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ABSTRACT

A s im p le  e x p e r im e n ta l  method c o n s i s t i n g  o f  s im u l ta n e o u s  o s c i l l o s c o p l c  
o b s e r v a t i o n  o f  c u r r e n t  s i g n a l s  in d u c e d  by l i n e a r  and n o n l i n e a r  p h o t o e l e c t r i c  
e f f e c t s  i s  g i v e n  f o r  t h e  d e t e r m i n a t i o n  of th e  d u r a t i o n  and  i n t e n s i t y  o f  
u l t r a s h o r t  p u l s e s .

РЕЗШЕ
Описывается простой метод экспериментального определения дли­

тельности и интенсивности ультракоротких лазерных импульсов. Метод ос­
нован на одновременном осциллоскопическом наблюдении сигналов, исходя­
щих от нелинейных фотоэмиссионных процессов различных порядков, вызван­
ных лазерными импульсами.

KIVONAT

U l t r a r ö v i d  l a s e r im p u lz u s o k  id ő ta r ta m á n a k  és i n t e n z i t á s á n a k  m eghatá­
r o z á s á r a  s z o l g á l ó ,  e g y s z e r ű  k í s é r l e t i  m ó d sze r t  i s m e r t e tü n k .  A m ódszer lé n y e g é t  
k ü lö n b ö z ő ,  l i n e á r i s  i l l e t v e  n e m l i n e á r i s  f o t o e f f e k t u s b ó l  szárm azó  e le k tro m o s  
im pu lzusok  m e g f ig y e lé s e  k é p e z i .



INTRODUCTION

The w id e s p re a d  a p p l i c a t i o n  of mode—lo c k e d  l a s e r s  i n  quantum e l e c ­
t r o n i c  r e s e a r c h  r e q u i r e s  th e  m easurem ent o f  t h e  time d u r a t i o n  and i n t e n s i t y  
o f  th e  p u l s e s  i n  th e  t r a i n .  The d u r a t i o n  o f  t h e s e  p u l s e s  v a r i e s  b e tw e e n  the  
n a t u r a l  b an d w id th  l i m i t e d  Ю ^ - Ю  12 sec [ l , 2 ]  and 10-9 s e c  c o r r e s p o n d in g  
to  an a r t i f i c i a l l y  n a r ro w e d  s p e c t r a l  w id th  | 3| • The t im e  d u r a t i o n  can  be 
m e asu re d  by

1 .  /  d i r e c t  e l e c t r o n i c  methods / p h o t o c e l l  £3,4] and s t r e a k
cam era  [ 2 , 5 ] /  o r  by

2 .  /  i n d i r e c t  n o n l i n e a r  methods / tw o - p h o to n  f lu o r e s c e n c e
[ б ] ,  harm onic  g e n e r a t io n  [ 7 , 8 ] ,  a u to  K e r r  e f f e c t  [9]/*

With th e  h e l p  o f  th e  d i r e c t  e l e c t r o n i c  m ethods % 70 p s e c  r e s o l u t i o n  was 
a c h ie v e d  by u s in g  p h o t o c e l l s  and a b o u t  5 p s e c  r e s o l u t i o n  by s t r e a k  cam eras .  
The l a t t e r  i s  n e a r l y  s u f f i c i e n t  f o r  th e  o b s e r v a t i o n  o f  p u l s e s  i n  th e  
p ic o s e c o n d  r a n g e ,  b u t  t h e  camera i s  r a t h e r  c o m p l ic a te d  and e x p e n s iv e .  The 
p h o t o c e l l  i s  v e ry  c o n v e n ie n t  b u t  c a n  be u sed  o n ly  above  100 psec p u l s e  du r­
a t i o n .  Tw o-photon f l u o r e s c e n c e  /T P F /  i s  th e  m o s t  g e n e r a l  i n d i r e c t  m ethod b u t  
i t  g iv e s  o n ly  an a v e ra g e  v a lu e  f o r  th e  whole t r a i n  w i th o u t  any in f o r m a t io n  
a b o u t  t h e  d u r a t i o n  o f  t h e  i n d i v i d u a l  p u l s e s ,  w h ich  v a r i e s  from p u l s e  to  
p u l s e .  O th e r  n o n l i n e a r  m ethods [7» 8» 9] com bine e f f e c t s  o f  d i f f e r e n t  o rd e r  
n o n l i n e a r i t y  t o  a v o id  th e  in a d e q u a c y  of th e  TPF method.

The method d e s c r i b e d  h e r e  i s  a t e c h n i c a l l y  v e r y  s im p le  i n d i r e c t  
n o n l i n e a r  m ethod in  w h ich  th e  p ro b lem  i s  s o l v e d  by th e  s im u l ta n e o u s  
o s c i l l o s c o p i c  r e g i s t r a t i o n  o f  c u r r e n t  s i g n a l s  induced  by  l i n e a r  and  n o n l i n e a r  
p h o t o e l e c t r i c  e f f e c t s  w h ich  a r e  d e t e c t e d  u s i n g  a  l i n e a r  and a n o n l i n e a r  
p h o t o c e l l  and two o s c i l l o s c o p e s  / o r ,  i f  n e c e s s a r y ,  o n ly  o n e / .
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PRINCIPLE OF THE MEASUREMENT

I t  i s  w e l l  known tha ,t i n  t h e  ca se  o f  an  n'*'11 o r d e r  p h o t o e l e c t r i c  
e f f e c t  th e  d ep en d e n ce  o f  t h e  p h o t o c u r r e n t  j on th e  l i g h t  i n t e n s i t y  I i s

j 'X, I n

In  l o g - l o g  c o o r d i n a t e s  t h i s  e x p r e s s io n  g iv e s  a s t r a i g h t  l i n e  w i th  
a  s l o p e  n= [ p h o to n ^ e n e rg y  + X] * ^ аа  co n f irm ed  by e x p e r im e n ts  [10, 1 1 ] .

I t  was n o te d  i n  o u r  p a p e r  on th e  n o n l i n e a r  p h o t o e l e c t r i c  e f f e c t  /NLP/ 
e x p e r im e n t ,  how ever ,  t h a t  a  marked asymmetry was o b se rv ed  i n  th e  a s c e n d e n t  and 
d e s c e n d e n t  h a l v e s  of t h e  l a s e r  p u l s e  t r a i n »  l i n e a r  s i g n a l s  VL 0f  th e  same mag­
n i t u d e  but Xrom d i f f e r e n t  h a lv e s  o f  t h e  t r a i n  co rresD onded  to  n o n l i n e a r  s i g n a l s  
VNL ° f  very  d i f f e r e n t  m a g n itu d e s  / s e e  P ig .  1 / .  T m s  anomaly was e x p la in e d  by 
t h e  l e n g t h e n i n g  o f  s u c c e s s i v e  p u l s e s  o f  th e  t r a i n ,  which i s  in d i c a t e d  by bo th  
t h e o r y  and e x p e r im e n t  [ 7 ,  11, 12] .

The e x p e r i m e n t a l  a r ra n g e m e n t  shown i n  F i g .  2. i s  s i m i l a r  to  t h a t  
u s e d  f o r  t h e  NLP and f i e l d  e m is s io n  m easurem en ts  [ l l ,  12]. • The time i n t e g r a l s  
o f  s i g n a l s  VL and VNL r e g i s t e r e d  on o s c i l l o s c o p e s " * ^  and  0 2 a re  p r o p o r t i o n a l  
t o  t h e  numbers o f  e l e c t r o n s  N and M em erg ing  f ro m  th e  l i n e a r  and n o n l i n e a r  
p h o t o d e t e c t o r s ,  r e s p e c t i v e l y »  th e s e  numbers a r e  a t  the  same tim e p r o p o r t i o n a l  
t o  t h e  f i r s t  an d  th e  n ^ h power o f  t h e  i n t e n s i t y  i ( t )  • The numbers o f  e l e c -1_T_
t r o n s  induced  by th e  i  p u l s e  o f  t h e  m ode -locked  l a s e r  t r a i n  are»

oo oo«I«4
II•H2 j  Vi L ( t ) d t  = a j  I ± ( t ) d t

— oo —oo

111

M a M . = ——1 r 2

00 OO

1 ViNL( t >d t  = ßn \
— OO —OO

121

w here  a and ßn a r e  th e  y i e l d  c o n s t a n t s  of th e  l i n e a r  and n o n l i n e a r  p h o to ­
e l e c t r i c  e f f e c t ,  a -1 = ( l , 6 . l o ~ 19) [coulomb] , and r2 a r e  th e  p h o t o c e l l  
r e s i s t a n c e s .  The r e a l  i n t e r v a l s  f o r  i n t e g r a t i o n  do n o t  r e a c h  th e  n e ig h b o u r in g  
p u l s e s  and, i n  g e n e r a l ,  t h e  whole c a l c u l a t i o n  i s  v a l i d  o n ly  f o r  pure mode- 
l o c k e d  p u l s e s  w i th o u t  any  s a t e l l i t e s .

Assuming t h a t  t h e  t im e  d ep en d e n ces  o f  I ( t )  and V ( t ) a re  o f  th e
fo rm  e x p £ - ( t / x ) 2J Г 1 1and exp  [-  r e s p e c t i v e l y »

Ni  = iq- Vi L (o) T0 i  = / 7  - a  l i ( o )  t± / 3 /

Mi  ■ ТГ V1n lK » T0 2 -  ^  • B„ I j h »  7 = / 4 /

VL and v№  c a n  be o b s e rv e d  on th e  same o s c i l l o s c o p e  by d e l a y i n g  one o f  th e  
s i g n a l s  w i th  r e s p e c t  t o  t h e  o th e r  by a  p o r t i o n  o f  the  p u l s e  s e p a r a t i o n  2L/c 
i n  th e  m o d e - lo c k in g  t r a i n .
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w here  T0 l  and Tq2 a r e  th e  o s c i l l o s c o p t c  r e s o l u t i o n s  and т ± l a  the h a l f  
w id th  of th e  I***1 l i g h t  p u l s e .

From th e  two e q u a t io n s
1

Q 111
1 Ni  1 ßn IK .

Ti  = 7 F  Й7 /5a /i  a
_ 1
M n-1

J i  ^  3^ 1ЪЪ*
w h i le  th e  r e l a t i v e  v a l u e s  a re

1 1

h  - "д Mi  Г 1 . i6a,
r i "  L " i  Hj  J ‘  L ' w ° ) v i b ( o > J

l  l
T. Г N1? M "|n_1 Г (v .T)n v . MT 1 n_1
-j. = . —i— -1— = -------V дh! J J j-L--------  /6Ь /
Ti  Mj Nj J [  VJHL(o)  ( v i L <o))"

T hus ,  by m e a s u r in g  Mi  and , a and ßn b e in g  known [10, 1 1 ,  12] , th e  a b s o lu t e  
v a l u e s  o f  and 1^ can  be o b ta in e d  from  equ. 5 » o r  a l t e r n a t i v e l y ,  w i th o u t
knowing a and (5n r e l a t i v e  v a lu e s  f o r  I j / I ^  and  т ^ / т .  c an  be s im ply  c a l c u ­
l a t e d  from eq u .  / 6 / .

From th e  r a t i o  0.  ̂ = Ti+ 1 / T^ and. th e  d i f f e r e n c e  At í =t í +i - tí  t h e  
p u l s e  d u r a t i o n  i s

Д T .

4  = -врт- 111
The v a l u e  o f  th e  p u ls e  l e n g th e n in g  Дт^ can be e a s i l y  e s t i m a t e d  w ith  

th e  h e lp  o f  t h e  f o l l o w i n g  s i m p l i f i e d  m odel.  L e t  us assume t h a t  one u l t r a s h o r t  
p u l s e  i s  o f  th e  minimum d u r a t i o n  tq p e r m i t t e d  by th e  b a n d w id th  ДП o f  a  mode- 
- l o c k e d  Nd g l a s s  l a s e r .  T ak ing  i n t o  a c c o u n t  t h a t  f o r  two f r e q u e n c i e s  s e p a r a t e d  
by ДП th e  t r a n s i t  t im e s  on a d i s t a n c e  X in  a  r e f r a c t i v e  medium a re  d i f f e r e n t ,  
t h e  l e n g th e n in g  o f  th e  p u l s e  w i l l  be

ISI

w here n i s  t h e  in d e x  o f  r e f r a c t i o n  and c i s  t h e  v e l o c i t y  of l i g h t  i n  
vacuum. F o r  p u l s e s  o f  t h e  same b a n d w id th  the  d i s p e r s i o n  l e n g th e n in g  w i l l  be
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th e  same, r e g a r d l e s s  o f  t h e i r  o r i g i n a l  tim e d u r a t i o n s ,  ( i f  t h e  l i f e t i m e  o f  the 
dye i s  com parab le  to  o r  s h o r t e r  th a n  t h e  p u lse  d u r a t i o n ,  t h e  d i s p e r s i o n  
le n g th e n in g  w i l l  be l i m i t e d  by th e  d y e ,  a s  was shown r e c e n t l y  by the  ex p e r im e n ts  
o f  Babenko e t  a l .  [ 1 3 ] . )

Prom / 7 /  and / 8 /  we can g e t

_ xAf l  1 Эп , Э2р Afl
Ti  c er i  [эп 2

2
The i n t e n s i t y  d ependence  o f  t h e  r e f r a c t i v e  index n = h0 + n2E 

may a l s o  cause  m o d i f i c a t i o n s  i n  th e  sh a p e  of t h e  p u l s e ,  th o u g h  th e s e  a r e  
n e g l i g i b l e  com pared  w i th  th e  d i s p e r s i o n  l e n g th e n in g  a t  th e  pow er v a lu e s  u s e d .
I t  s h o u ld  be n o t e d ,  how ever ,  t h a t  th e  п(е 2) dependence  may a l t e r  th e  t im e  
s u b s t r u c t u r e  o f  a g iv e n  s i n g l e  p ic o s e c o n d  p u ls e  by s e l f - p h a s e  m o d u la t io n  
[ l ,  14 , 15 , 16] . F u r th e rm o re ,  th e  se c o n d  term i n  n cou ld  m o d ify  the  d ia m e te r  
o f  th e  beam f l5 ]  /w h ic h  was assumed t o  be c o n s t a n t / ,  the  pow er d e n s i t y  b e in g  
above th e  s e l f - f o c u s i n g  t h r e s h o l d  [171 • C o n s id e r in g ,  how ever, t h a t  i n  o u r  
l a s e r  temqo mode d i s t r i b u t i o n  was a c h ie v e d  and f i l a m e n t s  w ere  n e v e r  o b s e rv e d ,  
we may s a f e l y  assum e t h a t  t h e  change o f  th e  beam c r o s s  s e c t i o n  i s  s m a l l ,  a l l  
t h e  more b e c a u s e  th e  v a r i a t i o n  of th e  beam d ia m e te r  would be  o f  o p p o s i te  s ig n  
i n  t h e  a s c e n d a n t  and d e s c e n d a n t  h a lv e s  o f  the  m o d e - lo c k in g  t r a i n ,  w hereas  the  
e x p e r im e n t  shows a c o n t in u o u s  in c r e a s e  i n  d u r a t i o n  from p u ls e  t o  p u lse  / F i g . 4 / .

RESULT

From o u r  fo rm e r  m easurem en ts  £11, 12] w i t h  a Nd g l a s s  l a s e r  and  An 
t a r g e t ,  where t h e  o r d e r  o f  t h e  NLP was n=4 , f o r  8^ we o b t a i n e d  the  v a lu e
'v 4*10 97 [e le c t ro n /c m 2 ]  / £( p h o to n /cm2 Sec s e c ]  w h ile  th e  e f f i c i e n c y  <* 

/ i n c l u d i n g  th e  t r a n s m i s s i o n  o f  the  f i l t e r s /  was a b o u t  10-8  e l e c t r o n / p h o t o n  
T y p i c a l  v a lu e s  f o r  Nand M w ere  ^1010 an d  4>108 e l e c t r o n s ,  r e s p e c t i v e l y .  Thus 
u s i n g  /5а /

T ^ 8*10 12 sec

I t  s h o u ld  be em p h asized  t h a t  ß4 was d e te rm in e d  by TPP m ethod , so t h a t  o u r  
T d e t e r m i n a t i o n  i s  an  i n d i r e c t ,  c a l i b r a t e d  tim e d u r a t i o n  m easurem ent o n ly .

In  F i g .  1 th e  v T -  v .1T p u l s e  p a i r s  o f  a  m o d e - lo c k in g  t r a i n  a r e
Li N 1j

p l o t t e d  in  lo g —l o g  c o o r d i n a t e s .  Note t h a t  a t  th e  b e g in n in g  and  end of th e  t r a i n  
th e  d i f f e r e n t  V.1T s i g n a l s  c o r re s p o n d  to  V s i g n a l s  o f  the same m ag n itu d e .
The asymmetry i s  due to  th e  f a c t  t h a t  t h e  enve lope  o f  the vL m o n i to r  s i g n a l  
t r a i n  d i f f e r s  f ro m  th e  c a l c u l a t e d  / e q u .  /6 а /  /  r e a l  i n t e n s i t y  e n v e lo p e .  An
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av e ra g e  o f  n o rm a l iz e d  m o n i to r  t r a i n s  and th e  cox*responding c a l c u l a t e d  i n ­
t e n s i t y  v a r i a t i o n  can  be seen  in  F ig .  J .

F i g .  4 shows th e  r e l a t i v e  changes of p u ls e  d u r a t i o n  c a l c u l a t e d  
from l i n e a r —q u a d r a t i c  /fcs^sb c a t h o d e ,n  = 2 /  and l i n e a r —f o u r t h  o rd e r  /A u— 
c a th o d e ,  n=4 /  p h o t o e l e c t r i c  e f f e c t  m easu rem en ts .  The g r e a t e r  e r r o r s  o f  the  
second  o r d e r  m easurem ents  a re  due to  the  non -  TEM00 mode o f  o p e r a t io n  and 
p o o re r  r e p r o d u c i b i l i t y .  From F ig .  4 :

’ T20i = ~  « 1 Д  
1 T1

I n  our e x p e r im e n t  x a, 2(?+d) ^ 50cm, where t and d a r e  th e  ^ en g th s  of th e  
ro d  and th e  dye c e l l ,  r e s p e c t i v e l y ,  AÍ2 -v 2 • 1013Hz and [ | g  + f  ] -  l o " 17sec
[1 2 , 1 8 ] ,  so  f o r  T w i th  th e  use o f  / 9 / we o b ta in

= [з г 4] • 10 12 sec

w h ile

T10 = [ 6 * 8] • 10~12 sec

T h is  v a lu e  i s  i n  ag ree m en t  w i th  th e  v a lu e  o f  ^ 8 psec o b ta in e d  from /5 а /  
and w i th  th e  [5 т 1 о ] - l o -12  sec  d u r a t i o n  o b ta in e d  w i th  TPF method [ l l , 1 2 ]  . 
T h is  ag ree m en t shows t h a t  our a s su m p tio n s  a r e  v a l i d .

The a b s o lu t e  i n t e n s i t y  from  /5W i s

I % i o 29 -£^ p .9.n 20  GW/cm2
cm s e c

I«
CONCLUSION

The d e s c r ib e d  method e n a b le s  us

a .  /  t o  d e te rm in e  th e  v a r i a t i o n  o f  th e  r e a l  peak  I n t e n s i t y
and p u ls e  d u r a t i o n  in  a m ode-locked  t r a i n *

b .  /  t o  e s t i m a t e  th e  a b s o lu t e  peak  i n t e n s i t y  and p u lse
d u r a t i o n  from th e  l i n e a r  and: n o n l i e a r  p h o t o e l e c t r i c  
s i g n a l s /  a and ßR b e in g  known/

c .  /  t o  c a l c u l a t e  th e  p u ls e  d u r a t i o n / w i t h o u t  a a n d ß n /
from  th e  b a n d w id th ,  d i s p e r s i o n  and r e l a t i v e  le n g th e n in g .

As th e  v a lu e  o f  т may change in  a  w ide ran g e  fox* d i f f e r e n t  t r a i l s ,  б=т^+1 /т^



v a r i e s  from 1 ,0 3  to  1 ,3 0  e x p l a in in g  the  o b se rv ed  change in  th e  d eg ree  of 
asymmetry / s e e  F ig .  2 / .  For a r e l a t i v e l y  g r e a t e r  i n i t i a l  p u ls e  d u r a t i o n  
T ^ 10 11 sec  th e  asymmetry v a n i s h e s ,  o r  a t  l e a s t  becomes l e s s  th an  th e  
e x p e r im e n ta l  e r r o r . 3®

Thanks due to  P r o f e s s o r  A.M. P rokhorov  and Dr. P.G. Kryukov f o r  
t h e i r  e n c o u ra g in g  rem arks  and to  M essrs  I .  C z ig án y ,  L. Imre and K. T i t s c h k a  
f o r  t h e i r  t e c h n i c a l  a s s i s t a n c e .

x
R e c e n t ly  th e  v a r i a t i o n  o f  p u ls e w id th  i n  a m o d e -lo ck in g  t r a i n  was a l s o  

o b se rv ed  by d i r e c t  e l e c t r o n i c  method [ФЭР] * a11*1 gave s i m i l a r  r e s u l t s  [19] •

X X
In  ou r  e x p e r im e n ts  on th e  NLP [1 0 ,  11 , 15] o n ly  th e s e  m easurem ents  o f  

s m a l l  asymmetry were ta k e n  in t o  a c c o u n t ,  and th e  p u ls e  -  l e n g th e n in g  problem  
was av o id e d  by a u to m a t ic  s e l e c t i o n  o f  t r a i n s  c o n t a i n i n g  x ^ 10-1 1 s e c p u ls e s  
o n ly .



1 1,5 2 3 а.и. VL

F ig .  1

The asymmetry in  t h e  v a r i a t i o n  o f  th e  VNL n o n l i n e a r  s i g n a l  as  a 

f u n c t i o n  o f  th e  s i g n a l  vL .

M2 Sp1 Spe

F ig .  2

The experim ental a r r a n g e m e n t :  and m i r r o r s ;  Q -b le a c h a b le  dye

/ №  3 9 5 5 / J N d -B rew s te r-en d ed  Nd g l a s s ;  Sp1 , Sp2 - s p l i t t e r s ; PcL and 

PcNL - l i n e a r  and n o n l i n e a r  p h o t o c e l l s ;  R  ̂ , R2- r e s i s t a n c e s ; and

О2 - o s c i l l o s c o p e s  w i t h  VL, vNLs i g n a l s ,  r e s p e c t i v e l y .
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F ig .  3
V a r i a t i o n  o f  th e  VL m o n i to r  t r a i n » ( o ) a n d  th e  c a l c u l a t e d  r e a l  

i n t e n s i t y  ! » ( • )  o f  m o d e -lo ck in g  t r a i n s .

F ig .  4
The change o f  r e l a t i v e  p u ls e  d u r a t i o n  from  p u ls e  to  p u l s e  in  the  

l i n e a r —q u a d r a t i c i ( o )  and th e  l i n e a r —f o u r t h  o r d e r j ( e )  p h o t o e l e c t r i c

e f f e c t .
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