
URGE MODE RADIUS BeSONATORS 

Michael R 'riarris 
Royal S i g n a l s  and Radar Es tab l i shment  

United Kingdom 
Ma 1 ve r n  , Wo r c e s  t e rs h i  re 

R e s o n a t o r  c o n f i g u r a t i o n s  p e r m i t t i n g  o p e r a t i o n  w i t h  l a r g e  mode r a d i u s  wh i l e  
ma in ta in ing  good t r a n s v e r s e  mode d i s c r i m i n a t i o n  are considered. S t a b l e  r e s o n a t o r s  
i n c o r p o r a t i n g  an i n t r a c a v i t y  t e l e s c o p e  and u n s t a b l e  r e s o n a t o r  geomet r i e s  u t i l i z i n g  
an ou tpu t  c o u p l e r  w i t h  a Gaussian r e f l e c t i v i t y  p r o f i l e  are shown t o  e n a b l e  l a r g e  
r a d i u s  s i n g l e  mode l a s e r  o p e r a t i o n .  R e s u l t s  of h e t e r o d y n e  s t u d i e s  of p u l s e d  C 0 2  
l a se r s  w i t h  l a r g e  ( l l m m  e-2 r a d i u s )  f u n d a m e n t a l  mode s i z e s  are p r e s e n t e d  
demons t r a t ing  minimal frequency sweeping i n  accordance w i t h  t h e  theo ry  of laser- 
induced medium p e r t u r b a t i o n s .  

INTRODUCTION 

I n  p u l s e d  C02 lasers both  plasma e f f e c t s  and a laser - induced  e f f e c t  (LIMP) l e a d  
t o  f requency  sweeping (l), of t h e s e ,  p a r t i c u l a r l y  f o r  l o n g e r  p u l s e  o p e r a t i o n ,  LIMP 
i s  t h e  major offender .  Th i s  c h i r p  process e x h i b i t s  a n  i n v e r s e  4 t h  power dependence 
on beam s p o t  s i z e ,  hence a laser which has a l a r g e  i n t r a c a v i t y  beam d iame te r  can  be 
expected t o  show a minimal laser - induced  f requency  sweep. F u r t h e r  advan tages  acc rue  
from such a geometry; l a r g e  mode volumes are o b t a i n a b l e  from s h o r t  r e s o n a t o r s  t h u s  
a l l o w i n g  h igh  energy o p e r a t i o n  from compact s t r u c t u r e s ,  fur thermore  s i n c e  t h e  energy 
i s  d i s p e r s e d  over  a l a r g e  area of t h e  mi r ro r  s u r f a c e ,  good r e s i s t a n c e  t o  m i r r o r  
damage shou ld  ensue. U n f o r t u n a t e l y  s i n g l e  mode o p e r a t i o n  f rom l a r g e  mode r a d i u s  
r e s o n a t o r s  i s  not r e a d i l y  ach ievab le ;  t h e r e f o r e ,  it is in t ended  i n  t h i s  paper  t o  
c o n s i d e r  p o s s i b i l i t i e s  f o r  l a r g e  s i n g l e  mode operat ion.  

STABLE RESONATORS 

Smooth Gauss ian  i n t r a c a v i t y  mode p r o f i l e s  coupled  w i t h  r e l a t i v e  i n s e n s i t i v i t y  
t o  m i r r o r  m i s a l i g n m e n t  a r e  d e s i r a b l e  f e a t u r e s  a s s o c i a t e d  w i t h  l asers  e m p l o y i n g  
s t a b l e  r e sona to r s .  

F i g u r e  1 shows a p l o t  derived from t h e  a n a l y s i s  of Kogelnik and L i  ( 2 )  of beam 
s p o t  s i z e  v e r s u s  g1 g2 where  g1 = 1 - and g2 = 1 - L / R 2 ,  L i s  c a v i t y  l e n g t h  

t h e  two laser  mirrors .  The r e s o n a t o r  i s  
s t a b l e  when 0 < g1 g2  < 1, and  w i t h i n  t h i s  r eg ime  t h e  c a v i t y  r a y s  a r e  c o n f i n e d .  
The form of t h i s  p l o t  i s  t y p i c a l  of s t a b l e  r e s o n a t o r s  a l t h o u g h  t h i s  i s  c a l c u l a t e d  
f o r  t h e  p a r t i c u l a r  ca se  of a 40cm long  c a v i t y  having  one m i r r o r  w i t h  a 5 m  convex 
r a d i u s  of c u r v a t u r e .  The beam s i z e  shown is t h a t  a t  t h e  concave mi r ro r .  

and R1 and R2 are t h e  r a d i i  of 
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Spot S i z e  L i m i t a t i o n s  

Over t h e  ma jo r i ty  of t h e  s t a b l e  r eg ion  s p o t  s i z e s  a r e  t y p i c a l l y  less  than  2mm; 
i t  i s  o n l y  a t  the two extremes where t h e  t h r e s h o l d  of s t a b i l i t y  is  approached t h a t  
t h e  beam b l o w s  up i n  s i z e .  The l e f t  hand e x t r e m e ,  g1 g 2  = 0, r e p r e s e n t s  t h e  
hemispher ica l  c a v i t y  c o n f i g u r a t i o n  and a l t h o u g h  t h e  beam t ends  t o  become i n f i n i t e l y  
l a r g e  a t  t h e  c o n c a v e  m i r r o r  a t  t h e  o t h e r  m i r r o r  t h e  t e n d e n c y  i s  t o w a r d s  a n  
i n f i n i t e l y  small spot.  Since any r a y  i s  r e f l e c t e d  back on i t s e l f  t o  t h e  focus  t h e r e  
i s  no mode s e l e c t i v i t y .  Of cour se  m i r r o r  damage problems a s s o c i a t e d  w i t h  t h e  small 
s p o t  w i l l  be severe.  

The r i g h t  hand extreme, g l g 2  = 1, r e p r e s e n t s  t h e  e q u i v a l e n t  p l a n e - p l a n e  
r e s o n a t o r  conf igu ra t ion  i n  which beam s i z e  i s  o n l y  l i m i t e d  by m i r r o r  dimensions. But 
i n  o rde r  t o  ensure fundamental  mode o p e r a t i o n  a small i r i s  needs t o  be i n s e r t e d  i n t o  
t h e  c a v i t y  t o  a p e r t u r e  t h e  beam and in t roduce  l o s s  t o  h ighe r  o r d e r  modes. 

So s t a b l e  r e sona to r s  w i th  l a r g e  s p o t s  have l i t t l e  o r  no mode s e l e c t i v i t y ,  bu t  
t h i s  o n l y  a p p l i e s  t o  s imple  c a v i t i e s  - i f  we a r e  a l lowed  t o  i n t r o d u c e  o t h e r  o p t i c a l  
e lements  then  t h i s  g i v e s  a f u r t h e r  degree  of freedom. 

Te le scop ic  S t a b l e  Resonator 

Hanna e t  a1 (3) have demonstrated a Nd:YAG laser  employing a s t a b l e  r e s o n a t o r  
w i t h  a x4 i n t r a c a v i t y  t e l e s c o p e .  T h i s  l a s e r  e x h i b i t s  good f u n d a m e n t a l  mode 
o p e r a t i o n  y e t  produces a l a r g e  beam o v e r  a p o r t i o n  of t h e  c a v i t y .  

Figure 2 shows t h i s  r e s o n a t o r  c o n f i g u r a t i o n  a p p l i e d  t o  t h e  C02 wave leng th  (4). 
An e l e c t r o n  beam s u s t a i n e d  d i s c h a r g e  ( 5 )  i s  u s e d  t o  pump t h e  p u l s e d  g a i n  module; 
t h i s  t e c h n i q u e  i s  a c o n v e n i e n t  and r e l i a b l e  way t o  o p e r a t e  l a r g e r  c r o s s  s e c t i o n  
d i scha rges  and has t h e  advantage  t h a t  long  p u l s e  ( s e v e r a l  microseconds) o p e r a t i o n  
can be assured.  S ince  one l e g  of t h e  r e s o n a t o r  comprises  a small d iameter  beam i t  
i s  p o s s i b l e  t o  hybr id i ze  t h e  laser  by t h e  i n s e r t i o n  of a low p res su re  c w  g a i n  c e l l ,  
t h u s  e n s u r i n g  SLM o p e r a t i o n  as w e l l  as a c h i e v i n g  a d e g r e e  of  g a i n  s w i t c h e d  s p i k e  
suppression.  The t e l e s c o p e  i s  x4 and of G a l i l e a n  c o n f i g u r a t i o n  i n  o r d e r  t o  a v o i d  
a i r  breakdown problems a s s o c i a t e d  wi th  a n  i n t r a c a v i t y  focus. O v e r a l l  c a v i t y  l e n g t h  
is  1.75m and i s  i n v a r  spaced. Both t h e  100%R m i r r o r  and t h e  70%R ou tpu t  c o u p l e r  a r e  
p l a n e  and t o  e n s u r e  t h a t  t h e  c a v i t y  i s  a n  e q u i v a l e n t  c o n f o c a l  r e s o n a t o r  t h e  
t e l e s c o p e  i s  s l i g h t l y  defocussed. 

F igure  3 shows t h e  nea r  f i e l d  beam p r o f i l e  of t h e  ou tpu t  which has  a Gaussian- 
l i k e  appearance,  a b e s t  f i t  Gaussian t o  t h i s  p r o f i l e  has  an e-2 i n t e n s i t y  r a d i u s  of 
11.2mm which agrees  w e l l  w i th  t h e  t h e o r e t i c a l  p r e d i c t i o n  of 10.9m. 

S i n g l e  mode o p e r a t i o n  w a s  c o n f i r m e d  by e x a m i n a t i o n  of t h e  c w  o u t p u t  on  a CMT 
d e t e c t o r ;  no bea ts  were d e t e c t e d  o v e r  t h e  +looMHz bandwidth of t h e  d e t e c t o r .  The 
mode p u r i t y  i s  f u r t h e r  confirmed by t h e  l a c k  of b e a t s  on t h e  power v s  t i m e  waveform 
shown i n  f i g u r e  4. The g a i n  s w i t c h e d  s p i k e  i s  o n l y  p a r t i a l l y  s u p p r e s s e d  h e r e ,  
presumably due to  t h e  low i n t r a c a v i t y  i n t e n s i t y  of t h e  c w  r a d i a t i o n  i n  t h e  expanded 
p o r t i o n  of t h e  beam w i t h i n  t h e  pu l sed  g a i n  region. 

Shown i n  f i g u r e  5 i s  a t y p i c a l  b e a t  s i g n a l  be tween  t h e  p u l s e d  o u t p u t  and  a 
l o c a l  o s c i l l a t o r .  The ou tpu t  energy i s  1.1J, t h e  heterodyne s i g n a l  being ob ta ined  
from t h e  s c a t t e r e d  radiat ion off the joule  meter surface. Measurement of peak. posit ions 
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enables a f requency  versus time p l o t  t o  be gene ra t ed  and f i g u r e  6 r e p r e s e n t s  on 
o v e r l a y  of s e v e r a l  such  measurements of p u l s e s  ranging  i n  energy between 0.645 
and  1.1J. No t r e n d  i n  e n e r g y  i s  o b s e r v a b l e  and  t h e  p l o t s  a r e  e s s e n t i a l l y  f l a t  
i n d i c a t i n g  t h a t  LIMP i s  n e g l i g i b l e .  Any r e s i d u a l  s h a p e  i s  most  p r o b a b l y  
a t t r i b u t a b l e  t o  p l a s m  e f f e c t .  

A p l o t  of  normalized c h i r p  c o e f f i c i e n t  a g a i n s t  beam s p o t  s i z e  showing t h e  
i n v e r s e  4 t h  power dependence is  dep ic t ed  i n  f i g u r e  7. P l o t t e d  i n  t h e  f i g u r e  is 
t h e  r e s u l t  w i t h  t h e  11.2mm beam r a d i u s  shown f a l l i n g  c l o s e  t o  t h e  t h e o r e t i c a l  l i n e  
of s l o p e  -4 demons t r a t ing  t h a t  t h e  e x t r a p o l a t i o n  t o  l a r g e  s p o t s  is  v a l i d .  Th i s  
conf i rms  t h a t  t h e  t echn ique  of ope ra t ing  w i t h  a l a r g e  i n t r a c a v i t y  mode i s  
s u c c e s s f u l  i n  overcoming t h e  laser-induced c h i r p .  

L a r g e r  m a g n i f i c a t i o n s  t h a n  t h e  x 4  t e l e s c o p e  used  h e r e  are  f e a s i b l e ,  
u n f o r t u n a t e l y  t h e  power d e n s i t y  i n  t h e  s m a l l  beam l e g  of t h e  r e s o n a t o r  becomes 
ex t r eme ly  h igh  as t h e  mode volume and hence p u l s e  energy  i s  i n c r e a s e d  and u l t i m a t e l y  
m i r r o r  damage becomes a l i m i t i n g  f a c t o r .  C l e a r l y  a c o n f i g u r a t i o n  producing l a r g e  
s p o t  s i z e s  throughout t h e  r e s o n a t o r  is a necessa ry  requirement.  

UNSTABLE RESONATORS 

Hard Mir ror  Unstable Resonators  

I n  u n s t a b l e  r e s o n a t o r s  (6) t h e  r a y s  a r e  d i v e r g e n t  and are a l l o w e d  t o  spread  o f f  
t h e  m i r r o r  s u r f a c e s  w i t h  c h a r a c t e r i s t i c a l l y  h igh  l o s s e s .  The l eakage  of r a d i a t i o n  
around t h e  pe r iphe ry  of one m i r r o r  o f t e n  forms t h e  u s e f u l  laser  output.  Uns tab le  
r e s o n a t o r s  o f f e r  a s o l u t i o n  t o  t h e  problem of f i l l i n g  l a r g e  mode volumes but  must be 
viewed w i t h  some r e s e r v a t i o n .  Unl ike  s t a b l e  r e s o n a t o r s  t h e  mode p r o p e r t i e s  are no t  
w e l l  u n d e r s t o o d ,  t h e  modes a r e  n o t  s m o o t h l y  v a r y i n g  i n  i n t e n s i t y  b u t  a re  
c h a r a c t e r i s t i c a l l y  r i p p l e d ,  a f e a t u r e  which cannot be conducive t o  minimizing t h e  
laser - induced  f requency  sweep. A f u r t h e r  problem p e r t i n e n t  t o  t h e  r e a l i z a t i o n  of a 
f i e l d a b l e  l a s e r  i s  t h e  t e n d e n c y  of t h e s e  r e s o n a t o r s  t o  be h i g h l y  a l i g n m e n t  
s e n s i t i v e .  

Gaussian Mirror Resonators  

Opera t ion  of a l a s e r  w i t h  a n  u n s t a b l e  r e s o n a t o r  i n c o r p o r a t i n g  a n  o u t p u t  c o u p l e r  
w i t h  a Gauss ian  r e f l e c t i v i t y  p r o f i l e  has  been  d e m o n s t r a t e d  (7). T h i s  t e c h n i q u e  
l a r g e l y  overcomes t h e  problems a s s o c i a t e d  w i t h  u n s t a b l e  r e sona to r s ;  t h e  i n t r a c a v i t y  
mode i s  c o n s t r a i n e d  t o  be Gauss ian  ,and the system shows r e l a t i v e  i n s e n s i t i v i t y  t o  
m i  r f o r  m i  sa 1 ignment . 

A f e a t u r e  of t h e s e  c a v i t i e s  i s  t h a t  a l t h o u g h  t h e  g e o m e t r i c  c o n f i g u r a t i o n  i s  
t h a t  of an u n s t a b l e  r e s o n a t o r  t h e  r a y s  a r e  i n  f a c t  conf ined  so t h a t  t h e  r e s o n a t o r s  
a r e  a r g u a b l y  s t a b l e .  T h i s  a r i s e s  b e c a u s e  t h e  s p o t  r e f l e c t e d  f rom t h e  Gaussian 
m i r r o r  i s  reduced i n  s i z e  r e l a t i v e  t o  the  s p o t  i n c i d e n t  upon it. The Gauss ian  beam 
i n c i d e n t  upon t h e  m i r r o r  can  be expressed  as 

t h e  m i r r o r  i n t e n s i t y  r e f l e c t i v i t y  p r o f i l e  as 
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The r e f l e c t e d  beam i s  t h e  product  of t h e s e  two Gaussians:  

I] 2 t 2  
= I .  R exp - E 2 r  /wl  I + ( r  /wint 

10 0 

= I exp - ( 2 r  2 + 2  /wl I r o  

Thus 1 -  1 1 - - - + -  
W 

2 
1 G 2  1 2Wint  

+ 2  

-+ f 
where r i s  r a d i a l  d i s t a n c e ;  w1 and w1 a r e  t h e  e-2 i n t e n s i t y  r a d i i  o f  t h e  r i g h t  and 
l e f t  t r a v e l l i n g  beams r e s p e c t i v e l y  when t h e  Gaussian m i r r o r  is  a t  t h e  l e f t ;  and wint 
i s  t h e  e-l r e f l e c t i v i t y  i n t e n s i t y  r a d i u s  of t h e  Gaussian mi r ro r  (GM). 

The g r a p h  shown i n  f i g u r e  8 p l o t s  t h e  r a t i o  of  s p o t  s i z e  r e f l e c t e d  f rom t h e  
Gaussian mir ror  t o  t h e  mi r ro r  Gaussian p r o f i l e  s i z e  as a f u n c t i o n  of g1g2. 
A l t h o u g h  c a l c u l a t e d  f o r  a 5m c o n v e x  G M  t h e  p l o t ,  w i t h  o n l y  minor  d e v i a t i o n s ,  is 
g e n e r a l  t o  GM r e sona to r s .  I n  t h e  s t a b l e  r eg ion  t h e  beam r a d i u s  is  e s s e n t i a l l y  t h e  
same as a conven t iona l  hard mi r ro r  r e sona to r ,  an i n t e r p r e t a t i o n  i s  that since t h e  
s p o t  i s  sma l l  o n l y  t h e  c e n t r a l  p o r t i o n  of  t h e  GM i s  a d d r e s s e d  o v e r  wh ich  t h e  
v a r i a t i o n  i n  r e f l e c t i v i t y  i s  s m a l l ,  i e  t h e  GM l o o k s  much l i k e  a c o n v e n t i o n a l  hard 
m i r r o r .  But ,  a s  t h e  i n c i d e n t  beam b l o w s  up i n  s i z e  t h e  G M  asser t s  i t s e l f  and  
u l t i m a t e l y  as t h e  i n c i d e n t  spo t  s i z e  t ends  t o  i n f i n i t y  t h e  r e f l e c t e d  s p o t  t ends  t o  

J Z  W i n t .  

I n  r e c e n t  work a t  RSRE a G a u s s i a n  m i r r o r  h a s  been  i n c o r p o r a t e d  i n  a s h o r t  
r e s o n a t o r  40cm long ,  t h i s  c a v i t y  l e n g t h  has  been chosen not  only f o r  compactness 
but  a l s o  t o  t r y  t o  ensure  SLM* ope ra t ion .  The e-beam s u s t a i n e d  d i scha rge  module 
mentioned ear l ier  was used a g a i n  i n  t h i s  arrangement.  The r e s u l t s  of a s c a n  
a c r o s s  t h e  GM i n  o rde r  t o  measure i t s  r e f l e c t i v i t y  p r o f i l e  a te  shown i n  f i g u r e  9. 
F i t t ed  t o  t h e  exper imenta l  p o i n t s  i s  t h e  b e s t  f i t  Gaussian which for t h i s  p a r t i c u -  
l a r  s e c t i o n  has an e-l in tens i ty  radius of 9.33mm, but  t h e  p r o f i l e  i s  not  p e r f e c t l y  
c i r c u l a r  and v a r i e s  depending on scan  d i r e c t i o n  between 9.lmm and 10.0mm. 

Figure  10 is a p l o t  of beam s p o t  s i z e s  c a l c u l a t e d  f o r  such a 40cm l o n g  c a v i t y  
having  a convex 5m r a d i u s  of c u r v a t u r e  G M  wi th  a n  e-' i n t e n s i t y  r e f l e c t i v i t y  r a d i u s  
(wint)  o f  10mm. Along  t h e  t o p  i s  i n d i c a t e d  t h e  r a d i u s  of c u r v a t u r e  of t h e  h a r d  
m i r r o r  f o r  which t h e  s p e c i f i c  v a l u e  u s e d  w a s  8 m  c o n c a v e  g i v i n g  beam r a d i i  i n  t h e  
v i c i n i t y  of 10-llmm. 

Reproduced i n  f i g u r e  11 is  t h e  n e a r - f i e l d  beam p r o f i l e  of t h e  ou tpu t  from t h e  
l a s e r  u t i l i z i n g  t h i s  c a v i t y  conf igu ra t ion .  Taking i n t o  account  t h e  u n c e r t a i n t y  i n  
wint t h e  beam dimensions a r e  i n  agreement w i t h  theory.  The c e n t r a l  d i p  ar ises  from 
t h e  r e l a t i v e l y  h i g h  o n - a x i s  r e f l e c t i v i t y  of t h e  Gaussian r e f l e c t i v i t y  o u t p u t  
coup le r .  Lavigne ( 7 )  have demonstrated t h a t  t h e  p ropaga t ion  c h a r a c t e r i s t i c s  of a 
beam w i t h  s u c h  a n e a r  f i e l d  p r o f i l e  a r e  good,  t h e  f a r  f i e l d  p r o f i l e  b e i n g  n e a r l y  
Gaussian and f r e e  of s i d e  lobes.  

*Single  Longi tudina l  Mode (SLM). 
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A power- t ime waveform of  t h e  l a s e r  o u t p u t  i s  shown i n  F igu re  12; t h e  l a c k  of 
mode b e a t i n g  c o n f i r m s  t h e  good mode s e l e c t i v i t y  of t h i s  GM r e s o n a t o r .  The good 
t r a n s v e r s e  mode d i s c r i m i n a t i o n  is  unsu rp r i s ing  when t h e  weighted mean r e f l e c t i v i t y  
of 40% € o r  t h e  fundaizental  (on a x i s )  mode is compared w i t h  t h e  TEMOl mode v a i u e  of 
o n l y  20%. On f a s t e r  timescales l o n g i t u d i n a l  mode b e a t i n g  is  j u s t  d i s c e r n i b l e  but  
a g a i n  - a l t h o u g h  perhaps  more s u r p r i s i n g l y  - r e j e c t i o n  is v e r y  good t h e  mode r a t i o  
being g r e a t e r  t han  lo4 f o r  t h e  40cm c a v i t y  l e n g t h  used here. 

F i g u r e  13 shows t h e  b e a t  s i g n a l  between t h e  G M  r e s o n a t o r  l a s e r  o u t p u t  and  a 
l o c a l  o s c i l l a t o r .  The o u t p u t  p u l s e  energy i s  j u s t  o v e r  1J. The b e a t  f requency  i s  
remaining e s s e n t i a l l y  c o n s t a n t  throughout t h e  p u l s e  a t  3.85+0.25 MHz. 

CONCLUSIONS 

L a r g e  mode r a d i u s  r e s o n a t o r s  o f f e r  p o t e n t i a l  f o r  h i g h  o u t p u t  e n e r g i e s  f rom 
compact  l a s e r  s t r u c t u r e s  w i t h  good r e s i s t a n c e  t o  m i r r o r  damage as  w e l l  a s  f o r  
minimizing LIMP. The e f f e c t i v e n e s s  of such r e s o n a t o r s  i n  minimizing t h e  laser- 
induced-frequency sweep has been demonstrated a t  ou tpu t  e n e r g i e s  of 1J f o r  p u l s e s  
s e v e r a l  microseconds long. The GM r e sona to r  shows much promise f o r  l a r g e  s i n g l e  
mode o p e r a t i o n ,  t h e  i n t r a c a v i t y  mode h a s  a Gaussian p r o f i l e ,  t r a n s v e r s e  mode 
d i s c r i m i n a t i o n  i s  h i g h  and  t h e  c a v i t i e s  a r e  r e a s o n a b l y  i n s e n s i t i v e  t o  m i r r o r  
misalignment . 
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