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We have observed se l f - focus ing  and phase se l f -modu la t ion  o f  rad ia t ion  in
the  ac t lve  e lement  o f  a  neodymium laser  [ r ,  2 ]  opera t ing  in  the  mode- lock ing
reg i -me,  and we show in  th is  paper  tha t  these e f fec ts  g rea t ly  ln f luence the
charac ter  o f  the  genera t lon  o f  th is  l -aser .

To est imate the non1inear changes oecur,  lng ln the refract lve lndex of the
laser  ac t i ve  e ]ement  in  the  case o f  se l f -modu la t ion  and se l f - focus i -ngr  le t  us
cons lder  the  propagat ion  o f  a  l igh t  pu lse  tha t  var ies  1 lke

E(t ) - Eo e:rp I i arst I expl- (t /r il2 |

( E o  1 s  t h e  a m p l i t u d e ,  u t e  t h e  f i e l - d  f r e q u e n c y s  a n d  t e  t h e  p u l s e  d u r a t i o n ) r , 1 l r a
m e d i u m  w l t h  a  r e f r a c t i v e  i n d e x  t h a t  d e p e n d s  o n  t h e  l n t e n s i t y ,  n  =  n o  +  n z l t ; l - .
I f  ne  has  a  shor t  re l -axa t lon  t lme compared w l th  the  pu lse  dura t lon ,  then the
pf ,u"u  s f , f f t  (a t  sma11 d is to r t lons  o f  the  enve lope)  occur r ing  when th is  pu lse

propagates  in  a  med ium o f  leng th  L  w111 equa l  t3 l

2t
8 6 ( r )  - -  - L D n ( t ) ,

l n o

w h e r e  n ( t )  =  n " l E ( t ) 1 2  a n d  t r  i s  t h e  r a d i a t i o n  w a v e l e n g t h .  T h e n  t h e  f l e l - d

emerging f rom the medium can be represented 1n the form

Eo.. r t ( t  )  -  E( t  )exp I  rDd(t l l .

The  spec t ra l  d i s t r i bu t l on  o f  t . [ e  ou tpu t  rad la t i on  1s  de te rm ined  by  a  Fou r i e r
i  n t o o r n ' 1

I  + o o

F(A<.r)  -  I  Eo exp l iA( . , t  + idexpl -2( t / ro)2 l lexpl / { t / ro l -2 ldt ,

2 t  ' -

where Acu = t r l  -  t r to ' i  cr  = 2[Lnznt /Xno.
F lgu re  1  shows  t { l e .d i s ! l l bu t i ons
o f  t h e  s p e c t r u m  l . f  ( A u t )  l '  o b t a l n e d
by  numer l ca l  ca l cu la t i on  f o r  d i f -

f e ren t  va fues  o f  o .  The  ca l cu la -
t lon was carr ied out  onlY for  sma1l
va lues  o f  t he  Pa rame te r  c l ,  f o r  l n

the  case  o f  l a rge  o  l t  i s  necessa ry
to take ln to account  the change of

t he  f i e l - d  due  to  se l f - f ocus ing '  I n -
deed ,  i t  f o l l - ows  f rom the  ca l cu la -
t l on  t ha t  no t i ceab le  changes  o f  t he

s p e c t r u m  s h o u l d  o c c u r  a t  a  = . 2  
t  c o r -

"  =  1 . 6  x  l - 0 - "  ( f o rr e s p o n d l n g  E o  u n

L  =  30  cm and  t r  =  10 -a  cm) .  On  the  o the r  hand ,  t he  necessa ry  change  o f  t he

re f rac t i ve  i ndex  o f  t he  med lum fo r  se l f - f ocus ing  o f  t he  rad ia t i on  ove r  a  l eng th

1- - (o /2) ,/ , o/ \(8. - E "J-t ,

F ig .  1 .  Compu te r - ca l cu la ted  dens i t i es
o f  t h e  s p e c t r u m  l r ( l u r ) 1 ' �  a t  d i f f e r e n t
values of  the phase-modul-ated param-

e te r  c r .  r e  i s  t he  du ra t i on  o f  t he
i n i t i a l  l i g h t  P u l s e .

L  i s  t 4 l
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t r1 i  c r  -  2  .  T i  me  s ra recns  n f  ' hhe  sncn i ; p11g1w l r v  u y v v (

o f  t h e  s e l f - s y n c h r o n l z a t l o n  s p i k e s
f o r  w e a k  ( a )  a n d  s t r o n g  ( b  a n d  c )
I I 6 l r  V  I  I g l U D .

-*-.--'..-.-,-.rr- i.'rf.d nsec

F ig .  3 .  D i s t r i bu t i on  o f  r ad ia t i on  1n -
f  a n c  i  l - r r  n r r a p  + t - ' e  d i  a n h r a g m  i  n  t h e  l a S e r
resona to r  f o r  d i f f e ren t  s taees  o f  a
c i  c n { -  n r r ' l  c a
6 f q ! r w v u r 9 v .

c r i t i c a l  f i e l - d  i n t e n s i t y ,  a n dwhere  a  i s  t he  beam rad ius ,  E^ -  =  \ . / 2na / i e  i s  t he

E-  i - s  t he  requ i red  f l e l d  i n te i s i t y ,  . y i e l dsm

6n,  -  n2E]  *  5.  10-6

( f o r  a  =  l - 0 - t  c m ) .  W e  n o t e  t h a t  a  c h a n g e  6 + ^ =  0 . 5  x  l - 0 - 6  i n  t h e  r e f r a c t i v e
i n d e x  i s  o b t a i n e d ,  f o r  e x a m p l e ,  o . t  n z ;  1 0 - 1 3  c g s  e s u  a n d  a t  a  p o w e r  t I  G W / c m z .

Thus ,  bo th  phase  se f  f -modu la t i - on  and  se l f - f oe r . r s i ns  o f  t he  rad la t i on  shou ld
b e  o b s e r v e d  f o r  6 n  =  5  x  l - 0 - 6 .

W e  u s e d  f o r  t h e  e x p e r l m e n t  a  l a s e r  w i t h  a  r i n g  r e s o n a t o r  ( T  =  8 . 5  n s e c ) .
r | h a ] a n o t h  n f  1 - \ s  a c t i v e  e l e m e n t  w a s  3 0  c m .  T h e  Q - s w i t c h  w a s  d y e  N o .  3 9 5 5  d i s -
so l - ved  i n  n i t r obenzene  i n  a  ce l1  2  mm th i ck .  The  ax ia l  modes  were  seoa ra ted
w i th  a  d iaph ragm o f  2 . /  mm d iame te r .

The  spec t ra l  compos i t l on  o f  t he  rad ia t l on  and  i t s  t ime  va r i a t i on  we re  1n -
ves t i ga ted ,  as  be fo re  [ ! ] ,  w i t h  a  d i f f r ac t i on  spec t rog raph  and  an  e lec t ron -
op t i ca l  camera  (EOC)  ope ra t i ng  i n  t he  l - 1nea r - sweep  mode .  I n  t he  i nves t l ga t i ons
o f  t he  f i e l - d - i n tens i t y -d l s t r i bu t i on  changes  connec ted  w i th  se l f - f ocus ing ,
images  o f  a  d iaph ragm p laced  i n  t he  l ase r  resona to r  we re  p ro jec ted  w i th  mag-
n i f i ca t i on  on  the  pho toca thode  o f  t he  EOC ( t f r e  O is tance  f rom the  d iaph ragm to
the  ac t i ve  e l -emen t  ru " ' t , !  cm) .  The  l i nea r  sweep  ra te  and  the  magn i f i ca t i on
were  chosen  such  as  t o  p reven t  t he  i r nages  o f  t he  f i e l d  d i s t r i bu t l on  ove r  t he
d iaph ragm fo r  each  sp i ke  o f  t he  se l f - synch ron i za t i on  f r om becoming  supe r lmposed
on  the  sc reen  o f  t he  EOC.  S ince  the  sp i - ke  du ra t i - on  was  qu i t e  sma l l -  ( t ' J z  -  5 )
x  1 0 - 1 2  s e e ) -  f i h e r e  w a s  n o  s m e a r i n s  o f  t h e  i m a s e  a n d  t h e  r e s o l u t i o n  a m o u n t e dv v v / ' r r l b v r

t 5 t



to about 10 l ines/mm.

Figures Za - Ze show sweeps of the spectra pertalning to di f ferent f lashes

and for di f ferent delays in the tr lggering of the EOc. Flgure 2a shows the

spec t rum fo r  smal l  va lues  o f  Eo,  ob i i ined  by  inc reas lng  the  in i t la l  t ransmis-

s lon  o f  the  sa turab le  f i l te r .  ' i he  cent ra l  par t  o f  the  spec t rum is  covered by

the  d iaphragm,  and there  is .no  s t ruc tu re  whatever  in  the  w ings  o f  the  spec-

t run  (a tcura te  to  n ,0 .5  cm-r ) .  F igures  2b  and 2c  were  ob ta ined fo r  la rger

va fues  o f  Eo a t  the  s ta r t  and the  midd le  o f  the  pu1se,  respec t lve ly '  The

uppuu""rr"e of the structure of the speetrum can be clear ly seen, and the 9!?r-
ac ter  o f  i t s  deve lopment  in  f i -g . - - iU  ig "u" "  fu1 Iy  w l th  the  ca lcu la ted  one (F ig '

1) and corresponds to an lncrease of c l  tor each succeeding sel f-synehroni-za-

t i o n  s p i k e .

F igures  3a  -  3c  show success ive  p ic tu res  o f  the  d is t r ibu t lon  o f  the  f ie l -d

over the diaphragm in the laser reson-ator.  Slnce in this case the distance

f rom the  laser  to  the  EOC was lncreased to  ob ta in  su f f l c len t  spa t ia l  reso lu t lon '

and the  t lme de lay  o f  camera  opera t ion  ( ru2g nsec)  d id  no t  make l t  poss ib le  to

prrotograph the i" i t i . i  " tag" of ge.terat ion-development,  the pi-ctures shown cor-

respond to  the  t ime ins tan is  20 ,  50 ,  and 150 nsec  fo l low ing  the  opera t ion  o f

the  EOC.  The p ic tu res  demonst r i te  i f re  apprec iab le  red ls t r ibu t lon  o f  the  rad la -

t ion lntensity at large values of the f f -e1a in the resonator '  We note that the

laser -emiss lon  in tens l ty  had a  un i fo rm d is t r lbu t lon  in  the  f ree-genera t lon  re -

Thus ,  phase se l - f -modu l -a t ion  exp la lns  to  a  cons iderab le  degree the  s t ruc-

tu re  o f  the  spec t rum o f  a  mode- locked laser  [5 ] ,  and a l -so  the-d lsc repancy  be-

tween the  exper imenta l -  dura t ions  o f  u l t rashor t  pu lses  ob ta lned by  two-photon

methods and from the width of the spectrum'

I t  must  be  no ted  tha t  the  main  cont r ibu t ion  to  the  phase modu la t ion  ls

made by the cf iange of the refract ive lndex of the act lve eLement '  The change

of  the  re f rac t i ve  j .ndex  in  the  " i i " "U. i i rene ( the  so lvent  o f  the  sa turab le  dye)

p lays  a  much smaf fe r  ro le .  A t  a  ce ] l  th ickness  o f  2  mm,  se l f - foeus ing  in

n i t robenz . r r "  " " f f "  fo r  6n  * " .J0 :1 ,  wh ich  is  much la rger  than the  6n  necessary

for se t- f  - fo cus:- ie- in- gf  as s.  ) ' ' '  l .n.  iOOt-t iot t  ,  the relaxat i  on t ime 9l-?i  '  -  9: t?:-  , - . '
m l n e d  b y  t h e  f r " " i  " i f E c t  f o r  n i t r b b e n z e n e ,  l s  a b o u t  ( 3 : - 2 ) " "  1 0 - "  s e c  L b '  ( J '

On the  o ther  hand,  when l igh t  pu lses  o f  dura t ion  rq  =  l -0 - rz  sec  are  used '  the

mechan1sm o f  the  non l inear i ty  o?- 'n -has  apparent ly  an  essent ia l l y  e lec t ron lc

character,  and n2 has the same o"O"" of mignltudL for glasses as wel l  as for

m o s t  l i q u i d s .
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