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Introduction

The theory of the wave propagation in non-linear media can be developed along purely

classical linas and the non-linear optical properties can be discussed along tie same lines

as the linear optical properties ( Bloembergen )1 .

Propagation effects ars very important non-linear media because of the coherent nature

>f the exciting fields which in turn can generate coherent fields at other frequecies

( Chemla )2. There are basically two classes of effects that can yield the desired refractive
index modulation o The first involves the response of a material to the local field
strength (or intensity) e This phenomenon is called the Verr erfect . Cxamples of the physical
processes that can be assigned to this category include orientation effects such as those
that occur in glasses ,liquids ,or liquid crystal (iiellwa.rth)B. Saturation effects where

atoms and/or molecules can have their refractive index modified owing to the local field

intensity (Bullough)%s

The secord class of effects involves the response of a material to a non-local field,

Physical processes relating e this phenomenon include responses for non-resonance four-

wave con-linear optical interaction and thermal effect, where even the mild absorption

of light can lead to a temperature gradient,which, throush the temperature dependent

refractive index can result in spatial modulation of the index (lartin and Hellwarth)so
To tackle the optical problems of an atomic (or moleculor) system in the linear
regize the linear resjonse function has been introduced and used to calculate the
refractive index of such a system in the electric~dipol@approximations [6] and when
magne‘;ic-dipolﬂ contribution are taken into account [7] When the system is supposed

to compose of two-level atoms a non-linear response function has been calculated [8].

In this paper we pyrsue the investigation of the response of a medium to an
electric fields The constituents of the medium are supposed to be atoms (or molec—
ules) with multi-levels, Wa develop a non-linear response theory for this casee

After some preliminaries included in section 2 the results dus to (Bloembergen)1
for the non-linear susceptibilities and their generalizations for the isolated molece—
ules in the case of barmonic generations are included in section 3,

In section 4 the Kubo formalism and +the decorrelation approximation due to
(Rhodes and Chase ,‘sand (Obada et al )7 are generalized developed and applied to
obtain the polarizability of a system of particles coupled amongst themselves
through an electro-magnetic field and subjected to an external electric rield,

In section [5] We get a general expression for the non-linear polorization
Tesponse function W( £, ', t-f , Z ),

In section 6 we consider the case of harmonic generation,

The refractive index of this medium is calculated by developing earlier

methods in section 7,



_ 2-Denaturated System

If we assume that the system of molecules and radintion has the Familtonian.

F=H, + H-mt:

where W, represents the Tamiltonian of the isolated molecules ani ‘he free field,while the

interaction Hamiltonian density is described by (Obada et a.l).[’8
Fint = =u(g,t). 5(5,t)

where 3(r,t) is a classical external electric field which has the representations:
Hxt) = £3(5t) ¢ qw
and the dipole moment:

p(z,t) = st(z - ) n %)

Rl =36
s

i.e u(r,t) is the electric dipole moment of the system and uJ (t) are the moments of the

jth  atom (or molecule) situated at I, whose electrons are at E

All operators are taken in the interaction represertatior, In this pictu.re the operator Q(T)

ig,

at) = o 7ot

iT
170

q(0 ) &'t
(tnits B = ¢ = 1,and the rotation of{Rhodes and chL_se)s and (Obada et al )
Applying Kubo forma.llsm for the perturbation and considering the terms of all orders in

is used),

tte external fields we arrive at the following expansion for the non-lins:r polarization:

au, () =<u; (r,t)|7 ~Ugy(mty D t, t
2
(1)[/|[u (£8) 5 w32t By(zppty) @t ary + (1) ﬂit1/d.r1[ad°t2/d.r2@é:3/il‘3 x

(I[ [Ej_(l:!t) !u (I‘1,t1 )]’uk(12’ 2)]') _3(2111: )~'k(.21 )

Freseetoscncatesent
(== )
where 1> is the exact state of the system and |) is the state of the system beforg the switching
on of the field interaction,repeated indices means swmation oyver them, The integration over
the space is taken over %+ e volume of the systen,
7o can extend the temporal integration upper linit to +co by introducing the ©~function and
1efine the following polerizabilities.

;_"j(zaF1;t“t1) = (1Y (t“t1) (I[Ej_(?vt.\!gj(gptﬂ]l)

4

TTL’ ,jk(r’l"'l !]—:2;

T TyTqgeen-
1,(-.--.[5”’1,

b=ty 5ty ) (1)76( t=61)0(0=,) CILTRy (T 8)oms(Eysty) i (50 8,)]1)

in general
—1:ﬂ)=(i)8('c—'c1 V..., .(i)e(tﬂ_1 —tn).

, gn?t—t1 yoo .tn_1

(I[--[’--f\_zi(syt "M (Ept ). ]E (_n!t MIDE
(2)

Thus we can write the first few members of the infinite series for au(r,t) as follows:
'SZ\
ouy (6,0 = I, (ryrp3tty) orpty) dny dty

YR, A2 ) ) (BEp ittt -¢2)’L_‘£g1,t1)59‘2,t2)}ig1 at, dr, dt, +
[ 1107/ “43«“ Byttt tmty) T (Bt Bepty) Fr 4%

X 131 cl'c1 d;z dt2 dr, dt

3773
R T (3)
‘Wo.may write this infinite series in the following symbolic  form:
* -1
sy D= (1-8)" B (4)
Where:
» 2 .
5 =T‘;L,qrE' = 4\'2,‘(\'2;1_‘1;1741) E‘(I‘l!t‘l)
and in general;
{ . .3), =, B eeeneeel, =T (DT eerenely ybobyyeeneny b =b)
(T :Eeeeee.d); ipeaecpes I PO 3 n 1 n-1 'n
59:1,1:1) ...........‘;S;n,tn) (s)

e take ensemble aversge {see ref.4 ) to get the polarization field P(r,t) as follows

B(r,t) “A<‘E(ryt)|>
Tn what follows the ensemble average is supposed to te taken.
Thus the non-linear polarization of the denaturated system in electric field which may be

defined through:

Byp =2 I = Oy o



where

4 \ 3v0n, 3 8%, _J\Fo -1 -1
* ~1 142) 'éj (w‘ﬁ = 2wty = e ng( (x0T ) (2w-w30\ (w ~4.) -
e =T (-8 E- E (6) 1 ’ 1 1
—(c “Tw - - 2w ) w YT
where the sympolic forms rre explained in (2) and (5). (e +wso\ (w mko) + (2w + so) (w4 ko J

wa SUSCAntiniTits s 1 3 i 3
In what follows we calculate these suscantibilities. By the same methods one can show:(dropving the particle’s inlex b))

3-¥on-linear susceptibilities

s sk ki %o, ~1 -1 -1
R RN CE TR A

Sy Ky
We assume that the system is composed of isolated ators (or molecules) and the interaction

) . -1 -1 =1 -1 =1 -1

amongst them is neglected (i.e assume a denaturated system). There is no overlap between - +Q§O) (2‘0"(‘1(0) (“"‘“‘io) + (w —wso) (w _Qko) (w +wgo)

the wave—functions of the different atoms (or molecules).Thus the spatial integrations break 1
N . ~1 -1 -

up into integrals over volumas surrounding the particles. - (Bwrw ) (w+uwy ) (w+wg_°‘ (Ta)

To get the non-linear susceptibility we talke the Fourier transformation of squation (3) with a

respect to (t).Fence we shall take 7 =t-t, 7 =t .-t - This is the result due to (Bloembergen and Pershan) .

e e e =ttt

Also we get the following 5th and 6th order non-linear polarizablities:
Tor the second term in equation (3) we can easily show:

k k& m - -1 ~1 -1
éBv(du;w,w,u,o) -’ Z—- %% %% x X =0 (4w—wso) (Jw—wko) (2&)-0)20)

fd§1 /5-5'2 /dt1 /dt2 1;3]).’*?(1:;?1 ,gz,t—t1,t1—t2) ’_':45'1yt1) 3522’t2) Syk, £,m X

-1 =1 -1 -1 -1
X(w-wmo) —(w+wso) (3w—wko) (zw—wlo) (w-wmo)

:/@1 fdrsz%e3 P zgl’os(xj)sk(xj)ko (@, 0 %0)4(% _uko)—1

Sy

+ (W +(4Jso)-.1(20u+(‘.)1’“))_1(2&)—('010)-1 (w --(.{no)“1 +

= I (@, ) o, v (=)= T e ) (st T

-1 -1 -1 -1
"(‘*”"“‘so) (3“’+“‘1<o) (2w+wlo) (cu+wmo)

s (2999 Iy 13 Oy Ly o, 7 (w, — ) oty e Yt ) X +
i/ 1 QZ 50 > "% J\( 1’“[ “g lanr- T
-1 -1 -1 -1
+ (4w+mso) (3m+wko) (2w+wio) (w +wmo) (70)
X S(r-rj))s(r—r1) 5(r1—: r2) degy duz and
. E kg %

[2_303) “lw,gt 2 a a 4 46) (Stmtrumtnw) = e S K Tymn 208 5K p R tmamn o
Tgaie, (9379 +00nw) o @3° §( - ry) Yrw) 951-'""2) w, dw,

L) X (5w = 0, ) 7 (e~ )T G- w0 1 T2wm g )T (w1
where qu is athird rank tensor describing the higher ordar polarizability of the 3 tll w S0 w ko 20 mo no
moleculs ,

; N - - -1 -1 -1
The appearance of the §—function cver the integrals is due to the localization of the . - W +USO) 1(4u-uko) 1(3&; -wlo\ (2w —wmo) (w—wno)

atonic (or molecular) wave-functions and assuning that the particlesare far apart.

We ought to remind ourselves here,that ensemble averages are talen ,thus instead of 4 ) - _1 -
3 + (!.u+w¢,o\ (2(«)+u."(0) (Sw_wgo) (Zw—“‘)moj (“)- wno)
ZJ‘Z 5(;‘—1_:‘3.) its average should appear which is Nel'where (¥) is the molecular density = !
when the medium is composed of a single constituent. ) -1 -1 -1 -1 -1
m(wm e )T e )T B )T Cwrw ) @ )

If we take Wy =, = (second harmonic raneration ) and take the fourier transformations
on () with frequency =squnl 2w .uwe finally get:(for simplicity we assume here thatu has i
- \

-1, -1 -1 ~1
+(w—wso\ (/‘lw*'uko\ (3w+wio\ (2(-J+wmo\ ((.u+uno,

only a component alos x-direction)
s v al w 7w v R
= Sl s w0 (ws oo (2w + e (Lu+wm J (7¢)
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o would like to mention t'ie ~3surption t'ab have teen ucel so far:
sk_ ks
-y =p

. . : 3N
2-v2 have taken incomin~ freouencies to get second arrmonic gencration for G(J'(2w)’

which means real wave-Tunctiion and oonservetion of parity.

.third harmonic reneration for “(4)(3w) -nd 50 on.

Now -re look at the preceding polarizabdilities and defineg

~ -1 . -1 : -
EE(““” = (we ) 1(2w+ “ ) ...........f3w+w.’o) ( (n".])‘*’—‘*fj+1,°)°--"(""wn, )

b [o]
(8a)
. -1 . - 1
B:(nw) = fw- Gy o)'1(2w- ‘*.’2,0)_1"""""(3‘”-wj,o) ( fr-3)e- “3+1,°)"""(w_w“’°
i ) (8b)

Using equations(7) and (8%we can put the nth term &((nw) in the following form.

2)-1 .
+1 n os _sk no _qnd e - 2 _+
™ N nw) = o (Z:':”nx ceeeeX %J CORE:HCD) +pj(nw))}+( 1) pg(nu))

(9)

(for even n)
while for odd (n) the expression assumes the following form;

‘ 5-1 2
énm)(n@):en( Z %% 25,1 ‘n -JL ( Bg(nu) -}!}(nu) (10)
J

Seaoll

= w =
Where we use “’1,0 Weo 7 bf(o

2.0 5.0« and so on, with b”ss'z E,~-E

s s'

Also g nw)= @(NW iyl sty sesessde) 15 a tensor of rank (n +1)% in general.
—n

Bquations (9) and (10) are the main results of this section. Tt is noted that
wken we put n = 1 we pet he linear molecular susceptibility. If we take n=2,and
n=3 ,we get the Rloembergen’s results for the non-linear susceptibilities.

pccording to the previous results we can write the non-linear susceptibility
for the denaturated system as follows:

W) = ;r{(ﬂ) u(z)(w).@'(w)+ (2n) JB)(Z(-;u',(J) :B(W') BW*) +
(3.'\¢(4)(3ugu",u-,uv-);g(u') ElW") Blo") +iecoecectecss } (%)

where W is the molecular density and the field frequencies are such that:

8

w=w'+w'=w"+m"+w"=

The ohrsical meaving of the zicve esuaticn iz the fellowings

The eleoctromarretic fields derive distortion of the electric charzes which may oscillate

at anycombination o the (w'dand they in turn raiiate % the correstoniirg ‘recuencies
6
(Cherlal”, mhe factor (31Y for example in equation (*)atparrs Tecause of the fact that

there nre $ cembinations of the form. B (WS k) 1
P Ei(“" )_Jj(w )"k(“’ ) in the product s

(4) ( n n n )E n " .
n,ijklw.et et e, i(m )Ej(w )Ek(w')

o

‘ndices i. < i I3 3 i
where the indices i, 3 ani k ladel ipe cartesian ccrmponerts of the field ; in the belief

thatihe tensors are symmetric in tre crriesian indices ('J!:e:xla)s.

In whatfollows we will corsidor the crse of a courled systenm,

4. Non-linosr Tolarizebili‘y Fwmetizn feor a fcouplad Syziem

Inthe last sccticn wa ~ssume hnt e

Projactas 2 “he extarmal impinsicge Tield onle,In 4:is =

We =ssune th~t “he poarticlos intac-gi pemese < msclves this ivter-ction is vaken
2!
the formalobada b al e
AN o - -
Hint(r” = = alr,t). ( e(r,t) « B(z.t) )
where i(:'“ is a seconi—<iontizes eleciric “=eiz orerztor <hick repraceris - .oe Ioternction

betweent s caistituents o7 the svstes an? (1, ) is the classical esternal field,

In hat Tcllows we defire tre en-iie-r response

Tunction to all orders in the applied

exterral ficld ., To perforn this .we use the Kubo formalism to get ar exransion for the

expression 8¢|R(T,t)|> in all orlers of the extarnal “ield , Thus, to the first order of

the =2xiern-l “ield (8) we ohtain 432 linenr resronse (Zhcdes and Cha:c)sani (Obada et al \7
iy

. . . .
in the ~econd order of the external fiell { AT e obinin the ron-linear resoonse

Tesy

of the 52coml order | eic. ., pr-1

nooYEts forealin: Ton

5.7
ot

em2 Jevelonad errlior”t ‘ue

the zerturbatisn nna developing

the decoupling =c:

L,
wie o

ollesineg espression by
assumi_ng that the system was a denaturated system at t = -o;



t
n(r,t) = (1) fd§1 _({dt1(’ ! ’211'(31*'?'_1) )

. t t
+ (i)zfds1_(gt1fdsz,fgt2[(|r Moy ] syl (eg+ ) (e48,) ) +
i ts ty

b (T ] Mot ) 5(ep B)] o) ] v (1> far, fr, fir, fas, far, far, x
t[(l[[ Te ,\1_1]’1&2],&3] (9.3*’53) (‘.3.2'*' E,) (e4+ }:;71) P+

(I Taoiy D] Dlopr B) (g 3 (e BT 1))+
e ([rwey] Tlegs 2) 5 (0% 3] Tty (o) ) ]

t t, t t,

+ (i)4fd;1@t1/d;2@t2f¢33[gt3fdg4[g,t4
+ (0T iy Doilony] [+ B) (50 ) (8% 8)), (g4 20T 1y 1)
+ (IHE’ E1]yE2] l,'(9,2+ |2 )(e "‘—'1) ’ (e + E. )][E-nu ] ( + E )’ l)
+ (00 w02+ &)y (2o B)] [Tmpialoiy] (94+ B,) (e3+ Ey) 1)
+ (10 ] lee B (2 5] Tegriy] ey B, (0, 50T g ) ]+

+eoee cost cssraceset seves (1)

where we use p, ,e; and §; to symbolize u(r,,t,), g(gi,ti),and }_!_.'(x_'i,ti)‘ respectively
The state|) is the state of the free field and isolated particles,The field
commutator I & g].] is a Cnumber. The operators e and p are assumed to

commute and [g . }i,’] = 0 because E is a C.mmber,

10

7,8 to be applicable.

W8 suprose a decorrelation scheme similar to that used eczrlier
The scheme amounts to replacing M.....[fu, 1_1_1], EZ]....] by its expectation
value. Purther +the following assumptions are taken into consideration:

a)~ (u])=—=>0 and (|odd number of e¢|)—>0

b)~ We neglect the overlap between the isolated molecular wave-function.

Thus the commutator ﬁests involving the atomic operators become local, as seen in

the calculation of the non-linear suceptibilities of section (3).

¢)- We neglect (le(r,t) 3(51,1:1)......‘) (i.e) we neglect the self field

contributions.

e introduce the following field propagators:

£ (¢

yTaeTos toyto,t)) = (1) O(t,-t,) o(t,-t X
ho,a 17253 3) = (1) 8(ty=t,) 8(t,~t,)
X [(Ec(f,e!t2)+ € 2))(Eb(—1’ 1 + Eb(217t1)) ’ (Ed({3!t3)+ %(E}!tz)) ]=
= (1) 9(t1't3) I‘_:c(Ezrtg) Eib(l_'1,t1) ’ Ed(£3’t3)] +

* (1) G(‘t 3) :_'b(r1!t Ee (_2! € (E}!tB)] =

2
_c(rz,t ) F'( 1,r -t -‘t + gb(:_r_1,‘t1) Pi ;(22,1_‘3;1:2—1:3)
’
where, (12)

) (z, ot 5141

a,b

(1) 8(b=") [e,(z)t) 4 e(x'st")]

Because of the assumption (b) the external fields are evaluated at the same point.
In general:

o) (Zpppreeetpity 4 Y= [((B,+ e,) (E 8. 1) 5 e Y] (13)
abeeon-d,n Uor e tn)T LY Qq)eeee By 4% Snq) 2 Byt 8y

The fourier transformation of the electric field commutator [ga(g,t),gb(g',t')]

10.
at different space-tine points (Power) Ols:

2 ' ) 2 ik |r -r!
P( )(E’E !"") = ( _YI‘ —I" ‘{o E ) € o'_ E'l (14)
a,b _ iz -1

a,b
11



where 1 is the second rank unit tensor.

(2) 43

According to all these considerations ,ard taking the definition of m ST yee

5- Polarization Non-linear Response Munction

as before we can write eguation (11) in the following form (after omitting all

integrations and arguments
& © ) Wo can define the linear and non-linear response function by using the adiabatic

PL =A<u > =1'\'(2).'5; + n-(3),g "+ 1\-(4): TEE + eee +eoo switching through the fomula:
Lra = E 32 s 222
a()u (ov)l >=fart fat* W(z,z'st- +",8) B ('5t") (20)

O CNC NN N INONC R
WD 5D | g o) f D)

Tus ,if we write the external field EB(z',t') in the formg

1]

EEE + eoow +eoe E(zht") =s(z -z') §(t - t") (21

Then the function T (z,r’;t-t',E) is the dipole moment of the system due to

YAy Ay M
+T¥3/ ijzr‘\z; . E-_“n(z) F(B)N(B) . EE_‘_T‘(B) F(B\]n(4) . EE—:E‘P coe . . . .
= " : : this elctric field . By using equations(15), (20) and (21)we can write the

5 . non-linear response function for a coupled system in interaction with an electric
+n(4 F,(Z)"(B) F'(B)N(A) ¢ EEE +¢ cvenoe + ous P ? v

field on the following form:

+ esse + oene 15) =
(1) T=T =(1_H)1§_§+HEI,+!L (22)
(i.e) ( the integrations and arguments have been omitted) where,
L
EDFNL = (1-r) ¢ §+Egm (16)
S=8.F
where j 271° 2
] ) i,e)
3 =*2). T +1\(3) s EE*"‘M) +EEE 41\-(5) EEEEE-{-_.’o.‘F (1 (5ee) » .
N : s =‘l‘ ) +1\(3).‘E_,j +1\(4): EE+ seee + oo (23)
an
R = &2) F'(2) +“(3) F'(B) _”‘(4) F’(4) +T‘5) F'(S) b seseee + secese + on (18) Thus we can write the non-linear response function only for the coupled

system in the form:
Tyuation (16) gives linear and non-linear polarization response in all orders

of the external field. Thus we can write the non-linear polarizability only on T:NI. = (1 -R )—1 s _.“(2) (1~ F(2)“—(2) )—1 (24 )
the forms -

The second part of the right hand side in equation (24) is the linear response
B (1~-% )_1 s “2) (1- F'(2) 1"2) )_1' B (19) function which had been obtained by (0Obada et al ¥ .The dependence of the
The series § only in the above equation gives all previous results (chemla)2 frequecy (w) is given in whkat follows.

and (Pisher )'11 .

We develop this formula in the following section. 13

12



In general
6~ Won-linear Susceptibility for a Coupled System

F‘(n)( w')

To pet the corresponding susceptibilities for the coupled system we take the 123 saeen=lyn

n-1

[Z T 5,00 ¥
i= j=1 i,n

_ jA

fourier transformation of equation (15) with respect to time (t).The integration,

f[E (£,2'50) B(r'sw) dz_"}evaluated by usirg the results due to (‘Bullough)4 in Also one can show that the corresponding susceptibility of term like:
v

section (7).

Let us take for example the following term from equation (15): (carrying out all fdt1ﬁt2’dt3ﬁlt4'"""""ﬁlt”

i i 1 d using th n) i _ _

rhegmation over the space of molecules and uring the fact tat of Veomecting € LB T (iiptytpt) @ G P (gint) & Totphy) T
different molecules is zero ) bede ded, £ f,gh hg,i i, jkl

B ( .
Jat fas far fas Jar farg o 5(tg) Biltyo) Eyltyy)
is;
n o (2usbur i) B (6) & (S53030) F (3w) o (etesmns) 5,(9) B(©) By©) -
é’ “151'}?’1’) Fin (T01 2y By B 380 50 P yp ) & (G0, (51085) B(z,00t) a,bode ) cmee’ % en hg,i 1,3kl Bl B
’

. s = G = W = . = GlL= = = = i
Indices n , n' now label molecules since the integrations were taken over a small Since we take w1 w2 Q13 L"J4 bw 5 w6 (d, Jwand u9 10 011 W o And we write, F

volume arround the particle, The summation is implied over repeated indices. dropping the r labeling which will be understood.
#e can now change all integrations or T1,’t’2,’{ ’ 74’15’16 instead of t1’1;2’t3’t4’ Thus one can show that the corresponding susceptibility for equation (16) takes
t5,t6 respectively,then the time limits are extend to infinity since 9(1:) =0 form:
forT<0 ,and 8(T) = 1 for 750.If we take = aw=2wand W =& =Wone can easily
° 12 ? 6 n+1
; . L@ D = 2 (o) @™ (w0, G ceeee ) ! (W)EW+ g9 e (@)

show that the corresponding susceptibility for this term takes the form: wnon n n LAl h

' (25)

n . \
Z « (6w 526420 20) [mw] (2«5 w, W) B ,(w) B, (w) _ , , L
jk,m')Jnnn,n"' By using the same technique one can show that the corresponding susceptibility
where for the non-linear response functiongy T =(1-R )_‘I S is:
T1ML B '
fr (2w)] =& (23 E (20) [p (2w + B (2W) E (2w) [F (2 + 2 :
. 1 n-1". . ‘
[ ¢ Jkym Innn,n? n; e n,j ym In,n’ n, n,k Jrm n' E((""E) =N (E) = £ (an) l(n*. )(w; 9 WyWeeeee W) E (W) 1+ E(&J) L‘(SE)
T4¥L n=1 nn. n, n n n
3T (2w T:T(Zw)[ (201 =3 E () § (29) [ F (24 ' (26)
n,j nyk ¢,m In,n' n,e nk | j,m n'

where the indices ¢,k,j and m label the cartesian components of the fields E(t1), Bauations (25) amd (26) are the main results of this section.

sz(t27 E‘(tB).and E(t4) ; and the susceptibilities are taken symmetric.
(b)) 8 E 15
14



It is clear that if we take

n=1 we cbiain tre linenr suscentibility which hnd been

obtained by (obada et a1)7.

We may look at the non-linear susceptibility -nd non-linear response of the field.

8y using the same technique ,and take a2ll previous assumptions.one can show.g

o<E|>

-1
-r (1-r)7" g

(27)

The corresponding susceptibility taxes the following form.

AGEO)= () B (@)

L+NL

where P (ug)

IANL

(28)

is obtained from equation (25)

1et us now dicuss the total refractive index in the non-linear medium using the

previous results , This is done in the next section.

T- Refractive Tndex in Non-lirear Media.

We assum

P ({!w) - Z

() & @iws w,eeee w) 377 (1, 0| Bz + SR(Dr e B(E's @)t
= n n n

I+NL

e that P
L+NL
) B =0
L+VL
2

n

satisfies the sourceless equation (i.e);

(29)
) XIT- T
iz =zl
(30)

H
n n n IMNL o

We assume that E (r,w ) satisfies Maxwell’s equation in vacuo (i.e)

v °§( Ty
and,

(v2 + K2

Therefore ,by using the results due to (Bullough‘A

n
K)=0

JE(, k) =0

(32)

which are essentially ®wald-Oseen

theory (see Torn and Valf\12,one can easily show:

P (r)
L+1

n=1

+ (v&t& + K2 )
2 5

Kp -X

o0
=2 () el @i 4w 5ennn w) 2 o0 B0 4 QUAKEY) +4 P(x),

L - \=

3 I+NL
_ 2
Kp - KZ

n n n

z (5%
(33)
16

where

Z (o) =Lp (x) (geX ds +9) B (z) (38)
L+L

which is an integration over the surface of the system.

Since E and Z satisfy equation (32) and P satisfies equation (29), thus
- - 1+L

equation (33) breaks up into two equations which are:

P @-3 )& ™wiw,w, ew)@ 0 yg e p - e (@)
10T n=1 n n n — 3 1+NL
Kp -K
(35)
and,
(s, )+2(z,kK)=0 {36)

If we assume that:

P = EL + PT

“L4NL 491 LML
where,
e =0 s gapt =0
14NL L+YL
We assume that gT and gP separately satisfy equation (29) ,we readily find
I+NL L+NL

that equation (35) ag‘in splits into:

2

an (& + &%) B (@

(=Y ) ™0, @ e w) F(500 [ans
I4NL

n=1 n n n 3 2 2 INL
-K
and, KP
cocsens ses (37)
PT(z) =i () o™ (Wi, W, ceeeew ) BN, ¥ ) 4n + ang? Pl(x)
TIANT n=1 n n n ’ T 7T 2|
K, =K
(38)
From equation (38) we have:
-k e Boon) s ey B (w) (39)
P T =t n n n n
Kz w7

17



The 2refra2ctive index m =|K_?l/|¥_| i |%] =k, / n, therefore equation (39) sives:
-1 @® -

(Kg/x ) = 4n (nr)a(nﬂ)(u;e’(:’ ----‘:’)En‘l((d_J)

( Kp / 12:2 Y42 3 n=t n n n n

(i.e)

2 2 @ 1

it o1 an ) () ™05 0, @) PN (w © (40

Zwlez 3o gyl F WD) “o

Tt is clear that the above equation is a generalized form of the result due to (Bullough)4
and (‘?:f.sher)ll‘I .

Also equation (40) gives Kerr-effects (third order polarizability in ezternal field or
fourth rank susceptibility tensor ) (1='is;her$1 as follows,

We put n myz1 and take n =1, n = 3 only in the 8. H, S. of equation (40) ,we have:

(an) -1 _ 4m [( 1) o+ () of¥ EZ]

[wv)
[wv)

then:

nm=1+ 271:42) + 121\:“(4) E2

or .
o =m°+m2(32> (61)
‘here

2) . .
n, =14+ ZKqE ) is the linear refractive index ; m, = 121:44) is the non-linear
refractive index ,and m is the total refractive indez and the brackets{ > denote
a temporal average.
Zquation (41) coincide exactly with the result due to (Fisher)”.Also if we substitute

from (29) into equation (37) we get:

L __an & (n+1) -
P'(z)==8"% (nl)e (W35 W, W,eeeeato) T (@) P (1) (42)
14T T n= a0 n R Y -

The above equation is the gzeneralized form of the linear equation due to (Bullough)4.
Therefore we can say that the non-linear equations (40} and (42) are more general

than those presented earlier ('Bullough)4,(‘5‘isher)“.

18

DISCUSSION AND CONCLUSIONS

The result P (1R )sS=S+RP .gives linear and non-linear polariza-ion

I4L © L#iiL
responge for a coupled system of molecules in all order oi the external field.

The first series (§) in this equation gives all previous results for the denaturated
system of molecules (Bloembergent, Chemlaz, Fisherﬂ).

The other paris in this equation ( RS , RRS yees) may be though of as internal field
cotribution.

It is to be noted that the linear and non-linear polarization field gives rise to the
internal electric field. For example the term ( ﬁ“) F(A')n(‘” 1E © ) shows that the
non-linear polarization field163) tE E gives rise to a non-linear electric polarization
field carried by the propagator F(4). These field in turn induce an electric polarization
field through the fourti rank tensor ‘IT(4). Also if we take the linear part in the external
field only from the non-linear response fumction EIA-HL =(1-R )_1 S=5+ RTLMI.“L
we have the linear response function which had been obtained by (Obada et al)Y.If we put
the electric field propagators equal zero in this equation ( denaturated system ) we
obtain the results due to ( Bloembergen1, I-Iura;,’amwa’b).
The results based on the equations

P = é1 (nl)a.(nﬂ)(‘“s‘r:l’abf:g’ seeser @ ) 51 5) BQ) EE) B

are more general than those obtained earlier ,if we put n = 1 we get the linear
susceptibility for a coupled system (Obada et al )7. Also if we take the first few terms
(and put the field propagators equal zero) in second and third order in the external field

we get all previous resultis for denaturated system (Bloembergen and Persha.n9,Chemla,2

Fisher“).
In section(7) we devoloped the results due to (Bu.llough)A' to get a general form for the
refractive index in non~linear media (equation 40)e this equation is more general than those

pregsented earlier in the case of the linear theory (_Bu_llough)4. The results quoted by

: 11 .
Fisher) ' and (Chemla.)2 are a special case from equation@®’) as we had shown,

19



Through this paper, basic approximations have been used:

1=

4~

The general ‘acorrelation nprroximation wiiz™ r~encralizes that due 1o ( Rhodes
and Chase 36 partially decouples , the motion of the electrons on different

molecules .

The molecular seprability approximation , since we iecal with the molecular
system at zero temperature in which the indivdual molecular units are
sufficiently separated so that the overlap effects can be neglected. .

e neglect the self fields of the molecules , The first approximation in its
simplest form is necessary to put the theory in the closed form and it is
difficult to assess .

We assume that the medium is lossless , nondispersive , and uniform . Under

these conditions the susceptibility 1;ensor¢‘<n Lre symmetric tensor (Hillery
and Mlodinow)14.

Through this article we assume the dipole approximation since we neglect the
spatial dispersion of the molecular susceptibilityaéh l(i.e) the polarization at

a point is - ompletely determined by the valueof the field at the same point

( . .
(Agranovich and Ginzburg)15 ,also qgn) connecting different moleculs is zero »

6~ The electric fied is supposed to be described by a C-number external probe

7=

and a secondquantized field that describes the internal field .
Ve ignore terms on the form (|u [[...[ W B, Je.o11|) so that stark effects

as well as self energies are ignored ,

Finally we would like to mention that we obtained the general form of the

susceptibilityfor a coupled system {equation 23) on the basis of very general

principles namely ; the principle of time invariance which states that , the

properties of the medium are independent of time ; the causality principle

according to which P(t) depends only on the fields for time earlier than (t)

sand the reality principle which ensures that the response of the medium to a real

driving field , is real ( Butcher

16

17 )

Flytzanis
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