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SPECTROSCOPY LETTERS, 8 ( 9 ) ,  637-650 (1975)  

WAVEGUIDE DYE SOLUTION LASERS 

P .  Burlamacchi and R. P r s t e s i  

Laboratorio Elet tronica  Quantistica de l  C . N . R .  
Via Panciatichi 56/30 

Firenze, I t a l i a  

1. Lv, t roCi;ct im 

S i n c e  t h e  d e w ? l o p m n t  of  f i r s t  lasers -the p o s s i b i l i t y  of  i i g n t  

a m p l i f i c a t i o n  and o s c i l l e t i o n  i n  wave?;vide s t r u c t u r e s  h a s  been i n v e s t i g i t  

ed. Wzveol ide 1.r;sers have b e e n  c o r s t n i c t e d  uciEg. a v a r i e t y  of' l a s i n g  c!nte- 

r ia ls ,  e i t h e r  s o l i d ,  g a s e o u s ,  o r  !.iquid. 

One o f  t h e  p r i n c i p a l  adv;ptc;;es o f  i;siFg a navcguide  s t ruct iJre  

;it tihe c p t i c a l  f r c q u e r c i e s  is  t h e  p o s s i b i l i . ; g  o f  m i n i z t u r i z i r g  t hc  1 z s e r  

compsnents  and t o  s e t  up v n r y  conpz.ct I.zsei-s. Tlic f i e l d  of  o p t i c 2 1  c o m i i -  

r j . c a t i o r 3  t o s  o f t e n  requesrec! ';he devcLopl;icnt o f  f ' i t e r  o p t i c  a n p l i f i e : ~  

oscillaf3rs -to be i n s e r t e d  i n t o  t h c  f i b e r  L r a n s n i s s i o n  sys tems( ' -2 ' .  :.Tore 

r ? c c n t l y ,  n i t h  t h e  Tsst Ge-.rel ilpne:-,t. o f  t h e  i a t e g r a t e d  o p t i c s  tecknoio,:;!, 

t h e  i n p o r t m c e  o f  w.i;ive@icie lasers 1s f'u:-ther i n c r e a s e d  . ( 3 )  

A l t h o u ~ h  t h e  :!e:-.sibil.it,y o f  lFA:+er n c t j  011 i n  ty i i r i ing  s t r , ~ c ? ; , ~ r e s  

hiic 'beer! wide1;I c l m o n s t r m c c i  f o r  s c , l i d ,  (7nscous, and l i q u i d  r m t e r i c l n ,  o c  

ly s o l i d - s t t i t e  l a s e r s  hcve bce? c x t e r s i v c l y  i a v e s t i g n t e d  ? o r  t h e  nbo-ic rpcn 

t i o 3 c d  ap:il i c a t i J n s .  h:ore p r c c i s e l 7 , d y c  l a s c r o  have been cons jdere? ,  j.!?pmJ: 

t i c a l  f o r  i n t e g r a t e d  o p t i c s  bpca:ise o f  l.iYttcf3 l i f e - t i i n c  clue t o  p h o t o b l e c r ?  

ing ,  ari6 bc.o?use 0:' er::ission in t h e  vis ib2.c  I eqion,i::here t he  t r a s s m i s s i c n  

losses  of o p t i c n l  f j bcL-s  a r c  higher .  t k m  f o r  ?c"r  I R  s a u r c e s .  T h e  s.v:iilabi. 

c t ,  rugged I n e x p e n s i v e  i?::rrc!v-b?3d dye  l a s e r  o s c i l l n t o ; . ~  n i t ; !  

s o n a t o r  s t r u c t > w e  r : . i l l  c e r t a i n l y  be o f  pren-t  i n t e r c s t  for i? 

-. 

var- ic- ty  of ?.pplj ci. t- ions beyor:e t':;e f i e i 2  of  ir.tc,:rated o p t i c s  !:hen i r y r o -  

vencn Is o r  d x e  c b n r e c t e r i s t i c s  n i l 1  b e  i c h i e v c d ( 4 ) .  T h e r c f o r e ,  i n  t h i s  112 

p e r  w e  wj.11. o n l y  b r i e f l y  rcwev;  t h e  results o b t a i n e d  w i t h  ].;quid f i b e r  

m d  1 i ; : v i d  th in- f i l l : )  dye 1 i-s. '!':c .;,ill d i s c u s s  i n  morc d e t z i l f :  t h e  EJi- 

d i n g  E f f e c t s  vrliich c c c u r  i n  l i 2 - . , i i <  s 3 1 u ~ i c : i  dye l a se r s  a s  c. c o n s f q u e n c e  

of t h e  inhomogeneous d i s t r i b u t i o r  oi' t h e  ( cor:.p!.ex) r e f r t c t i v e  inciex, p r o d s  

637 
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638 BURLAMACCHI AND PRATES1 

ced by t'ne pumping p u l s e ,  i r ?  vies.! of t h e i r  impor tance  f o r  a f u l l  u n d e r s t -  

a n d i n g  of dye l k s e r  perforcsnco ,and  e s p e c i a l l y  f o r  a more c f f i c i e r t  d e s i -  

gn of d y e  laser g e o n e t r i e s , h i g h  energy  and h i g h  a v e r a g e  power o p e r a t i o n .  

These t h e r r ! ~ i l - l e n s  t y p e  waveguide dye  l asers  have been investi[;a+,ed by t h e  

s u t h o r s ,  and i n  s e v e r a l  a s p e c t s  t u r n e d  ou t  t o  hzve  s u p e r i o r  o p e r a t i n z  cha- 

rac  t e r i  s t i  c s  t h a n  c o n v c n t i  o n a l  dye  1.0 se  rs. 

f o r  

2. A c t i v e  Y/avcii:ide S t r , i i c t u r e s  

Y!nve;;-ide s t r u c t u r e s  e n c o u i t e r e d  i n  l a s e r  a p p l i c a t i o n s  cap. b e  

rou@;hIy divi.6 cd i n t o  t h r e e  g r o u p s  ( P i g .  1 ) : 

a) f i b c r  d i e l e c t r i c  wavesuides  ( w i t h  homogeneous c o r e )  

b )  ho l lov :  d i e l e c t r i c  wiiveeuides ( w i t h  homogeneous i n n e r  medium)  

c )  grad ed-index waveguides. 

The: s t u d y  o f  l i g h t  propaga- t ion  i:: pr.ssive n r s r e o i d c s  113s r ecpn-  
hag A r r x  

t i y  recei .ved aq i n c r e a s i n g  a t t e n t i o n ,  and,,extended t o  a c t i v e  g J i d i n E  struc - 
t u r e s  0.s a consequence of  t h e  i m p o r t a n t  developments  i n  t h e  f i e l d  of  f i ' c e r  

o p t l . c s  and  i . n t e g r a t e d  o p t i c s ' 5 - 8 ) .  Y/e now b r i e f l y  i l l u n t r r t e  t h e  b a s i c  u o z  

c e p t s  and t h e  p r i n c i p a l  r e s u l t s  r e p o r t e d  f o r  cases a )  2nd b); t h e  p m c t i c n l  

a p p l i c a t i o n s  o f  t h e  p r i n c i p l e s  p r e c e n t c d  i n  c )  w i l l  tie d i s c u s s e d  i n  t h e  

n e r t  s e c t i o n .  

a) F i b e r  d i e l e c t r i c  w a v e w i d e  

- C j . ~ ~ ~ l . ~ r _ c y l ~ ~ ~ ~ ~ . ~ c ~ l - ~ ~ ~ v p ~ ~ i ~ e  

An o p t i c a l  f i h r e  is c o n s t i t u t e d  by  a g l o s s - c o r e  c ladded  w i t h  a n 0  

tJ ier  glass u f  :tower r e f r a c t i v e  I n d e x .  T h i s  f i b e r  a c i g s a  d i . e l e c t r i c  v:nvc:?u~ 

de. The g v i d i p g  rncchanisrn i s  t o t a l  i n t e r n a l  w f l e c t i o n .  Liqi.tid-core op t i cz l .  

f i b r e s  can be o b t a i n e d  by drawicg 2 l o l i o v r  glnss f i b r e  and by f i l l i n g  1.: 

\vj.th B s u i t r i b l c  l i q u i d  of  s l i g h t l y  h i s h e r  r e f r a c t i v e  index.  I f  t h e  c r o s s  

s e c t i o n  of  t h e  core i s  s u f f i c i e n t 1 . y  snail  (a  few n i c r o n s l o n l y  il 

b e r  o f  p o s s i b l e  f i e l d  d i . s t r i b u t i o n c ,  o r  modcs, can  be a l l o w e d  t o  p r o  

d o m  t h e  f i b r e .  For  e , l e ,  t h o  energy of t h e  l o w e s t  o r d e r  node i s  

ned i n t o  t h c  wave,uide s.tructu2-e i f :  

I\ 

sme1.l. n q  

1 )  
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WAVEGUIDE DYE SOLUTION LASERS 639 

n 

Fig .1  : Schemat ic  r e p r e s e n t a t i o n  o f  t h e  t h r e e  p r i G p a l  t y p e s  

of  o p t i c a l  waveguides. a )  f i b e r  w a v e a i d e  w i t h  homo- 

geneous  c o r e  and c l a d d i n g  : n > n c o r e  c l a d d i n g  b, 
h o l l o w  d i e l e c t r i c  waveguide w i t h  homogeneous i n n e r  

medium and c l a d d i n g  : n 

i n d e x  f i b e r .  T y p i c a l  r a y  t r a j e c t o r i e s  are  shown. I n  

c a s e  c )  m e r i d i o n a l  rays and h e l i c a l  r a y  of  c o n s t a n t  

r a d i u s  a re  i n d i c a t e d .  

c )  gra.ded core' "c laddi rAg * 

where n1  and 1i2 d e n o t e  i.he i n d e x  of r e f r a c t i o n  o f  t h e  glass c a p i l l a r y  and 

o f  t h e  s o l u t i o n ,  r e s p e c t i v e i y ;  A t h e  f r e e  s p a c e  wavelength ;  and  a thp ra- 

d i u s  of  t h e  l i q u i d  c o r e .  F o r  R BK7 g l a s s  c a p i l l a r y  ( n l  = 1.516)  and ben- 

zyl a l c o h o l  (n 

a = 4 110. Kodc p a t t e r n s  correspondin:  t o  t h e  w e l l  known f i b e r  l a s e r '  

ve becn  observed by purn2ir.g 'with a. f requency  doubled Nd:YAG g i a n t  pulse 

l a s e r  a 10 pm b o r e  c a p i l l a r y  f i l l e d  \':i.th il s o l u t i o n  o f  Rhodamine R i n  b e 2  

z y l  a lcohol .  . 

= 1.538) s i i ? g l e  n o d e  o p e r e t i o n  a t  A = 6.300 8 r e q u i r e s  
2 

) h a  

( 3 )  

A i n p l i f i c r t i o n  o f  an i n p u t  signal i n  a l i q u i d - c o r e  f i . b r e  h a s  be- 

en  o h t z i n e d  by  winding  the f i b e r  around a I . i n e n r  f l a s h t u b e .  With a solu- 

t i o r !  of  Rhodnaine I? i n  bcnzyl a l c o h o l  a n  a m p l i f i c a t i o n  f a c t o r  of  10 dB/m 

has been neasured  a.t tile Ke--?Te wavelength  . (10 1 

- Slzb::t"g (TGi 2-Eip21 c x e p i d g  

L i ~ k i t  r!svps c:.~? be guided  i n  t h i n  d i e l e c t r i c  f i l n s ,  v h i c h  a r e  

t h e  tv:o--dinenr;i cnr.1 a n a l o ?  o f  o p t i c a l  f i b e r s .  
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640 BURLAMACCHI AND PRATES1 

Thin f i l m  o r g a n i c  dye l a s e r s  ha%'ifuilt by f i l l i n g  t i n y  c a p i l l a -  

r y  g a p s  between p o l i s h e d  gliiss s u r f a c e s  w i t h  a dye s o l u t i o n .  The d i s t a n c e  

between t h e  g l a s s  s u r f a c e  can be de te rmined  by  s p a c e r s  mzde b y  evaporat i id  

d i e l e c t r i c  o r  p l a s t i c  f i l m  m a t e r i a l .  L a s e r  a c t i o n  hws been r e p o r t e d  w i t h  

Rhodamine B i n  benzyl  a l c o h o l  w i t h  b o t h  t r a v e l i n g  wave and e v a n e s c e n t  w:i- 

ve  p1unpir.g by a f r e q u e n c y  doubled YBG:Nd l a s e r ' "  ). The e v a n e s c e n t  f i e l d  

pumping of a dye f i l m  h a s  alsc been demonstra . ted (12). 

I n  t h e  above exper iments  t h e  f e i b a c k  n e c e s s a r y  f o r  t h e  bul ld-up  

of  l a s e r  o s c i l l a t i o n  is provided  by r e f l e c t i o n  a t  t h e  exi-; wiridovrs o r  a t  

t h e  d y e  sol.ution//o.ir i n - t e r f a c e  a t  t h e  end of  t t e  viaveguirle. Biavewide stn.1: 

t u r e s  w i t h  a d i s t r i b u t e d  feedback  have been o b t a i n e d  by  ~ : ieans  o f  a s p n t l -  

a l l y  p e r i o d i c  m o d u l a t i o n  of t h e  l i q u i d  f i l m ' s  t h i c l t n e s s .  The forward  mode 

i s  t h e n  coupled t o  i t s  c c r r e s p o n d i x g  backward mode by i n t r a n o d c  d i f f r u c -  

t i o n .  Narrow band e m i s s i o n  c a n  be o b t z i n e d  by  t h i s  kind of  feedbeck  . 
Z ~ r y ' ' ~ )  h2.s o p e r a t e d  s u c c e s s f u l l y  a d i s t r i b u t e d  fccrlbnck l a s e r  (DFL) eoi?- 

s i s - k i n g  of a f i l m  o f  l i q u i d  o r g a n i c  dye  s o l u t i o n  i n  g l y c e r o l  ( q = 1.4654) 

held between a b l a z e d  r e f l e c t i o n  g r a t i n g  and a n  o p t i c a l  f lp l t  ( q u a r t z ,  

n = 1.4556) ,  and s i d e  puriped by a IT2 l a s e r .  Feedback is  provided  by t h c  f o g  

r t h  s p a t i a l  harmonic o f  tlie g r a t i n g ,  and t h e  o u t p u t  is  coupled o u t  f r o m  

t h e  g r a t i n g  u n d e r  t h e  € i r s t - o r d e r  a n g l e  i n  the-d'orm of a lcrJ~y--~w.?vc. 13istrL 

buted  feedback  can a l so  be produced by  p e r i o d i c  v s r i a t i . o n s  o f  rafractivc I!! 
dex i n  a n  a d j a c e n t  d i e l e c t r i c  medium o f  l o w e r  r e f r a c t i v e  index .  The fcedb::c!c 

zcchanism t h e n  i n v o l v e s  t h e  e v a n e s c e n t  waves o f  t h e  waveguide. H i l l  and \$s 
t a n a h e ( 1 4 )  s u c c e s s f u l l y  o p e r a t e d  a DFL by sandwiching  a l i q u i d  dye s o l u t i o n  

f i l m  ( 1 5  + 100 him t h i c k )  between a h o l o g r a p h i c  phase g r a t 1 . n ~  and an  o p t i -  

c a l  f l a t .  Hhodnmine 6 G  i n  a m i x t u r e  of  benzyl  a l c o h o l  and e t h a n o l  h a s  brtcii 

used and s i d e  pumped by  a N g  l a s e r .  

b) Hol lo r ;  d i e l e c t r i c  wavepuidc 

( 3 )  

Convent iona l  gas l a s e r s  w i t h  r e s o n a n t  c a v i t i e s ,  formed by en? m i 2  

r o r s ,  o p e r a t e  w i t h  f r e e - s p a c e  modes t h z t  o r e  d e t e n n i n e d  by t h e  shape  oad 

s p a c i n g  o€ t h e  m i r r o r s ,  b u t  are n o t  i n f l u e n c e d  by t l ie  presence  of t h e  1czc:r 

tube. A s  t h e  t u b e  d i a m e t e r  i s  d e c r e a s e d  t h e  t u b e  b e g i n s  t o  i n t e r f e r e  w i t h  

t h e  e.m. f i e l d s  formed by t h e  l a s e r  m i r r o r s  and o p e r a t i o n  o f  t h e  l i i s e r  i s  

a l t e r e d  i n  a €undamental  way. We z re  t h e n  i n  t h e  prrlsence of  cn  i n t e r e s t i n : :  

t y p e  of o p t i c a l  waveguide, i n  which t h e  r e f r a c t i v e  i n d e x  o f  t h e  i n s i d e  ti 
he  is l o w e r  t h a n  t h a t  of  t h e  surroundin[: m a t e r i a l .  h i a r c a t i l i  nnd Schcie'it- 

z e r ( 1 5 )  demonst ra ted  t h a t ,  i f  t h e  f r e e  s p a c e  wavelength  i s  much s r w l l e r  
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WAVEGUIDE DYE SOLUTION LASERS 641 

than t h e  i n t e n i d  r ad ius  o f  t h e  tube,  t h e  energy propagates e s scn t i . a l l y  VJL 
t h i n  t h e  tube ,  bounc ing a t  g raz ing  ang le s  a g a i n s t  t he  wall. Consequently, 

t he re  is  l i t t l e  energy l o s s  due t o  r e f r a c t i o n .  The hol low .waveguide czn be 

expected t o  propagate t'le l o w  o r d e r  Inode with very small a t t e n u a t i o n  due 

t o  :he g raz ing  incidence.  

The a t t e n u a t i o n  cons tan t  of t h e  EHDn modes f o r  s t r a i g h t  d i e l e c t r i c  gu ides  

is given by 

where u 
l a t i v e  re f r : ic t ivc  index o f  -the ax temri l  iwdiun. F o r  h = 1 pin , \I = 1.5 

a = 1 mm , t h e  EH,; mode e x h i b i t s  the  lowes t  power a t t e n u a t i o n  of  

only 1.85 dS/Kin. 

deno te s  t h e  m-th zero of t h e  Jv,_,Bessel func t ion ,  and u t h e  r: 
ra 

The hollo:.r wavewide laser  s t i l i  dope:ids on e x t e r n a l  nirrors t o  

provide the  rcquii-ed feedback, bu t  t h e  t r ansve r se  shape o f  t h e  f i e l d  d i s t r i  

bu t ion  i s  no longe r  deterrnilled by t h e  l a s e r  nirrors, but by t h e  nodes Of 

t h e  hollow tube. D i s t r ibu ted  iecdback has  a l s o  been p roposed  f o r  t h e s e  12 
s e r s  . 6 6  ) 

Hol low ( cyl i r ,d r ic :? l  znd p l ana r )  navep;l,ides hnve becn success- 
iully used iaa ic ly  w i t ' ?  gas l z s e r ,  .::here t h e y  uerri i t  t o  e x p l o i t  t h e  inve r se  

dependence o f  t h e  Gzir. on tube diameter.  Experiments vii-th dye s o l u t i o n  h?_ 

ve proved t h a t  thermal e f f e c t s  due t o  l a s e r  o r  f l n s h l a n p  pumpin,: produce a 

s t rong  inhoinoe(eneous d i s t r i b u t i o n  o €  t he  complex r e f r a c t i v e  index which 

g r e a t l g  a f f e c t s  t he  p r o p a g a t i m  c h a r a c t e r i s t i c s  of  t h e  :.raveguide. They nil:L 

be then  discusned i n  next  sec t ion .  

Zeidler.'" ) i nves f iga t cd  t h e  mode behavior  f o r  a s l a b  wave&de 

as the  r e f r a c t i v e  index  of  the dye s o l u t i o n  was changed by t e r~pe raxure  v" 

d y e  4 r i a t i o n  f rom t h e  cond i t ion  c nglass. In t h e  case n g l a s s  "dye t o  
t he  waves a.rc guided by the  h igh  r e f l e c t i o n  a t  the  i n t e r f a c e s  cnu- nf;iass 

sed by t h e  g r a z i n e  incic!ence xiear the  c r i t i c a l  ang le  and g i v e  r i s e  t o  mo 
des  which r a d i a t e  bo th  a t  t h e  e x i t  windou and throueh  the  viallrj. The 

1igh.t  pene-trati.:?g t h e  well i s  rcdia-Led i n  cones and t h e  b r i l l - i n n t  hynerbg 

l a e  o€ t he  Lummr-Gehrcke modes(") htlve been observed. Trave l ing  wave 

and .evanescent  puaping  has  been used .  
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642 BURLAMACCHI AND PRATES1 

c )  Grade4-Index 'Vave,y.iiBe 

A very  i n t e r e s t i n g  type  o f  o p t i c a l  wzve,guide i s  represented  b y  

R d ie l e t r i c  medium wi th  sn inhonoCe?eous d i s t r i b u t i o n  of t h e  index of re- 

f r a c t i o n  i n  t h e  plans perpeiidic:ilar t o  t he  guicie ax i s .  In t h i s  case 

the  medium surrounding the inhoRogeneous f i b e r  p l a y s  a s e c o n d a r y  r o l e  j.n 

dete?minir:g t h e  allovred 

moues of  prouztjetion and t h e  l i g h t  can be guided alone; t h e  f i b e r  by t h e  

d i s t r i b u t e d  iidiomoger,ei:y. i i & t  propagation i n  pas s ive  f i b e r s  w i t h  zI-5 
ded- re f r zc t ive  i.ndex has been ex tens ive ly  s tud ied  i p  v i e s  o f  t h e i r  g r e a t  

i r i t c r e s t  f o r  o p t i c a l  cormunicntion sysfcms(' ). F i b e r s  with pa rabo l i c  pro 

f i l e  o i  t h e  i v l e x  , r e f r a c t i o n  have received -the g r e a t e s t  a t t e n t i o n s .  They 

p resen t  c u i t n  good c h a r a c t e r i s t i c s  f o r  imzge di.splay and pulse  t ransmi2  

o ion ( ' * ) .  One of t he  main Yeat i i res  i s  t h a t  such a f i b e r  can t r ansmi t  ' s t k  

t i ona ry '  Cr;ussi:m-liermite beams(7', i. e. wj t hov t  chanzing the  bean width 

with diatnnce.  The focus ing  e f f e c t  of t h e  f i b e r  conpeneates t h e  d ive rge2  

c e  o f  t h e  f r e c - s p a c e  Gaussian beam. Y!ave propagation i n  a medium with i-2 
d i a l l y  s jmne t r i c  r e f r a c t i v e  index  p r o f i l e  can be Ciscussed on t h e  b a s i s  

o f  t h e  scal.r.lr wBve eqiiation: 

Of 

w h o I v  #*) denotes  t h e  mode r a d i a l  func t ion ,  yI"-) t h e  r e f r a c t i v e  index, 

6 tlie propa@tion cons t an t  i n  t h e  

( l o s s l e s s  pas s ive  f i b e r )  t h e  mode 

r.t, define?, by 

( 4 )  b'n"?q ) 

f i b e r  a x i a l  d i r e c t i o n .  If n ( r )  i s  r e a l  

has a c a u s t i c  a t  the  ' t u r n i n g  p o i n t ' ,  

I t  i s  lcnown from the  theo ry  of YlKB approximation t h a t  t h e  f i e l d  has an 

o a c i l l a t o r y  chnrac t c r  i n  t h e  range r <r t ,  and an exponen t i a l ly  decay in^: 

hehzviour i n  t h e  range r>rt .  The condition: 

( 5 )  zt = a ( a  = f i b e r  r a d i u s )  

has been chose? as a ' cu t -o f f '  cond i t ion  t o  d e f i n e  t h e  modes which begin 
t o  strozF;l;r ir!rcrt:ct w i th  the  f i b c r  Sounc!ary, and become very l o s s y  ( 1 9 )  . 

I f  t h e  f i b e r  has p i n ,  n ( r )  is  now conplex end t h e  f i e l d  1133 an 

bchcviour i n  both  regioris r 2 r.k. o s c i l l a t o r y  and r e a l  exponen t i a l ly  
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WAVEGUIDE DYE SOLUTION LASERS 643  

Since  the  vRr ia t ions  o€ t h e  in6ex  o f  re i r : ic t ion  and o i  t h e  @ i n  

over a vr&veleni:t‘fl a r e  t y p i c a l l y  ne+:lizibl.e, t h e  more i z t a i t i v e  r zy  p i c h -  

r e  can be used t o  desc r ibe  t h e  l i e i l t  ampl i f i ca t ion .  Ttie ray eqiJ”tio?i is 
( 2 0 ) .  given  by . 

where s denotes  the  d i s t a n c e  a lone  t h e  ray mensurcd f r o n  sorfle p a i n t  or! 

t he  r a y ,  a p o s i t i o n  vec to r  o f  a t l r p i c a l  po in t  on  tkLe r?y. The ir!i;cnsitji 

o f  t he  l i g h t  m y  u s  it  t r a v e l s  i n  t h e  ampli€yiDg mediurn i s  givcri by: 

where so denotes  e r e fe rence  p0ir.t on  t h e  t r z j e c t o r y ,  S r e p r e s e n t s  t h e  eL 

!tonal: $s [ k r )  dL , and g ( s )  t h e  smal l - s igna l  gai.n. The first term 

i n  t h e  exponent ia l  i n  eq. ( 7 )  t a k e s  i n t o  account t h e  sp read icg  of  t h e  r a y  
tube  i n  t h e  inhomogeieous media. For r a d i a l l y  s y n n e t r i c  medium t h e  solu- 

t i o n  of eq. ( 6 )  cen , \eas i ly  reduced t o  quadra tu res ,  and t h e  r a y  ?a$h and 

the  g a i n  f a c t o r  G = 2/5 can be eva lua ted  f o r  any g iven  index  and 8ai.n 

p r o f i l e  . 

5. 

be  

(21)  

The s tudy  of l i g h t  t r ansmiss ion  and ampl i f i ca t ion  i n  mcdia with 

complex inhomogeneous r e f r z c t i v e  index  i s  rece iv ing  an i n c r e a s i n g  number 

o f  c o n t r i b u t i o n s  (22’-26 I .  S o l i d - s t a t e  s e l f - focus ing  a c t i v e  f i b e r s  %re no‘:? 

a v a i l a b l e ( 2 7 ) .  Fhc importance o f  t h e s e  s t u d i e s  r e l i e s  on t h e  f a c t  t h a t  12 
s i n g  m a t e r i a l s  a r e  on ly  approximately homogeneous, a d  t h a t  i n  zany cases  

the  e f f e c t s  of r e f r a c t i v e  index  and/or g a i n  inho-icgeneities must be  taken  

i n t o  account t o  widerstand t h e  l e s e r  pe r f smance .  Illore p r e c i s e l y ,  i n  f l a s h  

lamp pumped media t h e  d i s t r i b u t i o n  of t h e  absorbed energy c a m o t  be unif 

o m  if a good u t i l i z s t i o n  of t h e  pumping r a d i a t i o n  i s  requi red .  The l n t c  

r a l  focus ing  e f f e c t  of c y l i n d r i c a l  rods  nnd t h e  s p e c t r a l  copos i t i on  o f  

t h e  pimping ra4i.zti.on snd o f  t h e  l a s i n g  ma te r id .  g i v e  r i s e  t o  compl ica ted  

d i s t r ibu t io? : s  of t he  cbsorbed ener;l;r, and I..e??ce o f  t t c  &n. The h e a t r g  

leased  i: no:i-r?.diative t r c n s i t i o : ~ ,  p r o p o r t i o x t l  t o  tile :?.bsorbcd eiiercy,  

produccs 3. non-uniforn d i s t r i b u t i o n  o f  teinperr-ture, a i d  hence o f  refras 

t i v c  index. Le-s c fTcc tz  :;me bee.? obscrvc:! s i r c c  lo?: t i n e  ir! sol.id-.otr;tc 

l a s e r s .  Zvcri c;as 1; ti: I o a ~ i ’ i i i d i i ~ a l  e l e  c t r i  c n l  disc?!:: rge punnini: 

have n ei, r3.y p2r:rbol ?.wi refrc.c ti-re index  profile: .  , i’>%th . thc  IX- 

xinun oi’l t h c  %xhc : 

m 
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644 BURLAMACCHI AND PRATES1 

f e c t s '  2 3 ) .  Thennnll  y iiiduced r e f r z c t i v c  i n d e x  g r a d i e n t s  hxve been c o n s i d e r  

ed," s e r i o u s  obs-lzcle t o  t h e  deve1opme;:f o f  l i q u i d  l z se r s  and t h e r m a l  l ens  

wave{;uides have  been pro2osed , € o r  t h c s c  1.o.sers s i n c e  1964(2'6). P r i s m - l i k e  

aiid l e r s - l j l t e  e f f e c t s  were observed  i n  dye  l a s e r s  and co?s idered  t h e  m u -  

s e  of d e l e t e r i o u s  e f r e c t s ,  iis early t e r m i n a t i o n ,  b e m  d i o t o r t i o v , ,  e t c .  02 
l y  r e c e n t l y  t h e  a u t h o r s  have p o i ~ t e d  o u t  t h e  impor tance  o f  t h e  waveguide 

s t . m c t u r e  produced b y  t h e  pumping r a d i a t i o n  f o r  t h e  c o n s t r u c t i o n  o f  more 

e f f i c i e n t  l a s e r  geoisc fries. 

d> 

3 .  Self-Guidiv Ijge L a s e r  A i n d i f i e r s  and O s c i l l i z t o r s .  

The t o t r i l  i n t e n s i t y  I ( r )  absorbed  a t  a d i s t a n c e  r from t h c  a x i s  

i n  t h e  dye c e l l  is  Given by: 

r 

where: 

-I ( A )  d e n o t e s  t h e  l i g h t  i m n s i t y  a t  t h e  wall of  t h e  c e l l ,  whose spec 

t r a l  d i s t r i b u t i o n  depends  on t h e  p a r t j , c u l R r  pumping s o u r c e  u s e d ;  

-@.(A) d e n o t e s  t h e  a b s o r p t i o n  c o e f f i c i e n t  of  t h e  d y e  s o l u t i o n ;  

-f(r ,A,a) d e s c r i b e s  t h c  p r o f i l e  o f  t h e  i l l u m i n a t i o n  a t  t h e  r-iavel.ength 

A ,  a t  a d i s t n n c u  r f r o m  t h e  c o l l  a x i s ,  f o r  a c e l l  w i t h  t o t a l  t h i c k n e s s  ( o r  

d i a m e t e r )  2a; 

- t h e  i n t e g r a t i o n  i s  performed o v e r  t h e  e n t i r e  a b s o r p t i o n  spec t rum o f  

t h e  dye. 

The fun:tj.on i ( r )  h a s  been de termined  by s e v e r n l  a u t h o r s  i n  t h e  
cflse of  s o l i d - s t s t e  and 1- iquid  l a s e r  m a t e r i a l s  (28,29) 

* f r a c t i o n  of t h e  obsorbed  i r . t e n s i t y  i s  c o n v e r t e d  i n t o  h e a t  i n  

t h e  h o s t  medium. The h e a t  t r a n s f e r  i s  a s s o c i a t e d  w i t h  n o n - r a d i a t i v e  tm.2 

s i t i o n s  amon:: r o t n t i o n a l - . . ~ i b r a t i o n a l  l e v e l s  of  t h e  s i n e l e t  s t a t e s ,  in te ;  

systems c r o s s i n g ,  and t r i p l e t  o t a t s  r e l a x a t i o n s  o f  t h e  dyes'30). P a r t  o f  

t h i s  h e a t  i s  evolvefi b e f o r e  i n i t i a t i o n  of t h e  l m e r  p u l s c  i t s e l f ,  3r.d t h c  

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

p a p t e  f r o m  t h e  v e r y  b e g i n n i n g  i n  a non-uniform, medium whose r e f r a c t i v e  

i n d e x  v a r i c s  w i t h  t ime.  Owing t o  t h e  d i f f e r e n t  decay  c o n s t a n t s  of  t h e  rc 
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WAVEGUIDE DYE SOLUTION LASERS 645 

laxation processes, the relative iniportance of one process with respect 

to the others depends on the rise time and time duration of the pulse. 
The complex refractive-index %( r) of the active solution can 

then be written as: 

( 9 )  

where no denotes the refractive index of the solution in the absence of 
pumping, An(s) the refractive index vari.ation produced by the exciting 
pulse, and g(r) the gain-coefficient per unit length. Both An(r) and g ( r )  

are proportional to I(r). The waveguide charzcteristics of tine pumped so 

lution will substantially depend on the refractive index and gain distrL 
butions which in turn depend on the c e l l  andpumpinggeometry and on the 

spectral distribution of the pumping radiation. 

Their knowledge is important for the construction of 
efficient dye laser amplifiers and oscillators. 

Let us now briefly discuss the lasing characteristics of these 
selfguiding structures. 

a) Planar Cell 

In planar cell illuminated from both sides by a parallel, uniform 
beam the absorbed intensity is expressed by 

I(r) is maximum at walls of  the cell and minimum at the center. Correspon 
dingly, the index of refraction is maximum on the cell axis, and decreases 
towards the walls, as shown in Fig, 1c. In such a medium light propagates 
in the same plane of the incident radiation along curved zig-zag paths 
(meridional rays in Fig. lc). If the gain is sufficiently high, the thre- 

shold for superfluorescence (amplification of spontaneous emission)can be 
reached. Laser action occurs for ray paths of maximum gain, i.e. f o r  tho- 
se rays which impi.nge at nearly grazing incidence onto the cell surface, 
where the inversion is maximum. From each side of thecell the radiation is 
emitted into two beams, whose angular separation depends on the waveguide 
parameters. Since organic dye solutions have a high quantum yield still at 
high dye concentrations ( + lo-* M), high efficiency amplification can 
be achieved. For  a given value of the cell thickxess, an optimum concentrz 
tion exists resulting from a compromize of uniform inversion over the cross 
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BURWLMACCHI AND PRATES1 646 

s e c t i o n  and maximum u t i l i z a t i o n  of pump i n t e n s i t y .  Thc maximum of t h e  ebsor 

bed i n t e n s i t y  a t  t h e  ax is ,  I(o), occurs  f o r :  

a 30.000 ‘I: blaok-body pumpine; w i th  and wi thout  W f i l t e r in i : ,  r e s p e c t i v e l y  

( 3 1 ) .  Since  the  abso rp t ion  c o e f f i c i e n t s  o f  t h e  commonly used dye s o l u t i o n s  

a r e  very  l a r g e  ( a  = 121 cm-’ f o r  a 1 0 - 3 ~ ~  s o l u t i o n  of R6G Jn e t h a n o l ) ,  
P 

ve ry  t h i n  c e l l s  must be used a t  h igh  concent ra t ion .  The t r ansve r se  dirnenai 

on normal t o  t h e  pumping beam and the  l eng th  o f  t h e  c e l l  can then  be s u i t a  

bly chosen t o  S e t  t he  des i r ed  a c t i v e  volume. Two a r r a y s  o f  l i n e a r  f l a s h t u -  

bes  c l o s e l y  coupled t o  t h e  c e l l  can be used f o r  punping. The p l ana r  cells 

have been success fu l ly  opera ted  as l a s e r  a m p l i f i e r s  and o s c i l l a t o r s ( 3 2 ’  j3 ) 

ldaximum energy output  occurs  t y p i c a l l y  f o r  a 0.8 10-3kI s o l u t i o n  of  R6G i n  

e thanol  end f o r  a c e l l  t h i ckness  o f  0.4 mm. If one end o f  t h e  wave&de is 

terminated by a f l a t  mi r ro r ,  and t h e  o t h e r  one by a Brewster ang le  winfiow, 

an  inpu t  s i g n a l  can be i n j e c t e d  i n  correspondence of one of t he  super f luo-  

rescence lobes  and, a f t e r  a double pas{in the  a m p l i f i e r ,  ex t r ac t ed  f r o m  

t h e  o t h e r  lobe.  9y  flashlamp.pumping,gain f a c t o r s  up t o  85.000 have been 02 
t a ined  a t  low s i g n a l  i n p u t ,  and sa tu ra t ed  p i n s  o f  5.000 a t  100 mJ output  

(overa3.1 e f f i c i e n c y  0.1 2 ) has  been achieved wi th  t h e  complete quenchin!; 

o f  t h e  broadbmd s ~ p e r f l u o r e s c e n c c ’ ~  I, By rep lac ing  t h e  a rews te r  anylc 

window by a f l a t  window placed normal t o  t h e  c e l l  a x i s  a compact end efiL 

c i e n t  o s c i l l a t o r  ca.n be cons t ruc ted  accord ingly  t o  Fig. 2 bj us ing  t h e  nax 

row rec t angu la r  t e rmina t ion  of t h e  c e l l  as t h e  en t r ance  s l i t  of  a spectr’o- 

graph  wi th  the  f i l m  p l a t e  replaced by t h e  feedback m i r r o r .  P re l in i f l a ry  re; 

u l t s  obtained wi th  t h e  S i l l i e s o n  mounting of Fig,  2 i n d i c a t e  t t a t  these  12 

ner s  a r e  well promising f o r  thc  gene ra t ion  o f  narrow-band, ene rge t i c  p u l 2  

es. They can f 1 nd p r a c t i c a l  app l i ca t ions  i n  t h e  f i e l d s  o f  photochenis t ry ,  

p o l l u t i o n  d e t c c t j  on, e tc .  Noreover, simultaneous ope ra t ion  a t  t w o  o r  inore 

wavelengths ciin bc achieved by p l ac ing  o t h e r  m i r r o r s  at t h e  f o c a l  curve of 

t h e  s p e c t r o p a p h .  W t h  t h e  Rowlmd mount i.ng t un ing  should be achieved by 

s i n p l y  s l i d i n g  t h e  feedback mi r ro r s  a long  t h e  Rowlmd c i r c l e .  To f u r t h e r  

reduce t h e  output  s p e c t r m  Fabry-?erot e t a l o n s  can be insevtcd  i n  t h e  o s c i l  

1a.tor. 
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WAVEGUIDE DYE SOLUTION LASERS 647 

S L A B  CELL 

O U T  

Fig.2 : S c h e m a t i c  drawing  o f  a t u n a b l e  slab o s c i l l a t o r .  

b) C y l i n d r i c a l  Cell.. 

I n  an u n i f o r m l y  and i s o t r o p i c a l l y  i l l u m i n a t e d  c y l i n d r i c a l  c e l l  

t h e  p r o f i l e  of  . t h e  absorbed  i n t 2 s i t y  i s  compl ica ted  by t h e  l a t e r a l  l e n s -  

i n g  e f f e c t  produced by t h e  dye  c e l l  . F o r  n a  cK1 t h e  profile i s  n e a r -  

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

c r o s s  s e c t i o n  of t h e  c e d 3 ' ) .  A s  t h e  p r o d u c t  aa i s  i n c r e a s e d ,  

d i s t r i S u t i o r !  f a v o u r s  t h e  modes w i t h  o f f - a x i s  maxima. The i n t e n s i t y  gradv- 

a l l y  c iecr8ses  a t  t h e  c e n t e r  of t h e  n e a r  f i e l d  p a t t e r n ,  until it  assumes z 

w e l l  d e f i n e d  r i n g  d i s t r i b u t i o n  a t  large v a l u e  of aa. F o r  aa>)l t h e  h i g h e s t  

g a i n  r e g i o n  i s  l i m i t e d  w i t h i n  a v e r y  t h i n  s h e e t  n e a r  t h e  ~ ~ 2 1 1 .  o f  t h e  c e l l .  

S u p e r f l u o r e s c e n c e  can  o c c u r  o n l y  z l o n g  h e l i c a l  r a y s  (F ig .  l c )  n h i c t  tra- 

v e l  n e a r  t h e  c e l l  wall ( ' w h i s p e r i n g  g a l l e r y '  modes) .  19er id iona l  r a y s  

(F ig .  l c )  t r a v e l  mostly i n  s c z r c e l y  pumped r e g i o n s  2nd c a m o t  b r e a k  i n t o  

o s c i l l a t i o n  w i t h o u t  t h e  feedback  by a n  o p t i c a l  r e s o n a t o r .  

c e l l s  w i t h  C . 1  m b o r e  f i l l e d  w i t h  R6G i n  e t h a n o l ( 3 q ) .  I n  s p i t e  of t h e  ?p_ 

o r  c o u p l i n i ;  between f l a s h l a m p  a r d  capi l l : : ry ,  r e l a t i v e l y  i n t c n s e  e m i s s i o n  

has  been  observed .  T h i s  d e m o n s t r a t e s  t h e  low propa;<a t ion  l o s s e s  o f  the::c 

se l f 'wid i i ! ! :  s t r u c t u r s s ,  v h i c h  p : r m i t  t n e  u s e  of t h e  nore  e f f i c i e f i t  l o v i  

j.rd.;x s o l v e n t s  ( a s  methanol  a n d  c t h c n o i )  for t h e  dye  solution. 

( z 9 )  

t h e  g a i n  

S u j i a r f l u o r e s c e n t  e m i s s i o n  h e s  been i n v e s t i g a t e d  i n  c a p i l l a r y  

Hovicver, t h e  p e c u l i a r  an,:ular d i s t r t b u t i o n  o f  t h e  r a d i a t i o n  e n e r  

g i c g  from -the c e l l  oper?.tini: on t h e  w h i s p e r i n g  norles makes it d i f f i c u i t  

t o  b e  hai idled,  and l i m i t 2  t h e  u t ~ l i z a t i o n  o f  c y l i n i r i c a l  ce l . l s z s  hi{:h ef- 

111 f i e r s  r n d  o s c i l k t o r s .  

ILT,' 1:. I,I : I Ri)r ;n : i r r \ i  

'I Syste: , is .  ??rl; T. 'I'il,: Tr 

S <  03 I I ~ C ; : ~  iUrR! 
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