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Resume - L ' e f f e t  H a n l e  n o n l i n e a i r e  e s t  e t u d i e  a l ' a i d e  de l a  
s p e c t r o s c o p i e  o p t o g a l v a n i q u e .  L ' a c c r o i s s e m e n t  p r e v u  de l a  p u i s -  
s a n c e  e m i s e  des l a s e r s  2 gaz e s t  compare aux donnees e x p e r i m e n -  
t a l e s  . 

A b s t r a c t  - The N o n l i n e a r  H a n l e  e f f e c t  was i n v e s t i g a t e d  b y  means 
o f  t h e  o p t o g a l v a n i c  s p e c t r o s c o p y .  The p r e d i c t e d  o u t p u t  power 
enhancement  f o r  gaseous  l a s e r s  was compared  w i t h  t h e  a v a i l a b l e  
e x p e r i m e n t a l  r e s u l  t s .  

I - Non L i n e a r  H a n l e  e f f e c t  

The H a n l e  e f f e c t  was d i s c o v e r e d  s i x t y  y e a r s  ago /l/ and c o n s i s t s  i n  a  
change  i n  t h e  p o l a r i z a t i o n  o f  t h e  r e s o n a n c e  r a d i a t i o n  when an e x t e r n a l  
m a g n e t i c  f i e l d  removes t h e  d e g e n e r a c y  b e t w e e n  t h e  Zeeman s u b l e v e l s .  
W i t h  t h e  a d v e n t  o f  t h e  l a s e r  t h e  Non L i n e a r  H a n l e  E f f e c t  (NLHE)was a l s o  
d i s c o v e r e d  / 2 / .  I t  m a n i f e s t s  as  an  i n c r e a s e  o f  t h e  s a t u r a t e d  a b s o r p t i o n  
when t h e  M s u b l e v e l s  d e g e n e r a c y  i s  removed b y  means o f  a  Zeeman o r  
S t a r k  e f f e c t .  

As i t  i s  w e l l  known, i n  p r e s e n c e  o f  a  s a t u r a t i n g  l a s e r  beam o f  i n t e n s i -  
t y  I, t h e  a b s o r p t i o n  c o e f f i c i e n t  o f  a  D o p p l e r  b r o a d e n e d  l i n e  c a n  be 
w r i t t e n  as  

w h e r e  n a / j * 1 2  i s  ;he a b s o r p t i o n  c o e f f i c i e n t  i n  absence  o f  s a t u r a t i o n  
and  S=I/I, i s  t h e  s a t u r a t i o n  p a r a m e t e r .  E x p l i c i t  e x p r e s s i o n s  f o r  I, c a n  
b e  f o u n d  I n  s t a n d a r d  t e x b o o k s / 3 /  and  depend upon  t h e  r e l a x a t i o n  p $ o -  
c e s s e s  i n  t h e  s y s t e m  u n d e r  i n v e s t i g a t i o n .  
I n  t h e  s i m p l e s t  c a s e  o f  a  J = O o  1  t r a n s i t i o n  and  a  l a s e r  bean  l i n e a r l y  
p o l a r i z e d  o r t h o g o n a l  t o  t h e  s t a t i c  f i e l d  o r  p r o p a g a t i n g  a l o n g  t h e  s t a -  
t i c  f i e l d  (aM=+l  t r a n s i t i o n s )  t h e  a b s o r p t i o n  i n c r e a s e  a s  a  consequence  
o f  t h e  NLHE c a n  b e  e a s i l y  c a l c u l a t e d  t o  b e  /4 ,5 ,6 /  

F 
where  k ( S )  i s  t h e  s a t u r a t e d  a b s o r p t i o n  i n  p r e s e n c e  o f  a  s t a t i c  f i e l d  
l a r g e  enough  t o  r e s o l v e  t h e  M s u b l e v e l s  w i t h  r e s p e c t  t o  t h e  homogene- 
ous l i n e w i d t h  A V  , and R (s )  i s  t h e  s a t u r a t e d  a b s o r p t i o n  i n  absence  o f  
an  e x t e r n a l  f i e l ! .  I n  eq.  2 i t  has been assumed a  D o p p l e r  w i d t h  much 
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l a r g e r  t h a n  t h e  homogeneous l i n e w i d t h  and  a  l i g h t  beam o f  c o s t a n t  c r o s s  
s e c t i o n  i n t e n s i t y .  When t h e  l a s e r  beam i s  p o l a r i z e d  f o r  i n d u c i n g  o n l y  
AM=O t r a n s i t i o n s  RF(s)  = R ( s )  and n o  a b s o r p t i o n  i n c r e a s e  o c c u r s  a s  i t  
has  been e x p e r i m e n t a l l y  d e m o n s t r a t e d  / 7 / .  The a b s o r p t i o n  i n c r e a s e  a s  
e x p e c t e d  f r o m  eq.2 i s  l a r g e  and  i n d e p e n d e n t  o f  t h e  f r e q u e n c y  s e t t i n g  
o f  t h e  l a s e r  beam w i t h i n  t h e  D o p p l e r  p r o f i l e  o f  t h e  t r a n s i t i o n  ( f i g . l a ) .  
On t h e  c o n t r a r y  a  s i g n a l  as  shown i n  f i g . l b  i s  e x p e c t e d  when t h e  l a s e r  
f r e q u e n c y  i s  s e t  n e a r  t h e  l i n e  c e n t e r  and  t h e  a b s o r p t i o n  s i g n a l  i s  ob -  
s e r v e d  as  a  f u n c t i o n  o f  t h e  a p p l i e d  e x t e r n a l  f i e l d .  I t  c o n s i s t s  o f  a  

F i g .  1  

d i f f e r e n c e  be tween a G a u s s i a n  l i n e  due  t o  t h e  Zeeman s c a n n i n g  o f  t h e  
D o p p l e r  l i n e  b y  t h e  AM=kl t r a n s i t i o n s  and  a  L o r e n t z i a n  c e n t r a l  d i p  
w h i c h  d e s c r i b e s  t h e  NLHE.The HWHM o f  t h e  L o r e n t z i a n  i s  e q u a l  t o  t h e  
FWHM o f  t h e  J = 1  l e v e l  and  i s  g i v e n  b y  

HWHM = 2g  p,B 
J 

where  g  i s  t h e  Land6  f a c t o r  and  p, t h e  B o h r ' s  magneton .  I n  t h e  m o r e  J 
g e n e r a l  c a s e  o f  a  J ++ J '  t r a n s i t i o n ,  a  d e n s i t y  m a t r i x  t r e a t m e n t  i s  n e -  
c e s s a r y  f o r  d e s c r i b i n g  t h e  NLHE i n  b o t h  t h e  u p p e r  and l o w e r  s t a t e s  o f  
t h e  t r a n s i t i o n  / 4 / ,  however  f o r  h i g h  J  t r a n s i t i o n s  such a  t r e a t m e n t  i s  
u n p r a c t i c a l  and  cumbersome. 

A  s i m p l e  c a l c u l a t i o n  o f  t h e  a b s o r p t i o n  i n c r e a s e  i n  t h e  h i g h  f i e l d  ii- 
m i t i n g  c a s e  (M d e g e n e r a c y  r e m o v e )  i s  more  c o n v e n i e n t  f o r  u n d e r s t a n d i n g  
t h e  m a g n i t u d e  o f  t h e  e f f e c t .  I n  t h e  a b s e n c e  o f  an  e x t e r n a l  f i e l d  t h e  
n a t u r a l  q u a n t i z a t i o n  a x i s  o f  t h e  s y s t e m  i s  d e t e r m i n e d  b y  t h e  p o l a r i z a -  
t i o n  and  p r o p a g a t i o n  d i r e c t i o n  o f  t h e  l a s e r  beam. F o r  a  l i n e a r l y  p o l a r i -  

zed beam and  a  d i p o l e  i n t e r a c t i o n  t h e  q u a n t i z a t i o n  a x i s  i s  p a r a l l e l  t o  
Efl f i e l d  and  o n l y  t r a n s i t i o n s  w i t h  AM=O a r e  i n d u c e d .  As a  c o n s e q u e n c e  
t h e  s a t u r a t i o n  a b s o r p t i o n  c o e f f i c i e n t  i s  g i v e n  b y  

where  t h e  l p i l Z a r e  t h e  d i p o l e  moments forAM=O t r a n s i t i o n s  computed  b y  
means o f  t h e  C l e b s h - G o r d a n  c o e f f i c i e n t s .  T h i s  s e l e c t i o n  r u l e  i s  c o n -  



s e r v e d  i f  a  s t a t i c  e x t e r n a l  f i e l d  i s  a p p l i e d  p a r a l l e l  t o  t h e  q u a n t i z a -  
t i o n  a x i s .  T h e r e  i s  no change  i n  t h e  s a t u r a t i o n  o f  t h e  s y s t e m  and  as  a  
c o n s e q u e n c e  no change  i n  t h e  a b s o r p t i o n .  
On t h e  o t h e r  hand,  AM=+l trans;itions. a r e  i n d u c e d  b y  a  l a s e r  beam when 
t h e  e x t e r n a l  s t a t i c  f i e l d  i s  o r t h o g o n a l  t o  t h e  EM f i e l d  o r  i s  o r i e n t e d  
a l o n g  t h e  beam. 
I n  t h i s  c a s e  t h e  AM=-l and  AM=+l t r a n s i t i o n s  s a t u r a t e  i n d e p e n d e n t l y  
when t h e  d e g e n e r a c y  i s  removed  and  a  change  i n  a b s o r p t i o n  i s  e x p e c t e d .  
I t  i s  w o r t h  n o t i n g  t h a t  i n  t h e  c a s e  o f  an  inhomogeneous  l i n e  whose M 
s u b l e v e l s  a r e  r e s o l v e d  w i t h  r e s p e c t  t o  t h e  homogeneous w i d t h  t h e  AM=+l 
t r a n s i t i o n s  s t a r t i n g  f r o m  a  g i v e n  M s u b l e v e l  i n v o l v e  m o l e c u l e s  w i t h  d i f  
f e r e n t  v e l o c i t y  components  a l o n g  t h e  beam d i r e c t i o n ,  i . e .  d i f f e r e n t  mo- 
l e c u l e s .  A g a i n  t h e  s a t u r a t e d  a b s o r p t i o n  c o e f f i c i e n t  c a n  b e  computed  as 
a  f u n c t i o n  o f  J and  AJ s e l e c t f o n  r u l e  b y  u s i n g  t h e  C l e b s h - G o r d a n  c o e f -  
f i c i e n t s  

F A n a l y t i c a l  e x p r e s s i o n s  f o r  R ( s ) = ~  ( s ) / ~ ( s )  c a n  t h a n  b e  g i v e n  f o r  a n y  
J  and  AJ. I n  t h e  c a s e  o f  a  p l a n e  wave s u c h  e q u a t i o n s  w e r e  r e p o r t e d  i n  
/ 6 /  and  / 8 / .  I n  t h e  c a s e  o f  a  G a u s s i a n  TEM beam an a n a l y t i c a l  e x p r e s  
s i o n  f o r  R(S)  c a n  a g a i n  b e  g i v e n  f o r  an  o p ? ? c a l l y  t h i n  s a m p l e  as  a  
f u n c t i o n  o f  So, t h e  s a t u r a t i o n  c o r r e s p o n d i n g  t o  t h e  maximum i n t e n s i t y  
o f  t h e  l i g h t  beam ( I ( r ) = I o  exp  - ( r / w ) * )  

w h e r e  Q,R and  P means a  J ++J, J ++ J + l ,  and  J  ++ J - 1  t r a n s i t i o n  r e -  
s p e c t i v e l y .  I n  f i g .  2 t h e  computed  r e s u l t s  a r e  shown b o t h  f o r  i n t e g e r  
and  h a l f  i n t e g e r  v a l u e s  o f  J .  We f o u n d  t h e  same maximum a b s o r p t i o n  i n -  
c r e a s e  ( R  =@)  f o r  Q1, R,, R$, and  P 1  t r a n s i t i o n s .  By i n c r e a s i n g  t h e  J  
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v a l u e s ,  t h e  Q J  and R J  l i n e s  show a  r a p i d  convergence  t o  two l i m i t i n g  
c u r v e s :  R Q ( J , S )  i n c r e a s e  wi th  J  and S  u p  t o  a  maximum v a l u e  of 1 . 5 7 ,  
w h i l e  R R ( J , S )  = R p ( J + l , S )  d e c r e a s e s  t o  an a s y m p t o t i c  v a l u e  of  1 .27 .  
In both c a s e s  t h e  e f f e c t  i s  l a r g e  and e a s i l y  d e t e c t a b l e .  Only f o r  t h e  
J = 1 / 2  ++ 1 /2  t r a n s i t i o n  i s  RQ(1 /2 ,S )=1  a s  e x p e c t e d .  

As f o r  t h e  shape of  t h e  N L H E  a s  a  f u n c t i o n  of  t h e  a p p l i e d  s t a t i c  f i e l d  
i n  t h e  g e n e r a l  c a s e  of a J  ++ J '  t r a n s i t i o n  i t  i s  worth t o  n o t e  t h a t  
t h e  degeneracy  may be removed i n  t h e  upper and lower s t a t e  a t  a  d i f f e -  
r e n t  r a t e  depending from t h e i r  i n d e t e r m i n a t i o n  and t h e  s i z e  of t h e  
Zeeman o r  S t a r k  e f f e c t .  As a  consequence i f  t h e  Zeeman o r  S t a r k  e f f e c t s  

- 

GAUSSIAN BEAM 

Fig .  2  

a r e  l i n e a r  i n  t h e  f i e l d  and no HFS s p l i t t i n g  exis ts  w i t h i n  t h e  Doppler 
width  t h e  N L H E  i s  expec ted  t o  c o n s i s t ,  a t  t h e  f i r s t  o r d e r ,  of two Lo- 
r e n t z i a n s  wi th  d i f f e r e n t  width  and a m p l i t u d e .  In many c a s e s  t h e  two 
L o r e n t z i a n s  w i l l  have n e a r l y  t h e  same wid th .  In  t h i s  c a s e  t h e  N L H E  has 
a  L o r e n t z i a n  shape .  
The l i m i t i n g  c a s e  of  high J t r a n s i t i o n s  was i n v e s t i g a t e d  by us ing  C02 
l a s e r  e x c i t a t i o n  of r o t o v i b r a t i o n a l  t r a n s i t i o n s  of  p o l a r  molecu les  
e x i b i t i n g  a  l i n e a r  S t a r k  e f f e c t  / 5 , 7 / .  In f i g .  3 i s  shown t h e  N L H E  f o r  
two t r a n s i t i o n s  i n  CH30H d e t e c t e d  by means of  t h e  o p t o a c o u s t i c  e f f e c t .  
As expec ted  t h e  N L H E  i s  s i g n i f i c a n t l y  s m a l l e r  f o r  t h e  R26 l i n e  than 
f o r  t h e  Q16 f o r  a b o u t  t h e  same C O 2  l a s e r  power and gas  p r e s s u r e .  
A g e n e r a l  e x p r e s s i o n  f o r  t h e  s a t u r a t i o n  i n t e n s i t y  I S  c a n n o t  be g iven  
s i n c e  i t  depends on t h e  r e l a x a t i o n  p r o c e s s e s  of any s p e c i f i c  sys tem 
/ 3 / .  In t h e  i n f r a r e d ,  where t h e  r o t a t i o n a l  c o l l i s i o n a l  r e l a x a t i o n  r a t e  
i s  t h e  dominant p r o c e s s ,  l a r g e l y  independen t  from J ,  I S  i s  p r o p o r t i o n a l  
t o  'p2  , wherep i s  t h e  g a s  p r e s s u r e .  Also t h i s  behaviour  was exper imen-  
t a l l y  v e r i f i e d  / 6 / .  
A q u a n t i t a t i v e  a n a l y s i s  of t h e  N L H E  l i n e s h a p e  can be done f o r  a tomic  
t r a n s i t i o n s  i n  t h e  v i s i b l e ,  which o f f e r  low quantum numbers. Measure- 
ments have been performed by us ing  t h e  o p t o g a l v a n i c  t e c h n i q u e  i n  a  h o l -  
low c a t h o d e  d i s c h a r g e ,  which p r o v i d e s  an e a s i l y  a c c e s s  t o  t h e  whole 
s p e c t r a  of  both v o l a t i l e  and r e f r a c t o r y  e l e m e n t s .  I t  was demons t ra t ed  
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t h a t  a  magnet ic  f i e l d  c o l l i n e a r  wi th  t h e  l a s e r  beam and t h e  d i s c h a r g e  
does  no t  p e r t u r b  t h e  s i g n a l s  o r  a f f e c t  t h e  S/N r a t i o .  
C l e a r l y  r e s o l v e d  Zeeman p a t t e r n  cou ld  be observed / g / .  
A n  example of t h e  N L H E  a s  a  f u n c t i o n  of t h e  l a s e r  f r e q u e n c y  and f o r  a  
f i x e d  magnet ic  f i e l d  i s  shown i n  f i g .  4 .  The a b s o r p t i o n  i n c r e a s e  a l l  
ove r  t h e  Doppl e r  prof  i  l  e  i  S c l  e a r l y  demons t ra t ed .  

Fig .  4  - Doppler p r o f i l e  of t h e  612 n m  Ca l i n e .  
Curve a :  no f i e l d ,  cu rve  b: 13  Gauss.  

A q u a n t i t a t i v e  a n a l y s i s  of  t h e  shape  of t h e  N L H E  a s  a  f u n c t i o n  of  t h e  
a p p l i e d  magnet ic  f i e l d  w i l l  be pub l i shed  e l s e w e r e  / 1 0 / .  In  f i g .  5 i s  
shown t h e  r e s u l t s  f o r  a  J=O++l t r a n s i t i o n  i n  Neon a t  607.4  n m .  
S i n c e  t h e  g <  f a c t o r  of t h e  J = l  l e v e l  i s  known a  q u a n t i t a t i v e  f i t  of t h e  
e x p e r i m e n t a i  p o i n t s  t o  t h e  t h e o r e t i c a l  cu rve  composed o f  a  L o r e n t z i a n  
minus a  Gauss ian  was p o s s i b l e  / 1 0 / .  The agreement  was f a i r l y  good g i -  
v ing  t h e  f o l l o w i n g  v a l u e s  f o r  t h e  independen t  p a r a m e t e r s :  Av~=216011Hz; 
A V H  = 13 .7  MHz; R=1.146. The Doppler width  o b t a i n e d  d i r e c t l y  by scan-  
n ing t h e  l i n e  wi th  a  s i n g l e  mode Dye l a s e r  was found t o  be 2190(40)MHz. 
The enhancement f a c t o r  R ,  a s  o b t a i n e d  from t h e  h e i g t h  of  t h e  Loren t -  
z i a n ,  g i v e s  t h e  s a t u r a t i o n  pa ramete r  which i s  used t o  e v a l u a t e  t h e  
c o n t r i b u t i o n  of t h e  s a t u r a t i o n  t o  t h e  homogeneous w i d t h .  The indepen-  
d e n t  d e t e r m i n a t i o n  of So and A V H  i s  a  unique advan tage  of t h e  N L H E .  
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MAGNETIC FIELD - Gauss 

F i g .  5 

The n a t u r a l  l i n e w i d t h  and  t h e  p r e s s u r e  b r o a d e n i n g  c o e f f i c i e n t  w e r e  t h e n  
f o u n d  i n  a g r e e m e n t  w i t h  e x i s t i n g  d a t a  / 1 0 / .  
F o r  t r a n s i t i o n s  w i t h  J = l + + l  o r  J= l++2 a  NLHE c o n s i s t i n g  o f  t h e  sum o f  
two  L o r e n t z i a n s  c o u l d  a l s o  b e  o b s e r v e d  l e a d i n g  t o  an i n d e p e n d e n t  d e -  
t e r m i n a t i o n  o f  t h e  w i d t h s  o f  t h e  u p p e r  and  l o w e r  l e v e l s  / 1 1 / .  

I 1  - A p p l i c a t i o n  t o  t h e  l a s e r s  o u t p u t  power 

I n  t h e  f i r s t  p a r t  we have  d e m o n s t r a t e d  t h a t  t h e  a b s o r p t i o n  c o e f f i c i e n t  
o f  a  t r a n s i t i o n  i s  s i g n i f i c a n t l y  i n c r e a s e d  a s  a  c o n s e q u e n c e  o f  t h e  
NLHE. I t  i s  o b v i o u s  t h a t  t h e  same i n c r e a s e  i s  e x p e c t e d  i n  t h e  s a t u r a -  
t e d  g a i n  o f  t h e  l a s e r  medium when t h e  p o p u l a t i o n  be tween t h e  u p p e r  and  
l a s e r  l e v e l  i s  i n v e r t e d .  
As a  c o n s e q u e n c e  o f  t h e  NLHE t h e  o u t p u t  power o f  t h e  gas  l a s e r  i s  e x -  
p e c t e d  t o  i n c r e a s e  when an e x t e r n a l  f i e l d  i s  a p p l i e d  t o  t h e  a c t i v e  me- 
d ium.  I n  f a c t  s u c h  an e f f e c t  was e a r l y  o b s e r v e d  i n  He-Ne l a s e r  on  t h e  
0.63,1.15,and 3 . 3 9 ~ ~  l i n e s  / 1 2 / .  However  a l l  t h i s  l a s e r  l i n e s  a r e  J  = 

= l++2 t r a n s i t i o n s  and  t h e  r e l a t i v e  i n t e n s i t y  o f  t h e  e f f e c t  as  a  f u n c -  
t i o n  o f  J  as p r e d i c t e d  b y  eqs .  6 a n d  7 c a n n o t  b e  t e s t e d .  Y o r e o v e r  t h e  
o u t p u t  power o f  t h e  l a s e r  i n  t h i s  c a s e  i s  p e r t u r b e d  b y  c o n p e t i t i o n  
among t h e  d i f f e r e n t  t r a n s i t i o n s ,  w h i c h  i s  a l s o  d e p e n d i n g  on  t h e  p r e -  
s e n c e  o f  an e x t e r n a l  f i e l d / l 2 / .  
Two d i f f e r e n t  c a s e s  w i l l  be c o n s i d e r e d  h e r e  t h a t  w o u l d  p e r m i t  a  b e t t e r  
t e s t  o f  t h e  p r e d i c t i o n s  o f  t h e  NLHE. 

- O p t i c a l l y  pumped f a r - i n f r a r e d  l a s e r s  

The f a r - i n f r a r e d  ( F I R )  l a s e r  e m i s s i o n  o c c u r s  b e t w e e n  r o t a t i o n a l  t r a n -  
s i t i o n s  o f  p o l a r  m o l e c u l e s  o p t i c a l l y  pumped i n  an  e x c i t e d  r o t o - v i b r a -  
t i o n a l  s t a t e  b y  means o f  r e s o n a n t  a b s o r p t i o n  o f  t h e  p o w e r f u l  C O  l a s e r  
r a d i a t i o n .  The pumping  scheme i s  shown i n  f i g . 6 .  The pumping  Z r a n s i -  
t i o n  i s  D o p p l e r  b r o a d e n e d  and  s t r o n g l y  s a t u r a t e d  w h i l e  t h e  F I R  l a s i n g  



t r a n s i t i o n  i s  homogeneous ( p r e s s u r e  b r o a d e n i n g ) .  The absence  of a  
d i s c h a r g e  allows an e a s y  a p p l i c a t i o n  of an E l e c t r i c  f i e l d  o r t h o g o n a l  t o  
t h e  l a s e r  a x i s  and t h e  l i n e a r  S t a r k  e f f e c t  removes t h e  degeneracy  
between t h e  M s u b l e v e l s .  Hybrid waveguides must be used t h a t  f o r c e  t h e  
FIR f i e l d  t o  be o r t h o g o n a l  t o  t h e  s t a t i c  S t a r k  f i e l d .  Hence o n l y  
AM=tl s e l e c t i o n  r u l e s  a r e  a l lowed f o r  t h e  FIR t r a n s i t i o n ,  w h i l e  e i t h e r  
A M = O  o r  AM=+l s e l e c t i o n  r u l e s  a l lowed f o r  t h e  pumping t r a n s i t i o n  de- 
pending from t h e  r e l a t i v e  p o l a r i z a t i o n  of t h e  CO l a s e r  beam / 1 3 / .  2 

excited vibrational state 
m2 

-4round vibrational state 

Fig .  6 

For t h e  AM=+l pump s e l e c t i o n  r u l e s  an i n c r e a s e  i n  t h e  pumping r a t e  i s  
expec ted  a s  a  consequence of t h e  N L H E .  On  t h e  c o n t r a r y  t h e  S t a r k  e f -  
f e c t  on t h e  FIR t r a n s i t i o n  s p l i t s  t h e  l i n e  i n  many S t a r k  components of  
which o n l y  one can be p u t  i n  r e sonance  w i t h  a  FIR c a v i t y  mode. As a  
consequence o n l y  a  g a i n  d e c r e a s e  i s  expec ted  on t h e  FIR t r a n s i t i o n .  
In f i g .  7  a r e  r e p o r t e d  t h e  exper imen ta l  r e s u l t s  / 7 /  o b t a i n e d  f o r  FIR 
l a s e r  l i n e s  of  abou t  t h e  same e f f i c i e n c y  and wave leng th .  
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The pump t r a n s i t i o n  i s  r e s p e c t i v e l y  a  Q9 l i n e  f o r  t h e  70  um l a s e r  and a  
RZ6 f o r  t h e  96 um l a s e r .  As a  c o n s e q u e n c e  t h e  NLHE and  t h e  o u t p u t  power  
i n c r e a s e  was f o u n d  t o  b e  l a r g e r  f o r  t h e  70 pm l i n e  as  p r e d i c t e d .  I t  i s  
a l s o  shown t h a t  i n  t h e  c a s e  o f  AM=O pump s e l e c t i o n  r u l e  t h e  o u t p u t  po-  
wer  showed o n l y  a  power d e c r e a s e ,  a g a i n  as  p r e d i c t e d .  T h i s  r e s u l t  p r o -  
ves  t h a t  t h e  NLHE enhancement  i s  i n  t h e  pump t r a n s i t i o n  s i n c e  t h e  p o l a -  
r i z a t i o n  o f  t h e  70 pm l i n e  i s  a l w a y s  o r t h o g o n a l  t o  t h e  S t a r k  f i e l d .  

A r g o n  and  K r i  p t o n  i o n s  l a s e r  

T h i s  l a s e r s  a r e  t h e  m o s t  p o w e r f u l  s o u r c e s  o f  C W  r a d i a t i o n  i n  t h e  v i s i -  
b l e  and  a r e  p r o d u c e d  i n  l a r g e  number. A l l  t h e  c o m m e r c i a l  m o d e l s  a r e  sup- 
p l i e d  w i t h  a  s o l e n o i d  t h a t  produces an a x i a l  m a g n e t i c  f i e l d  o f  a b o u t  0 . 1  
T  on  t h e  d i s c h a r g e  t u b e .  The o u t p u t  power i s  as  a  c o n s e q u e n c e  i n c r e a -  
s e d  b y  a  f a c t o r  u p  t o  f o u r .  
The r e a s o n  o f  t h i s  b e h a v i o u r  i s  n o t  p r o p e r l y  u n d e r s t o o d  up  t o  now. 
I n  s t a n d a r d  t e x t b o o k s  / 1 3 /  and  i n  e x t e n s i v e  r e v i e w s  o f  t h e  s u b j e c t  / 1 4 -  
- 1 6 /  i t  i s  t e n t a t i v e l y  assumed t h a t  t h e  o u t p u t  power enhancement  may b e  
due t o  an  i n c r e a s e  i n  t h e  e l e c t r o n  d e n s i t y  i n  t h e  p l a s m a  a t  g i v e n  v a l u e  
o f  t h e  c u r r e n t .  However  e x p e r i m e n t a l  i n v e s t i g a t i o n s  gave  c o n t r a d i c t o r y  
r e s u l t s  on  t h i s  p o i n t s  / 1 4 / .  M o r e o v e r  a n  e l e c t r o n  d e n s i t y  i n c r e a s e  w o u l d  
p r o d u c e  a b o u t  t h e  same enhancement  e f f e t s  on a l l  t h e  v i s i b l e  l a s e r  li- 
nes.  On t h e  c o n t r a r y  t h e  NLHE p r e d i c s  a  d i f f e r e n t  enhancement  as  a  f u n 5  
t i o n  o f  J  and  AJ i n d e p e n d e n t  o f  t h e  c u r r e n t  s a t u r a t i o n  e f f e c t .  I n  p a r  
t i c u l a r  no  e f f e c t  i s  p r e d i c t e d  f o r  t h e  J=1/2++1/2 l a s e r  l i n e s .  U n f o r t u -  
n a t e l y  t h e  a v a i l a b l e  e x p e r i m e n t a l  d a t a  w e r e  o b t a i n e d  i n  m u l t i m o d e  ope-  
r a t i o n  and  o n l y  a  q u a l i t a t i v e  c o m p a r i s o n  w i t h  t h e  t h e o r y  i s  p o s s i b l e .  
M o r e o v e r  t h e  homogeneous l i n e w i d t h  o f  t h e  i o n  l a s e r s  i s  q u i t e  l a r g e  
(500b800  MHz) as  a  c o n s e q u e n c e  o f  t h e  s h o r t  l i f e t i m e  o f  t h e  l o w e r  l e -  
v e l s  and  t h e  r a t i o  A v D / A v ~  i s  a b o u t  6%7. 

I n  f i g .  8 i s  shown t h e  p r e d i c t e d  r e l a t i v e  g a i n  i n c r e a s e  R(J,S)  f o r  a l l  
t h e  CW l a s e r  l i n e s  o f  A r  and  K r  i o n  l a s e r s  as a f u n c t i o n  o f  t h e  s a t u r a -  
t i o n  p a r a m e t e r  So. The v a l i d i t y  o f  eq .  1  has been assumed. I n  f a c t  an 
e x p o n e n t  l a r g e r  t h a n  1 / 2  may b e  p o s s i b l e  as  a  c o n s e q u e n c e  o f  t h e  l o w  
AVD/AVH r a t i o  t h a t  w o u l d  lead t o  l a r g e r  R ( S )  v a l u e s .  
I n  f i g .  9  a r e  shown e x p e r i m e n t a l  r e s u l t  o b t a i n e d  f r o m  t h e  Hughes r e p o r t  
/ 1 7 / .  The NLHE p r e d i c 6  no enhancement  f o r  t h e  458 nm l a s e r  l i n e s  and  t h e  
s m a l l  e x p e r i m e n t a l  e f f e c t  may be due  t o  t h e  e x p e c t e d  e l e c t r o n  d e n s i t y  
i n c r e a s e .  A  s i m i l a r  e f f e c t  has been o b s e r v e d  i n  K r +  r e d  l i n e s .  The 647 
nm l i n e  i s  a  J=3/2++5/2 t r a n s i t i o n ,  w h i l e  t h e  676 nm i s  J=1/2++1/2.  The  
f i r s t  shows a  l a r g e  power i n c r e a s e  as  a  f u n c t i o n  o f  t h e  f i e l d ,  w h i l e  
t h e  s e c o n d  one i s  p r a c t i c a l l y  i n s e n s i b l e  t o  t h e  f i e l d .  The r e l a t i v e  en-  
hancements  o f  t h e  476 nm and  488  nm l a s e r  l i n e s  i s  a l s o  i n  a g r e e m e n t  
w i t h  t h e  p r e d i c t i o n .  The t h e o r y  p r e d i c t s  a l s o  an e q u a l  enhancement  f o r  
b o t h  t h e  488  nm and  t h e  514  nm l a s e r  l i n e s .  The  e x p e r i m e n t a l  r e s u l t s  
a p p a r e n t l y  a r e  i n  d i s a g r e e m e n t ,  t h e  enhancement  o f  t h e  514  nm l i n e  b e i n g  
l a r g e r .  However t h e  s a t u r a t i o n  i n t e n s i t y  IS o f  t h i s  l i n e  i s  o f  a b o u t  
50 ~ / c m 2  t e n  t i m e  l a r g e r  t h a n  t h a t  o f  t h e  488 and  476 nm l i n e s .  The o u t -  
p u t  power  i s  n e a r l y  t h e  same f o r  t h e  488 and  514  l i n e s  and as a  c o n s e -  
quence  t h e  a c t u a l  v a l u e  o f  So i s  a b o u t  one o r d e r  o f  m a g n i t u d e  s m a l l e r  
and  o f  t h e  o r d e r  o f  u n i t y  f o r  t h e  s e c o n d  o n e .  The NLHE c a u s e  a  p o s i t i v e  
f e e d b a c k  l o o p s :  t h e  f i e l d  increas,es t h e  s a t u r a t e d  g a i n  w h i c h  i n c r e a s e  
t h e  l a s e r  beam i n t e n s i t y  w h i c h  i n c r e a s e s  t h e  g a i n  and  so  o n .  As a  c o n -  



sequence t h e  r e l a t i v e  power i n c r e a s e  i s  expec ted  t o  be l a r g e r  f o r  low So 
v a l u e  where t h e  s l o p e  of R(S) i s  l a r g e r .  
As f o r  t h e  optimum v a l u e  of t h e  magnet ic  f i e l d  (800%1000 G a u s s ) , i t  i s  
a l s o  i n  agreement  w i t h  t h e  p r e d i c t i o n  of e q . 3  i f  we c o n s i d e r  t h e  l a r g e  
v a l u e  of  t h e  homogeneous l i n e .  
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In conclusion the NLHE predictions are in qualitative agreement with 
the experimental results. Quantitative comparisonscan be performed only 
with the experimental determinations of the saturated gain increase in 
single mode operation. At present the NLHE is however the most straight 
forward interpretation of the power increase in noble gases ion laser 
as a function of the axial magnetic field. 
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