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equal to one—half the atomic transition frequency stimulates an induced non—
linear polarization which oscillates with the same carrier frequency as the
incident pulse. The evolution of the coupled atom—field system is described
without restriction on the duration of the incident pulse and of the atomic
relaxation timeá.

We—ehw that ~pder coherent propagation conditions , i.e. when the pulse
duration is much s~orter than the atomic relaxation time , considerable pulsesharpening and power amplification is possible above threshold. In the rate
equation limit, a regime where the atomic relaxation times are much shorter
than the pulse duration, i,e—f4nd-_thet optimum amplification conditions occur
when the frequency of the Incident pulse Is detuned from Its resonance value.
The entire range from the coherent to the rate equation limit is explored with
the help of hybrid and digital computer simulations.

-Our~~cperimental investigations have lead to the measurement of the two—
photon ab~iàrption constant in ZnS using a 0—switched ruby laser as the source.
The measured value of the absorption constant is 0.011 cm/MW .
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1. Introduction

Laser amplification by two-photon stimulated decay was first considered in

the early as a means of producing high peak-power radiation pulses.

Sinc. then, considerable progress ha. been made in understanding the dynamics of

two-photon processes, especially in the coherent regime
3
. (The t erm coherent is

used to signify that the atomic relaxation times are much longer than the duration

of the propagating pulse.) Recent investi gations have revealed n*.nnerous qualitative

similarities between coherent two-photon absorption processes and their sing le-

photon counterpart.
4
. Little attention , however , has been paid to the physics of

two-photon amp1ification~ ’~ and especiall y to the effects of atomic relaxation on

the dynamics of the process.

Here we discuss the feasthility of producing laser amp lification by two-photon

stimulated emission . The active mediinn is modeled as a collection of identica l

atoms, initially prepared in a st.’ I te  of inversion between homogeneously broadened

levels of the same parity , separated liv a t reqiR ncv ditf eren co ~~~~~~~ We are especi ally

concerned with the poesibility of inducin~t a Ih ln-lltlt ’ar polari zation which oscill ates

at the same frequency , i ,~ ~~~ L 
~~~~~~~~~ as  t h e  incid ent puls e . The induced polarization

is regarded as the source at  .1 tOCO 1 f i r 1 . !  wh i 1 adds coherent lv to the input (~.1 V &’

to produce additiona l atomic po Ia ri - it ion d p in t Ii. n—p I i  ly i n g  medium . Our

proposed scheme 1 s hi sed on the  I I k n n S t  u - p a an :itrp Ii I e r thoo c’, f A rec ~-h I

and I~o n i fa c i o 7 
. In  t a c t , s i m i  l , I r L t  i c s  iii ! di c ’  en .  , ‘s b e t w e e n  t h e i r  r e s u l t s  ~n d ours

w i l l  be r ep e at ed ly  p o in t e d  out  d i i i  i n . ~ . . r i r  I i  s ( I ’ ; s i ’ n .

ih e r e  ar e , however , d i  r et i c e s  t i l I r Ii . r ~ t h  MU ll’ i i i  ‘ i n s ’, a t  t h e  o l itse t .  . f ’o t

conve’nience we UUI V di st i n g u i  Sb l i t  ~,,
,t i i i  i 1 e l - n t  I - I l l - i l  r r ’ C I H . s . i h e  f t  r sr

ca l l ed  coherent  p r o p agat i o n , ). ( IIUS ~ h . ti t I i .  iii i . I r ’ i i t ;‘~I l ( . e i: r i l ~- i i  i h , r t  t r t h an

the cha r a c t e r i s t i c  a t o m i c  t - e l a x , i t  ion  t t ’~ . ’ M
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In the coherent propagation limit we find that an area equation , similar in

some respects to the Arecchi- Bonificio area equation , can be derived to predict

the evolution of the pulse energy . Our area equation alien’s different steady state

solutions for the pulse energy, unlike the Ar ec ch i -Ro ni t ic i a equation which allows

a ~mique steady state solution .

In addition , the threshold condition tot power amp lification imposes constr aint s

on both the gain constant of the active m rdi tir ’ and on the incid ent pulse energy .

More precisely, we find that the two-p hoton .in.p li f ie r ‘nis no small signa l gain so

that , even if the gain constant is large enoui~h to allow power amp lifi cation , a

weak incident pulse will not be amp lifi ed. tin the contra ry , if the inciden t pulse

energy exceeds a certain threshold value, power amp lification nih occur with t h e

subsequent formation of single or multip le-puls e s in an ar ’alvtical lv predi ctah i .’

fashion .

Unlike the case of the Arecchi-i ;en i fa c ir amp l i i I i ’r , no en v e l op e  s t ea dy  s t a t e

is possible for  a t w o — p hoton amp l i f i e r  h ’c .u ise  t n’re is no pa~~er s a t u r a t i o n  mechani qr

in the model  to l i m i t  the  g r o w t h  o f  tb .  p r t r p l  ~ t i n g p u t s . ’ hay ’ t h r e s h o l d

The ra te  equa t ion  r egime ~r l  i ’r s  . i d d i  t i ‘na I j o t  cr e st  n~ v . . n a t  i ms rd - i t  i v . ’ to

the corresponding behav ior  of a s i n g l e — p h i o l a i  u p l i f t .  r .  ~n t he  c - i s .  of  t ~n A r e c c h i  -

Bont f a c t o  theory , i t  i s  known t h a t p a P  I r l O l  I t I c i t  [an ) c . ’ t i r S  when tb. ’ ca r r i e r  freqti.’n v

of the  inc iden t  p u l s e  co i n.c ides  w i t h  t he t ~ tns i t ion I req i’n.-’ o f  t he tw e  Levi ’ 1 s at

i n t e r e s t .  In our  C a se  we find t h a t  t h e  f i . ’q . i& -n c v  rv s p a i i~~e a the c’, st en is not

synTeetr ic  w i t h  respect  to  t h e  det t in  in~ p a i . l r n ’t  or  — In  f a c t  . for ftx ed

va lues  of the  pa r a m e t e r s  cha r a o t r i~’i n g  t i n ’  act ~v r- ,’d itr’t , ~.‘ f i n d  t ha t pe~- c r  l~”pli ~

fi c a t  ion is enhanced fo r  pos i t iv . ’  v t  h it ’ 5 o t  t hi’ I t  tin inc . p a or and d ep t  &‘R S.~~!

ins t ead , fo r  n e g ; it i v . ’  va I ‘ ..-s ~~ ~~~
, i. ,

~~~ 
. l i i i  s ni 11 lii’ , ‘ i s j ~ V .-‘:p l. m i d  en t h . ’ hi i s  i

of t~~e n o n — l i n e a r  i n t e r u e t j a n  m . ’ c h t . i n i  SI p i pes ’.! l i i  t h t . ’  ~vS t , ’’t .

Our discus si on devel0~ s . t  Ian t h. t a l l  i i .  ‘~‘ii i n  l i i i ’  - In  S i c  t i an w - ‘ dos —

cr1 be the  ii a l  c I a  t i l i i ’ ~~ o t  t h r d . - I - i ~~d I. I \ .  - t h ’ a ’ ‘p I I pr - i’ I ~~ i t I iiii eq Wi t I on S

~~~
-

_ V _~
-

~~~~ ~~~~~~ ..~~ -‘ - .4
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tha t govern the evolution of the light pulse . In Section 3 we discuss the atomic

relaxation mechanism, and compare the limiting coherent and rate equation regimes.

Section 4 contains the result. of a hybrid computer simulation designed to describe

th. propagation proces. for arbitrar y values of the pulae duration and of the trans-

verse atomic relaxation time . In Section S we discuss the details of the rate

equation regime and the behavior of the amp lification process for different values

of the detuning parameter.

As indicated in the foreword., the last section 01 this report deals with

some experimental aspects of two-p hoton absorption in ThS. This suh~ect being Un-

related to the theoretical descri ption of th ’ two-p hoton amplifier will be discussed

separately at the end of t h i L  r t por t  in Se c t i o n  6 .

— — — ----.-



_ _ _ _ _ _ _ _ _ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

— 5 —

2.  Descript ion of the Model and E q u a t i o n s  of  M o t i o n .

Our fo rmula t ion  of the  probl em c l o s e l y  p a r a l l e l s  the  s e l f - c o n s i s t e n t  f i e l d

approximation theory of a s i ng l e -photon l a s e r  amp l i f i e r  advanced  by A r e c c h i  and

Bon i facio
7
. In the same sp i r i t , we v i su a l i 7 e  the  amp l i f i c a t i o n  process  as resulting

f rom the fo l l owing  steps :  an i n c i de n t q ua s i - m on o c h r o m a t i c  l i g h t  pu l se  of f r e q u e n cy

A) imp inges on the meditr’i, it stimulates a macroscop ic p o l a r i z a t i o n  a t  the  same

frequency , and interferes with the re-radi ated field from the macroscopic polari-

zation . The new total field repeats t h e  c’vcle as it pr epacit ’s through the rt ’dium .

The system~m ~ill behave as an amp lifier , or , is  cn absorber , depending on the r e l a tiv e

phase between the  i n c i d e n t  and i i i . .’ c - ra .Ii i t ’ d  ii .~1mt

Our system is  assumed to he m i t  jail ’,’ prepared In a s t . i t  of  i n v e r s i o n  b e t w een

two levels of the same p a r i t y .  From a pr actical point 01 vi .’\: , in  arder to maintain

the inversion for a reasonable length of tim e , it is inpartant that no di pole-all owed

intermediate levels ex iSt betnet’n t h e  l e ve l s  i t inter est (Vi g. 11. It w ill he

assumed here tha t the laser 1e~’ ’ls arc thi ~ oratmnd and first cxci ted states of t h e

a c t i v e  a toms . T hm ’ l e v e l s  a r e  sep a r a t e d  h ’- in t u e r t ~’.’ .~ i f t . ’r c ’nco ) and art- coup led

by di p o l e -a l l o w e d  t r a n s i t i o n s  to h i g h er  l v i n . ~ cni ’r~ y l e v e l s .

The i nc iden t  e l e c t r i c  f i e l d  i s  assumed t a be .1 quasi -mono c lir em at i 5- p lane wave

~~~(x , t) t ( x , t~~cas ( , ’ t  - k\ + n (x, t~~l ( 2 . 1 1

where t ( x , t)  and ~~(x , t )  a re  s l o w ly  v . i rv  i n c  f u n c t i o n s  of space and time , (~ IS

the  c a r r i e r  f r e q u e n c y , and k t he  prop .I c i t  ion  \‘ - c t  or d i r i - e t e d  a l on g  t he  x a x i s .

choose a f r equency  - . such tha t 1 .  , 
‘ 
~ 

. 1k ~‘atitI i t i o n  ,, v i i i  he c a l l  e l  t -c -

photon r e sonance .

l. et

l r ( t ) >  ~~,> C , ( t) e ~~~’ ) t
~ ~ \ (‘ (tIe ’ 1 t 1 \  (Jt ~~~’ ’  %~~~ \
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be the arbitrary state vector of an active atom , with C~ (t)~ C8
(t) and Cb ( t )  s l o w l y

varying ampli tudes. The evolution of the state vector (2.2) is induced by the Hamil-

tonian

H - E (8>~~a l + E
b >~

b i  +~~~~E . j j > ( j j  - p•~~(x , t) , (2.3)

where the atomic polarization operator p is assumed to t a k e  t h e  f o r m

— Liax j~~~
’
~ 

+
~~~

(b><j[
~
’
b + h e r mj tj a n  a d l o in t  . (2.4)

In eq.  ( 2 . 4 ) , we have neg lec ted  t erm s i n v o l v i n g  di pole m a t r i x  e l emen t s  of the  type

Pjy 
on the ground tha t the intermediate levels are never populated for a signifi-

cant length of time , and interference effects between intermediate state amplitudes

are negli gible. The Schrodinger equation for the state vector (2 . 2 ’, with the Hami l-

tonian (2.3) reduces to the set of coup led linear equations

i’fICa( t )  — -Z,A~ E,(x , t)C
j
(t)e

i (tJ
i 

) t  
(2.5a)

th Cb(t)  - T~~~~~ (x, t)C.(t~~~~~~~j~~~~~
t 

(2 .5b’,

i~c .( t ~ — - t t ~~~(~ t’,C~~ E) e
_ t
~~ j~~

’
a
)t 

~~~~~~~ t~~C~~( t ) L  1 b , (2.5c )

where ~~~~ U
bi 

ar e the  p r oj e c tions a t  p .  an d  p1 .  ilc’ng the direction of polarlc ;m t ion

of the field . Since ‘- c intend to focus our attenti on an the evolution of the am’ -nli-

tudes C and Cb. we eliminate the intern . di ,it, ’ rnp l itudcs by f,a rmal lv integrat ing

eq . (2.5c) and substituting the result int o eqs. (2 ”a , and (2. Sh) The new i” ’ict

form of the equation of motion for C is

c,1(t) — 
~~~~~~~~~~~ t) e~~~~

i1 t J d t i

( —
~~ 

~~(x, t ‘) c ( t  I )e I
~~ j,t

t 
+ ~~~~ ‘ (x, t ‘ It 1 (t ’ 

~~~~~~ Hh~ . ( .~ 
.6 1

A similar equation holds f~~t t Im.- ,imp li tmide

At  t h i s  po in t  we make  t b -  s l o w ly  v a i ’ , i J i~ e n v e l o p e  . i p p r a x i m . . t l o n . T h i s  amounts

to replacing ~~ (x , t ’ ) , C ( t ’l , and m.h (t ‘ 1 i n s i d e  the inte gral s w i t h  t h e i r  ‘,‘a l ma-s

at the upper lirr lt of  i n t k ’~~r a t 1 ) i , , and  .- . ‘ m r v i n ~ I I I  t h  - ‘ I  I n t , ’ c m a t t m n  a t  ~he

r~~iv i in in g  ex p o n e n t ia l  a c t o r s .

-~~~~~~ _ -~~~~~~~~~~ - -- _-- ~~~~~~~~~~ -~~~~~~~
-- -~~~~~~~~~~~ --
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After retaining the slowly vary ing tenn8 , we arrive at t he  f o l l o w i n g  e q u a t i o n s

of motion for the ground and excited state amp litudes 1’
a 

and C
b

C ~ (k IE g
2
C (t) + k

b
E C

b
e h a )  (2.7)

Cb ~ abEo C e  ~a + kbb jlH
2
C
h
) (2 .8)

In eq . (2.7) and (2 .8) we have introduced th~ new field amp litude F defined by

c (A , t ) = ~~~~~ ~~~ t o  ( a’f - i( ~

E .  (~~~ t )  ~ ~~c ~ k

(2.91

and the  a t o m i c  p a r a m e t e r s

~~ 
t1 j~ ~~~~~~~~~~~

m 
~,

‘ 
I 

—

K hi ’ / Ii 
-~ 

- 
- ‘ (~~. lO’,

- 4 ~~
‘ I~~ 

1
~~~J i ’

K ‘~

J a 1
;’, 

t

It  is wor th  p o i n t i n g  out t h a t  in t h e  idemi t i fic ati o n of the slc’wlv va rying terms

l ead ing  to eqs .  ( 2 . 7 )  and ( 2 . 8 ’i we h i v e  ex c lu d e d  the 1 ’a s s ib i l i ty  of a c c i d e n t - i l

resonances of the type I- ~~~i ~ -. , and j ,

As a check of cons i s t ency  on t h e  : i d i a b a t i c  el imin ation of  t h e  I n t e r m e d i a t e

amp l i t udes , we observe t h a t  t h e  prot’abi I i  t v  c on ser v at i o n  St i t , ’r n e nt

~ 1/ c , i : ,, ) -

(2 .1 l)

f o l l ow s  d i r e c t l y iron ’ t h e  i qu - i t i o n s  of - - 1’t i an  (2.7) and ( ‘ S i . -\t t h i s  p e i n t  w i ’

a re  dea l in g ,  in e f f e c t , w i t h  .1 fi ctitious t w a - l e v e l  cy st . “- . lii ’ p r e s t ’ n :-c  ot t h e

i n te r m e d i a t e  S t a t e s  i s m. ’t L t -cted In di c t  & - t ~~v n the q u. i h m . ~ ~ fi e ld -tepend nce

e x h i b i t e d  in  eqs .  ( 2 . 7 )  and ( . 81 , a e l i t m i r t ’  w h i ~~h i~ , l i i  .‘h  -p c o n t r a s t  w i t h  the

r e s u l t  - of t h e  one — p h ot o n  c p  i i  f i t - c  tin ’ - :  v

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~ _ -‘- --~~~~ 
— -- - -  - ‘-~~-_. ‘ —-“~~~~~~~~~~
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Guided by past  experience w i t h  one-p hoton  processes , one can cast eqs.  ( 2 . 7 )

and ( 2 . 8 )  in the form of a Bloch set of equati ons8. The identification of the

appropr i a t e  Bloch var iab les  is aided  by t h e  c a l c u l a t i o n  of the t o ta l  p o l a r i z a t i o n

source.

By d e f i n i t i o n , I f  N is the  n u m b e r  of atom s per u n i t  vo l ume , the  a t o m i c  po la r i -

za t ion  is g iven by

P N < ~ ~1,’ ~ ~~- t i /  J ’ )  ~ ‘H> 
(2.12)

where 
~~ )> is the state vector given by eq .  (2.2). Elpon elimination of the

i n t e r m e d i a t e  amp l i t udes  C .(t), and after perform ing t i ~iC s low ly va r y i n g  Amp l i t u d e

approximation as done in the derivation of e q .  (2.7) and (2 8), the total polnri-

za t i o n  takes the fo rm

F 
~~~

‘ { k a + 

~~ 
l ~~ } ~ ,, (C ., ~~ C ,~ C~ ~ ~ 

)
~

~ ~~~~~~~x , / ) ~~~ c ( ~~t c t  ~: x  •~~ j

- L ( . ( )  1.3)
~~ ~ i

~cl , 
; (
~ C~ 

- — C , ( 
,, ) ,~~ - “ (

~ 
- 

~ ~ )

where

= (~2 ’ w -  ~~~ ) t- - ~
‘ >~ #

In close ana logy  v i t h  the  i i n e - p hoton im - i p l i  f i r  t h e o ry , th~ at o m i c  p o l a r i z a t i o n

con t a in s  one con p o n en t  w h i  cl i  i s  i n  p h i ’ l S t - : i n t m ant in q u a d r a  r u m .  w i t h  t h e  d r i v i n g

e l ec t roma g n e t i c  f i e l d .  In t h i s  .-as~~, h , - .~t~~’ - r , t h .  p o l ar i ~~:~t i o n  components  a r e

exp i L c lt l ’, ’  p r o p o r t i o n a l  to t h e  l , ’~-~~i - i  c i e l l  t O t ’ , lope . i r t h en ar e , t n t - q u r l d r ’ t  ure

c cirnp .ne n t , which is resp is i ti l t a r l1 . Si’ r s . i n  i t  I , ‘et s , d ~p -iids a l s o  on the  - n ’ic

popu la  t ion through ((~~;j 
~2 irn! t

~~
, J .

— ~~~~~~~~~~~~~ ~~~~~--~~~~~~ - — -. —
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The polarization (2.13) plays the role of the source term in Maxwell’ s wave

equation

2

_ _ _  

I ) ,
~ 

1 ~~~_____ — . (2.14)

Upon setting

F - P x , t ) -
~~~

‘
ti (

~~ ~ - k ~ ~ ~~~~~ ~~~ i~~~ - ~ (2.15)

where P and P are the slowly varying in phas e and in quadratu re components o f

P(x , t ) ,  eq. (2.14) reduces to the pair of transport equations

“1 . —i

* —
i
- ) =- — -~ -~~-- 1 (2 .ló)

(-  ~~~~~~~ ~ ~~~~
- — . ( 2 . 1 7 )

As usua l , the field equations (2.le) and (2.17’, are valid in the slowly varving

amp l i t ude  and phase ap p r o x i mat i o i -~.

The forma l ana logy  be tween  eqs .  ( 2 . 7 )  and ( ‘ .8) and those  de s c r i b i n g  s i n gle -

photon  t r a n s i ti o n s  has been recogni1ed by p r e v i o u s  wor k e r s  ‘s’
. Such analogy is mm i a~~~,-

especiall y transparent by introducin g th~ new itomic vari abl es

R 1  ~~~~ ~~ 
- - (-k 

• - 

~ 

)
I f  ~~~~ 

~~~~~~ 4

— I,, ~-a ~~~~ ~ ~~ ~~ 1 ,

/~ ~ i~~
_ ft (2.18)

In term s of these variables the atomic equations (2.7) and (‘.8) take the form

R~ ~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ ~~ 4 ~~~1 

~~~~~~~~~~~

— r 
- 

+ :- . - ,, ,  
2

L 4 ( ‘ . l’~

- ~~~~ ~
-
,

- -_ _ _ _ _
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Equations (2.19) are formally identical to the Euler equation for a preceesing top

-~~ -,~~

= A~~~R
(2.20)

with R (R 1, R2, R3
) and

A~~~: O  
-

(2.21)

= ~~~~~~~~~~~~~ ~‘)J
Clearly, the length of the liloch vector is conserved. The atomic polari7.ation (2.13)

and the field equations (2.16) and ( 2 . 1 7 )  can a lso  be expressed in te rms of the

new atomic variables as follows

_ A
~ ab~ e1R L~ ~~~~~~~~~~~ ~~ )} ~~~~~~~~~~~~~

N ~ R~ ~~ ( 1~~~ — L’ \ 
~ 

~ 
) / 

(2.22 )

and

(c ~~~~~~~ + ~~~~~~~~~~~~ ) ~~~~~ ( ‘
~ 

- ~~~~~~~~~~~~~

( 2. _
~~) 

— 
.2 

,

:x  )t 
-

Finally , af ter a few id nor chnn: ’  s of n t  - i - n , w -  a rn ye i i !  the ent I rt’ S i t  0

coup led propa ga t i C I I I  • ‘q u i t I oti s t a r  t he - :1 .1 I 2 tar 

~~~--~- -~~~—---- .- -  -~~~~~~~----~~~~ -~~~~~~~~~~~ - - -  ‘ .--



~
----- ---- ‘-

~~~~~
-,- - - -  

~~~~~~~~~~~~~~~~~~~~~~~ 
-,

-~~~~~~~ 

- 1 1 -

— _ ( _ 2 1~ c. ’~~. ~
) 

~~
,

-c

— — ‘- C - - (2.24)
-

~J £ ‘
~ t-~ — (. ‘

- — 3 ’  ?~~)
The atomic and f i e l d  v a r iob le s  evolve in t h e  local reference system

(~~.25)

whi ch is traveling in the direction of propagation of the pulse with the speed of

l i ght  in the inert background . The field Rabi frequency 13~ and the detuning para-

meter 2-. are defined by

J7 ’~ 
kah 

I

.~ 1.

-‘ (2.26)
(~~z~~~~ - ~~~~ ) -

~~

The parameters ~~ and g are given by

& — 1’ 0)4 k a i,
,~~‘ “bb ‘4A

- 

oZ ‘ca b  
‘ ‘~~ c- ( 2 . 2 7 )

Finally,f describes all other non-resonant toss mechanism s (scattering, diffraction

losses, etc.) which the incoming pulse suffers through the propagat ton .

We observe that W~~depends quadratically on the field amp ’itude rather than

linearly . We have decided to nam e (+J ~ the Rabi frequency of our problem because it

plays an analogous role to the usua l Rabi frequency introduced in the discussion of

one-photon proces ses
8
.

____  _ _ _ _  ~~~~---~~~~~~ - -‘---
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Certain differences between the two-photon amplifier equations and those derived

by Arecchi and Bonifaclo for the one-photon amp lifier can be discussed at once. The

effective detuning parameter — - - L...-- 
~~~ ,~~~~ is exp l i c i t ly  f i e l d - i n t e n s i t y

dependent; the term proportiona l to ,‘.,, p lay s the role of d dynam ic Stark shi ft.

The field equation for c~’~ disp lays a field-intensity dependent gain coefficient .

This indicates that the amplifier will not exhibit small signal gain , and that

it will have an entirely different asymptotic (large ,
~ ) behavior for the propa gatin g

pulse. Thus, while one of the main features of the Arecch i-Bonifacio amp lifier

theory was the prediction of a steady s t a t e  pu l se  w i t h  an amp litude proportion a l to

the instantaneous induced pol ari-m ation , no such steady stale pulse can be found for

a two—p hoton amp lifier. Finall y, in the coheren t  regime (no atomic relaxation ), th . ’

f requency de tun ing  and the  f i e l d  i n t e n s i ty  ~~ evo lve , coup led to  line an o t h er  by

a conservation law which is an e x c l u s i v e  f e a t u r e  o the two-photon model. This can

be seen from the  l a s t  two e q u a t i o n m i  in ( 2 .  d l ,) In f a c t  t h e  t r a n s p o r t  e q u a t i o ns

- I S  ‘ ( - - -

-- ~- (2 ‘8)
a

can be combined to ~i v ’

a

(7. ‘9~

Eq u a t I o n  (7 . ‘9) can be integra t ‘~1 - i t  on c e , t-;j th the result

I - - t
, , m~~ L ,, 

. - 
‘ 

(~~~.

Hence , for  suf tl _ i t _ n t  l v  I ( r g e  di t nt - t -s f l l t .  l i i i  I r d m ) l i  t i e r , t h e  d t ’ ttin j ig p. r-t at -t i

van I si res , and the inst tint s n e o l i m  ~
- . i  r r I - i -  I r i  1 1 1 1 1  ( V  ‘I t h e  f Ic Id  h~ - -or- i- ~ ‘ . (in

the ot h er  hand , if t in i i t ’ i t i t - t i t  t~I i - i l  ‘~~t t  I ’ , ,‘ t h . ,-a~idi t ion — ‘ ,, ,  , r~’c a’ . t i ,

will h mnain t a in +- I t hr o u - I i  l i t  t h e  - i i  i l - L I  0 1  
~~~~~~~~~~~~~

_______________  -~~~~ — ----— ------~~ ~~~~~~~~~~~~ ~~ 
‘
~~~~~~ 

—— 

—~~~~ 

—
-
~~~~~~~
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3. Atomic Relaxation. Coherent and Incoherent  Propagation.

— Before introducing rela-icat ion term s for  the a tomic  var iables , we observe tha t

the Bloch variables R1, R 2 and R3 are not fundamental parameters of the problem .

The structure of the atomi c po lar izat ion  (7.?2) and of the field equations (2.21)

indicate tha t the appropriate atomic va r i ab l e s  are

c J~ - i ~~~ ~~
)

(3.1)

(I~~~
’
~ 

) 
~~ -

where R~ is the e q u il i b r i u m  va l u e  of the  p o p u l a t i o n  d i f f e r e n t .’e p r i o r  to the  a r r i v a l

o f the l eadi n g edge of the p ropaga t ing  p u l s e .

- L In terms of the new variables the coup let.! Schrod inger- ’-I ax-~eIl equations takv

the form

( r - S ’~ 
-
.
~~~~) ~ ~ 

(0) . r ‘ ) r --  - / 7 , )

- 
~~

-
‘

- - ‘ I

~ r

- 
. 

- 
1 

- (P-
, r

•i’) - Fl 1
— (i ‘

1 R 
-
, I i.,.’ ’ ‘

“ 1
•
1 

~~~ - ( I  ~~‘

~
-;
l

-
-

where  we have Set

~~~~~ 
1 ’

- 

~~~3)

Ii - - -

1~~

and wi re rt-’ we have I nt roduced f h~- p h enorn. ’no 1 o I Ca I ri’ Ia x i  i on t •‘nns 
‘ 

,
7 r ,

in t h e  u su a l t~ t s l~ ion . ~~~*‘ ~l )5t’I\ ~ Ill a l  Ii  r ’ s o~i - ’ n , - t ( .  r 1) the Set a t  i-oup l t - tl c ’q t l n t  l ’ii c

_ _  _ _ _ _ _  _ _ _ _ _  
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reduces to

-
~ 

t)t2~~~~~— -l- U) - i )
(3.4)

- (a ,~~~~~ ~~, —

i.e. th e in-p hase componen t of the polarization C remains identically equal to zero

for all time . In terms of these new variables , the formal analogy between the

resonant set of equations for a two-photon amp lifier and those derived b- Arecchi

and Bonifacio is even closer. In fact , if we neglect the relaxation terms, the

formal solution of the atomic equations becomes

S S~- f l 3  
(3 5)

D cos r

where

I 

(3.6)

In the one-pho ton tra ns i t ion  li ter atu re ,’i (referred to as the pulse area) has p l ayed

an important role in connection with the descri p ti on of coh eren t t rans ien t phenomena .

In the context of the two-photon transition theory an equivalent centra l role is

played by the  area under the pulse intensit y . The resonant set of equations (3.4)

can be reduced to a s ingle  area equat ion by u s ing  eqs .  ( 3 . 5 )  and (3.6). The result

of the simple calculation is

(a -~~~“ ~~- - - ~ f- -’ ‘ ((.7)
Jr )~

It is convenient to fol low the e v o l u t i o n  of t he  total integrated pulse

2 ()d
) 

. 1  
-
, i l l  - ) , (3 .8)
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Upon integrating eq. (3.7) with  respect to r and le t t ing  r approach i n f i n i t y , we

find

- 
~~~~~ (~~~~ ) ~ C~ ( i - cu~ . (3.9)

It is simple to derive precise qua l i t a t ive  and quantitative predictions on the

behavior of the total integrated pulse area on the basis of the area equation (3.9).

Consider first the steady state solutions of eq. (3.9). They must satisfy the

transcendental equation

- ~~~ � ~~ -~
- .1 ~~~ (3.10)

(3

As shown in Fig. 2 , non-t r ivia l  solut ions to Eq.  (3 .10) wi l l  exis t  if the ratio

su f f i c i en t ly small , i .e .  if the gain parameter is sufficiently l a rger  than

the linear loss coeffi cient . Multiple roots are also apparent for small values of

Fi g. 2 shows the possible in te r sec t s  of the straight l ine for  d i f f e ren t
(

~J

values of the gain to loss ratio The three cases shown in the figure correspond

to — 1, 2 and 5 respectively. A simp le stability argument shows that beg inn ing

wi th the trivial stable solution ~TJ 0 , the  stable and uns t ab l e  so lu t ions  a l t e r n a t e

wi th  one ano the r .  The actua l va lue  of the  asymptotic solution ~~~~ is de te rmined

by the gain to loss ra t io  and by the i n i t i a l  v a l u e  of . Thus , fo r  example , a

pulse wi th  an initial area •~~~~ - ~ I propag a t ing in a medium characterized by a ga in

to loss ratio of 5 w i l l  con t inue  to grow u n t i l  i t s  area reaches  the stable asymptotic

value 4.76, while a pulse with an Input irca - -  ~~ 6 w i l l  expe r i ence  power amp l i f i -

cation (as shown by the computer solutions of t u e  f u l l  set of equations) with a

reduct ion of the pulse  area from the  i n i t f a t v a l u e  6 to the asymptotic value 4.76.

The genera l con c lus ions that can be r - - I e l i e I f rom the a n a ly s t s  of the area

equation (3.9) and of its asymptotic solutions are ~unmiari.’ed as fo l lows:  

------- .-—— —-.S’-.--- -’-*—~~----—- ---- - - - -— - -----_----.--- - ----—_- ------- --- ---  - -  _ _ _ _ _
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i) Two requirements must be re t for the propagation of a pulse with an asymp-

totic area c~’) t 5 ~. First the ga in to loss r a t i o  must  be la rger  than a

threshold value (the inve rse of the sl ope of the dashed line in Fig. 2 ,

1.38) . Secondly , the incident pulse energy ( I (C’ ) ) muSt be

larger than the first unstable root corresponding to the given choice of ~ -

If both conditions are met , the to ta l pulse energy w i l l  converge to a

stable non-zero value .

ii) The output value of the pulse energy can be l a rge r  or sma l l e r  than the

input value 21 (0). In both cases , the solution of the coherent resonant

equations shows tha t power amp lification will occur if the conditions (I)

are met.

iii) There is no small 8igflal gain.

iv) I t  is a n t ic i pated , and c o n f i r m e d  by the  computer  s i m u l a t ion , t h a t

m u l t i p le pulses  can be propa g a t e - t i .  I n  f a c t , we f i n d  t h a t  i f  a p u l s e  evo lves

to an area “ g i v e n  by t he  n - t h  s t a b l e  root s the p u l s e  w i l l  sp l i t  i n t o

( n — I )  d i s t i n c t  p u l s e s .

v) It  is a l s o  a n t i c  i pa ted  t h at  no s t ea dy  state pulse envelope vi 11 be f o u n d .

This  is conf i rmed  by the  compu te r  s in i u l  ~i t  ~~)fl , wh e : e  r t i s  seen t l ia  t when

t he th resho ld  c o n d i t i o n s  are sat i s f 1  ed , t h e  peak power cant  inues  to grow ,

w h i l e  the pulse duration becomes smaller and smaller as the pulse area

approaches its stable asymptotic value .

We consider now the extreme l i i i t i n ~ case ’ of very shor t  a t o m i c  r e l a x a t i o n

t imes ( r a t e  equa t ion  l i m i t ) .  From e q .  1 , 7 )  v i ’ can  see tha t , if -C -~ 0, then

as well. Hence , In the incoherent propa ,~.r t ion l i m i t  the detun I ng p t i- - ’ ’ n e - t e r  becomes 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ---------- -~~- -- - ---~~~~~~~ - --- ~~~~~~-___
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independent of . Thu is in sha rp contrast with the result of eq. (2.30) , whi ch

characterizes the coheren t propagation limit . In the rate equation limit , the

st.ady state value s of the atomic variables are given by

T L&) gt
S — _ _ _ _ _ _ _ _ -

~~~~~~~~~~

---- ---——- - - -  — -

~ T~ ‘T~ L4..)~ ( , • r -~~ 
) T~ ~ ~~~ ~

1
1~ Il

C .— --— --— - —-- - - - - — - ~~ - —— - - p , ‘ (

4 T~ ( ~~~, ~
‘ : ) -~~ 

i’ . .

I $ 
-
~~

‘ - - ) • 7~ T~

The evo lu tion  of t he  f i e l d  v a r iab l e  V~ is des~ rihed by the  nm-line ar transport

equs t ion

- - -

- - “ ‘ - - - - -  - a ’  ‘ (1 .11)

I ‘
: 

‘ - 1’ •

it is easy to see ilia t , even in t he rate ~‘qua t ion Ii ml t , sm a l l  si ~~a I L~a in i a not

possible for a two~~photon  :imp l I f i  - r i c h  segment  a t  t h e  p r o p a g a t i n g  p u l se

can be viewed as pr op aga t i ng  I n d e p e n d e n t  l v  ot  t h e  o t h e r s  z ic c or d [n ~~ t o  e q .  ( . 1 ) ) .

I f  
~~~ 

(~~ 7 ) t.),~ T I r ep res e n t s  t lit- input li t ’  id intensit V at a pact i c u lar  p o s i t  On

from the  pu l s e  l c a d i n i ~ ~~~~~ i t i s  i - a s - ,’ t o  see that ;imp l i  f i c a t l o n  v i l l  occur  i t

- I
- ‘-~ I

T . • 
- . (~~~l’e)

•1 4 : ‘~ ‘
.- ( a I I ‘ : — -

in reson ance (.L ’ — 0) it is ch ar t b / i t tlii ’ ~ o i t i h tj i ’n  ‘~ >1 is nat  s u f f t ~~i e n t  t a r

amp 1111 cation . I ndct’d , ant’ rut s t req t i  -

~~ ‘
i
; ’ 

- . I 
( ( .15 ~

1
’ 

~~~ f
~~~

l 

-— .- _ _  — — --~~~~~~ -—-~~~~~~~~~~ - - —.‘-- — - -- —~~~~~~~~ .- ~~~~~~.
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which  may not be sat i s f i e d  f or  ‘ s u f f i c ie n t l y  s m a l l .  S u r p r is i n g l y  enough , a

large signa l is also not amp hit led unlt ’sa the condition

(3 . 16)

is a a t i s f ie d . 10 t h e  rate & ‘qu a t ion I t  end ta r it ’SOf l / i / t  p r op a g a t i o n , our  q U i I i t h

t lye’ an.i l v s  is points to the t e ll , ‘L .  in~ ~~, tie r i  I 0 1 / C  I us i ‘es

1) 1 he leidi n ,- ‘ ‘IgI- ~ f t he- p ro p eL - i t  i n , ’ p i l l s  ~ i s  t1 \, /v s •ihsorh1 ’d by the , I c t  ~an

of the 1 ine’at li’~ s ,‘~~1i ;tijI S F ,  -

ii ) 11 tnt - e i l tl t o  l~~sii rat i~~ ~ s ~~/ t t i c / i i t  lv lar ~’e , c’~-p htf 4 i-LL t ion v i i i  occur

t a r  t i t O s t -  ,- a i / a - s  . , t  the pu~~se h i t e - n c i t v  Lli t s a l i s t v  t - ’~ ( i .1~~).

iii) :~ s t he pu so lot ens It v “ inc r u  ‘~ec , t i - L t , - 1 1~ st a  t o cond i t ion I s

each -ti whi - t i

I ‘ ‘ 
I . 

~~~~~~

In -
~~ ‘ t b St  - - -lv s t a t  e vu I ii~~- - , i n I v  ~t t in  t en a t  the ga in to ~~- ‘ q

r - / t  i a  a nd o f  th e at  ‘ - i / L ’, t lax /i t l o u  t i - i s , it is p redle ted th,it p itisi - i t - —

~h ap tn e w i l l  t 1- - p l c  ~~~~~~~~ t b  t i ~ - 
~

i i i ’,
~~~~~

- le  din e -in ,l t r i L  lin g ‘dceq h ’i- 1IF II1 -

sha rper  m l  t hi- pu l e-- t ‘P tI ‘ni t . ~n t - - a the’ r hand , p U l s e ’ s p 1 I t  I t i e

ts i l l h - t i ’ po i l t 1~~ .

i n ~ i 1 u t  of  i ’ si1ii , Iiii i ’ I f t  IS ~‘i ~‘ f  t ,- il I h i t  t t ’ ’- - Fix/ m im i pulse grow th

r e t  e’ t 1 1 - ‘ - - - i i i  - i t  I I -  - l i t  , - i / s  j I I - ; ‘ , i - I , i i i  v 1 t i e ’ 01 t / a t ’ t n i  i i  ~

- 

, 
, 

‘
- . ( i i ~~

I f i n s , 1 : / I I I k e i t ’  I S ’  - i i !  I t ’ / 1 /  Ii’ ‘ /  - I t  ‘I - V  p l i 4 0 1 , ( i C  i i  ‘~~/ i i -  V - I -  ~~- i i

i t ’  a t a - l i i  ~ i I i t  ‘ - - i t i s  - i  ii 1 ~ fl ‘I ‘LV : ! T ;  - t I V I~~’ i t  ‘ - l I t  i s I a

- Rvr’ - ;i ’ I iv 1 s .1 1 so ‘ -: h ~~~ - - a- i s - i - s O T t  e li p i: - ,/ I , - r - , c t I VS i l l  ‘

St ‘ ed ’,’ S t  - 
- 

v -i l i e - I  ‘ t i e - I t  ‘i 4 ,  ,
~~~ 

I i l i l  s e i  ,-‘, ‘tt liv i ’~~ ~, ( I . 17)

L - - - 
____________ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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rhe  d e ta i l s  of our computer  s i m u l a t i o n  ot the coherent and Incoheren t  r eg imes

are  d i scussed  in S e c t i o n s  ~e and 5. 

i-~~~~~~
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4. Computer Simulation, Coherent and I n t e rm e d i a t e  pr~~ a~ ation Regimes.

The set of coupled equations (3 . 2)  have been ana lyzed w i t h  a hybr id  comput er f or -

a v a r i e t y  of choices of the p a r a m e te r s .  We have l im i t ed  our s i m u l a t i o n s  to the

resonant  condi t ion , and i n ve s t i gated  the  following main  f ea t u r e s  of the  p rop a g a t i o n

problem:

I) A verification of the ana lytic prediction that if the  d e t u n i n g  p a r a m e t e r

is i n i t i a l l y  zero , i t  remains zero for every value of 7
i i’) An ana l ys i s  of the  t h r e s h o l d  c o n d i t i o n s  d i scussed  in S e c ti o n  3 and of the

r e l a t i o n  between th e  in p u t  p u l s e  a rea  and t h ’  propa~z.ition of single ari d

multi ple pulses in the coheren t limit.

i~~i l  A study of t h e  t r a n s i e n t  pu l se  ~ o - l t i i . i t  ion o c c u r r i n g  even when a single

pulse is expected to propagate .110mg the amp lif i.’ r . In particular , we

have focused on the atomic relaxation cf !e’ ts on t,f;t ’ enve lope  m o d u l a t i o n .

iv) Power amplific ation and approach to e q / i i llf ’ r i u - a t t I / I ’  pulse energy . As

already pointed out , the pu~ se p eak  p0- - c r  ~- i !I  i / u c r - ’ - s e  above thre shold - t i

an i nc rease  or dec rease  of the  t o t a l  energy dependin e on the gain to loss

ra t to of the amp lifter and ito the inc i den t  p u i c t  Cne ’i v .

The phys ical systc’r; is as- /am - ti to be -:- ~c t t i ’d in  a s~~ept exci tation node c or r c sp o n d i n C

to the  i n i t i a l  a nt i  honndarv conul i t i ons

:~~~ ~~~~ , 
- -
~~~~ - t

- ‘~~ ‘ ‘ ~ ~~~ — - I (:~ - I )

- - 1  -‘ c  ‘ -~~~~

The in i t i ~/ l  p op u l a t i o ’ i  i~~; t a c t - r I  i i , I .‘ - . I lu 
~ r- :u;i- ~~ r i ,  is p o s i t i v e , - - nil t Ie i n p u t

p u l s e  enve lope  is assumed t i  h - t v , -  t i — - ‘ ‘n ’-~- - ’ i -  u t  , a i - / l ’ , t  I c  t i i t m ~

- - - I - , 
/ , ( - ‘i .7 ~

________ 
~~~- - —~~~~~~~~~~~~~~~~~~~~~

-
~~~~~~~~~~~~~~~~~~~~~~~
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where denotes the dura t ion  of the pulse from the l ead ing  to the  t r a i l i n g  ed ge.

The long i t u d i n a l r e l axa t ion  t ime 3’~ is taken to be i n f i n i t e  In t h is  s imu la t i on ,

while  T ,, has been var ied  over two o rde r s  of m a g n i t u d e  to exp lore  the en t i re  range

from coherent to incoherent propagation .

As a result of the choice of boundary condition’; for the detuning parameter

( J ( ~~’ 0, ~
‘ ) = 0) it is expected that both ~~ - and the in-phase component of the

polarization should remain identicall y equa l to zero throughout the entire propa-

gatlon . This prediction has been verifi ed to excellent accuracy .

The results a t our  analysis can he ~r s i p ~-d into two main classes depending on

the choice of the input are/i (0) and of the -,‘aln to loss ratio (a surnn-iry of the

Input dat/i IS civen in ‘fa b le  I i ,  F ur  fix,- -- ! v-il ’ies of ~~(0) and GI~ we have varied

the ratio L ~ to simulate the d i f f e r e n t  ‘ ‘f {’ ct~ of  atoa:i -c ri-l uxation on the pulse

propagation .

In F igs . 3 through 5 u-c show the e v o l ut i o n  of an incid ent pulse of area ~~ (Oi 3

prop a~ ating in a medium charanc ’-ri ct - f  by gain to  l o s s  r a t  in e q u a l  t o  2 .  l’ pon

i n s p e c t i on  o f  F l - 5. 2 s-c see that f,r (.1 ; = an , ! f o r  an in p t : t  a r e a  l ar g e r tb / n t h e

th resho ld  val u e 1a s in s~I e  peak  Is expected to  p r o p a g a t e  in t he  c o h e ren t  l im it. This

is shown c l ea r ly  in Fig. 3 . By c~-,n t i ’;is t ,we see that for the same g a i n  to loss rati o ,

but w i t h  a l a r g e r  inpu t  a r e a  ( ,
~ 
(0) 8) c o n s i d e rab l e  e n v e l o p e  m o d u la t i o n  Is pres.-nt

in the coherent l i m i t  (F i g .  6 ) .  S i n ce , I tous ’~~’,- o i - , in t h e  i ’ o a e ’r c ’ n t  l i m i t  t he  a sv r i p t o t i c

v a l u e  of the pu l se  a rea 2 ( c )  it controll ed only by t I ! , -  ratio (J1 , the  a s - .” cpt t t ic

va l ues of ~~I f o r  the  c a s e s  d i sp i v t - t i  in  N ~‘ - 3 ar id  ( l i - t v , ’  been ~‘e - r i  fied to lie ’ the

sam e .

A s t h e  ra t i o  ,
- , i s  rI //tie s i - i l - i - ( h i  ,- , I, a c, , r u s i d e t - i h j ’ ’ s h a r p e n i n z  o f  t b ’

pulse is nhse r-~’t-d cc ’r r e sp o n d i n ; ;  I a ~~~~~~~~~~~~~ 
I u / , - t : - a at tlis m ci - lent pul se ht ’ini’

below threshold for ;i’-: p l if ic . I 1 ( f l ,  - n i  i - c fl c- i l l e r  ,‘ i lu , - c  o f  T ) t h i n t -  i s  n i t

enon-,uh s - am in the S v , s t - ’ / f l  ( 0  ~~‘ f i p r I  . a - p i  I i - ’at  1 ,011 ir ~ l t he t ’ , i t  i l - i- pul se is li c c i p a t - I

out by the Ii ne t r I i  ~ R fl/ I c - i n  i i—n (F I -  -

k~. _ _  ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,,, 
- -



-- - -

— 22 —

For a la rge r  value of the ga in  to loss r a t i o , m u l t i p le s t ead y st a t e  s o l u t i o n s

for  ~~~ (“ - ‘)  beco~ne poss ible .  The computer  s i m u l a t i o n  i n d i c a t e  tha t in the  coheren t

regime the existence of (n+l ) s t ab l e  roots of t l c e  t r a n s c e n d e n t a l  equa t ion  (3 .10)

(including the t r i v i a l  solut ion 7~ ( ‘ ) — 0) imp l i e s  the  p o s s i b i l i t y  of propa gating

pulses which exhibit up to n peaks . The .~o n e c - s l  r u l e  t h it  has emerged out of our

analysis  is that  the  pulse  whose a s v n u p t e t i c  a r c -s 2T ( c a ) cor reaponds  to the  n - t h

stable root w i l l  show ( n - i )  p e a k s .  Th us , f o r  a c - s i n  to 1c~~s r a t i o  of 5 and f o r  an

input area Z (0) = 9.81stable double peak pro p - sgIt Ion is expec ted  In t h e  cohe ren t

l i m i t .  This  is show-n in F i g .  7 ‘~-b e r t - t h e  r - c t i o  ~~~~ is  token  to be i n f i n i t e .

For dec reasing  va lue s  of T t i c - en~ ~- i a p e ’ m o d u l a t i o n  1-icc ‘r i ’s l e ss  and l ess

pronounced until the second p e c k d is~spp ~~t~s .lto. i- t h ’r. Thi s Is sho ’~n in F i g s .  -~

and 9 where the values of L are 1. 75 and 0.1~~, r.espectivc l y . pen dec reasing ,,

even further , the amp lifier can no lon g- r suppor t p~ r amp li t i  cation and th e ’ entire

pulse dies off as shown in Fig. 10 ~ 
r,~ 

~~~ 

= Q . Q t ’ ~ i - I 1i~ i -s t e equation (3 .13) m d i -

cates that if the gain (‘, Is rn/ide sufficient 1’ - large to compensate for the dec-re, si-

in the polarization relaxation time , power amp lification becomes possible once again.

Th i s is c o n t i r m e d  in Fi g.  11 u~her c  ) is kept equa l to 0.038 (as in Fig. 10), 1 - u t

t r ! e  ga i n  to loss ratio is inc - ,- -csc’d t - , 12. Tn this case the amp lified pulse is 
—

more s- .- ~
- -

~ n c  end it evol ’.’es in much ti c ,’ s-lee way as in the r at e  e q u i t i o n  limit

d i s c u s sed  In  Sec~~ion 5.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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5. Computer  S imula t ion .  The R a t e  E q u a t i o n  L i m i t .

In the rate equation limit the evolution of th’~ at itri c variable- s is c o nt r ) 11t-- ~

by the steady state solutions (3.12) in - I by the tr ansport equation

- —4~r. f i  I ,  - . - 
- -

- - - - 
~ ( 5 . 1 )

-+ T1~ rA ( - C ) c ~ ‘ . . ~ )

for the field intensity -“ ~ . l-;quat i~~r c ( 5 . 1)  i n d i c a t es  that different portion s

of the pulse envelope evolve i odependent ly of n~- ,inother . This el i r ;in; .  tes t h e

p o s s i b i l it y  of pu l se  envelope m o d u l . c t t a n  and  ru i l t i p i t -  peak f e r r i t i o n  w h i c h  i s  typ ic a l

of the coherent p r o p a g a t i o n  r g ir i - - Tn a d d i t i o n , di fferent sectIons of the Input

pulse  ~-ith the same intensity w i l l  evolve .- c - h r - i t  i c c l i v  - Thus , a sv’mc( t r i  -~ p u l s e

w i l l  evolve sy n r n e t r i c n l l y f o r  a l l  c a l - c ’s i f  - I 
- i t i~~ sim p le.- tu ,- stah li sh the

thr e shold condition for rop liticatic - in I rem L q .  ( 3 . 1 1 ) .  As e x p e c t e d , a s u f f i ~~l e nt l~’

large value of the gain to loss r a t i o  t
~ /, 

w i l l  not he enou s -h ~ ‘n r h - -  p u l s e  t o

unde rgo  amp l i f i c a t i o n ; i nste.-ad , on,- -~ust r e c q u l  r . ’ that the l e t - ii inst -lmt;n -ens

va l ue of u ’  satis iv th e.- i n . ’qu l i t v

. 1 -.- I.

I a, ,. _ - - 7 
-
- f ’ . ,

Thus , t i c  - l e - s d 1 n ~ - a n I  t r R i  L h , ~ d~~ -s o~ n u i l u , -  I t  i l a a v s c 1 i ’ ‘y ’i 1 . nl~~’e.-

t ht- c- se at t i e  eel ci - i - I  p r p c ’, - t - i  ‘ i i i  I I c e  i - 1 - ; e  e - n~’ -  I a’’’ - s u - i t  at i r i a tip

i n : l - f i n i t - l y , but t h e - i - I ’  pp s ci e - s  - i L u - ’ 1 1 . 1 1 1 / n  s t e .  l v  ct i t ’  S - p .  t h -  u l i s e

h i e j . l c t  b e i ng c h ; - e r . i c t e r c  o i l  - cv ‘ l 1~ a s m u : ! ~ t ’ c -.‘ l u e  ii  - - - l ;c -l’ s - t i s t  i t ’s t i c , -  c - i c - t  -

t I = 3 . Ia 5 0 i ; i  1 i t  . t i V - p i i ia ’  I S i 1 v pp r -  x e - - u  i t  c l v  I i - u - - , a n d  I i i  I s t o

accou n t  f o r  t h e  p u t s ’  ev o l i it  in — - - t i - n t i c - ’ - ~ i - c - t i - - a t  t b ’  l t ’ -I ’ I i n a  - ‘ d g - -  -~r . l  t l i ’ ’  - l i v

t j : : i t -  of  t h e  tra [1Ite u-I. ’, I n u c c ; ’ ,- c u - i p - i r - i b l  t -  T .

~ ii, - thresh old m c n c t - :  H - s - i n  b ,- au i i l v c e - - p u t  e l  I r i m  i i . (~~ - . ) - B1 ’ ru - s il t  - S

~~~ ( H  5 s r - - 

- 
. e ) 1’ f - ~~~~~

. i~~ ~ 1 .  ~~~

(S . 1)

~

C1t

~

. -~~~-- -- ,- r r f f - ,;  — - “-- --.4, -
~~~~ - - --..,,_- ..------ - .____. — - - --- - _ —- _‘-.- __-_ —--- - — — - — --—_---- 3— ..--- ——- - 

__ . _ .____ b____ _._ _ -‘
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The asymptotic stead y s tate  va lue  is given by

_j
~~~~- 

(
~ 

_ (~~~~~~fV ~~~~J :)k[(  ~~ Tt

- - - 
- , (5. 4)

From Eq.  (5. 3) we conclude  tha t a necessary condition for pulse amp lification is

, 7 1 c c _ i
~ ~~~~~~~~L I I +  ~

A second necessary condition , of course , is the  v a l i d i t y  of ~q. (5.3) itself.

A detailed computer analysis of t h e transport equation (S .l) has confirmed the

above threshold conditions. A few typ ical so lu : i on s  a n -  d i s p layed  in Fig. 12

thircugh 17 , wi tii t he  Input pulse p l o t  toc~ t~ cg e t h er  vi th  two ucn p i i  f l e d  (or a b s o r b e d)

pulses further dow-ti a lon .; t h e  a m p l i f i e r  I i  summa ry of  the  inpu t  da ta  is g iven in

Table ~) . The g a i n  to  loss  r a t  ii ’ , the r i t i  a 3~~ T and t i u e  p e r i m e t e r  r ’ h - ye been

kept  f i x e d , w h i l e  t he  d e t u n i n g  has  h i - en  ~‘~u r i -d on e i t h e r  s i d e  of t h e  res ona nt

v a l u e  ~~
- 0.

rhe m o s t  o b v i o u s  f e a t u r e  of these . ’  s o l u t io n s  is  t u e  lack of symmetry In the

arn p li  f i c a t io n  p r o c e s s  f ar  i n c i de n t  p u l s e s  t h a t  are removed  f u o m  1- esonane. ‘ ho c ’q i ia  I

amounts in oppo site.~ directions. This is -‘- i d e  exp licit in Fig. 18 where t -hc  : t i a x i m i i - :

p u l s e  I n t e n s i ty  from a f i x e d  l en g t h  of s i r : p l i  fyi n~ i-~-d ituui I’; p lotted as a functi on

of dc. u n i n p  . It is clea r - that the m - c x i r m a rn ç c l i t i c - a t  ion  o c cur s  f o r  va lue s  of  t o e

d e t u n i n g  t h a t  a re  ch i t  e u -n t  ii on z e ro .  i n  s e  p i  e se n t  c o a ’p l I t e . u r  s inu l i t i on , the

p ar a m e t e r  1 16 fl C~~ i t i V e ’ . I I  We h - i d  c i i c ; - n a p ’  s i t i v i ’ v i i i - f o r  ~ , th e r- --i xir - u z - - u

amp fl ficat i - ’n u~ou l d  h e ’ ’ - c i c c u n r e !  l o i - c ; c - i ’at i u - i -  v~~ J c c e ’ c  at t h e -  d e t u n in g  ~~ 

-- 
--- — --- - ~~~~~~~

-
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Table 1

Figure nc_anber Input  area C/ k T 2 /r~

- 3  3 2 12.5

4 _3 2 1.2 5

5 3 2 0.38

6 8 2 12.5

7 9.8 5 -

8 9.8 5 1 .25

9 9.8 t~ 0 . 1 3

10 9. 8 5 0.011-

11 9. 8 12

___________________________ —4
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Ta b l e 2

Figure ntsnber T2 T1/T2 c/~

12 —0.5 -0.7 2 5

13 0

14 1.5

15 2 .0

16 2 .25

17

_ _ __ _  
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Figure Captions

1. Schematic energy leve l d i ag r a m  fo r  an a c t i v e  atom . The energy sepa ra t ion  be tween

the s ta tes  I a >  and ) b >  is a p p r o x i m a t e l y  t w i c e  the  energy of an inc iden t  photon .

The symbol I i >  co l l ec t i ve ly represen ts  a l l  the i n t e r m ed i a t e  s t a t e s .

2 .  The a sympto t i c  s tead y s t a t e  s o l u t i o n s  of the  area equa t ion  ( 3 . 9 )  correspond to

the intercepts of the stra i ght lines < ~ ~~ . w i t h  the  curve 1 - cos .~~~ ) . The

s t ra ight l ines  1, 2 and 3 have s lopes  equa l to I , ~ and 1/5 r e s p e c ti v e l y . The

stable so lu t ions  are marked  w i t h  so l id  c i r c l e s .  The u n s t a b l e  s o l u t i o n s  are

marked  w i t h  open c i r c l e s .  The c r i t i ca l s lope  (dashed l i n e )  is 0. 72 1+6 .

3. Computer  s i m u l a t i o n  i l l u s t r a t i n g  th e-  e v o l u t i o n  of t he  pulse intensiti.’ through

the amp lif ying medium . Fhc differen t dashe d curves represen t the  i n t e n s i t y

envelope in different sections of the simp lifier. The sol id curves show th

behavior  of the  co r r e spond ing  ~n t e gr a  ted a r ea s  ~ “ ~ s .  The va l ues of -Y at tic-

f a r  r i gh t g ive  the t o t - i l  i n t e gr at e d  E i i e . - / i  .~ 
“ = lim ~ - The h o r i z o n ta l  a x i s

is the loca l t ime ’ a x i s  w i t h  ( = ) ( l e a d i n g  ed ge of t he  p u l s e )  at  t h e  f a r  l e ’ f t .

‘I he input area is (Ot 3 and tt.c 1 u s i f l  t o  loss ratio G/~ is 7. The v a l u e .’ at

P r iS 12.5.

4 .  Same as N c ; . 3 with F )!~ = 1 ..i

5. Sa me - i s  F i g .  3 w ith T., 
-

b .  E v o l u t i on  ot  tb .’ pulse- i a t e i . s i t ’ .’ c aul p u i l : ~ c -  ir e-a corro sp indin i; to t h e ’ i n i t u . c l

valno ~ (0) = 8, si ne.1 to u ~ u n  t o  loss r it Ic of i - Ho- c / c t  j . i  ~ I i s  1 . 5 .

7 .  Pu l se  p l i t - t i n g  and s t a i c l e .  L s i b l c _ p i i t c .  strop i ; a t i ’ r c  in tIc ci ls ,.ren i l ii i t - T h e -

in p u t  or e re  is - t o )  = 1 .8 Sl I d  I i - - ‘ d in  I i  l ess  I i i  0 i~~ ~~. ft’ 1-~ t IO 1 , S S  l~~~ nc .

8. -mmc i s  Fi g.  7 ~ ith T., ‘~ = 1. ‘S

9. ~-P ’me as F i g , . w i t h  - i - V ,  
- .1

10. ~~;ruse ~ as 11 g. 1 w i t  B T ,/: - = ).sl I S  

- --— - - ~~~~~~~~~~~ - -  --- - - — - -  ---- -~~~~~~~~~-~~~----- - -~~~~~~~~~~~~~~~ -- 
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11. Same as Fig. 10 with a larger gain to loss ratio (C/i  12) . The amp l i f i e r

is now above t h r e s h o l d .

12. Computer s imula t ion  of t he  field transport equation (5.1) in the rate equation

limit. The gain to loss ratio is equal to 5 , the  r a t i o  T 1/ T,, equals  2 , and

the paramete r  r is taken to be -0 .7  f rom an e s t i m a t e  based on s p e c t r osc o pic

data of Calcium atoms . The centra l p o r t i o n  of the  i n p u t  pu l se  is amp lified.

The lead ing  and trailing edges are absorbed .

13. Same as Fi g.  12 w i t h  the In c i d e n t  p u l s e  in  resonance with the active medium

14. Same as Fi g. 13 w i t h  T 2 1 1.5

15. Same as Fi g. 13 w i t h  T 2 - . - 2 . 0

16. Same as F i g .  13 wi th  T a ~~ 2.25

17. Same as F ig .  13 w i t h  T , cH~~ 7 . 5 .  The e n t i r e  p u l s e  is below t h r e s h o l d  and no

amp lifica tion occurs

18. The maximum pu l se  i n t ens i t y  a t  the  o u t p u t  of a f i x e d  l e n g t h  of amp l i f i e r  is

p lo t t ed  as a f u n c t i o n  of the d e t u n i ng  pa r ame te r  T .2. . The g a i n  to  loss  r a t i o

Is 5. The r a t i o  T
1/T 1 is  7 and the  p a r t n u ’ t e r  r e q u a l s  -0.7.
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Table Captio n

Table I .  Suamia ry of the input  data  used fo r  the hyb r i d  computer  s i m u l a t i o n

Table 2. St.munary of the input data used for the computer simulation of the transi rt -

equation (5.1).

___________ ~~~~~~~~~~~~~



- -  - ‘1

— 30 —

References

1. A .M . Prokhorov , Science , 149 , 828 (1965)

2.  P .p .  Sorokin , N .  B r a sl a u , IBM 1. R e s .  Dcv . 8 , 177 ( 1964) .

3. S . R .  Har tmann , IEEE 3. Quant . Electron . QE-4, 802 (1968)

F . M .  Belenov , l . A . Polu ek tov , Soy . Phys. .1 FTP 29 , 754 (l969t

H . T a k a t s u j i , Phy s .  Rev . 8? , 340 ( 1 9 7 0 ) , I b i d  Ate , 808 (19 71)

~~~ . T a k a t s u j i , Ph y s i ca  51 , . 6 5  (1971)

n .  c,rischkowski , Phys . Rev. l. ett . .‘ .~~~, 8~ 6 (1 970)

~c. Tan—no , h . Yokoto , hi . Inaba , Phi’s. Rev. Le. -tt. 2~~, 1 _ e l i  ( l Y ’ .~)

4. See for example 1). Grischkowski , in laser -\pp llcation s to c~ptic s and ~p e - - t Z c S c o p V ,

V o l .  IT  of P h y s i c s  of ~uantum Electronics S e r i e s , E d s .  S . F .  7acoh s , “~~. Sar . ’e n t  IT !.

i .F. Scott , ~1 .c I . Scully (scddison—We ’sle -v l97 ).

5. I.E. Estes , 1.M. Narducci , 11. Shsernas , le t t ,-re ci No ‘vo (‘i r -en to , Se.- r i e  2 , 1 , 175

( 1971) .

6. R . L .  Ca rman , Ph y s .  Rev . A1~~, 104 8 ( 1 9 7 )

7 .  F . T .  7re .chi . R. Bonitacia , l E I ~ ; t . ~~~~~~ lec t ran. ~jj— I , l~c~ (~~°h5)

8. L - A l  len and .1 . -
~ . Eb cr lv ‘‘apt i c al  Re.’ s i n - c n c e  - m d  Two—l c’ve 1 ‘c t  iv~~~ ’’ , ‘~‘i i  c”’ , Ne -~

York  ( 1975) , ( ‘hapt -r 7 .



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - -_

~~~~~~~~~
--

~~
-—~~-~~~

- --- - — “1~~

— 31 —

6, Measurement of the  i w o — P h o t o n  A b s o r p t i o n  c o e f f i c i e n t  of Zn S

Our exper imenta l  e f f o r t  has been d i r e c t e d  to the  measurement  of the  tv-

photon absorption coefficient of ,i sample of hexagonal ZnS with its optic

axis ali gned p e r p e n d i c u l a r  to both the direction of propagation of the

i nc iden t  pu l se  and i t s  d i r e c t i o n  of p o l a r i z a t i o n .

Our measurements have been carried out wit le a Q—s-cwitched ruby laser as

the source of radiation , l im e. instrumental set—up in shown In F i g .  1. The

pulsed o u t p u t  of the  laser  op e r a t i n g  a t  -i 1 ixed pump power  ~as passed t h r c - u c 0 s

.c 3 cm cell w i t h  p lane  p a r al l e l  w indows  c o n t a i n i n g  -i d i l u t e  s o l u t i o n  of copp c- i

sulphate. The cell was us~~J as a v a r i a b l e  s i t t e n u i t c r w i t h  s e v e r a l  a d v a n ta g e s

w i t h  respect  to more c o n v e n t i o n a l  p r i s m  p o l ar i z e r s . ~ c have  fo c i n d  t h a t  t h e

amoun t  of a t t en u a t ion  can h~- cont r 1 l e d  a c c u r a t e l y  and r e p r o d u c i b l y  isv ~‘ .cr ~ inc ~

the  c o n c e n t r a t i o n  of coppe r  su l p ha t e . - . In a d d i t i o n , problems r e l a t e d  to b e . i s r s

disp lacement w h i c h  we e x p e r i c - m i c c d  w i t h  p r i s s ~ p o l a r i z e r s  in the  int i ,i L ph a se .- ;

S of the  work , were e l i m i n a t e d .  The c e l l  .- .is t i m s t e n e d  t o  a t h r e e — p o i n t  k i n e m . i t i c

m o u n t .  This  dc - v t - c’ ensib led us to r -- : -~~ e I lee.- cell I r c- l~’.en in ~ .m nd r~- 1 1  i i i ;

and to r c - pos  [t i e I t  a c c u r - i t e .- 1 v  s . l t h e s i i t  I 5 / r i h i r a l  /~~~~mc -n t .

Af I C ’ r pass tu~- tier . og l e .1 1 - i i e  o t ege. r c i i  e . -, , 3- ~ r u ss . i s  d i  elsie. - I O r  , I Sb . . ’ t I lie.

Inc  I d e .- i i t  h c c / : /  w . s S  I c  I i s  I C d  BY .i ~ i .4 5 5 : ,  i c e - .1 . 5 - p 11 LI or p i . e  cc - e.l Sit  dii S h i l l  I i  e ii i

I s a  t h e ’  b e ’ : 5  c l i  r e . .  ‘ i on - I i i ,  - re. I , - e - 7 - - er i - , ri , ’ - i t  o r  cd isv cmi s -~~~ - 8— lOs)

p lI e t o d l s s c h c : it  - i d i  s C u e . . ’ ‘ 3 111 . I i o ~~i ‘ l i e . ’ h~~.i r :  s i ’ ! l t t s .  A s c r  IC-c ot .i 
~~~~~~

an I Iwo plo - — c i t  ~ round g I.e. s . .~e 
- I’ I - , - c ,i I~~i • i - • t c i  ~ d e. -  I e . .  or ( . c

- t I e - I l / i - i  t o  i ce - 1 - - i n  and  - ‘ i ’ ’ t i c e -  I ‘ . 1 1 - ‘ c i ,  - e m e  I I i t - ; .  !~ c ’ B e .  c:r t rats ~e. t .e p m t  0 l e~

liii’ t 1 - 4 : 1  - ::: i t t  pc - r I i  c ‘ - - c e  cc er c. i ~. 
- i ~ - - cci  lb  rough t o e.’ i c e . ’  :- .m ~~c ’ I i  - e

i sO  I i t  ii , i : s ’ , ’ 1 1 .~~ . i i i  g . i  I . . I c  I - - : 1  . . c . c ’  c st m I c. - a is is I - -

- t ’ ( c  ‘ ‘ — F i l l e t  l i i i . : :  e t  i i  nc , - u t i t  s .d  . t - . i e 5 5 ’ d i  I C ’ I s c i  l i t ,  ( l I e .  c l i  h i ’ i i t  i c ’ s :
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procedure and repositioned r,ith good accuracy for the final measurements.

The laser pulse transmitted through t h e  c r y s t a l  was d e t e c t e d  by a p ho to—

diode identical to th e- n ice. - c s c ; e d f o r  it-con it i c i n g  01 t h e  in c i d e n t  bean .  The

o u t p u t  si gnal f r o m  the sc - c-end photodl sd o was de ’l~’eye. sd t h r o u g h a 150 ~ec delay

l ine , and added to the s ig n a l  I ron the inpu t d ete.- 5 tor . Both si g /il l s were

displayed on th~ same chat-inc -i U t  s i n  sd  i ~ ‘csc ope ( T e k t r o n i c  mo d e i  7 03) -

The d a t a  c c - l l e t 1 on w b a s ed  on t h e  r~e .- , i c ; u r c -m e c it  n t I lie p e a k  v o l  t / 1  g e l

p r e d u c e d  by t h e . -  I nc  I d e n t  ansi  t r a n s  scs i t I e d  pu I se . -~ -

The t w o — p h o t o n  absorpt ion co€ t I i c i e n t  b r  . i  m t-di scs ’ : o t  p i v e .-n t i c i c k c c i s .

line ar absorption cc,, - I f icient t~- , and ret lec t  i r e  lv  P c ia Oct arrived at fr , -s: ~

the measur ement of t h e  Inc  [dent and t ran: - i n i t s  t e d  i t i t o n s  i t  ie~ I an d  I - T h e

I nt e n s i t I e s  are r e l a t e d  t - ~ne an o t h e r  by t h e  w e l l  kt ic -~- ss ,-x:: r e-ss ; ion

- ) _ c :~(l—R )~ I e
i_ i

- 
- 

(h-i )
1 -’-- ( l — - R )  r 

~ 1
0

s l u r  r e . - s t - - i r e  me.-u ts ;i~~, - h.e~c - I  - c c c c  ob sse. rv i Ion 01 t h e .  o c c i p u t  v o l t  a 1 - e.-s

t h e  two p h t s h i sl ’s - ‘s  c - i . e. ’ c i c c ’ ’k ed t i l e . ’ re s p on se  c l i  t i ; - d o t e  - t i l t : ,  c i d e r

r c n g c  of l s i t e -c c ; l t  e.’ s c ’ t  i : s t c  r e.-~~t i c c  thi s so ck , u id  ‘ ; ; t - c h l i s i c c d  i I i c L t h e  v e . e i t . c  - s e

V
1 

and \ I r - I s -  Is- . p ico to~ i s c  ‘ -  I , : c  e. s i n  ~ c - i  - - s c  r -  cc c xp c eu - - e.- .0 Ia c c r c  c i

t i s ’ : -  l u i l d o nt  j u l  r is i ~; ic ; s t t e . d  j s I I  e . . s i t  i c - i  l - ~ ’ t i m e  r i m ’ l o s s

= i i . V 1

w i t  or  - - i  and 0- crc’ i n c  - . i  i c d  [ t i c Oi l  ( f i t  e.~. cu - /e. L cv c i t  ‘ h ,  c—a- i  — , i  - t a i c e

c- .-nss I t i v i t ‘, ‘I l i c e -  - I i  ‘ s i c - c ,  — si 1 - c c : - ,  I ‘ I i c c  - y e . c  - H - - 1  ‘. u I t  c c ’ s  e - ( - - - 1 1 -

s i l o  l O i s -  I

~

--

~

- - _ -  - -~~~~~ ~~~~~~~~~~~-- -~~~~ 
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where

— r . .a ( l — R )  e’ a

b 
( 6 — 4 .

b ’  —

l — R

The parameter a was de. -terrn inee. i B.’ r e - : r c - \ i n g  t h e  c r y s t a l  and m e a s u r i n g  the t u t I

ene rgy  of a series 01 pulses ~- 1 th ~l cal Ibr ite d thc~~~cs p il~~. Bec sie.cse ot t h e

low amount of impuri tIes and ot  sc .ett ering Losses in the crystal , we fel t

justified in neg lect In g  t h e  sin ~~io i d l c e . - t  c ab se rp i fac contribution - The Fresne 1

reflection coefficien t was c i l c u l a t  ~-d r ’’m the  known in d ex  of r c f r . i c  I ie~ 01

the c rystal at  7000 \ .  1- - i  a or r . a l  i o c i - ~e.-n , e .  W e .  t e . ) I i I c c I  P 0 . i~~~. F i c i a l l y  t i e c

q ua n t i t y  ~ v a -c  related t o  t h e  r i c e. -  is i r e d v e i l  s i c -  ‘I a b - .’

a ’ t~~. es - i

The r a t ’ -  a ’/ b ’ was -. L r i ~ - c 1 , c t e c l  ( r n  t h e -  . i c t . i  by  u s i n  t i l e . ’ 1 i s s c i t l n ~ c o n - - t i  j i lt

~~~~ c s  
~~ ~~~

--

I h e . -  r c -s s l t  s ol our re’ ;esc ire r , - t i t  - , t e. ’ l i c es ing I Ii ’ ,l ; I , c  X e . ’ ~ j , t  1 - u c  ‘ s , t  j~~ 3 .~c 
~~, -

a r e.- ~ : -  ‘sn in  F i g .  L A i c i - S I  s.~~ c t r t ’  l i t  c - i  t i c s r  / 11 .1  t o  t O I C  I s  - - i t  • i i i r , l c t  1 - .

= I t I ( e , ç ,

ii - c 1 c ~ c c l  10 1 - - - -
~~~‘‘ - I I - se - i l l  - c t d~~ - — - - t i ’ I ~ .3 - U. 131 0 1c15 c c I 1 1 ~ /  i t ci S -

- c - ‘ .~ -

___ - -  —~~~—
- - --
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Considering the ind i rec t  na tu r e  of the  measurement  (on ly  one of the detector s

was ca l ib ra ted  to measure abso lu te  power)  and the  lack of d i r ec t  i n f o r m a t i o n  on

the linear absorpt ion c o e f f i c i e n t , our con f idence  in the measured value is only

to within a factor of 2. Our method howeve r is r a t h e r  s imple  to use and suscep-

tible of improvements . For examp le It would have been desirable to switch the

dete ctors and to repeat the.- same sequence of meaSurements .

AssitIonai data are being collected at th is ti :ce b y Professor Tuft at

Worcester Polyte chnic institut e .
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FIGURE CAPTIONS

Fi g. 1. Experimental  s e t — u p  f o r  the measurement of the two—photon ahso~ ntioncoef f ic ien t of ZnS at the  ruby l a se r  or e e r a t i ng  wave leng th  F e Q 4 I X .

1 Ruby laser

2 Cupper Sulphate  cell

C1 7  circular apertures

beam spl itters

E 7nS c ry s t a l

F ground glass d i f f us e r s

photodiodes

H Oscilloscope

1 150 ~1see d e l ay  l i n e

F ig .  2 .  E x p e r i m e n t a l  p o ir t s  a f t e r  t h e  s i a t s i  rpe - i , t c t i r c n p r e - e c s  ‘lescr ihed fri ‘ a
text showint~ the  he ’t c :vior  of t h e  r— t t fri I “I as ‘i f c m n c t l c c i t  0e ~~~ 1 i ~~~~i —

dence p u l s e  i n t e ns i ty . The s c c l l d  ‘ I n c  i~ t~~i~ r esu l t  of the l e a s t
square  f i t  of t he  c~O ita no Ints to f’q (F1 .i- ’ . Tc ,~, i’ieas ’tro- t tw a—” 1 -o ’ on

a b s o r p t i o n  coefficic -’nr in Zn c I s ‘ = fl .O11 cni ”t-’. 
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