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Nonlinear Optics: Raman Scattering Processes
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Scattering Overview

Raman Scattering

Raman Plasma Instabilities

Coherent Anti-Stokes Raman Scattering (CARS)
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Energy Level Diagrams for Raman Stokes and Anti-Stokes Scattering

StOkeS Ant1-Stokes  weak atlow temperatures
¢
T - -
Q)
O ’ 0, ;s
Y _
I Gy =~ 1 I W, =0, —0,

Raman Scattering; scattering off molecular vibrational modes,

rotational modes, plasma waves or ion accostic waves, etc.

Brilllouin Scattering: scattering off induced density (sound/acoutic) waves by electrostriction
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Assume that the optical field interacts with one of the vibrational modes of the molecules

F() 1s a nonlinear force, e.g., ponderomotive force, which drives the vibrational mode of the molecule

Az(t) 1s the change in the termolecular distance between the nuclear masses

The coherent vibational excitation of the molecules will coherently modulate the

index of refraction of the medium
E(z,1)

d*Az (1) T dAz(t) +RAc(f) = E(1) 2(f) =z, + Az(f)

di’ di M
—¢ll-e—

The material density 1s modulated at @), and therefore so 1s the refractive index

The nonlinear polarization field P, =& y,, E contains many frequency components.

For example, @, = @, — @, (Stokes) and @, = @, + @, (anti-Stokes) which drives the EM fields
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Raman Instabilities in Plasmas

Raman processes and instabilities play important roles in many fields/areas of physics
Laser fusion
Laser driven particle acceleration
Toniospheric physics

Raman amplifiers



SERSITy
S DA O,  INsTITUTE FOR ReSEARCH IN

Raman Instabilities in Plasmas @) " Ereomomes
47«@‘%

;0 & AppLiED PHysics
L

Consider the simplest case where the incident EM field (pump) is mono - chromatic,

and nonrelativistic 1D fliud model.

In a laser-Raman interaction a large amplitude pump EM field beats with a

low amplitude induced (noise) EM field.

The beating between these two EM fields resonantly excites a plasma (density) wave.

The plasma wave together with the transverse oscillation velocity due to the pump field provides a
current source which excites (feeds, grows) the low amplitude EM field. This feedback leads to the

Raman-Plasma instability

Strenght of Fields
1 pump W = 0~ Wp
plasma Ops =+ 0y
wave Stokes

‘ Anti-Stokes
1 > )

0 @p Wy @, O
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Raman Dispersion Diagram
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EM pump fields (circularly polarized):
E (z,1) = Re[E, exp(i(kyz - o)X +i¥)]
B,(z,t) = (k,/ @,)Re[—iE, exp(i(k,z - wpt))(x+iy)]  where k, =n,@,/c, @, are real and E, is constant

It is convenient to use a circularly polarized rather than linearly polarized pump.

Poynting flux: S, = 1 E,xB, - §,= 1k E; (cos’ (k,z — ayt) +sin’ (k,z — )i = cn &, E;

Ho Hy Oy

2

ck )
In a plasma: ny=—= [1-—
w() a)O

note that §, =(S,)
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Induced EM field (scattered): it
OE(z,t)=Re[0E exp(i(kz — ax))(x +1y)] ,
0B(z,t)=Re[-i(k/ w)OE exp(i(kz— ax))(x+iy)]  where k, @ are complex and |E0| >> |5E |

Raman Instabilities in Plasmas ) } htrure o Reseaoni

0E can be an mput field or due to noise (spontaneous scattering)
0E can be forward or backward propagating

Induced Plasma wave (Stokes): OE . (z,f)=Re[0E

plasma

exp(i(k, —k)z — (@, — w)t)z]

E

0

— plasma wave

NV —
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Raman Dispersion Diagram
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Goal: Determine the nonlinear dispersion relation D(k, w) for the scattered field OE

and growth rates for
Forward Raman: Stokes and Anti-Stokes scattering

Backward Raman: Stokes and Anti-Stokes scattering

Disperision relation (1D) of the uncoupled modes

Electromagnetic fields (pump and scattered): @; —ck; - a)f) =0 and @' -ck’- a); =0
Plasma wave: (@, — o)’ - a); =0
Dispersion relation of the nonlinearly coupled modes

(& -ck* - &7 )((0,-0) - &) = 20,0, B, — (nonlinear coupling)

EM mode Plasma mode
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The scattered field 1s given by [% RS Ok(z,1) = 1, 00J(z,1)
Z

* ot ot

The induced current density 0J is linear in OE and nonlinear in E,

The driving current 0J is calculated to 1st order in the scattered field O

and contains terms up to 2nd order in the pump field £,

The polarization field response 1s assumed to be instantaneous and given by 51 =9JP/of

Polarization field: &P(r,1)=¢, (7" (.k)+ 4 (% o,k)+ 7 (@, ky, 0,5)) SE(r, 1)

. - nonlinear
linear susceptibility

.y oqe 2
independent of E, susceptibility~(E,
Polarization field: 0P(r,f)=¢,y(w,k)0E(r,t) where the refractive index is n =11+ y

The induced response current density: 0J(z,) = qn(z,t)v(z,t) — terms of Order(JE)+Order(E.JE)



CERSIT)
o

ilities i W& o
Raman Instabilities in Plasmas 47@)10 Ereomoues
Fluid description of the plasma

on N d(nv,) _

Density eqn. :
ot 0z

0

Momentum eqns. (nonrelativistic): (a_t +v, 5 jv (z,t)= 4 (E+vxB) no damping or ionization
z m

where E=E,+JE+0E B=B,+0B and 0E

associated with the induced plasma wave

1s the space charge field

plasma plasma
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Fluid description of plasma: ?;Z + a(g;’z) = (ng EJV(Z’ )= %(Ep,asma +E+vxB)

The plasma fluid velocity and density are expanded to second order in the pump E, and

first order in the scattered (induced) field JE since we want the third order susceptibility 3" (@, ,, k)

which gives the induced driving current 0J = gnv correct to second order in E, and first order in OE

0
V(z,t)=V,+0V = v, =v" 4y 4y v"'=0

O _ ) amh: .
n(z,t)=n,+0n = = n® 450 4 @ n"’ =n,,: ambient plasma density

(uniform and constant)

Deriving current density for scattered field: 0d =gn,0v+qonv,
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Expansion of fluid density and velocity

on, s d(n,v,.) 0 don " d(n,0v, +0nv,,) -0

ot 0z ot 0z

ov, v, ¢ dOV dOV v, ¢

E'FVOZ aZ %(EO-I_VOXBO) ? VOZE 5V g:%(é‘Eﬂasma+5E+V0X5B+§VXBO)

ponderomotive force

Since the pump 1scircularly polarized the axial velocity oscillation driven by the pump vanishes

v,XxB, =0 for a circularly polarized pump v, =0

Z

v, (2,0)= #Re [iE, exp(i(k,z - )R +i5)]
0

Raman linstabilities (P. Sprangle)
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0°0n 0
I 1, %g(mplasma T (Vo X 0B+ 5VXB0 )Z) =0
Ponderomotive force (vXB term) drives the plasma wave
0°0n p
“ L @n=-n, L = (v,xOB+6vXB,).
! maoz ,

1
ponderomotive force

g
0]

J ¥
\)
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85E plasma q
== 0n
0z &,

vV, X0B= 4 (—l —E,0F exp(—i(k, —k)z+i(@,— o)) +cc jz

2ma),

5v,XB, = q—kO[i ESE exp(-i(k, —k)z +i(@, - @)+ cc

2ma), | @

)2

(ko _k)
1)

(Vo xOB+0v, xB) = 2};](0 [i
0

E 0E exp(=i(k, —k)z +i(@, - o)) +cc )z

Raman linstabilities (P. Sprangle)
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Ponderomotive force term induces the plasma wave

2
L 5211 + @, 0n =—noii(voxé‘B+5VxB0)
t m dz g

ponderomotive force

~+0,

) ERAY;
a 5” 2 qno q (ko k) E;§E exp(—i(ko —k)z+l((00 —(l))t)-l-C.C.

+ @ 0n=-
m 2m@w,|

atZ p

(k,-ky [ qE \OE

(0 -0) -w)| 2me, | o

qon(z,t) = £,0°

p

exp(—i(k, —k)z +i(, - 0)f) +cc.

Raman linstabilities (P. Sprangle)
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Transvese component of dv is needed to second order in E,

00 ov,, . . -
a: anm ;’1 5v.xB, - v, ;Z = (k, / @) Re[iE, exp(i(k,z - a,0))(k +i¥)]
don AoV
bl 2 —()
ot L 0z e 2 \s
qon :goa); (w(_(>(;)2)_w2 (2?%2) ) (fexp(—i(ko ~k)z+i(w, —(o)t)+c.c.1

| V0 P 0
qn,0v, = eoa); { ((k(‘:)__kif)(go__ ((2)) [;;E; ]if exp(-i(k, —k)z +i(@, - 0)t)+ c.c}
0 0

vy, = —Re[iE, expli(k,z - o)X + 5§ Wos - B0} ceplithz- )i+
o= iE, exp(i(k,z — ayt))(x + zy)] ST . expli(kyz —apt)) (X +iy) +c.c.

ma, Z 27’1’2(00

g ov. S =g o {(k‘)"k)(‘fo—“j)[ 4ty ][ iy ]k L (kz—a))t)(i+i§')+c.c}
(0,-0) -0, | 2me, | 2me, | @
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(DETAILS)
Transvese component of ov is needed to second order in E,
9N, 9 5544 5y xB, - ov, 2 B, = (b, / ) Re[iE, expli(hyz - 1))k +)]
of8  m m 0z
oV, EW| (k,~k)m,-0)( ¢E, E, | OE :
gy, o = 0 (&, )(20 )| gk | _ 4k k, — exp(i(kz - o)1) +if) +c.c.
iz qn | (0-0) -0 |2ma, | 2me, |
& | (k. - k)@, - )
4 5y xp, = 2% Kb -0 g | gk, (k)L expliChe - @)+ i)+ cc
m gn, | (@,-0) -, | 2me), | 2ma, 0]
% gy xB,-5v, 2ot g
m z
Raman linstabilities (P. Sprangle)
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0J, =qn,0v, +qonv,,

— 2 *
qon =¢€,0, U 12{) 2 b, |OF exp(~i
(0y-0) -0 | 2may | ©
Vo, (2,6) =—LRe[iE, exp(i(k,z - )X +i§)]
a)O

0J, = 80(0; L OE exp(i(kz — ax))(X +1¥)

gE, | 4E
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) S & AppLiED PHysics
Ryp>

YL

oV, (z,t) = 4 Re[i OF exp(i(kz — ax))(X+1¥)]
m

(k, —k)z+i(@, - o))+ c.c}

' (@ -0) -w)| 2ma, | 2mo,

L]

) (ko_k)2
2k, kY (q\Eo\

+E,0
i
2 2
(@, -0) - o, | 2ma),

§JL:E‘€0(0;29 I+

, )0
0,

expli(kz - )X +i§) +c.c.

2
OF

|

= explilkz - )& +i) +cc.
0,
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0d, =qn,0v, +qonv,,

2 2 2
0) 2¢"(k,—k AL
53, =g & 14 2 . )2ﬁic SE exp(i(kz - b)) +i) +c..
2 o (-0)-0,
E
where B = 1[5, : oscillation velocity normalized to ¢

2ma,c
Polarization field: 6P(r,!)=¢, (7" (@.k)+ 1 (@, ky,.k))0B(r,) 0, =0oP/dt

" 201, _1\2
5P:Qexp(i(kz—a)t))(ﬁ+i§f)+c.c.:—i—i 1+ 2k : ) -2 lexpli(kz - ax))(X +i§) +c.c.
2 2 0 (0 -0) -,
) o Ak ~k)
Linear and nonlinar susceptibility:| " =-—%  and ¥ =22 Al 2k) -f
v (@-0) -,

Refractive index: n = i\/ I+ 7"+ 4%

11/7/19 23
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3 19 00J(z,1)
Scattered field: | — ——— |0E(z,t) = :
cattered fie (822 > atz} (z,1) = thy o
2 E
—k2+£2 OF = u e, | 1+ 2k (4] | OF e =1/¢c
c I (o,-0) -0 | 2mao,
2 2
k,—k
(02 k a) 2a) ﬁosc d ( : 2 ) 2
(,-0) -,
For the case where @), >> ), ((02 -k’ - )((a) -0)’ - ) 20,0, 5,
EM mode Plasma mode
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Raman Dispersion Diagram
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0]
w=.ck+a 3 w=.c’k’ + o
P ‘/ 4

\
pump field E
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scattered scattered
EM field Stokes EM field (Stokes)
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Raman Dispersion Relation: YL
20, (@, — ) - m, ) Stokes
(@ -0) -0, =((@0,-0)-0,)((0,-0)+0,) =~ (@ 2 |
-2, (@, - @)+ @, ) Anti-Stokes

Consider the case where @= @), —®, (Stokes) and @), >> o,

2

2 2
y ¢ (k,—k) 2 @
. 2 z_wPﬁosc :

v -’k -0 =20p, :
((00—(0) —, w_(wo_wp)
0,0
(a)—1/c2k2+a);)(a)—(a)0—wp)):_ 1’20 2
0,0 : :
O=(0,-0,)+Aw Aw’ z—wpz % : Aw=1i ”2 B growing and decaying wave

The Anti-Stokes scattering, @ = @), + @, , 1s stable
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CARS:Employs at two laser beams and relies on the third order nonlinearity

2% of the material.

A pump field of frequency @, and a Stokes field of frequency @, interact
nonlinearly in a medium.

The two beams interact in the medium to produce a beat field at @, =w, - .
If the beat frequency 1s equal to one of the resonant vibrational or rotational

frequencies in the medium the mode at @, 1s resonantly enhanced.

The resonantly enhanced vibrational mode beats with the Stokes field to
generate an anti-Stokes field.

The anti-Stokes signal 1s the signature for the vibational mode.



Coherent Anti-Stokes Raman Spectroscopy (@Kﬁ

ARypN

CARS:

Employs at two laser beams and relies on the third order nonlinearity ¥ of the material.

o P OE(r,t 0E’(r,t
Polarization field: P= SOZ(I)E tEN D J = o) =61 g ) te E)(tr )

The susceptibilities " are taken to be constant (instantaneous response)

2 2
The anti-Stokes field 1s given by (887 —% 8at j E, =l ag%

2 2 2
Anti-Stokes field (signature): (;2 47 5 )st )E 2 T E?t E\E i By
z c
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Strenght of Fields
1 pump ]
vibrational Stokes Wy =Byt Dp
mode
Anti-Stokes (signature field)
‘ >
0 @ Oy ), W
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