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Due t o  t h e i r  ext remely l a r g e  i n t e r a c t i o n  leng ths ,  o p t i c a l  f i -  

bers can bc: v e r y  convenient  f o r  o b s e r v a t i o n  o f  n o n- l i n e a r  o p t i c a l  phe- 

nomena. I n  t h i s  work we p resen t  an  e x t e n s i v e  s tudy  o f  S t imu la ted  Raman 

S c a t t e r i n g  (SRS) i n  f i bers wi t h  d i f f e r e n t  c h a r a c t e r i s t  i c s .  Our observa- 

t i o n s  i n c l u d e  spectra,  measurements o f  th resho lds  and o f  power conve'r- 

s i o n  f rom pump t o  m u l t i p l e  Stokes r a d i a t i o n .  As many as e leven  Stokes 

o rders  have been observed i n  a singlemode f i b e r ,  and up t o  seven Stokes 

and f o u r  a r i t i - S tokes  o rders  i n  a quasi-singlemode f i b e r .  Our r e s u l t s  on 

poker convers ion show t h a t  even i n  t h e  case o f  near t o t a l  pwnpdeplet ion, 

pump power and f i b e r  l e n g t h  a r e  e q u i v a l e n t  parameters f o r  SRS, a l though  

t h i s  equivalente cannot be f u l l y  understood on t h e  bas is  o f  e x i s t i n g  

t h e o r e t i c a l  models. 

Devido aos comprimentos de i n t e r a ç ã o  extremamente longos con- 

seguidos em f i b r a s  ó p t i c a s ,  es tas  podem ser  m u i t o  convenientes para ob- 

servação de fenômenos não- l ineares .  Neste t r a b a l h o  apresentamos um es-  

tudo extens i v o  do espal hamento Raman es t imu lado  (SRS) em f i b r a s  com d i  - 
f e r e n t e s  c a r a c t e r í s t i c a s .  Nossas observações incluem espectros,  med idas 

de l i m i a r e s  e medidas de conversão de po tênc ia  da radiação de bombeio 

( I a s e r )  p a r a  m ú l t i p l a s  l i n h a s  S t o k e s .  A t é  1 1  o r d e n s  S t o k e s  

forani observadas numa f i b r a  monomodo, e a t é  7 ordens Stokes e 4 a n t i -  

-Stokes numa f i b r a  quasimonomodo. Nossos resu l tados  de conversão de po- 

t ê n c i a  mostram que, mesmo no caso de depleção quase t o t a l  do bombeio, a  

po tênc ia  de bombeio e o comprimento da f i b r a  podem ser  parâmetros equ i-  

va len tes  para o SRS, apesar de que e s t a  e q u i v a l ê n c i a  não possa ser  bem 

entendida com base nos modelos t e ó r i c o s  e x i s t e n t e s .  



1. INTRODUCTION 

I n  o p t i c a l  communication systems, f i b e r s  a r e  pressuposed t o  

be l i n e a r  elements. However, i t  has been recognized f o r  some t i m e  t h a t  

o p t i c a l  f i b e r s  i n  genera l ' -3 ,  and g lass  o p t i c a l  f i b e r s  i n  p a r t i c u l a r 4 ,  

may show marked n o n- l i n e a r  behavior  a t  moderate i n p u t  powers, because 

onca l i g h t  i s  coupled i n t o  t h e  f i b r e  c o r e  i t  i s  ma in ta ined  t h e r e a t  h igh 

power d e n s i t i e s  and long i n t e r a c t i o n s  l e n g t h s .  For i n p u t s  o f  l e s s  than 

100 W (smal l  i f  cornpared w i t h  n o n- l i n e a r  o p t i c s  s tandards)  a  f i b e r  i s  

capable o f  generat ing,  rn ix ing and recombining f requenc ies  t o  such ex- 

t e n t  t h a t  o u t p u t  may r a d i c a l l y  d i f f e r  f rom i n p u t .  Among repor ted  e f f e c t s  

a r e  s t i m u l a t e d  ~aman'  (SRS) and B r i l l o u i n  s c a t t e r i n g 6  (SBS),  t h r e e - 7  

and four-wavee mix ing,  and se l f- phase modu la t ion
g
.  For broadband s i g -  

n a l s  (>  IOGHZ) o n l y  SRS w i l  l p r e v a i l  p rov ided  t h a t  pump p o w e r s  a r e  

s t rong  enough f o r  t h e  Raman g a i n 1 0  t o  be a b l e  t o  exceed lossesand  yield 

a r n p l i f i c a t i o n  o f  Raman l i g h t .  Severa1 f i b e r  Raman a r n p l i f i e r s  and os-  
1 , 3 - 5  

c i l a t o r s  have been repor ted  over  t h e  l a s t  decade , b u t  i n  s p i  t e  o f  

the  v igo rous  e f f o r t s  i n  the  s tudy  o f  n o n- l i n e a r  phenomena i n  f i b e r s ,  

t h e r e  a r e  some gaps on b o t h  exper imenta l  and t h e o r e t i c a l  grounds t h a t  

s t i l l  need t o  be f i l l e d .  I n  p a r t i c u l a r ,  t h e  s tudy of s t i m u l a t e d  Raman 

e f f e c t  has been l a c k i n g  a  c o n s i s t e n t  and comprehensive work regard ing  

t h e  dependence o f  t h e  va r  ious parameters (such as pump wavel ength, pump 

power, f i b r e  leng th ,  co re  d iameter ,  e t c . )  under t h e  same bas ic  e x p e r i -  

mental c o n d i t i o n s  - f o r  o n l y  i n  t h i s  case a  comparat ive s tudy i s  mea- 

n i n g f u l ,  and i n  p r a c t i c e  u s e f u l .  I t  i s  t h i s  gap t h a t  t h e  present  work 

in tends  t o  f i l l .  

Using t h e  same e x c i t a t i o n  ( l a s e r )  and d e t e c t i o n  system, and 

v a r y i n g  t h e  samples o n l y ,  we have ob ta ined  spec t ra  and rneasured t h e  

th resho lds  o f  severa1 Stokes and a n t i - S t o k e s  o r d e r s  o f  SRS as a  func-  

t i o n o f f i b e r  leng th ,  c o r e  diarneter and pump f requency;  a l s o  inc luded  

a r e  measurements o f  f requenc ies  and pump t o  Raman energy convers ion  i n  

m u l t i p l e  s t i m u l a t e d  Stokes and an t i - S tokes  genera t ion  as a  f u n c t i o n  o f  

purnp power and f i b e r  leng th .  We have observed i n  a  singlemode f i b e r  as 

many as 11 d i s t i n c t  Stokes o rders ,  absence o f  an t i - S tokes  SRS and t o -  

t a l  l a s e r  d e p l e t i o n .  We demonstrate t h a t  i n  a  f i b e r ,  pump power and 

sample l e n g t h  can be e q u i v a l e n t  parameters even i n  t h e  regime o f  near 



t o t a l  pump d e p l e t i o n .  I n  s e c t i o n  2 a  b r i e f  account o f  e x i s t i n g  theore -  

t i c a l  bases o f  SRS i s  presented, t h e  p a r t i c u l a r  case o f  f i b e r s  i s  con- 

s ide red ,  and a l though  t h e  present  work i s  e s s e n t i a l l y  experimental t h i s  

s e c t i o n  i s  inc luded  f o r  completeness, so t h a t  t h e  reader does have t o  

r e f e r  n e c e s s a r i l y  t o  t h e  o r i g i n a l  works on theory .  D iscuss ion  o f  o u r  

observa t ions  i n  sec t io r i  3 shows t h a t  e x i s t i n g  models based on v a r i o u s  

pump beam p r o f i l e s  and geomet r i ca l  c o n f i g u r a t i o n s  do n o t  adequate ly  

descr ibe  our  da ta .  

2. THEORY 

St imu la ted  Raman s c a t t e r i n g  i s  a  coherent  n o n- l i n e a r  e f f e c t  

t h a t  comes f rom t h e  d i r e c t  c o u p l i n g  o f  t h e  Stokes o p t i c a l  f i e l d  t o  t h e  

l a s e r  f i s l d  through t h e  t h i r d  o r d e r  term i n  t h e  power expansion o f  t h e  

p o l a r i z a t  ion" : 

* -+ -+ 
( t )  = ( t  i zL(x , t )  EL(x, t )  E s k , t )  , 

where X ( 3 ) ,  t h e  coupl i ng  parameter. i s  t h e  t h i r d  o r d e r  non-l  i n e a r  sus- 
-F -+ -+ -+ 

c e p t i b i  1 i t y ,  a tensor  o f  4 t h  rank;  EL(x , t )  and Es ( x , t )  a r e  t h e  Laser 

and Stokes o p t i c a l  f i e l d s .  S ince g l a s s  has i n v e r s i o n  symmetry t h i s  i s  

t h e  o n l y  non- l inear  p o l a r i z a t i o n  p r e v a i l i n g ;  i n  f i b e r s ,  due t o  t h e  co- 

l i n e a r  conf inement o f  r a d i a t i o n ,  t h e  v e c t o r  n o t a t i o n  can be dropped 

and X ( 3 )  taken as  a  s c a l a r .  For t h e  t h e o r e t i c a l  t rea tment  o f  SRS i t  i s  

convenient  t o  express t h e  non- l inear  p o l a r i z a t i o n  i n  terms o f  i t s  f r e -  

quency componentsl l ; f o r  Stokes f requencies 

where t h e  energy conserva t ion  c o n d i t i o n  ws = wL - w + w i s  i m p l i e d  L s -+ - i n  t h e  x í 3 )  argument. I n  t h i s  case, phasematching c o n d i t i o n s  i ks - 
+ + 

= k - kL t q ( fo rward  (i) and backward (-1 Stokes waves) a r e  read i  - 
L 

l y  f u l f i l l e d ,  and s t i m u l a t e d  Stokes l i g h t  i s  s a i d  t o  bese l f- phase  mat- 

ched. For an t i - S tokes  (AS) r a d i a t i o n  t h e  s i t u a t i o n  i s  somewhat more i n -  

vo lved"  !;ince 



requ i  r e s  t h a t  Stokes 1 i g h t  be p resen t  so t h a t  w = w + (w -w ) ho lds .  AS L L s 
P h y s i c a l l y ,  t h e  presence o f  s t i m u l a t e d  Stokes l i g h t s  i n v e r t s  t h e  v i -  

b r a t i o n a l  p o p u l a t i o n  o f  t h e  medium, and t h e  l a s e r  l i g h t  induces t h i s  

p o p u l a t i o n  t o  normal d i s t r i b u t i o n ,  y i e l d i n g  i n  t h e  process t h e  st i rnu- 

l a t e d  AS l i g h t .  Phase-matching ' zAç = 2% i k ,  ( fo rward  ( r - ) ,  back- 
" 

ward (-+) i s  n o t  r e a d i l y  f u l f i l l e d .  A c t u a l l y ,  i n  a  r i g o r o u s  singlemode 

f i b e r ,  t h i s  c o n d i t i o n  i s  never f ~ l f i l l e d ' ~ ,  t h e r e f o r e  s t i m u l a t e d  AS 

r a d i a t i o n  w i l l  n o t  appear i n  such a  f i b e r .  T h i s  aspect  w i l l  be f u r t h e r  

d iscussed i n  Sect.  3.b. 

S t imu la ted  Stokes l i g h t  i s  generated by t h e  b u i l d  u p o f  spon- 

taneous Raman s c a t t e r i n g ,  which takes p lace  through the c o u p l i n g  of t h e  

i n c i d e n t  l a s e r  l i g h t  and t h e  v i b r a t i o n a l  

pump i n t e n s i t i e s  i t  v a r i e s  l i n e a r l y  w i t h  

rnodes o f  the  medium. For srnal 

sample l e n g t h 3  

OIi i s  the  Raman c ross- sec t ion ,  I and I a r e  t h e  Raman and laser  i n t e n-  R L 
s i t i e s .  The above express ion  remains v a l i d  as long  as pump i s  n o t  de- 

p l e t e d  i n  t h e  process, w i t h  a t t e n u a t i o n  a long  sample l e n g t h  g i v e n  by 
-az 

IL = I~(O) e ( ~ e e r ' s  law) ,  where O. rep resen ts  a1 1  losses per  u n i t  

l e n g t h .  I f  t h e  pump i n t e n s i t y  i s  increased, t h e  Raman s c a t t e r e d  i n t e n-  

s i t y  increases l i n e a r l y  u n t i l  losses a r e  equaled by Raman gain, and 

t h r e s h o l d  f o r  SRS i s  achieved; whichever Stokes l i n e ,  o r  band,has l a r -  

ges t  g a i n  w i l l  p r e v a i l  upon o t h e r  v i b r a t i o n s  and grow v e r y  r a p i d l y  be- 

coming comparable t o  the  pump i n t e n s i t y .  I n  t h i s  s t i m u l a t e d  regime, t h e  

r a t e  equa t ion  f o r  IR and IL must a l l o w  f o r  t h e  ga in ,  

w i t h  t h e  Raman g a i n  g a t  t h e  Stokes f requency g iven  by10 



where, a i s  t h e  Raman d i f f e r e n t i a l  c ross- sec t ion ,  As t h e  Stokes wave- 

leng th ,  E t h e  d i e l e c t r i c  cons tan t  a t  t h e  Stokes f requency and n the  

Bose-Einste in  p o p u l a t i o n  f a c t o r ;  c and h a r e  v e l o c i t y  o f  l i g h t  i n  t h e  

medium and P l a n c k ' s  cons tan t ,  r e s p e c t i v e l y .  I n  equa t ion  ( b ) ,  n e g l i g i -  

b l e  spontaneous ernission i n t o  Stokes mode i s  assumed. At  t h e  t h r e s h o l d  

o f  SRS the  d e p l e t i o n  o f  pump photons i s  smal l  and rnay be neglected,  so 
-Clz 

we have aga in  IL, = IL,(0) e . Thus, i n t e g r a t i n g  (b) we have 

I ( z )  = 1- (O) 
R R 

which revea ls  t h e  f a s t  growth o f  SRS due t o  i t s  exponen t ia l  dependence 

on pump i r i t e n s i t y .  I R ( 0 )  represen ts  t h e  spontaneous s c a t t e r i n g  as t h e  

i n p u t  end o f  f i b e r .  F i n a l l y ,  i f  t h e  pump i n t c n s i t y  i s  increased w e l l  

beyond the  t h r e s h o l d  o f  t h e  f i r s t  s t i m u l a t e d  Stokes o r d e r ,  a  marked 

energy convers ion  o f  pump t o  Stokes photons takes p l a c e  and h i g h e r  

o r d e r  s t i rnu la ted  Raman r a d i a t i o n  appears b o t h  on t h e  Stokes and a n t i -  

-Stokes I ines a r e  n o t  generated. I n  t h i s  regime (wel 1 above threshold) 

each Stokes o r d e r  i s  in tense  enough t o  serve as pump t o  t h e  nex t ,  and 

t h e  r a t e  equa t ion  f o r  I and IL i s  no longer  one b u t  a  system o f  seve- 
R 

r a l  coupled equat ions,  i n  which pump d e p l e t  i o n  i s t a k e n  i n t o  a c -  

~ o u n t ' ~ " " .  The r a t e  equat ions can be w r i t t e n  as: 

and so on; 

t h e  ISi stand f o r  Stokes o rders ,  the  %i f o r  t h e  losses a t  t h e  c o r r e s -  

ponding f requenc ies  and the gSi f o r  t h e  frequency dependent g a i n  c o e f -  

f i e n t s .  

Such system has been so lved  f o r  f o u r  Stokes o rders ,  assuming 
1 3  

p lane  wave p r o f i l e  f o r  the  l a s e r  l i g h t  , and l a t e r  m o d i f i e d  t o  the  



gauss i a n  !fundamental ) 1 aser beam p r o f  i lel'. These cases a r e  reprodu-  

ced i n  F i g u r e  I a  and b, r e s p e c t i v e l y ;  bo th  y i e l d  pump d e p l e t i o n  and 

r n u l t i p l e  SKS genera t ion ,  as w e l l  as a  s a t u r a t i o n  e f f e c t  t h a t  p reven ts  

each Stokes l i n e  from growing i n d e f i n i t e l y .  Th is  happens because a s t h e  

growing i n t e n s i t y  o f  a  Stokes l i n e  reaches t h e  t h r e s h o l d  o f  the  nex t  a  

O 80  160 2 4 0  3 2 0  4 0 0  
NORMALIZED LENGTH 

" 
O 100 203  3 0 0  4 0 0  5 0 0  

INPUT PUMP POWER 

1 2 3 4 5  
NORMALIZED INPUT PUMP POWER 

F i g . 1  - Laser t o  Stokes SRS power conversion: a )  dependence w i t h  sample 

length  assuming plane-wave pump p r o f  i t e  ( a f t e r  r e f .  17) ; b )  dependence 

w i t h  pump i n t e n s i t y  f o r  gaussian pump p r o f i l e  ( a f t e r  r e f .  18); c )  de- 

pendente w i t h  pump i n t e n s i t y  for  a multimode l iquid- core f i b e r  ( a f t e r  

r e f .  2 1 ) .  



f l ow  o f  power sets i n  dep le t ing  tha t  l i n e .  The theo re t i ca l  p red i c t i ons  

o f  the gaussian case have been confirmed exper imental ly  i n  a l i q u i d  

ce l  l geoniet ry14, whereas no exper iments have been performed t o  t h  i s 

date f o r  the plane-wave case. To conclude t h i s  pa r t  we mention tha t  a 

recent model proposed f o r  SRS i n  f ibers15,  i s  not  a s a t i s f a c t o r y  as 

the two above and does not  account f o r  m u l t i p l e  SRS generation. More- 

over, e x i s t i n g  experimental evidence16 o f  pump t o  Raman power conver- 

s ion  i n  a multimode l i q u i d  core f i b e r  does not  f i t  any model p roper ly .  

3. EXPERIMENTAL & DISCUSSION 

A. Experiiments and Results 

The experimental conf i gu ra t i on  shown i n  Figure 2 i s  standard. 

Laser power from a pulsed dye- laser exc i ted  by lamp, operat ing i n  the 

590-620 nm range w i t h  a 3 cm-' l i new id th  and Ips pulse width, i s  focu- 

sed w i t h  a 20x/0,40 microscope ob jec t i ve  i n t o  f i b e r  core; Fiber output  

i s  co l l ec ted  w i t h  a photographic ob jec t i ve  chosen t o  match thespectro-  

meter op t i cs  and, e i t h e r  focused i n t o  a double spectrometer, detected 

Fig.2 - Schematics of experimental arrangement. MO and PO are  o b j e c t i -  

ves. PD i s  photodetector. EM, BA and CR are  electrometer, box-car am- 

p l  if i e r  and recorder, r e s p e c t i v e ! ~ .  



i n  a  p h o t o m u l t i p l i e r  and averaged i n  a  box c a r  a m p l i f i e r ,  o r  d i spersed  

w i t h  a  f l i n t  p r i s m  o n t o  a screen f o r  v i s u a l  observa t ions  and photogra-  

phy. F i b e r s  used has a  Ge doped S i02  c o r e  d iameters o f  5~im, ( W  - index 

p r o f i l e ) ,  8um and 15pm (step- index ~ r o f i l e )  - h e n c e f o r t h  F i b e r  5, F i -  

Ser 8 and F i b e r  15 - suppl i e d  by V a l t e c  Corp. (USA), B e l l  Labs. (USA) 

and CPqD - TELEBRAS ( B r a s i l ) ,  r e s p e c t i v e l y .  These f i b e r s  were c u t  and 

used i n  leng ths  rang ing  f rom 15m t o  500m (no s p l  i c e s ) .  Overal l  coupl  i n g  

o f  l a s e r  t o  f i b e r  v a r i e d  t o  d i f f e r e n t  f i b e r s ,  b u t  was reproducible w i t h  

op t ima l  va lues as f o l l o w s :  55% f o r  F i b e r  5, 70% f o r  F i b e r 8 a n d  80% f o r  

F i b e r  15. Below we p resen t  t h e  b u l k  o f  o u r  exper imenta l  observa t ions .  

ThxeshoZds (Table 1 ) :  The s m a l l e r  t h e  c o r e  d iameter  t h e  l o -  

wer the  t h r e s h o l d  f o r  Stokes and an t i - S tokes  SRS, because v e r y  h i g h  

i n t e n s i t i e s  i n s i d e  the  f i b e r  may be achieved w i t h  moderate powers o f  

t h e  pump beam (e.g., few tens o f  w a t t s  o f  pump wi  1 l lead  t o  severa1 

tens o f  M W / C ~ ~  i n s i d e  t h e  f i ber )  . Inc reas ing  pump wavel e n g  t h  l o w e r  s  

t h r e s h o l d  f o r  SRS w i t h i n  our  work ing  range (590-620 nm). 

TABLE 1 : Thresholds f o r  t h e  v a r i o u s  SRS o r d e r s  i n  f i b e r s .  ( ~ r b i t r a r y  

u n i t s ,  see n o t e  on F i g . 5 ) .  Dots mean n o t  measured, dashes mean ine -  

x i s t a n t .  

F i b e r  Laser 
2?AS l?AS 1 ?S 20s 305 40s 

Length Wavelength 
- 

F i b e r  5 600 nm - - ] , I  2,8 3,3 . . . 

F i b e r  5  600 nm - - 0,4 i ,3 2,9 4,7 

L = 400111 610 nm - - 0,2 0,7 1,7 2,5 

F i b e r  8  600 nm 4,6 3,7 2 , 8  3,7 4,4 . . . 

L = 30 m 610 nm . . . 2,5 1,7 2,3 3,1 ... 

F i b e r  15 600 nm ... 8,8 4,4 9,0 12,o . . .  

~ = 3 0 m  610nm ... 5,8 3 , l  6 , 3  9,2 1 0  ,2 
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Stokes (Table 2, F igures  3 and 4 ) :  A l l  f i b e r s  i n  l e n g t h  ran-  

g i n g  f rom 15m t o  5OOm show a p r o f u s i o n  o f  s t i m u l a t e d  Stokes r a d i a t i o n .  

Up t o  1 1  o r d e r s  o f  Stokes l i g h t  were recorded ( ~ i ~ . 3 )  f o r  100m o f  F i -  

ber  5 (extending f rom v i s i b l e  610nm t o  near i n f r a r e d  870 nm); f o r  30 m 

o f  F i b e r  we recorded (F ig .  4) 6  Stokes o rders ;  and f o r  270m o f  F i b e r  

15 we observed up t o  8 Stokes o r d e r s .  The s e p a r a t i o n  between sucess i -  

ve o r d e r s  was o f  440 cm-' ( t h e  main Raman s h i f t  o f  s i l i c a )  w i t h  a t y -  

p i ca1  d e v i ? t i o n  o f  + 20 cm-I, as  can be seen i n  Table 2. T h i s  i s  v e r i -  

f i e d ,  as expected, f o r  v a r i o u s  pump wavelengths f rom 595 t o  615nm. 

Anti-Stokes (Table 2, F i g u r e  4 ) :  I n  30m o f  F i b e r 1 5 w e  c o u l d  

observe o r i l y  two o r d e r s  o f  an t i - S tokes  SRS r a d i a t i o n ,  because i n t e n s i -  

t i e s  ins ic le  t h e  f i b e r  a r e  sinal l e r  f o r  a  l a r g e  c o r e .  For t h e  same l e n g t h  

o f  F i b e r  8, f o u r  o r d e r s  o f  a n t i - S t o k e s  SRS a r e  d i s t i n c l y  observed ( F i -  

gure 4 ) .  On t h e  o t h e r  hand, f o r  F i b e r  5 ant i - S tokes  SRS was n o t  obser -  

ved, no mcit ter how much power o r  len'gth o f  f i b e r  was used. Con t ra ry  t o  

Stokes l i r i e s ,  t h e  f requency separa t ion  f o r  a n t i - S t o k e s  i s  n o t  t h e  same 

f o r  d i f f e r e n t  f i b e r s ,  w i t h i n  t h e  ? 20 cm-' a l lowance;  F i b e r  15 has t h e  

expected 440 cm-' separa t  i o n  between sucess i v e  1 ines; F i  be r  8, however, 

shows a pecul i a r  f e a t u r e  o f  400 cm-' separa t ion  between some l ines  and 

500 cm-' between t h e  second and t h  i rd  1 i nes ( ~ a b l e  2 ) .  

Conversion (F igure  5 ) :  D e p l e t i o n  o f  l a s e r  photons i s  always 

observed f o r  i n t e n s i t i e s  above t h e  f i r s t  Stokes o r d e r  th resho ld ,  and 

t h e  longer  the  f i b e r  t h e  h i g h e r  the  convers ion;  f o r  500m of f i b e r  5 we 

o b t a i n  a " t o t a l "  convers ion  o f  100% (ac tua l  l y  t h e  o u t p u t  a t  l a s e r  f r e -  

quency i s  l e s s  than 0,1%), whereas f o r  15m o f  t h e  same f i b e r  t h e  ob- 

served convers ion  i s  l e s s  t h a t  50%. For a g iven  l e n g t h  o f  f i b e r  we ob- 

serve increased convers ion  f o r  i n c r e a s i n g  pump i n t e n s i t y  and sa tu ra -  

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

S t imu la ted  backward s c a t t e r i n g  has been observed i n  a11 f i -  

bers and leng ths .  Measured t h r e s h o l d s  a r e  h igher  than corresponding 

fo rward  t h r e s h o l d .  A I1  o t h e r  parameters show t h e  same behavior  as  f o r -  

ward SRS. 



I a b l e  2 :  Abso lu te  f r e q u e n c i e s  in cm-' o f  l a s e r  and t h e  v a r i o u s  SRS o r d e r s  in f  i b e r s .  

l ? S  205 305 405 505 6?S 7?S 
- 

(30 m) 
18300 17900 17400 17000 16600 16160 15720 15270 14830 14400 13950 13500 

F i b e t - 1 5 1 2 0 ~ ~  l?AS Laser  l ? S  205 305 4 ? ~  5 0 s  6 0 s  705 8 0 s  ..... 









B. Discussion 

Observat ions concern ing th resho lds  a r e  s e l f - e x p l a n a t o r y  and 

need no f u r t h e r  d iscuss ion ;  however, we should add some comments. A t  

longer  p m p  wavelengths th resho lds  a r e  s m a l l e r  because f i b e r s  e x h i b i t  

l e s s  a t t e n u a t i o n  a t  these f requenc ies .  I n  o t h e r  words, lower i n p u t  po- 

wers w i l l  s t i l l  m a i n t a i n  the  h i g h  i n t e n s i r i e s  r e q u i r e d  f o r  e f f  i c i e n t  

SRS genera t ion .  This ,  however, i s  n o t  t r u e  i n  t h e  i n f r a r e d  where some 

s t r o n g  a b s o r p t i o n  bands occur .  The observa t ions  o f  backward SRS a r e  

c o n s i s t e n t  w i t h  t h e o r e t i c a l  p r e d i c t i o n s  and r e s u l t s  a r e  b a s i c a l l y  t h e  

s m e  as f o r  fo rward  SRS, w i t h  t h e  excep t ion  o f  h i g h e r  th resho lds ,  the -  

r e f o r e  we decided t o  d i s c o n t i n u e  t h e  s tudy o f  backward SRS. 

Conversion o f  l a s e r  l i g h t  t o  h i g h e r  o rder  Stokes and a n t i -  

Stokes SRS, i .e.,  m u l t i p l e  SRS genera t ion ,  i s  the  main concern o f  t h e  

present  work. I t  can be ob ta ined  e i t h e r  by i n c r e a s i n g  pump power kee- 

p i n g  f i b e r  l e n g t h  f i x e d ,  o r  by i n c r e a s i n g  f i b e r  l e n g t h  and keeping i n -  

p u t  pump power f i x e d .  We have observed t h a t  t h e  two can be e q u i v a l e n t .  

lppen16 has s t u d i e d  t h e  former case i n  a  mult imode l i q u i d  c o r e  f i b e r  

f i l l e d  w i t h  CS,, and we have s t u d i e d  b o t h  i n  a  singlemode s o l i d  c o r e  

f i b e r .  F i g u r e  I c  shows Ippen 's  r e s u l t s  f o r  dependence o f  pump power 

convers ion  wTth i n p u t  pump i n t e n s i t y  and F i g u r e  5 shows our  r e s u l t s  f o r  

t h e  dependence o f  pump power convers ion  w i t h  (a) f i b e r  leng th ,  and (b) 

i n p u t  pump i n t e n s i t y ;  equiva lence i s  c l e a r .  These curves bear a  remar- 

kab le  resemblance w i t h  those ob ta ined  by Ippen ( F i g . l a )  i n  t h e  m u l t i -  

mode l i q u i d - c o r e  f i b e r .  However, severa1 comments 

r e s u l t s  should, i n  p r i n c i p l e ,  agree w i t h  t h e  prev 

f i l e  r e s u l t s  ( ~ i ~ . l . b ) ,  a n d ~ d i s a g r e e  w i t h  t h e  m u l t  

(F ig .  l c ) ,  because t h e  i n t e n s i t y  p r o f  i l e  o f  a  s i n g  

s i a n  ( ~ i ~ u r e  6 ) ,  even i f  t h e  pump beam i s  no t ,  as 

p e r t a i n  here.  Our 

ous gaussian beampro- 

mode f i b e r  r e s u l t s  

emode f i b e r  i s  gaus- 

was our  case. S ince 

i n  a  mult imode f i b e r ,  h i g h e r  o r d e r  Stokes do n o t  n e c e s s a r i l y  propagate 

i n  t h e  same mode as the  pump does, one would expect sma l  l e r  o v e r l a p  

between t h e  f i e l d s  and thereby a d i f f e r e n t  behavior  f o r  pump t o  Stokes 

convers ion.  On t h e  o t h e r  hand, i t  has been suggested16 t h a t  a  s i n g l e -  

mode f i b e r  should y i e l d  r e s u l t s  s i m i l a r  t o  t h e  plane-wave case ( F i g .  

l a ) ,  b u t  ou r  r e s u l  t s  (F ig.5)  do n o t  con f  i r m  t h i s .  Furthermore, t h e m u l -  

t i p l e  SRS r a d i a t i o n  i n  our  singlemode f i b e r  d i f f e r s  a p p r e c i a b l y  f rom 

prev ious  workl' u s i n g  a  l i q u i d  CS, c e l l ,  where gaussian beam p r o f  i l e  
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F i g . 6  - Gaussian profile y t p u t  of Fiber 5. 

c a l c u l a t i o n s  were conf i rmed e x p e r i m e n t a l l y .  Be fo re  we t r y  t o  e l u c i d a t e  

these d isc repanc ies ,  l e t  us make some f u r t h e r  c o n s i d e r a t i o n s .  From Fig. 

5, and F i g .  l a  6 b  we see t h a t  l a s e r  and Stokes i n t e n s i t i e s  f a l l  o f f  

much f a s t e r  i n  f i g .  5  than i n  t h e  gaussian case and more s l o w l y  t h a n  

i n  t h e  plane-wave case; t h e  l a t t e r  d i sc repancy  i s  e a s i l y  exp la ined  as 

f o l l o w s :  when 

kes t h r e s h o l d  

i s  a t tenua ted  

vere  than t h e  

i n  any model. 

t h e  l a s e r  i n t e n s i t y  i s  dep le ted  t o  below t h e  f i r s t  Sto-  

i t  becomes uncoupled t o  t h e  Stokes o p t i c a l  f i e l d  and then 

o n l y  by t h e  losses i n  t h e  medium, which a r e  much l e s s  se- 

n o n l i n e a r  e f f e c t ;  t h i s  mechanism i s  n o t  taken in toaccount  

The f a c t  t h a t  t h e  l a s e r  i n t e n s i t y  i n  f i b e r s  f a l l s  o f f  

more r a p i d l y  than  t h a t  p r e d i c t e d  by t h e  gaussian model" appears t o  be 

caused by a  conf inement o f  pump power over  much longer  d i s t a n c e s  i n f i -  

bers as compared t o  a  l i q u i d  c e l l ,  caus ing thereby i t s  d e p l e t i o n  b y t h e  

s t i m u l a t e d  Raman process. 

O f  g r e a t e r  d i f f i c u l t y  would be a  d e t a i l e d  t h e o r e t i c a l  des- 

c r i p t i o n  o f  t h e  behavior  o f  t h e  v a r i o u s  Stokes o r d e r s  i n  F i g .  5a and 

5b. The curves o f  F i g .  5a i n d i c a t e  t h a t  d i f f e r e n t  leng ths  o f f i b e r  lead 

t o  d i f f e r e n t  convers ion  e f f i c i e n c e s  f o r  t h e  same i n p u t  p o w e r ; a c t u a l l y ,  



i n  a  long  f i b e r  (400 m), we have observed t h a t  t h e  t r a n s m i t t e d  l a s e r  

i n t e n s i t y  i s  a t  most equal t o  t h e  f i r s t  Stokes i n t e n s i t y ,  and as power 

i s  increased h igher  Stokes o r d e r s  reach i n t e n s i t i e s  wel l- above t h o s e  

o f  t h e  f i r s t  Stokes and t r a n s m i t t e d  l a s e r  l i n e s .  From F i g .  5a we can 

a l s o  see t h a t  each h i g h e r  o r d e r  Stokes l i n e  i s  generated, o r  b e t t e r ,  

a t t a i n s  a maximum i n s i d e  t h e  f i b e r ,  f u r t h e r  from t h e  i n p u t  end. I n  ad- 

d i t i o n ,  as f i b e r  l e n g t h  increases th resho lds  decrease and convers iono f  

power t o  h i g h e r  o r d e r s  increases.  

These observa t ions  i n d i c a t e  t h a t  t h e  complex n o n l i n e a r  beha- 

v i o r  o f  a  f i b e r ,  e s p e c i a l l y  i f  long,  i s  diie t o  t h e  unusual p r o p e r t y  

t h a t  f i b e r s  have o f  ma in ta ing  l i g h t  c o n f i n e d  a t  v e r y  h i g h  i n t e n s i t i e s  

(hundreds o f  M W / C ~ ' )  over  i t s  whole l e n g t h  - thereby y i e l d i n g  r e s u l  t s  

t h a t  cannot be p r e d i c t e d  u s i n g  o t h e r  geometr ies.  Tha f a c t  t h a t  a  s i n -  

glemode g l a s s  f i b e r  w i t h  small  Raman g a i n  (as o u r s ) ,  and a mult imode 

l i q u i d - c o r e  f i b e r 1 6  w i t h  h i g h  Raman ga in ,  unexpectedly  show t h e  same 

behavior ,  tends t o  c o n f i r m  t h e  above statement .  P r e s e n t l y  we a r e  deve- 

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

ment a t  h i g h  i n t e n s i t i e s  a long  t h e  f i b e r  core;  t h i s  w i l l  mod i f y  e x i s -  

t i n g  models and c o n t r i b u t e  t o  a b e t t e r  understanding o f  SRS i n  f i b e r s .  

F i n a l l y  we d iscuss  t h e  s t i m u l a t e d  an t i - S tokes  s c a t t e r i n g .  I n  

t h e  case o f  mult imode f i b e r s  i t  i s  generated by t h e  t h i r d - o r d e r  para-  

m e t r i c  coupl  i n g  o f  s t i m u l a t e d  Stokes and pump f i e l d s 1 2 .  Phase-matching 

(k- vec to r  conserva t ion )  i s  i n  genera l  v e r y  c r i t i c a l  f o r  parametric p ro-  

cesses, and f o r  i s o t r o p i c  m a t e r i a l s  i t  cannot be s a t i s f i e d  f o r  c o l l i -  

near i n t e r a c t i o n  due t o  normal m a t e r i a l  d i s p e r s i o n .  I n  f i b e r s ,  howe- 

ver ,  the  mul t imode s t r u c t u r e  o f  the waveguide (dep ic ted  i n  ~ i ~ . 7 )  a l -  

lows l i g h t  o f  d i f f e r e n t  f r e q i ~ e n c i e s  t o  propagate i n  d i f f e r e n t  modes o f  
+ 

d i f f e r e n t  k - v e c t o r s ,  t h a t  a r e  a b l e  t o  f u l f i l l  t he  c o n d i t i o n s  k = 
f 

AS 
2x  - K o f  l i n e a r  momentum conserva t ion .  T h i s  i s  t h e  case o f  F i b e r  

L s 
15 which, accord ing  t o  Ref.  17 (see Appendix) has V = 8.6 a t  600 nm 

pump f requency and approx imate ly  36 p ropaga t ing  modes; F i  ber  15 can sa- 

t i s f y  v e r y  e a s i l y  t h e  7;-conservat ion c o n d i t i o n  and y i e l d  s t i m u l a t e d  AS 

s c a t t e r i n g  a t  mul t i p l e  i n t e g e i s  o f  t h e  main Raman s h i f t  (440 cm-I ) ,  as 

can be seen i n  Table 2. The extreme o p p o s i t e  case i s  F i b e r  5,  which 

has v = 2, l  a t  600nm, and exact  l y two degenerate modes o f  propagat i o n  

(which have t h e  same b v a l u e  i n  F i g . 7 ) ;  t h e  two modes a r e  occupied by 



i; ( I a s e r )  and ( ~ t o k e s ) ,  and t h e  paramet r i c  c o u p l i n g  c o n d i t i o n  can- 
L s 

n o t  be s a t i s f i e d  because t h e r e  a r e  no o t h e r  p ropaga t ion  modes a v a i l a -  

b l e .  I n  t h i s  case s t i m u l a t e d  AS r a d i a t i o n  does n o t  appear, as seen i n  

Table 2  arid F i g .  3.  A t  l a s t ,  t h e  i n t e r m e d i a t e  case o f  a  f i b e r  w i t h  a  

few propagating modes wi  I 1  be considered.  F i b e r  8 has V=4.2 a t  600 nm 

w i t h  l e s s  than 10 p ropaga t ing  modes; t h i s  means t h a t  enough modes a r e  

a v a i l a b l e  i n  o r d e r  t o  s a t i s f y  phase-matching. Since o n l y  a  few modes 

can propagate i t  i s  p o s s i b l e  t h a t  s t i m u l a t e d  AS m u l t i p l e  i n t e g e r ~ h i f t s  

= na<, , A;, = 440 cm-', do n o t  co i r i c ide  wi  t h  a l  lowed &se-matched 

p ropaga t ion  f requenc ies .  We v e r i f y  t h a t  t h i s  p o s s i b i l i t y  i s  r e a l i z e d  

i n  p r a c t i c e ,  as shown i n  F i g .  4 and Table 2. We e x p l a i n  these "odd" 

s h i f t s  as a  self-accomodat i o n  niechanism where t h e  a n t  i -  S t o k e s  Raman 

g a i n  i s  no longer  centered a t  t h e  main s i l i c a  s h i f t l '  b u t  moves t o  a  

convenient: f requency i n  o r d e r  t o  s a t i s f y  phase-matching. Energy con- 

s e r v a t i o n  w i l l  be, o f  course, s t i l l  ma in ta ined  because observed s h i f  

f a l l  w i t h i n  t h e  s t i m u l a t e d  l i n e w i d t h s ,  b u t  ;diS l i n e s  a r e  consequent 

narrowed s i n c e  maximum i n t e n s i t i e s  a r e  n o t  matched, as can be seen 

F i g .  4 .  

Fig.7  - Normal ized propagation parameter b=(B /k )  - n,/(n,-n2) as a func- 

t i o n  of normalized frequency V ( ~ e e  Appendix). 



4. CONCLUSION 

We have observed s t  imulated Raman s c a t t e r i n g  (SRS) i n  va r  ious 

f i b e r s  w i t h  d i f f e r e n t  c h a r a c t e r i s t i c s  under i d e n t i c a l  exper imenta l  cun- 

d i t í o n s .  A l though most o f  our  observa t ions  can be exp la ined  be the theo-  

r y ,  our  r e s u l t s  on pump-to-Stokes power convers ion  i n d i c a t e  t h a t  t h i s  

e f f e c t  i n  f i b e r s  i s  n o t  p r o p e r l y  descr ibed  by e x i s t i n g  t h e o r e t i c a l  mo- 

d e l s .  We suggest t b a t  a  c o r r e c t  d e s c r i p t i o n  must take  i n t o  account t h e  

extreme l e n g t h  over  which l i g h t  i s  kep t  a t  v e r y  h i g h  i n t e n s i  t i e s  i n  

o p t i c a l  f i b e r i .  Pump power and f i b e r  l e n g t h  have been s  how t o  b e  

e q u i v a l e n t  parameters, which cou ld  be expected f o r  pump u n d e p l e t e d ,  

bu t  our  r e s u l t s  extend t o  t h e  extreme s i t u a t i o n  o f  pump e x t i n c t i o n .  We 

a r e  p r e s e n t l y  work ing on a  t h e o r e t i c a l  model t o  descr ibe  our  da ta .  

The au thors  a r e  t h a n k f u l  f o r  f i n a n c i a 1  suppor t  f rom Telebrás, 

FAPESP and CNPq ( ~ r a z i l ) .  

APPENDIX 

Th is  appendix i s  an e x t r a c t  o f  Ref.  17. The p ropaga t ion  cons- 

t a n t  ti o f  any mode o f  a  f i b e r  i s  l i m i t e d  w i t h i n  t h e  i n t e r v a l  nl>B/k>n2, 

where n, i s  t h e  c o r e  and n, t h e  c l a d d i n g  r e f r a c t i v e  i n d i c e s  and k =2~r/A 

i s  t h e  wavenumber i s  f r e e  space. We can d e f i n e  two a u x i l i a r y  parameters 

where a  i s  t h e  co re  r a d i u s ,  50 t h a t  t h e  mode f i e l d s  can be expressed by 

Bessel f u n c t i o n s  o f  t h e  f i r s t  k i n d  J~(:) i n  t h e  co re ,  and o f  t h e  t h i r d  
w r  

k i n d  (Haenkel) KR(ã) o u t s i d e  t h e  co re .  The q u a d r a t i c  sumrnation v2 = 

= w 2  + u 2  g i v e s  



which can be considered a normalized frequency. The s o l u t i o n s  f o r  u and 

w can be ob ta ined  (see Ref. 17) ,  and t h e  p ropaga t ion  cons tan t  f3 c a l c u -  

l a t e d .  Resu l t s  a r e  dep ic ted  i n  F i g .  7, where n o t  f3 b u t  

i s  p i o t t e d  i n  t h e  approx imat ion  f o r  A<<l: 

The number o f  modes p ropaga t ing  i n  t h e  c o r e  i s  approx imate ly  

g iven  by A1 = v2/2. 
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