e l l ,  W. E . , A ppl. Phys. L e t t e r s ,  4 , 2 , 34 , (1964).

(1 9 ) McLennon J ,  J . ,  Me.Lay, and Craw ford, M., P ro c . Roy. Soc. 134, 41,1937

(20) Naude, 8 . M., Ann. d . P h y s ik , 3 , 1 , 26, (1929)



-223 -

(21) Mrozowski, S., Phys. Rev. 332, (l94o)

(22) Fowles, G. R. and Jenson, R. C. Appl. Optics, 3, 10, 1191 (1964)

(23) Berezin, I. A., and Yanovskaya, G. N., Opt. Spectr. 1, 11, (1963)

(24) Bates, D. R. and Damgaard, A., Phil, Trans, A242, 10, (1930)

(25) Condon, E, U. and Shortley, G. H., Theory of Atomic Spectra,
(Camb. Univ. Press) (1933)*

(26) Le Grand Yves, Light, Colour and Viscon, Chapman-Hall, (1937)•

(2 7 ) Moon, P., JOSA, 2 8  ̂ 3 , 2 9 1 , (1948)

(28) Walsh, J . T. W ., Photometry, (Constable) (1938)

(2 9 ) Daughters, G. T., Fairchild Application Rept. APR - 4?
(3 0 ) de Vos, J. C., Physica (Haag), 690, (1934)

(31) Philips Electrical Ltd., "Tungsten Ribbon lamps for Optical
measurements".

(3 2 ) Robertson, J .  K. JOSA, 7 , 9&3, (1923)

(33) Helmick, P. S. Phys. Rev, 37, 8, 133, (1921)

(34) Mitchell, K. B. JOSA, 8, 846 ( I 96I )

(33) Sawyer, R. A., Experimental Spectroscopy, Chapman Hall, (1931)

(3 6 ) Harrison, G. R., Lord, R. C, and Loofbourow, J. R.
Practical Spectroscopy, Prentice-Hall, N, J. (1939)

(37) Bennett Jr., W. R., AD 426961

(3 8 ) Schawlow, A. L. and Townes, C. H., Phys. Rev. 112, 6, 1940, (1938)

(3 9 ) Cobine, J, D ., Gaseous Conductors, McGraw-Hill, (1941 ).

(40) Mandelstam, S. L., and Nedler, V. V. Opt. Spectr. 3^, 196, (I96I)

(41) Chebotayev, V. P., Rad. Engy. Electr. Phys (U.S.A.) 10, 2, 314, (I963)

(42) Zarowin, C. B., Schiff M. and White G. R. Brooklyn Symp. Opt.
Masers, 423, (1963)



- 2 2 4 -

(45) Smith, J. J. Appl. Phys. 53, 5, 723, March (1964)

(44) Znarnenskii, V. B., Buinov, G. N. and Bursakov, E, S.
Opt. Spectr., 20, 3, 292, (I966)

(43) Sturgess, D. J. and Oskam, H. J., J. Appl, Phys. 10, 2887, (1964)

(46) von Engel, A., Ionised Gases, Clarendon Press, (I963).

(47) Parker, P., Electronics, Arnold, (1933)

(48) Chebotayev, V. P., Opt. Spectr. 1, 10, (I966)



-225 ”

References -  Chapter 6.

(1) Jav an , A ., B en n e tt W. R. J r . ,  and H e r r io t t  D. R.
Phys. Rev. L e t te r s  6 , 106, (19^1)•

(2) W hite A. D ., and R igden J .D . ,  P ro c . l .R .E .  7 , (1962)

(3) Basov N .G ., and K rokhin 0 . N ., A ppl. O pt. 1, 213, (1 9 6 2 ).

(4) Javan  A ., P hys. Rev. L e t te r s  3 , 8?, (1939 ).

(5) V. A. F a b r ik a n t ,  Sov. Phys. JETP 3A, 373, (1962 ).

(6) Ward R .C ., A erospace Tech. R ep t. TDR-930 (2230-20) TN-1.

(7) B en n e tt W. R. J r . ,  A ppl, O pt. Supplem ent 1, 33, (1 9 6 2 ).

(8) B ennett W. R. J r . ,  B u ll .  Am. Phys. Soc. 7 , 13, (1 9 6 2 ).

(9) P a t e l ,  C. K. N. ,  B ennett V/. R. J r . ,  F au s t W. C. and M cFarlane R.A.
P hys. Rev. L e t te r s  9 , 102, (1962 ).

(10) R igden J .  D. and White A. D ., P ro c . I .E .E .E . 6 943, (1 9 6 3 ).

(11) B ennett W. R. J r . ,  AD 426961, I 9 6 3 .

( 1 2 ) Engel A. v o n .. Io n is e d  G ases, (C larendon P re s s ,  Oxford)
2nd E d i t .  Ch.” 8 I 9 6 3 .

( 1 3 ) I b id ,  Ch. 3 , p . 6 3 .

(14) Toyoda K. and Yamanaka C ., Japan  J .  A ppl. P hys. 4 , 226 ( I 9 6 3 ) .

( 1 3 ) Wada J .  W. and H e il H ., I .E .E .E .  J .  Quantum E l e c t r .  8 , 327, (1 9 6 3 ).

( 1 6 ) Engel A. von and S teenbeck  M., E le c tr i s c h e  G asen tladungen , Band 2 ,
(S p r in g e r-V e r la g , B e r l in  8 5 , (1932)•

( 1 7 ) D orgelo  H. B . , A ltin g  H and Boers J .  P h y sica  Haag 2 , 939, (1 9 3 3 ).

( 1 8 ) Young R. T . ,  J .  A ppl. P hys. 7 , 2324, ( I 9 6 3 ) .

( 1 9 ) Labunda E. F . , and Gordon E . I . ,  J .A p p l. P hys. 33 , 1647 (1 9 6 4 ).

(2 0 ) K oro lev , F . A ., O din tsov  A. I .  and M its a i V. N.
O pt. S p e c try . 19, 1, 36 , ( I 9 6 3 ) .



— 226 -

(21) M ielenz K. D. and N e ffle n  K. A ppl, O pt. 4 , 3&3, (1963 ).

(22) W hite A. D. and Gordon E. I . ,  A ppl. Phys. L e t te r s  3 , 199 (1963).

(2 3 ) Bochkova 0 . P . and Razumovskaya L. P . O pt. S p e c try , 17* (1964).

(24) Bochkova 0 . P . ,  Razumovskaya L . P . and F r is c h  S . E . O pt. S p e c try  11,
3 7 6 , (1 9 6 1 ) .

(2 3 ) Bochkova 0 . P . and Razumovskaya L. P . ,  O pt. S p e c try , I 8 , 5 , 438, ( I 9 6 5 ) .

(2 6 ) Bochkova 0 . P . and Razumovskaya L. P . ,  O pt. S p e c try , 1 8 , 3 , 389, (1963 ).



-227 -

References -  Chapter 7

(1

(2 

(3 

(4

(3

(6

(7

(8

(9

(10

(11
(12

(13

(14

(13

(1 6

(17

(18

(19

(20
(21

Jenson  R. C ,, and Fowles G. R. P ro c . I .E .E .E . ,  32 , 1330 (1964) 

Fowles G. R. and Jenson  R .C ., A ppl. O p tic s  3 , 10, 1191, (1964). 

Dana L . ,  and L aures P . ,  P ro c . I .E .E .E .  7 8 , ( I 9 6 3 ) .

M artin  W. C. and C o r l i s s ,  C. H ., J .  R es. N at. Bur. S td s ,  64A, 6,
4 3 3 , Nov. -  D ec ., ( i 9 6 0 ) .

Keefe W. M. and Graham W. J . ,  Phys. L e t te r s  6, 643, ( I 9 6 6 ) .

B ridges W. B . , and C h este r A. N ., Nerem R ecord, IO6 , (1964)

B erez in  I .  A. and Yanovskaya G. N ., O pt. S p e c tr .  lA , 1 , 11 , ( I 9 6 3 )

M cFarlane R. A ., A ppl. O p tic s ._ 3 , 1196, (1964) .

P r in c ip le s  o f R adar, M .I .T .,  McGraw H i l l ,  2nd E d it io n  (1964)

W hitteman W. J . ,  Q .E .C ., 'P h o e n ix ',  A p r il  1966, (M.S. 3063  r e p o r t )

W hite, A. D ., A ppl. O p tic s , 3 , 3 , 431, (1964)

T a y lo r, IT. S . Amer. Phys. S o c ., r e p o r te d  by E. P a in e .
Conf. L a se rs  and A p p lic a tio n s ,  I .E .E .  London S e p t. ( I 9 6 3 ) .

Ahmed, S. A. and F a i th  T .,  Qu. E le c t r .  Conf. Phoenix A r iz .  A p r il
12 -  1 3 , IB -  2 , (1 9 6 6 ) .

H eavens, 0 . S . ,  and W i l le t t ,  C. S . O pt. A cta , 13, 3 , 271, (1966) 

W i l l e t t  C. S . and Heavens O .S ., O pt. A cta , ] J ,  ',4,i ( I 9 6 6 )

Fowles G. R. and Jenson  R. C ., Phys. Rev. L e t t e r s ,  l 4 ,  10, 347 (1963) 

W i l le t t  C. S . ,  I .E .E .E . ,  J .  Q uant. E l e c t r . ,  J a n . ( I 9 6 7 )

Tolansky S . ,  P h i l .  Mag 229, (1944)

C and ler C ., Modern In te r f e ro m e te r s ,  H ilg e r ,  (1931)

M eissner, K. W., JOSA 31 , 6 , 403 (1941)

Murakawa, K. Z. f .  Phys. 109, 3 , 162 (1938)



-228-

(22) Murakawa, K. Z. f .  Phys. 112, 3 , 234 (1939)

(23) Murakawa, K, N ature 137, 1030 (1936)

(24) T olansky , S . ,  P ro c . Phys. Soc. 49, (1936)

(23) T olansky , S . , and F o r r e s te r  G. 0 . ,  P ro c . Roy. Soc. A l68, ?8 , (1938)

(26) Kopfermann H ., N uclear Moments. Academic P re s s  I n c . ,  N .Y ., (1 9 3 8 ).

(27) Murakawa, K. J . ,  Phys. Soc. (Japan) 3^ , 9, 1339, (1964)

(28) Kuhn, H. G ., Atomic S p e c tra , Longmans, (1962)

(29) W hite, H. E . ,  I n t r o ,  to  Atomic S p e c tra , McGraw-Hill N. York, (1934).

(3 0 ) D orgelo , H. B ., Z. Phys, 2 6 , 7 3 6 , (1923)

(3 1 ) O rs te in ,  L . S . ,  and B urger, H. C. Z. Phys. 403, (1926)

(3 2 ) S c h u le r , H. and Jo n e s , E . , Z. P hys. 77, 8OI, (1932)

(3 3 ) Shenstone A. G. and R u s s e ll  H. N ., Phys. Rev. 39 , 413, (1932)

(34) T u rk in , Y. I . ,  O pt. S p e c try , 7 , 5 , (1939)

(3 3 ) Schrammen A ., Ann. P hys. §7^ 6 3 8 , (1928)

(3 6 ) S c h u le r , H ., and K eyston, J .  E . Z. Phys. 67 ,433 , (1931)

(3 7 ) T u rk in , Y. I . ,  O pt. S p e c try  20, 4 , 4 l l ,  ( I 9 6 6 )

(3 8 ) Byer R. L . ,  B e ll  W. E . ,  Hodges E . ,  and Bloom A. L . JOSA, 12 , 1398
(1 9 6 3 )

(3 9 ) B rid g e s , W. B. and C h e s te r , A. N ., I .E .E .E .  J .  Q uant. E l e c t r .  QE-1,
2 , 66, (1 9 6 3 ) .



229

References, Appendices and Future work.

Appendix 4 .1

1 . Fowles G. R ., and S i l f v a s t ,  W. T, I .E .E .E .  J .  Q uant.
E l e c t r . ,  Q.E. -  1 , 3 , 1 (1965)

2 . S i l v a s t ,  W. T ., Fowles G. R. and H opkins, B. D.
A ppl. Phys. L e t t e r s ,  8 , 12 , 3 l8 ,  (1966)

3» Bloom, A. L . , B e ll W. E. and Lopez F . 0 . ,
Phys. R ev ., 135, A3?8, (1964)

F u tu re  work

1 . B e l l ,  W. E. and Bloom A. I .E .E .E .  J .  Q uant. E l e c t r .  400, D ec., ( I 9 6 3 ) .

2 . A ssagoe, K ., Jap an . J .  Phys. 4 , 8 5 , (1927).

3* B en n e tt, W. R. and K nutsen, J .  W, P ro c . I .E .E .E . 86 I ,  1964.

4 . D w oretsky, S . H, N ovick, R . , Sm ith W. W. and Tolk N.
1 9 th  Ann. Gaseous E l e c t r .  Conf. O ct. 12-14 , ( I 9 6 6 ) A t la n ta .

5* D eheer, F . J . ,  M u lle r, L. W., G eb a lle , R. P h y s ica , 1743, (1963)»

6 . Froome, K. D ., P ro c . Roy. S o c .,  A223, 195, (1954 ).



APPENDIX A.

Reprint from
J O U R N A L  OF A P P L I E D  MATHIàMATICS A N D  P H Y S I C S  (ZAMP)

Vol. 1(), Fasc. 1 (1965) m i i k - K . t e s E K  v e r i . a g  b a s e l  Page 87

Received ; Uctober 14, 19(>4

P ossibility  of the Use of a Hollow Cathode D ischarge 
as an A m plifying M edium

B y O. S. H e a v k n s ,  U n iversity  of York, H eslington , Y ork and C. S. W i l l e t t ,  R oyal 
H ollow ay College, U n iversity  of London, London, G reat B rita in

The hollow -cathode discharge has long been used as a source o f sharp, intense spectral 
lines. The m echanism s of th is ty p e  of discharge have not been ex ten siv e ly  studied , 
although  it  is know n th a t the current in the discharge is predom inantly  electronic. The  
source of the very  high electron current is th a t of photo-em ission  from the cathode surface, 
produced b y  the high in ten sity  of u ltrav io let rad iation  present in the discharge. Such  
discharges contain a large concentration  of ions and atom s of the cathode m aterial, 
produced b y  sp uttering  action  of the carrier gas. Under som e conditions, the in ten sities of 
the m etallic  lines is very  high and m ay  be com parable w ith  those from  the carrier gas.

In recent work on lasers using ion spectra (e .g . A, Kr, X e) very  h igh in ten sities and  
large gains have been reported. A lthough  th e  detailed  m echanism s of these  system s are 
not y e t  fu lly  understood, a contrib uting  feature is the fact th a t th e  low er levels of the  
laser transitions are connected  to  the ion ground sta te  b y  u ltrav io let transitions, of very  
high transition  probability .

In th e  sy stem  under consideration , use is m ade of th e  fa c t th a t there ex ists  a near 
coincidence in energy betw een  an excited  level of A 1 11 (3 p'^ ^D) and one of the m etastab le  
(or quasi-m etastab le) levels of the Is ( P a s c h e n )  group of neon. B y  a sim ilar m echanism  to  
th a t used in th e  H e-N e laser, ex c ita tio n  to  th e  leve l of A1 II by  collision  w ith  m eta 
stab les appears prom ising. From  the leve l under consideration , return to  the ground  
sta te  o f th e  ion occurs b y  rad iative transitions v ia  th e  3 p  level. C alculation o f the  
transition  probabilities, using a central field approxim ation, suggests th a t  population  
inversion is possib le. L im ited  experim ental work so far has established th e  conditions  
under w hich the A 1 II  (3 p^ ^  3 p  ^P) line (at 3900 A) is obtained. T he present system  
has an un cooled cathode and cannot be operated continuou sly  a t a high enough pow er to  
give  a su ffic ien tly  high d en sity  of A1 II  for laser action  to  be possible. A  w ater-cooled  
sy stem  is now  under construction .
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Laser transition at 651*6 nm in ionized iodine
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Laser action has been observed on an intercom bination line of the spectrum  
of singly ionized iodine, in a pulsed, positive column discharge in a m ixture of 
helium  and iodine.

Oscillation was observed on the six lines of wavelength 703-299, 658-521, 
612-749, 576 072, 567-808 and 540-736 nm, which have been previously observed 
by Fowles and Jenson [1, 2]. In  addition laser action was obtained at a 
wavelength of 651-6 nm. T his line corresponds to the intercom bination 
transition 6p'^p2-5p®^Pj, in the notation of M artin and Corless [3].

The discharge tube incorporating internal electrodes was of 7 mm bore and 
the plasma length 88 cm. It was excited by means of a pulse modulator, discharging 
a 0-0033 /U.F capacitor through a 4 :1  pulse transform er at an input voltage of 
approximately 2-4  kv, at 1 kc/s. T he laser output pulse was insensitive to the 
value of the discharge capacitor and was of approximately 20/isec duration. T he 
gain on the 576 0 nm line was greater than 5 per cent per metre. T he optical 
resonator consisted of dielectric-coated concave mirrors, one of which had a radius 
of 2 m and with a reflecting coating centred at a wavelength of 540 nm, whilst the 
other was of radius Im  and centred on A =  632-8nm.

T h e vapour pressure of the iodine was similar to that used by Jenson and Fowles 
[1 ,2], although the optim um  helium pressure was found to be approximately 
10 torr. As shown in the figure the newly reported line, in common with 
the other iodine laser transitions, has a term inal ultra-violet transition 
(5p®^Pi-5p^^P2) to the iodine ion ground state.

As is.seen from the figure laser action is observed in the (6p' ^Dg-bs' ^Dg) line 
at 540-7 nm in the I I I  spectrum  but not in the 533-8 nm  line (6p'^Fg-bs'^Dg). 
This is surprising in view of the fact that the bp'^Fg level lies closer to the He+ 
ground state level than does the 6p'^Dg level. M oreover, the corresponding 
transition in ionized chlorine at A =  490-47 nm (4 p '® F g -4 s '®Dg) is known to show 
laser action under comparable conditions [4]. Also, the intensities of the 
533-8 nm and the 540-7 nm lines are observed to be of the same order in the 
experim ents of Berezin and Yanovskaya [5].

T he  533-8 nm line would appear to be similar to the 606-89 nm line 
(bp'^Fg-bs'^D j), which has an upper level from which' laser transitions are 
observed (567-8, 703-2, 651-6 nm ), and a lower level common to the other laser 
transitions (576-0 and 658-5 nm), and yet does not show laser action.

Both 533-8 nm and 606-9 nm lines have been shdwn by Tolansky [6] to 
possess two almost equal intensity components in their wide hyperfine structure. 
Jenson and Fowles [7] have reported laser action on only the strongest component
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oî the many hyperfine com ponents of the lines they have examined (540-7, 567-8, 
576-0, 612-7, 658-5 and 703-2 nm ).

Other I I I  levels close to the He+ ground state level possess direct (ultra-violet) 
transitions to the iodine ion ground state, so large populations would not be 
expected in these levels.

Although it is probable that the helium  ion plays a part in populating the upper 
levels of ionized iodine, ju s t as it does in the helium -m ercury ion laser [8], it is 
likely that direct electronic excitation plays an Im portant role. T hus laser action 
occurs at 562-5 nm  (bp^Pg-bs^S^) and at 690-4 nm  [9} in neon-iodine mixtures.

He ^ l S
UHIUlKtlU

113965
113656
112619
112179
111298

110007

------- 11 -/ -  Gp' =0;

102613
9 7 0 8 3

9 6 8 2 5
93691

8 6 8 6 2

(86186)

-  6p \P2

— A////
P G r o u n d  s t a t e

( 0 ) — I s * — — — ISo     5p*

Laser t r a n s i t i o n s

------------- N o n - l a s e r  t r a n s i t i o n s

P a r t i a l  e n e r g y  l e v e l  d i a g r a m  s h o w i n g  l a s e r  t r a n s i t i o n s  i n  i o n i z e d  i o d i n e .

T he 562-5 nm line of ionized iodine corresponds to the isoelectronic laser transition 
in X e l l l  at 378-0 nm, and to analogous laser transitions in argon, fluorine and 
brom ine together with the 521-8 nm  (4p^Pg-4s^Si) transition (cw) in ionized 
chlorine.

T he regularity with which these p -s  transitions occur arises from the high 
probability of electron collision excitation from the ground state to  p-levels, from 
which direct transitions to the ion ground state are forbidden, and the low 
probability of direct excitation to the s-levels.

Work is cuuently  in progress to determ ine the large cross section occurring 
in the helium ion-atorn resonant collision process, in which energy discrepancies 
of m ore than the accepted few AT are involved [10].
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Laser oscillation on hyperfine transitions in ionized iodide
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In  previous studies of laser action in ionized iodine [1], oscillation has 
been observed on only one component of a set of hyperfine transitions. In  the 
experim ents reported here, simultaneous oscillation on several hyperfine com
ponents was obtained. T he following transitions were examined :

Tr ansi t ion 
5d3Di-6p'3Fg 
6s'3D2-6p'^D2 
6s'3D2-6p'3F2 
6s' 3Di-6p'3D2 
6s'3Di-6p'3p2 
6s'»D2-6p'^Di 
5p"Pi-6p'^Fg 
6s'3Di-6p'3Di

Wavelength (nm )
521-6 
540-7 
567-8 
576-0 
606-9 

' 612-7 
651-6 
658-5

7nm—

'tp ,

...'..JLmA

Figure 1. F abry-Perot fringes on dispersed part-spectrum  of ionized iodine laser lines.
Etalon spacer 10-12 mnj.

Laser oscillation was observed in a cavity supporting m ulti-wavelength 
oscillation on the two strongest hyperfine components, classified by Murakawa
[2] and Tolansky [3], of the lines 567-8, 576-0, 612-7 nm, whilst oscillation 
occurred on three hyperfine transitions at 658-5 nm.

T he laser was operated in a near confocal arrangement using pairs of dielectric- 
coated m irrors of Im  radius of curvature, (reflectivity peaked at 632-8 jind 
500-0 nm), at a separation of 140 cm.
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T he active plasma length was approximately 1 m, and the bore of the discharge 
tube was 2 cm. T he discharge was excited by means of a pulse m odulator 
discharging a 0-0033/.tF capacitor through a 4 :1 pulse transform er, at an input 
voltage of about 3 kv as previously described [4]. T he initial vapour pressure 
of iodine, prior to close-off of the discharge tube was 0-1-0-2 torr, with helium 
added to about 5 torr. To obtain laser action on the hyperfine components 
it was found necessary to m aintain the initial iodine vapour pressure, and to 
maintain a discharge having a part molecular spectrum  appearance.

7/2

I

■/2

%

inz

ii

fsi in aj lo«*> m ^
S t  (S3 (J3

Wave num ber in lO '^ c m T ’

O St
O n 
CM CM

jT

1, 6 p'

6s'

I Observed
I T r I , 1 T T components

Figure 2. Tnmyilion diagram for! lire iodine line at 612-7 nm.
in d ic a te s  its  re la tiv e  iiiteh s ity .

T he height of a line

Laser oscillation was obserVcd on tlid following hyperfine components of
the lines :
(1) 567-8 nm

(2) 576-0 nm
(3) 612-7nm

I I

(i) F 9/2-9/2 strongest coniponcnt.
(ii) F  S/2-3/2, with a Reparation of 324 x IQ-^cm 
On two components having a separation of 100 x 10~® 
(i) F 7 /2-9/2 strongest component.

(ii) F  S/2-7/2, with a separation of 200 x 10“® cm

, - i

-1

cm -1

(4) 658-5 nm On three components, with, separation from the strongest, of
130 X 10“®cm“b and 210 x 10“® cm -1

Figure 1 shows the dispersed laser lines 658-5, 651-6 and 612-7nm crossed 
with F abry-Pcro t fringes. Laser oscillation on hyperfine components is made 
evident by the clear doubling of the ftingeè at 612-7nm ; and three components 
at 658-5 nm  by the triple structure. Also partly shown is the doubly forbidden 
laser transition 651-6 nm  (5p®iPi-6p'®Fa).
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Figure 2 gives the transition diagram for the line 612-7 nm, showing the 
laser and non laser transitions, together with observed relative intensities [3].

Figure 3 shows a similar transition diagram for the line 567-8 nm (after 
M urakawa [5 ^

T he use of the prism  wavelength selection technique for suppressing 
transitions competing for upper level population, [6] resulted in no further hyper
fine transitions, but enabled laser oscillation at 606-9 nm  (6s'®Dj-6p'^Fg), 
previously unreported, to be obtained. This line has both upper and lower 
levels common to other laser transitions.

F

5/2
7/2

I
9/2
7/2
9/2

%

L A S E R
TRANSITIONS

6 $ '  %

- Î Î T  T . 1 T
Observed
com ponenla

Wave num ber in 10"®cm7’

Figure 3. Transition diagram for the iodine line at 567*8 nm. (after Murakawa
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APPENDIX D.

"N otes and L in es"  ( I .E .E .E .  J . Quantum E le c tro n ic s ,  J a n . 196?)

"New l a s e r  o s c i l l a t i o n s  in  s in g ly  io n is e d  io d in e "

In  a d d i t io n  to  l i n e s  p re v io u s ly  re p o r te d ,  ( 1 ) ,  ( 2 ) ,  f u r th e r  o s c i l l a t i o n  

h as  been observed  a t : -  7138.97 S (5d ^D^ -  6p ^D^) and a t  6825.23 S.
(6 s  ^D^ -  6p in  s in g ly  io n is e d  io d in e  in  a  p u lse d  h e liu m -io d in e

m ix tu re  u s in g  p rism  w avelength  s e l e c t io n .

L ase r o s c i l l a t i o n  on h y p e rf in e  t r a n s i t i o n s  a t  7033*0  S (5d ^D^ -

6p and 6068.9  S (6 s ^D^ -  6p ^F^) in  a d d i t io n  to  th o se  re p o r te d

e a r l i e r  (2) have now a l s o  been o b served .

E x c i ta t io n  was by means o f  a  p u lse  m odulator d isc h a rg in g  a  0 .0 0 6 6 ^ F  

c a p a c i to r  th ro u g h  a  4 :1  p u ls e  tra n s fo rm e r  g iv in g  p u ls e s  up to  l6  KV a t  a  few 

am peres. The optimum p re s s u re s  in  a  plasm a tube  o f  1 .8  -  2 .0  cm bore  w ere: 

he lium , 5 - 6  t o r r ;  vapour p re s s u re  o f io d in e  ap p ro x im ate ly  0 .2  -  0 .5  t o r r .  

H igher o u tp u t was found to  r e s u l t  from u s in g  wide bore  plasm a tu b e s  and s h o r t ,  

low c u r re n t  p u ls e s  a s  in  th e  helium -m ercury  l a s e r  ( 3 ) ,  g iv in g  g a in s  on th e  

s tro n g  l a s e r  l i n e s  o f th e  o rd e r  o f  10 p e r  c e n t /m e tre .
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