
Lawrence Berkeley National Laboratory
Recent Work

Title
COHERENT RAYLEIGH-BRILLOUIN SPECTROSCOPY

Permalink
https://escholarship.org/uc/item/3w59d3bp

Author
Jacobson, A.G.

Publication Date
1982-04-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/3w59d3bp
https://escholarship.org
http://www.cdlib.org/


~ • 

LBL-14373 

Lawrence Berkeley Laboratory 
UNIVERSITY OF CALIFORNIA 

Materials & Molecular 
Research Division 

COHERENT RAYLEIGH-BRILLOUIN SPECTROSCOPY 

Alexander Gerson Jacobson 
(Ph.D. thesis) 

April 1982 

. ....... ' ... 

TWO-WEEK LOAN COPY 

'This is a Library Circulating Copy 

which may be borrowed for two weeks. 

For a personal reten,tion copy~ call 

Tech. Info: Division~ Ext. 6782 . 

Prepared for the U.S. Department of Energy under Contract DE-AC03-76SF00098 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



... 

COHERENT RAYLEIGH-BRILLOUIN SPECTROSCOPY 

Alexander Gerson Jacobson 

Ph.D. Thesis 

April 1982 

Materials and Molecular Research Division 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, CA 94720 

LBL-14373 

This work was supported by the Director, Office of Energy Research, 
Office of Basic Energy Sciences, Materials Sciences Division of the 
U.S. Department of Energy under Contract Number DE-AC03-76SF00098. 



i 

Alexander Gerson Jacobson 

Coherent Rayleigh~Brillouin Spectroscopy 

ABSTRACT 

Nonlinear optical spectroscopic techniques have been extended to 

the Rayleigh-Brillouin region of the light scattering spectrum by study-

ing the dispersion and polarization dependence of the optical Kerr ef-

(3) 
feet, governed by X (w = w + n- n). 

As lw - nl is tuned through zero in liquid cs2 , two distinct reson

ant behaviors are observed. F~rst, in a broad region extending a few 

wavenumbers about zero detuning there is a resonance due to optical-

field-induced molecular reorientation. Analysis of the spectrum enabled 

the determination of the reorientation time of cs 2 , 2.0 psec. The po

larization dependence of the reorientational signal agrees with theore-

tical predictions. We have thus demonstrated "Coherent Rayleigh-wing 

Spectroscopy." 

Second, by tuning the lasers to the acoustic phonon resonance at 

In- wl = .23 cm-1 ,·we observe the Brillouin spectrum. This appears as 

an assymmetric doublet superimposed on the "Rayleigh-win8" background. 

The intensity dependence of the doublet is explained by a large signal 

treatment of the nonlinear optical process. We demonstrated, both theo~ 

retically and experimentally, the smooth transformation of the spectrum 

from the parametric limit, where the signal is proportional to I X (3) 12' 

to a region where Stokes gain and anti-Stokes loss become evident. Thus 

we have demonstrated the dispersion and intensity dependence of "Coher-

ent Brillouin Spectroscopy." 
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To overcome the experimental limitations of this study, we recom-

mend Raman gain measurements be used for obtaining the absolute light 

scattering cross sections of material. In future investigations, it 

should be possible to measure the absolute Raman, electronic, Brillouin, 

and orientational contributions to the nonlinear susceptibility with 

high precision. A series of such measurements could then accurately 

quantify the light scattering parameters of standard samples. 

Finally, we study the dispersion of Brillouin-induced phase-conju-

gate wave generation. In a small-signal analysis, we predict the unique 

resonant properties of the. "Brillouin Hirror" created by the enhancement 

of conjugate wave generation at the acoustic phonon resonances. By con-

trolling the pump beam polarization, it is possible to control the ap-

portionment of resonant reflectivity at two distinct Brillouin shifts. 

Thus the Brillouin nonli~earity may be used to construct a polarization 

tunable, phase conjugate resonant reflector. 

[ 
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1. RAYLEIGH, BRILLOUIN, AND ELECTRONIC CONTRIBUTIONS TO X(J) 

1.1 INTRODUCTION 

Nonlinear optical effects due to optical-field-induced molecular 

reorientation and acoustic phonon excitation have been known almost as 

long as research workers have studied laser-matter interactions. Inten-

sity-dependent index of refraction change due to optical beams was 're-

cognized as a generaliiation of the DC Kerr effect early in the develop-

. 1 1 
ment of nonlinear optics. Gires and Mayer observed the 'optical Kerr 

effect" due to optical-field-induced linear birefringence; 2 Maker, 

Terhune, and Savage observed the rotation of the polarization ellipse 

d i 1 b . f . . 3 ue to c rcu ar 1re r1ngence. The intensity-dependent index of re-

fraction can lead to the self~focusing of an optical. beam, as first dis

cussed by Askaryan, 4 and by Chiao et a1. 5 Stimulated Rayleigh-wing 

6 scattering was investigated by Mash et al. Finally, Bloembergen and 

Lallemand identified the optical Kerr mechanism for the spectral broad-

ening of stimulated Raman lines under conditions where self-focusing, 

stimulated Raman scattering, and stimulated Rayleigh-wing scattering 

7 were all taking place during the same laser pulse. 

Meanwhile the phenomenon of stimulated Brillouin scattering was 

. 5 8 
discovered by Chiao et al. ' It was recognized then that electrostric-

tion could also lead to a nonlinear refractive index chB:nge. The rela-

tive magnitude of the optical Kerr and electrostrictive co.ntributions 

9 to the nonlinear index was discussed by Shen. 

In the period of 1966-72, experimental techniques for the study of 

nonlinear optical effects became more refined. A great wealth of quan-

titative data began to be accumulated on the resonance frequencies, 

1 
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strengths, and lineshapes of both spontaneous and stimulated scattering 

processes in various materials. In this period-the laser became a 

standard research tool and spontaneous light scattering methods diffused 

into a number of branches of analytical science. A survey of the stim-

ulated light scattering field during this period is given in reference 

10. 

Post 1972, nonlinear optics entered a third phase and becamemore 

mature. Stimulated scattering processes began to be used· as analytical 

tools, known generally as "Coherent Raman Spectroscopy. 11 In all coher-

ent Raman techniques, a tunable laser scans through .the Raman resonance. 

I h f . · ll f d b M k d T h . 1964 n t e ~rst exper~ments, · per orme y a er an er une ~n , 

stimulated Raman scattering in various liquids with a pump ruby laser 

was used as the "tunable laser." The experiments being performed to-

day are possible only because of the development and proliferation of 

the tunable dye laser. A plethora of techniques have been developed----

these will be reviewed in Chapter 2. 

Our aim in the present investigation was twofold. We wanted to 

show that as an extension of coherent Raman spectroscopy, coherent Bril-

louin and Rayleigh-wing spectroscopy were also possible, and thus prove 

the viability of nonlinear· spectroscopic techniques in the low-frequency 

region of the light scattering spectrum. And we were challenged to 

solve the experimental problems associated with detecting a weak nonlin-

ear signal in the presence of intense noise sources at closely adjacent 

spatial and temporal frequencies. 

We begin this dissertation with a general discussion of the nonlin-

ear susceptibility tensor, followed by a derivation of the nonlineari-

ties associated with the Rayleigh and Brillouin mechanisms. 



1. 2 THE OPTICAL SUSCEPTIBILITY TENSORSll •12 

In the spirit of perturbation theory, we suppose that the polariza-

tion of a material may be expanded into a power series in terms of the 

local electric field strength. We can write in general, 

where 

(1.2a) 

(1. 2b) 

-+- -+- -+- -+- -+- -+ 
X Ej(r- r 1 ,t- t 1)Ek(r- r 2 ,t- t 2)Ei(r- r 3,t- t 3) 

(1.2c) 

and so on. Here x(l) x( 2), and x()) are the first," second, and third-

order response functions of the medium to the electric field. The sub-

indices of the x's are associated, in order, with the spatial coordin-

ates. For monochromatic (laser) waves, with the help of the Fourier 

transform pair 

(1.3a) 

3 



-+-+ 1 Jd3 d +E(+ ) -i(k·"i-wt) E(k,w) = 
4 

r t r,t e 
(21T) 

(1. 3b) 

we obtain 

where 

P~l)(k,w) = 
l. 

-+ -+ 
x .. (k,w)E. (k,w) 

l.J J 
(1. 4a) 

-+ -+ 
w1 + w2)Ej(k1 ,w1)Ek(k2 ,w2) 

(1. 4b) 

(1. 4c) 

(1.5a) 

(1. 5b) 

-+ -+ -+ -+ -+ -+ 
x exp- i(k

1
·r

1 
+k

2
·r

2 
+k

3
·r

3
- w

1
t -w

2
t

2
- w

3
t

3
). 

13 
For isotropic media, the symmetry consideration leads to: 

(1) -+ -+ 
X·· (k,w) = x(k,w)o .. 

l.J l.J 

(1. 5c) 

(1. 6a) 

4 



(2) + 
X .. k(k,w) = 0 l.J 

(1. 6b) 

(1. 6c) 

In the following, we will focus on the third-order nonlinear suscepti-

bility. 

Maker and Terhune suggested the following convention, which has of-

b d d .. h 1' 11,14 ten een a opte l.n t e l.terature. 

P~ 3 )(k,w) = 
l. Dx (k = k + kb + k . w ijki a c' 

+ + + 
x E.(k ,w )Ek(kb,wb)En (k ,w) 

J a a ~ c c 
(1. 7) 

where D = 6 if the frequencies a, b, and c are distinct, D = 3 if two 

of them are equal, and D = 1 if they are a.ll the same. Sometimes, a 

monochromatic field is written as 

+ + E = ~E'(k,w)ei(k·r-wt) + c.c. (1. 8) 

and correspondingly, 

-p(n) 
+ + 

= ~P' (n)(k,w)ei(k•r-wt) + c.c. (1. 9) 

A new susceptibility is defined by the relation 

P~ (3)(k,w) = 
l. Dx~'kn(k,w)E~(k ,w )Ek'(kb,wb)E~(k ,w ). l.J ~ J a a ~ c c 

(1.10) 

5 



On the other hand, (1.7) yields 

kpi' ( 3) (k+,w) l (3) (+k )E 1 (+k ) '(+~ )E 1 (+k ) · ~ = -8 Dx . . k n , w . , w Ek , wb n , w • 
1J "' J · a a "' c c 

Comparison of (1.10) and (1.11) gives 

1 (3) 
xijkt = 

1 (3) 
"X· 'kn" 1J. IV 

W '11 1 (3) 1· n th f 11 · d · · e W1 USe Xijki e 0 OW1ng 1SCUSS10n. 

(1.11) 

(1. 12) 

1.3 THE NONLINEAR SUSCEPTIBILITY DUE TO OPTICAL-FIELD-INDUCED MOLECULAR 

REORIENTATION6 •14- 16 

A 

Consider an axially symmetric molecule with symmetry axis t orient-

ed with polar angles (8 ,cp), Fig. 1.1. Let the molecular polarizability 

be a 2 along the symmetry axis and a
1 

perpendicular to it. If an elec

tric field is now applied, we have 

= ~Ce,cp) • E. (1.13) 

+I> 

In the coordinate system of Fig. 1.1, the a(e,cp) tensor works out to be 

a
1 

+ 6asin
2

ecos
2

cp 6asin2esincpcoscp t.asinecosecoscp 

... ce ) A • 2e . 2 2 a ,cp = uas1n S1ncpcoscp a
1 

+ /).asin 8sin cp 6asin6cos9sincp 

t.asinecosecoscp t.asinecosesincp 2 
al + t.acos e (1.14) 

6 



where ~a = a 2 - a
1

• The energy needed to change the dipole moment an 

-+ 
amount dp is the sum of the.work needed to polarize the molecule and the 

change in energy of the dipole in the field 

-+ -+ -+ -+ 
dU = E • dp + d(- p • E) = -+ -+ 

p • dE. (1.15) 

Thus 

u(e) = -J ~ ( e, 4>) : EdE = - ~a .. (e) E. E. 
l.J l. J 

(1.16) 

where a .. (e) now stands for (1.14). For an ensemble of molecules, the 
l.J 

equilibrium field-dependent distribution function is 

f (e, t) 
eq exp[- u(e)/kT]/ J dQexp[- u(e)/kT]. (1.17) 

This is explicitly time dependent through the time dependence of E.E. 
. l. J 

in U(e), and is maximized when the molecule's axis of easy polarizabil-

ity lies along the instantaneous electric field. To first order in U, 

(1.17) becomes 

f (e,t) = ~n[l + 1/kT(U(e) - u(e))J eq (1.18) 

where stands for angular average Jfdn/4n. That it is sufficient to 

work with the first order expansion (1.18).may be justified as follows. 

For a polarizability·a- lo-23 cm3 , 2 
the laser intensity - 2 G\v I em (the 

largest encountered in our experiments), U/kT- 10-3 . Performing the 

average in (1.18) we obtain 

7 



(1.19) 

where a is the average polarizability 

(1.20) 

The field-dependent equilibrium distribution function f acts as eq 

the driving force for the instaneous distribution function f(S,t). We 

have 

f 
eq 

(1.21) 

The assumption (1.21) that f(S,t) relaxes toward f (8,t) with a single eq 

time constant T is Debye's analysis of the reorientation of a polar mo-

lecule in a fluid. 17 In this model, the torque on ~he molecule due to 

a linearly polarized applied field drives the distribution function and 

is opposed by viscous damping. The relaxation time is given by 

-r' = 3Vn/kT (1.22) 

where V is an effective molecular volume and n is the viscosity. For 

an induced, rather than permanent dipole, modification of the theory re-

duces the expected value of the relaxation time by a factor of one

third:14 

T = l/3T 1 = V~/kT. (1. 23) 

8 



.... 

As we will see, the assumption that the molecular dynamics are des-

cribed by (1.21) leads to a Lorentzian frequency dependence for the 

nonlinear susceptibility. The experiment must be designed to test the 

expected shape of the dispersion curve and then extract a value for the 

relaxation time. 

Using (1.19) and (1.21) we may solve for the time dependent distri-

bution function. We obtain 

f(e,t) (a .. (e) - a .. ) J.\ ( t - t' ) E. ( t 1 
) E . ( t 1 

) d t 11 , 
~J ~J 00 ~. J 

- (1.24) 

p(t-t') -1 
= T exp[- (t- t 1 )/T]. (1. 25) 

Using this distribution function, we calculate the expected value of the 

polarizability <a .. (6,t)> and the dipole moment per unit volume, separ
~J 

ating the latter into the linear and nonlinear polarizations: 

(1. 26) 

P.(t) := N <a •. (6,t)> E.(t) := P~l)(t) + P~ 3)(t). 
~ ~J J . ~ ~ 

(1. 2 7) 

The linear polarization is given by 

P(l)(t) = NaE (t) i i , (1. 28) 

9 



the expected result for an unperturbed, isotropic fluid. The nonlinear 

polarization is given by 

1
t ~ ~ . 

+ _oob(t- t')[E(t') • E(t)]Ei(t')dt' 

where 

2 
N(a2 - a 1 ) . 

b(t)=-3a(t)- lSkT P(t). 

In deriving (1. 29), we made use of the angular average 

(1. 29) 

(1. 30) 

The above derivation has been for a molecule with a uniaxial polariza-

bility tensor. For a molecule with three differing polarizabilities 

along its principal axes; the only changes to (1 ~ 28) and (1 ~ 29) are the 

... ___ reelacement~. ---· 

(1. 32) 

(1. 33) 

We have chosen to write the response .function for the nonlinear 

10 
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polarization (1.29) in an accepted notation. 14 18 It has been shown ' 

that the response functions for an important class of mechanisms lead-

ing to optical nonlinearities can be cast in the form (1.29). These in-

elude Raman, molecular redistribution, and librational contributions to 

x(3) These mechanisms are all governed by the nuclear motion, with the 

electron clouds following inst~ntaneously in the Born~Oppenheimer ap-

proximation. The nuclear response functfons a.(t) and b(t) give rise to 

temporal dispersion characterized by poles at the frequencies of the 

normal modes of the nuclear motion. The mechanisms described by a(t) 

and b(t) are all· local, the excitation does not propagate in this ap-

proximation, subvolumes are spatially independent. As a result, the ·po-

+ sitiori x does not appear in the response function, and hence wavevector 

dependence, or spatial dispersion, will be absent in the susceptibility. 

This is not true for the propagating acoustic phonons, as we will see 

in Section 1. 3. 

It is desirable to symmetrize, and tensorially decompose the result 

of (1.29) to agree with the staridatd response function-susceptibility 

formalism elaborated in Section 1.2. Symmetrizing, we obtain for 

(1. 29): 

o(t
1

)0(T 1 - t
2
)o(T' - t3) 0 ij 0kl 

X 
a (T') . + o(t

2
)o(T' - t

3
)o(T' - tl) 0 ik0jl 3 

+ o(t
3
)o(T' - t

1
)o(T 1 

- t2)cSHcSjk 

cont'd 

11 



12 

cS(-r' - tl) [cS(-r' - t2)c5(t3) +o(-r' - t3)cS(t2)]cSijcSkR. 

+ b(-r') 
6 

+ cS(-r' t2) [cS(-r' t
3
)o(t

1
) + cS(-r' t 1 }cS ( t 3) ] 0 ik c5 j t 

+ cS(-r' ;.;· t 
3 
)fo < -r ' - tl)cS(t2) +oCr' - tz)O (tl) JcSit0 jk 

(1. 34) 

Carrying. out the T' integration, we identify' the time-domain response 

function:: 

. ,;., 

+! b(t
3
)[o(t

3
- t

1
)o(t2) + o(t

3
- t

2
)o(t

1
')]J. 

(1. 35) 

of this section, the nonlinear susceptibility due to field induced mo-

lecular- reorien t'ation. 

Xu22 (w 
1 

= w
1 

+ w
2 

+ w
3

) = 
24 

[2a·(w
2 

+ w
3

) + b(w
1 

+ w
2

) + b(w
1 

+ w
3
)] 

(1. 36a) 

x
122

',l{til =~,w1· · +'til ·.· +'W .), ::<:'_1~ (2a(w +·w·) +~b{w1·.· .. +·:.w
3

) '+'·b{w
2 

+ w
3
-J] 

2, 3., 24 · L 2 . . 
(1. 36b) 



xl212(w 
1 

= w
1 

+ w
2 

+ w
3

) = 24 [2a(w1 + w3) + b(w1 + w2) + b(w2 + w
3
)] 

(1.36c) 

where 

b(w) = - 3a(w) = 
1 

(1. 37) 
1 - iw-r 

The values of the constants appearing in the susceptibility will be es-

timated in section 1.5. Here we wish to discuss the resonant behavior 

exhibited by the recirientational susceptibility. 

We are interested in cases where the signals are proport.ional to 

lx(3)(w = w + n ~ n)j 2 with w close ton. Evaluating (1.37) we obtain 

xll22(w w + n - n) 1 [- l b(O) + b(O~ ] = =-
24 3 1 + 1lli 

(1.38a) 

.X1221 (w w + n - n) 1 [b(O) + b(?) ] = =-
24 1 + 1ll1' 

(1.38b) 

X1212(w w + n - n) 1 
[b(O) -

2 b (O) ] = =-
24 3 1 + iilT 

(1.38c) 

where il = Q- w. Eq. (1.38) shows that X(J)(w = w + n- Q) has two 

types of terms. The. first type occurs when the argument in a or b in 

(1.36) corr~sponds to n - n = 0, and gives rise to the nondispersive 

real contributions proportional to b(O) in Eq. (1.38). These are the 

terms dictating the ordinary, nonresonant op~ical Kerr effect. The se-

cond type of term has- il = w- n for the argument of a orb in (1.36). 

They show resonance when In- wl-r ~ 1. Eq. (1.38) then predicts that a 

signal proportional to lx( 3)(w = w + n- n)l 2 will exhibit the interfer-

ence of the resonant part with half width ilv = l/2n-r with the nonreson-

13 



ant background due to the ordinary Kerr effect .and possibly other con-

tributing effects. The novelty of our work was the investigation of 

this resonance using tunable lasers·. Also, as we will later show, by 

proper choice of polarizations, we can "project out" the orientational 

resonance part of the x(J) tensor, thus isolating it from the background 

optical Kerr and electronic contributions to the susceptibility. 

In the development above, it has been tacitly assumed that the 

electric fields are the local electric fields acting on the molecule. 

In fact, a local field correction factor 

L = E(w) + 2 
3 

(1. 39) 

should multiply the right hand side of (1.36) so that the polarization 

is correctly related to the macroscopic electric fields. 1• 14 However, 

we shall simply treat the constants a(O) and b (0) in (1. 36) as experi-

mental parameters to be determined. 

1.4 THE NONLINEAR SUSCEPTIBILITY DUE TO ACOUSTIC PHONON EXCITATIONB-lO 

In the absence of absorption and heating, density waves are driven 

by the electrostrictive pressure 

p = ~ E2 
e p ap 0 (1.40) 

This pressure arises because the increase in the dielectric constant of 

a polarizable material, due to compression, will lower the free energy 

8 19 in the presence of a field E. ' Using the Navier-Stokes and continu-

ity equations of hydrodynamics, it is straightforward to derive the 

14 



i f h d . . . 8-lO h d 11 equat on or t e r~ven acoust~c wave, ere expresse as a sma 

deviation p from the mean fluid density p : 
0 

+--+- -- p (r t) = 1 a
2 

2r a J + 
v2 at2 v2 at , 

H . h 1 . . a£ h. h . f d b ere y ~s t e e ectrostr~ct~ve constant p ap w ~c ~s oun to e 

= (£- 1)(£ + 2) 
y 3 

(1. 41) 

(1.42) 

from the Clausius-Mossoti relation. v is the velocity of the hypersonic 

waves; it will become clear that the waves under discussion are of ex-

tremely short wavelength - A1 . h. • r is the phenomenological damping· 
~g t 

constant for the acoustic wave. Fourier analyzing the sound wave 

p(-:;,t) =fd3qdw p(Ci,w )exp i(q •-:;- w t) 
. s s s 

(1. 43) 

and making similar analyses of the electric fields via (1.38) we may 

solve {1.41): 

2 
q 

2

2 
. Jd

3
k1dw1E(k1 ,w1) • E(q- k1 ,ws- w1). 

w 2~rw · 
s s 
2 2 {1. 44) 

v v 
Associated with this field dependent density wave is a change in the 

dielectric constant, yielding the nonlinear polarization 

+ 
P.(r,t) 
~ 

1 + -+ 
= --

4 
~E(r,t)E.(r,t) = 

7T ~ 

_:r__ + -+ 

4 
~p(r,t)E.(r,t). 

7TP ~ 
0 

(1. 45) 

Fourier analyzing (1.45) and substituting the result (1.44) for the 

15 



density Fourier component, we obtain th_e result 

+ + 2 
lk + k 1 -. 1 . 3 

2 
y 
2 2 

3211' p v 
0 

and making the.usual tensor 

decomposition, we obtain the acoustic phonon-contribution to ~(3 )(k = 
4 

2 
y 

( + )2 
+ + 2 w2 w3 I k + k I - -___,_..;;;___ 

2 3 2 
v 

2 I+ + 12 
y kl + k3 
2 2 2 

384rr pov I+ + 12 (wl.+ w3) 
kl + k3 - 2 

v 
Note that the dispersion of the individual tensor 

2H(w
1 

+ w
3

) 

2 
v 

(1.47a) 

(1. 4 7b) 

. (1. 4 7c) 

elements depends only 

on fi.elds of like polarization; this is traceable to (1. 41). :which has 

the -dens·ity wave driven by the square. of the, electric~.cfield. _ Once .. _the_. 

acoustic phonon is resonantly excited by the beat note'Of two of the 

optical waves present, the third wave involved in the mixing interaction 

-+ (3) 
acts as a probe, and determines the polarization direction of P . 

The resonance condition for the Brillouin susceptibility is 

(1. 48) 

16 



5 -6 Since the sound velocity v is 10- to 10 of the light velocity c, and 

!k:
1 

+ k:_
2

1 is of order k · h , only the beat note of two light waves can 
lig t 

excite the hypersonic wave. Then the resonance peaks of the suscepti-

bility must occur for temporal Fourier components of opposite sign, and 

we rewrite (1.48) as 

(1.49) 

+ + 
where w

1 
and w

2 
are now assumed to be positive. k1 and k

2 
are unre-

stricted and we take 

+ 
k. 

l. 

nw. 
l. ~ 

= -- s. 
c l. 

(1. 50) 

where s
1 

and s
2 

are the propagation direction of the two beams. Then if 

-1 e = cos (s 
1 

• s 
2

) is the angle between the beams, solution of (1. 49) to 

first order in v/c yields the Brillouin resonances 

= ± (1.51) 

We note that the Brillouin frequency is maximized by choosing 6 = 180° 

(antiparallel beams) and increases linearly with optical frequency. 

1.5 ELECTRONIC CONTRIBUTION TO X(J) 

For a transparent liquid~ the electronic contribution to the non-

linear susceptibility is due to the nonresonant excitation of electronic 

transitions. The weak dispersion and instantaneous response character-

istic of these virtual transitions is usually modelled by introducing 

17 



a single coupling con$tant cr: 

p(3)(t) = + + + 
crE(t)E(t) • E(t). (1.52) 

This leads to the susceptibility 

(1.53) 

The equality of x1122 , x1212 , and x1221 implied by this model is called 

20 Kleinman's symmetry, and has been tested for a few nonabsorbing sam-

ples. Levenson and Bloernbergen observed Kleinman symmetry to be accur-

. 21 
ate to about 20% in benzene; Lynch, Levenson, and Bloembergen also 

verified the symmetry to about 20% in some cubic fluorides. 22 

1.6 THE NONLINEAR SUSCEPTIBILITY OF cs2 LIQUID 

We chose liquid cs 2 as the sample in our investigation. It has 

both a large Kerr constant and an intense, narrow, Brillouin doublet, 

and was thus a good candidate for investigation by a largely unproven 

spectroscopic technique. 

There are two potentially accurate ways of obtaining the value of 

the parameters in the orie~tational contribution to x()). The ·first is 

to extrapolate the value of x(J)(w = w + ~- ~) from·measurements of the 

DC Kerr constant of the liquid. The second is to obtain the strength of 

the orientational contribution by its effect on the coherent Raman line-

shape when the Raman strength is known. 

The DC Kerr constant is defined as 

18 



B 
0 

(1.54) 

where onll and on1 are the DC-field-induced changes in the index of re-

+ 
fraction parallel and perpendicular to E . One may derive, from the 

0 

susceptibility formalism and the wave equation that 

B 
0 

= 112w [ xiiil (w = 
e:~(w)c 

(3) 
w + 0 - 0) - x1122 (w = w + o - o)] . (1. 55) 

Adding the orientational and electronic contributions (1.36) and (1.53) 

we find 

B 
0 

1 w [a+b(O)]. 
e:~(w)c 

(1.56) 

One must still correct the values of a and b (0), obtained by (1.56), for 

the fact that the Kerr field is an optical field of frequency n rather 

than a DC field. 
14 24 The corrections involve: ' (1) A dispersive correc-

tion to the probe wavelength from that used in the DC Kerr measurement. 

(2) Two Lorentz local field factors (cf. Eq. (1.39)) for the pump fre-

quency. (3) A dispersive correction of b(O) for the pump frequency pro-

portional to the linear polarizability. (4) A dispersive correction to. 

a. 

25 Using the DC Kerr measurements of Volkova, Owyoung recommends a 

value a + b(O) = 5.44 x l0-12 esu for Aw = 570 nm and An = 532 nm. 

Using an interferometric measurement of the ratio a/[a + b(O)], he then 

-12 -12 24 arrives at the values a= .69 x 10 esu and b(O) = 4.75 x 10 esu. 

By coherent Raman methods, Levenson and Song have calibrated a and 

b(O) against separately measured Raman cross sections.
26 

They recommend 
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a = .48 x l0-12 esu and b(O) -12 = 5.+4 x 10 esu. The wavelengths were 

\.Ll = 580 nm, and An = 550 nm. 

The Brillouin contribution to X(J) may be estimated from spontane-

ous scattering measurements. Kate and Zdasiuk have measured the total 

Brillouin scattering efficiency SB at 488 nm. 27 

-6 . 

They obtaj_ned the value 

SB:,; 17.9 x 10 /cm/sr. The function 

(1. 57) 

was used to fit the experimental lineshape. The Brillouin cross section 

per wavenumber per s te·radia-q is 

2 ' 
d a = (-) ---a v 

dndv 

c ( N I w). (1. 58) 

For wB > r, the relationship between the peak Brillouin cross section 

and the total scattering_ efficiency is thus 

a(V")j k pea 
.£ SB 

N .··r (1.59) 

Owyo~ng has shown14 that the relationship be,tween spontaneous cross 

se_cti_Qn_ and no_nlin_e_a_r_s_usce_p_tibiiity __ is _________ _ 

NA
4 

= - -____:~4"""": ...... . : 
768'IT he 

(1.60) 

Here., tJ. -=- n -- w. . 28 
I't -may also be. shown' that: the Br:i..llou:in scattering 

20 



efficiency is given by 

SB = (w)4 1 _1_ kT 
c (41T)2 pv2 · 

(1. 61) 

Equations (1.59), (1.60), and (1.61) predict a peak Brillouin nonlinear 

suceptibility 

(1. 62) 

The reader may now verify, by evaluating Eq. (1.47c) at x( 3)(k -+ -+ 
k+K 

-+ -+ -+12 2 2 K;w = w + n - n) for the Brillouin resonan~e lk - K = wB/v , and tak-

ing x
1111 

= x1212 , that Eqs. (1.47), (1.60), and (1.61) are all consist-

ent. Thus our susceptibility calculation agrees with the Brillouin scat-

tering efficiency formula using Owyoung's relationship between cross sec-

tion and susceptibility. 

Using (1.59), (1.60), and-(1.61) we may derive the relationship be-

tween peak susceptibility and scattering efficiency. We obtain 

lxlllllpeak (1. 63) 

4 This shows that the w dependence of the scattering efficiency cancels 

out of the susceptibility value; as Eq. (1.62) shows x
1111 

~ wB. Thus 

we may estimate x( 3)k using (w/c) 4 and SB at 488 nm from ref. 27, but pea 

using wB at our wavelength, 590 nm. U . h h . 1 . 27 
s~ng t e yperson1c ve oc~ty v = 

5 
1.26 x 10 em/sec, SB -6 1 -1 17.9 x 10 . em- sr a linewidth (FWHM) f/1T = 

10 71 MHz obtained from an average of stimulated scattering measurements, 

(3) -12 
we obtain wB = 6.9 GHz and xpeak = 6.5 x 10 esu. 
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-1 
This is about 5 times as large as that for the 656 em Raman mode 

in cs
2

, and suggests that coherent Brillouin signals should be easily 

observable with equipment similar to that of workers in coherent Raman 

spectroscopy. We next review the experimental techniques of coherent 

Raman spectroscopy. 
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Figure Caption 

Fig. 1.1 Polar representat~on of the orientation of an axisymmetric 

molecule •. 
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2. COHERENT RAMAN SPECTROSCOPY 

2.1 IN,TRODUCTION 

In Chap. 1 we showed, via the calculation ~f nonlinear susceptibil-

ities, how a third-order nonlinear polarization· can arise due to the mo-

lecular reorientation or acous~ic phonon mechanisms. Here, we discuss 

the nonlinear spectroscopy of 'these excitations. The general class of 

experimental techniques used, coherent Raman spectroscopy, was first ap~ 

plied to the study of molecular vibrations. Our work is thus a natural 

extension of these techniques towards the spectral region of near zero 

Raman shift. 

29-31 In coherent Raman spectroscopy, the nonlinear polarization acts 

as a radiation source to generate a coherent beam of light containing 

the spectral information. The coherent nature of the signal gives the 

technique its advantages. First, the small angular divergence of the 

signal permits discrimination from background light by spatial filtering. 

32 Thus, it is possible to study fluorescing samples, or to do investiga-

. . fl 33 d" h 34 . . 35 h h . h t1ons 1n ames, 1sc arges, Jet eng1nes, etc. w ere t ere 1s muc 

collateral thermal radiation. Second, coherent Raman techniques have 

intrinsically high resoiution due to the nature of the laser sources em-

played. In spontaneous scattering, a monochromatic beam is scattered 

simultaneously into all possible channels, and the resolution will be 

characteristic of the spectrometer used to disperse the light. Invari-

ably, one must trade off signal level in order to obtain higher resolu-

tion. In coherent Raman spectroscopy, two laser sources coherently 

drive the material excitation at their difference frequency. Only scat-

tering channels within this bandwidth are excited, and the signal beam 
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can be many orders of magnitude more powerful than spontaneously scat-

29 
tered light. A third advantage is. the additional control over experi-

mental variables afforded by two or more beams used in the excitation. 

The output signal may be purposely generated at a frequency .of small ab:-

sorption or fluorescence, the polarization of the beams may be used for 

additional signal discrimination or to separate the effects of different 

ma.terial excitations, and control of the beam directions permits study 

of·excitations with spatial dispersion, or permits spatiallyresolved 

spectroscopy by creating a spatially localized nonlinear polarization. 

The nonlinear optical processes to _pe discussed we divide into two 

classes. In the first, four wave mixing, two or three input beams inter-

act to generate a signal beam of distinct frequency and wavevector. The 

amplitude and pdlarization-sensitive CARS techniques are discussed as 

examples. The second class of techniques are derived from stimulated 

Raman scattering. Here, a pump beam induces a gain or loss and phase 

shift on the components of the probe beam. When a beam of new polari-

zation is created, we have the optical Kerr effect, or RIKES scheme used 

in our experiment. When only gain or loss are detected, we have Raman 

gain or loss spectroscopy. The intermediate situation, in which the non-

linear signal is permitted to coherently admix with the input probe beam 

acting as local oscillator, is called OHD-RIKES or optically-heterodyned 

polarization interferometry. In the plane wave approximation, we derive .. · 

a single expression that covers all the stimulated Raman techniques, for 

arbitrary pump polarization. This will be used in Chap. 4 to analyze 

the data. 



2.2 FOUR WAVE MIXING 

In all nonlinear spectroscopic techniques, the nonlinear polariza-

tion acts as a source term in the .forced wave equation 

2] e: a + + - 2-2 E(r,t) 
c at 

2 . 
41T a +NL.+ 

= 2-2 P (r,t). 
c at 

(2.1) 

In four wave mixing, three input beams interact to generate a nonlinear 

polarization of distinct frequency and wavevector. In the plane wave 

approximation, we may write the nonlinear polarization as 

(2.2) 

The solution of (2.1) and (2.2) in the slowly growing wave, and steady 

state approximations is 

where 

where 

& • (z) = 
1 

(2. 3) 

(2. 4) 

(2.5) 

27 



and we have assumed zero input field and have ignored an unimportant 

transverse phase factor. Equation (2.4) shows that the signal intensity 

will vary as 

(2.6) 

provided that the phase mismatch 6k • z is zero. If it is not, (2. 6) 

. 2 t + + I 1 + . +)2 . must be reduced by the., factor sin (~6k • z) ('26k • z .• 
A 

In Eq. (2.6) e. 
1 

are the complex polarization vectors of the input fields. 

The most important advantage of the four ~.;rave mixing scheme just 

presented is that a wave of new frequency w is generated. Using inter-

ference filters, prisms, or monochromators, even very weak 4 \.n-1 signals,. 

may be detected above the stray light of the pump beams. The· phase 

. 36-38 matching condition can be satisfied in a var1ety of ways. In one 

technique, called BOXCARS, 36 
the beams are intentionally made to cross 

at large angles to define a small interrogated volume for spatial resolu-

tion. 

The principal disadvantage of 4WM is the signal's dependenc·e on 

the square of the susceptibility. This causes all contributions of the 

nonlinear susceptibility to interfere constructively and destructively, 

possibly distorting or masking the Raman resonance at w
2 

(or w1) - w
3 

= 

wR. Sometimes this is not bad. In a pure substance, if the parameters 

governing the Raman resonance are known accurately, the 4W}t dispersion 

can be used to deduce the values of the electronic and orientational con-

tributions to x(J) by curve f
. . 23,26 1tt1ng. This is one of the best ways 

to obtain such data. Ho~ever, in analytical applications, one might 

want to detect a trace~ubstance by the signature of its. Raman reson~ 

28 



ance. Since the desired signal is proportional to the square of the 

concentration, the sensitivity will be poor for high dilution. Moreover, 

the background contribution of the diluent may be much larger than the 

resonant .contribution of the trace molecules. Due to the typical 5-20% 

rms fluctuations of the pulsed laser usually employed, fluctuations of 

the background-dominated 4WM signals will swamp the Raman resonance. A 

solution to this problem likes in making use of the different spatial 

dependences of the background and re~onant contributions to the x(3) ten-

sor. We close our discussion of 4WM spectroscopy by illustrating the 

technique of polarization-sensitive CARS as one means of background sup-

. 39-41 press1on. (For other examples of background cancellation schemes, 

see ref. 41. For a critical analysis of analytical capability, see ref. 

31.) 

In CARS, two of the pump waves are provided by a single beam, and 

the nonlinear polarization is given by 

(2. 7) 

Let the complex polarization vectors of the w
1 

and w2 beams be e
1 

and e
2

• 

The tensor and permutation symmetries of ~( 3 ) imply that the radiated 

field in CARS will be proportional to the vector 

-+ AR + ANR 
x1221<e1 

A A* 
+ 2Xn22 Cel 

A* A 
(2. 8) A . el)e2 e2)el 

AR = R C 
xl221 el 

A ) A* 
• el e2 + 2X~122 Cel 

. A* A 
e2)el (2.9a) 

ANR NR (A A A* NR A A* A 
(2.9b) = X1221 el • el)e2 + 2X1122 (el • e2)el. 

29 
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In Eq. (2.8), we have separated the CARS source vector A into the 

resonant and nonresonant contributions (2.9). These fields are in gen~ 

eral not parallel, and the background contribution (2.9b) may be rejected 

by a suitable analyzer. Let us consider a simple, but realistic example. 

Define a depolarization ratio p: 

(2.10) 

Let us consider a perfectly polarized Raman contribution having p = 0 

being interfered with by a background electronic contribution exhibiting 

Kleinman's symmetry, Eq. (1.55). For this contribution, p = 1/3. Then 

Eq. (2. 9) may be written 

(2.lla) 

~R (2.llb) 

Then an analyzer, p, satisfying 

0 (2 .12) 

will transmit the CARS signal radiated by 

(2.13) 

with the nonresonant ·contribution entirely eliminated. It can be shown 

that for linearly polarized pump beams, the orientation of el' e2' and p 



which simultaneously eliminates the background and maximizes the CARS 

signal is: ~l and p make 120° angle, e2 lies on the bisector of this 

angle. In this case, the Ra~an signal is.reduced by a factor of 16 from 

the case of parallel pump beams, but the background may be rejected by 

factors approaching 104 (ref. 40). 

The use of polarization techniques in CARS make this type of 4WM 

scheme more powerful. For instance, the polarization state of the vee-

+ tor A in Eq. (2.8) may be analyzed directly as a function of frequency, 

yielding the technique of "Coherent Raman Elipsometry" (CREM). 39 In 

this way, it has proven possible to detect Raman lines separated in fre-

b d . 11 h h h 1•' •dth 39 , 41 quency y 1stances sma er t an t e omogeneous 1ne w1 s. In a 

related application, polarizations may be arranged such.that a small ad-

mixture of the background signal may be used to cancel a strong resonant 

. .. 40 
signal, thereby revealing a weaker resonance in its w1ngs. This is a 

kind of "optical heterodyne CARS" where the nonresonant background pro-

vides the local oscillator. A full treatment of CARS variants, and com-

parison with the stimulated Raman techniques discussed below, appears in 

ref. 31. 

2.3 STIMULATED RAMAN SPECTROSCOPY 

In stimulated Raman spectroscopy (SRS) a pump beam at frequency n 

induces a gain, loss, or phase shift on a probe beam at w. In contrast 

to the four wave mixing schemes described above, the reaction of the 

field generated by the nonlinear mixing on one of the input fields is 

intrinsic to the process, and cannot be neglected. Moreover, SRS pro:-

cesses are automatically phase matched. These properties bring a new 

set of advantages to nonlinear spectroscopy which will emerge in the 
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discussiOn below. 

The SRS nonlinear polarization, _neglecting wavevector dependence, 

is given by_ 

·-(2.14) 

For the,, genenll elliptically polarized pump beam, f6llo~H1g- F.ig-. 2 .1, we 

may write-

i<n> = <~€ + ib~)&(n) 

[i(acos~- ibsin~) + j(asin~ + ibcos~)]&(n) (2.1.5) 

2 2 
where a arid b are. real, and a + b = 1. Making the slow wave approxima-

.tion, and ignoring pump beam depletion, the SRS process is governed by 

. the coupled equations: 

.. 
a& (w) 

X . 

az 

a& (w) · rz ___ -_: - i y [ (hx · + if X )&: (w}. + (x _-_ - gxB· )&., (w)] -
a B c -- x· - A· y · -

where 

:_ (2 .17) 

(2 .18a) 



f = 2ab 

2 2 g = (a - b )cos2~ 

For arbitrary & (w) at z = 0, the solution for Eq. (2.16) is 
0 

where the eigenvalues S+ and S are given by 

and 

& xo(xA + gxB - s ) +& (hxB - ifx ) 
&1 

yo c 
= s - s + 

& (hXB + ifX ) - &yo<xA + gxB - s ) 
&2 

XO C + 
= s - s + -

-& xo<xA + gxB - s ) -. & (hxB - ifx ) 
&3 

+ yo c 
= s - s + -

33 

(2.18b) 

(2 .18c) 

(2.19a) 

(2.19b) 

(2 .19c) 

(2.20) 

(2.21) 

(2.22a) 

(2.22b) 

(2.22c) 



& 
4 

= -~~o.<hxB + ifxc) + &yo <xA + gxB 

s+ - s 
s ) 

(2.22d) 

This solution greatly simplifies if the pump beam is either purely lin-

early or circularly polarized. Equation (2.16) then becomes diagonal-

izable with solution · 

;[exp{g /2 + i6 )z]& + H[exp(ga/2 + i6 0 )z]&6 a a ao '"' '"' '"'o 
(2.23) 

where. a is the complex polarization of the"pump beam, 8 is the polariza-

tion vector orthogonal to the pump; and g (6 ) and g0 (0 0 ) are the inten-
a. a '"' '"' 

sity gain factors per unit length (phase shifts per unit length) for 

probes parallel, and orthogonal to the pump beam, respectively. & and 
Ct.O 

&
130 

are the initial amplitudes of the probe beam. We are now in a posi-· 

tion to discuss the family of SRS techniques. 

A. RAMAN GAIN SPECTROSCOPY 

One can first of all measure the amplification or attenuation of 

the probe due to the pump via the Raman process. For n > w, we have 

gain via stimulated Raman scattering. When w < n we have loss via the 

inverse Raman effect. 43 · These. emerge ·.naturally from the signs· of 

Im(x(3)) at resonance. 

For the:cases in which the,stimulated Raman interaction is diagon~-

alizable, ga, 
13 

and 6 il, 
13 

of Eq. (2 .\2 3) are given by 

= _ 241Twj&(n)j2 (3)
11

(w = 
~ xeff 

e: c 
w + n - n) (2. 24a) 
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where 

(3) 
xeff 

(3)' . (3)" 
= Xeff + l.Xeff 

Table 2.1 lists x~~~ for the diagonalizable cases. 

For small gain, Eq. (2.23) implies the gain signal 

S = P(w)[l + G(w- n)] 

(2.24b) 

(2. 25) 

(2.26) 

where G(w - n) is given by the appropriate gain evaluated from (2.24a) 

times a spatial integral over the pump and probe beam profiles. Note 

that G is linearlyproportional to Im(x(3)). Also, from Table 2.1, it 

is evident that a set of three gain measurements can accurately charac-

. I ( (3)) ter1.ze m X • 

The linear dependence on the susceptibility causes the Raman gain 

signal to decrease much less strongly with species density and cross sec-

tion than in four wave mixing. Also, since Raman gain is governed by 

Im(x())), the usually real background susceptibilities present do not 

distort the signal. 

The Raman gain signal can be quite strong. For pump and probe 

beams of identical Gaussian profiles interacting coaxially in a sample 

cell many confocal parameters long, the gain signal is given by: 44 
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Table 2.1 

Polarization Configuration 

Probe, pump: same linear 

Probe, pump: opposite linear 
"'-""" 

Probe, pump: same circular 

Probe, pump: opposite circular;. 

X1111 

X1122 

X1i22 + X1212 

X1122 + X1221 
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6P(w) = G(w - n) 
P(w) 

(2. 2 7) 

where A2 = (2nc) 2w-ln-l and x( 3) may be found from Table 2.1. As an ex
eff 

ample, for benzene x(
3) ~ 3 x l0-13 esu, and for P(w) =50 mW, A =633 

w 
-5 An = 595 nm, 6P(w)/P(w) = 3.3 x 10 • This is observable using low 

. cw 1 d h d . 44 no1se asers an sync ronous etect1on. 

nm, 

From Raman gain spectroscopy, it is useful to consider the ultimate 

signal to noise ratio, given by45 •46 

s 
N 

G = ----------~--------~1 . 
[ o,..,G2 + ow + 2 l'lw6v ]~ 

a QP (w) 

(2. 28) 

Here G is the fractional gain induced on the probe beam, and o and o,.., 
. W H 

are the mean squared fractional deviation of the pump and probe beam pow-

ers within the detection bandwidth 6v. The last term in the denominator 

. h h . 'b . 47 q· . h ff' . f h d 1s t e s ot-no1se contr1 ut1on; 1s t e quantum e 1c1ency o t e e-

tector. For small gain, the pump beam fluctuation noise may be neglect-

ed, and when the probe beam fluctuation dominates, Eq. (2.28) reduces to 

the result that the S/N ratio.is one when the induced gain equals the 

rms probe fluctuation in one integration. time. Owyoung has extensively 

d h 1 . . f . h . 44-46,48,49 studie t e app 1cat1on o Raman ga1n as a sensitive tee n1que. · 

He concludes that due to probe fluctuations, the shot noise limit is ne-

ver reached. The advantages of Raman gain are (1) large signal level, 

especially with pulsed laser pump, (2) direct display o"f polarized and 

depolarized spectra, (3) simplicity of set-up allowing signal enhance-

ment by multipass configuration, and (4) elimination of effects of real 

background contributions to the susceptibility. \-.'e -.·auld add a fifth 

advantage of gain measurements, yet to be demonstrated, which is the 
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possibility of making an absolute Raman cross section measurement. 

B. RAI1AN INDUCED KERR EFFECT 

In the optical Kerr effect, the medium is rendered anisotropic to a 

probe beam by the prese.nce of a pump beam in Raman resonance to . the 

probe. The anisotropy comes about ·due to coherent radiation by the non-

linear medium into a polarization state orthogonal to the input probe 

beam. The signal is detected by monitoring the prbbe beam through suit-

able analyzers. 

The Raman induced Kerr effect scheme (RIKES) was originally proposed 

50 as a background-free coherent Raman method. Suppose the probe beam at 

w enters the sample polarized along i, and I& (w)l 2 is detected. If the 
y 

gain is small, then application of Eqs. (2.20 - 2.22) yields the RIKES 

signal: 

(2.29) 

For a circularly polarized pump wave, a = b, and the dispersion of the 

signal is governed by lxl212(w = w + n- n)- xl221(w = w +'n- n)l 2
. 

Thus background electronic contributions satisfying Kleinman's symmetry 

cancel, but the Raman mode contributes through x
1212

(w = w + n- n). 

This, and the automatic phase matching property, gave RIKES an advantage 

over the amplitude CARS technique. Another advantage of RIKES is its 

ability to obtain spectra as lw - nl 16 tunes through zero. This is cri-

tical in our work. Also, as we will show in Chap. 4, the .. background 

38 



16' Kerr effect contribution is cancelled for a circularly polarized pump. 

Thus, we could display the coherent Rayleigh-wing spectrum with high con-

trast. Finally, the Brillouin contribution is always present in the 

spectra, having the tensor properties of a completely polarized mode. 

The above advantages made RIKES a good technique for demonstrating coher-

ent Rayleigh-Brillo.uin spectroscopy. 

As a sensitive technique, RIKES has some serious disadvantages. 

Like CARS, the signal is proportional to the square of the susceptibil-

ity, causing it to be small at low concentrations. The worst problem is 

the background due to imperfect crossing of polarizer and analyzer. Ex

tinction of better than 10-7 is very difficult; we estimate our extinc

tion at- 10-6 . This should be contrasted with the spectral discrimina-

12 14 . tion of 10 - 10 ava1lable using double monochromaters in CARS. The 

solution to these problems is addresse·d by the OHD-RIKES technique. 

In optically-heterodyned RIKES (OHD-RI1<.ES), or polarization inter-

ferometry, a small component of the probe beam is permitted to leak 

46 51-53 through the analyzer and fall on the detector. ' There, it acts 

as a local oscillator, interfering with the nonlinear signal. By con-

trolling the local oscillator amplitude, the resulting signal is made 

linear in the susceptibility. By controlling its phase, either the real 

or imaginary parts of the effective susceptibility may be displayed. 

Consider again the optical Kerr effect scheme in which the inten-

2 
sity S = j& (w,z)j is detected. Let the input probe field be given by 

y 

l (w,O) = x& + y& kei0 . 
0 0 0 

(2.30) 

Here k is the relative amplitude of the local oscillator (k ~ 1) and o 
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is its phase. From Eq. (2.20), the detected signal is given by 

& (w ,z) 
y 

(2 0 31) 

Use of Eqs. (2.22) and (2.23), and neglecting: terms of order lower than 

lkx(3)1, we obtain the OHD...,.RIKES sigt1pl: 

(2 •. 32) 

Here, hand fare pump polarization ellipse parameters (Eq. (2.19)), XB 

= x1212 + x1221 , and Xc = x1212 - x1221 • The cases of linear and circu

lar polarized pumps, and of local oscillator phases of 0 and 1T/2 are of 

interest due to the separation of the _real and imaginary parts of the 

susceptibility. These results are summarized in Table 2.2. Note that 

for the measurements shown, the OHD-RIKES always displays the difference 

between the polarized and depolarized spectra. 

The advantage of OHD~RIKES is that the noise due to probe fluctua

tions is rejected by the analyzer by a factor k 2 , but the OHD-RIKES sig-

nal is proport.ional to k. Thus the OHD-RIKES scheme is able to overcome 

the major source of noise in Raman gain, probe fluctuations, by a factor 

of k. For OHD-RIKES, the ultimate S/N ratio has been calculated:
46 
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linear 
pump 

circular 
pump 

Table 2.2 OHD-RIKES Configurations 

Local Oscillator Phase 

0 = 0 

xllll - xll22; 
linear dichroism 

' ' . X1212 - X1221' 
circular birefringence · 

0 = TT/2 

Xi111 - Xi122; 
linear birefringence 

" " . X1212 - X1221' 
circular dichroism 
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s 
N 

= 

kG 
2 (2. 33) 

The noise terms in the denominator, are, in order, probe fluctuation-

noise, probe shot noise, and detector dark current shot noise, and John-

son noise in the detector load resistance. Note that in the limit that 

probe fluctuations have 'been made negligible, the probe shot noise limit 

of S/N (2 .• 32) is independent- of k. Then., the ability to maximize the 

S/N is dependent on .the ability to minimize the dark current and Johnson 

noise contributions. These may be minimized by suitably large probe 

power P(w). _In general, there is an. optimal level of local oscillator 

present for a given experimental situation; this is discussed in ref. 53. 

OHD-RI,KES is thus able to overcome the probe noise problems of Ra-

man gain. Its principal disadvantages are: (1) The output is proportion-

al to a dichroism or birefringence, and represents the difference be-

tween the polarized and depolarized spectra. (2) The more complicated 

optical set-up does not lend itself well to enhancement of a weak signal 

by multiple passes through the sample. The first problem is not so im-

portant in analytical applications when the polarization properties of 

the species being detected are well understood. However, in initial in

vestigations- -of the. x (3) tensor elements, the OHD:-RIKES measurements 

would have to be backed up by Raman gain measurements to unambiguously 

characterize<the tensor properties of the susceptibility. The.problem 

with multipass set-ups can be overcome by careful optical design, high-

quality optical elements, and a separate arm to control the phase and 

amplitude of the local oscillator, so that it does not have to multipass 

53 the, sample. 
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In conclusion, we have de-scribed the principal coherent Raman tech

niques. The control over experimental parameters and signal to noise 

advantages of these techniques give the coherent Raman field a bright 

future. 
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Figure Caption 

Fig. 2.1 Parame.ters of elliptical polarization state. 
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3. THE EXPERIMENTAL APPARATUS 

We were interested in extending the RIKES scheme to the Brillouin 

and Rayleigh-wing regime. The experimental set-up involved a·pair of 

nitrogen laser pumped dye lasers. The nitrogen laser, dye lasers, and 

RIKES spectrometer were all built in our laboratory and in the Depart..,. 

ment shops. 

3.1 THE NITROGEN LASER 

54-60 The molecular nitrogen laser operates at 337 nm and was used 

as a dye laser pump. The lasing takes place between the excited c3n and 

B3n states of the molecule in a fast, medium pressure, electric discharge. 

1 Inversion is produced when ground X 1: molecules are excit·ed to the C 

state, in preference to the B state, due to the larger Franck-Condon 

56 overlap factor for the former two states. The short radiative life-

time of the upper state, 40 ns, and the fact that only the > 10 eV tail 

of the electron Boltzmann distribution is effective in creating the in-

version, dictate a fast, high-current discharge. The long lifetime of 

the lower level, 6 ~sec, causes the N
2 

laser to self-terminate due to 

lower level "bottle,-necking·." 

To produce the fast discharge necessary for laser action in N
2 

poses 

a conflict between performance and reliability. It is desirable to oper-

ate with as high a voltage as possible. For given energy storage, this 

lowers the capacitance needed, thus lowering the capacitive discharge 

time. However, to obtain the necessary insulation to prevent the laser 

from shorting, one wishes to separate the conductors, thus increasing 

the inductance and slowing the discharge. .rhe problem reduces to;· build-' 
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ing a transmission line with lowest possible characteristic impedance 

operating at as high a voltage as possible with acceptable reliability. 

Finally, it is very important that the laser be quickly repairable should 

a high val tage f·aul t occur. 

We studied four different N
2 

laser designs having the two circuit 

diagrams shown in Fig. 3.1. The first type of laser used the circuit of 

Fig. 3.la in experimental devices shown in Fig. 3.2. Reference to these 

figures show that the laser tube is in series with one conductor of a 

parallel plate transmission line formed by capacitors c
1 

and c
2

. Laser 

action occurs when the discharge wave of the line reaches the laser tube 

after switch S closes. The charging resistors R and r are open circuits 
c 

during the fast discharge. This is the "Blumlein" design. Typically, 

c
1 

and c2 were square, 600 mm on a side, and had 1. 6 mm sheet metal con

ductors separated by three .13 mm thick mylar sheets. The switches were 

small spark gaps and the units were operated at 15 kV and 10 pps. The 

cavity was formed by a flat aluminum mirror and an uncoated quartz flat 

and the beam was rectangular with dimensions 5 x 20 mm. The single sided 

Blumlein devices gave out pulse energies of .7 to 1.4 mJ; the double-

sided lasers attained 1.8 to 2.3 mJ. The FWHM pulselengths were 3 to 5 

ns.and the operating pressures were 50 to 80 torr. 

While the performance was impressive for such ~rimitive devices, it 

was really not adequate for our experiments. We needed more power, 

longer pulselengths, and more reliability. 

The next N
2 

laser built used the "capacitor transfer" circuit of 

Fig. 3.lb. The energy is initially stored in capacitor c
1 

which is 

charged through resistors r and Rc. When S closes, c
1 

is connected 

across c2 and the laser tube. c
2 

acts as a transmission line or "dump-
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ing capacitor" to provide a low inductance path for current flow from c1 

to the laser tube. As before, the charging resistors are out of the 

circuit on the time scale of the discharge. We built a double-sided ca-

pacitor transfer laser according to the design described in ref. 55. A 

cross section of the las~r head is shown in Fig. 3.3; the reader is re-

ferred to ref. 55 for further details. 

Figure 3.4 shows the operating characteristics of this laser at 10, 

20, and 30 Hz repetition rate and 12 kV charge voltage. The pulselength 

was 5 ns FWHM. We were unable to operate the laser at higher than 12 kV, 

due to high voltage breakdown. Even at this relatively low voltage, the 

ave·rage power was acceptable. The pulse length was shorter than desired, 

but most importantly, the laser. was not reliable. Both the self-trig-

gered spark gap, and the areas where the transmission lines connected to 

the gap and laser tube needed repeated servicing. This was a tedious 

process and destroyed the alignment of the N
2 

laser to the dye laser sys

tem. Despite the improvement of this laser over the Blumle.in device.s 

described above, the laser had to be abandoned due to lack of reliabil-

ity. 

The N
2 

laser employed in our experiment successfully overcame the 

faults of the previous designs. It is an adaptation of a design by Wood-

54 ward, et al. The one meter long laser tube, shown in cross section in 

Fig. 3.5a, is constructed from two 12.7 mm Al sides housing 87 em long 

triangular stainless steel electrodes. The electrodes were caref~lly 

machined and de burred to avoid any knicks. or discontinuities, and the 

electrode tip was slightly rounded. This was to avoid the formation of 

a local high current arc in the tube that could eventually lead to fail-

ure. The side-plates ("spars") containing the electrodes were located 
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parallel to each other by two 1 meter long, 9.5 mm thick plates of Syn

thane-Taylor type G-10 (green) epoxy fiberglass which formed the top and 

bottom insulating walls of the laser tube. The electrode spacing of the 

assembled tube was 32 mm. The nitrogen was admitted through a pair of. 

6.3 mm nylon tube fittings located in the insulator walls at the center 

of the tube. A small U-shaped cap over each inlet hole acted to deflect 

the input gas flow towards the axis of the tube. This was done to mini

mize the local region of higher pressure at the tube center. The nitro

gen was exhausted through four 19 mm tube ffnings located at the ends 

of each spar. The spars were cooled by water flowing in 76 mm long se~

tions of brass waveguide 10 x 20 mm in cross section, which were held. to 

the tube with a series of clamps. Thermal heat sink compound filled any 

cracks between the water channels and the spars. 

The end caps of the tube were machined from plexiglass. These 

served both as structural. feet and mirror holders. The mirrors were an 

overcoated Al flat, and an uncoated quartz flat. They were aligned by 

squeezing the 0-rings sealing the mirrors to the end caps while monitor

ing-laser power and beam profile. The laser tube was assembled using 

RTV silicone cement. After many hundred hburs of operation of the tube 

under the conditions below, the only degradation of the laser tube was 

some fraying of the fiberglas~ tube walls near the exhaust ports. 

Figure 3.5b shows the schematic diagram of the N
2 

laser. The dump

ing capacitor was a parallel connection of one hundred 122 em long Bel

den YK-217 cables, arranged in parallel groups of fifty along the upper 

and lower edge of the discharge tube. As .shown in Fig. 3.5a, the outer 

conductor of each cable was clamped.to the left spar and the inner con

ductor to the right. On both ends of each cable, where the outer conduc-
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tor shield was s·tripped back, the insulation was reinforced by a thin 

strip of Mylar inserted between the outer conductor and the cable's. die-

lectric insulator. This helped prevent breakdown at the cable's most 

vulnerable point. The total capacitance of the cable transmission line 

was 44 nF, and since the characteristic impedance of YK-217 cable is 

14.8 n, the inductance of the 100 cable assembly was- 1 nH. 

The cables were supported in two places along their lengths by 

clamps holding their jackets and te~inated by a dummy laser tube con-

structed of spars similar to those in the laser head, but separated by a 

number of thick plexiglass washers. One of these spars was connected di-

rectly to the massive Al structure forming the ground shield around ca-

ble termination, storage capacitor, and spark gap. The other floa~ed 

within the structure and made contact with storage capacitor c1 • 

The storage capacitor was a 0.5 ~F, 30 kV model from High Voltage 

Components, Inc. The spark gap was similar to that used in Steven Chu's 

. 61 
flashlamp-pumped dye laser. The electrodes were made of Elkonite tung-

sten-copper alloy and were remachined when they beca~e pitted. The 

spark gap was fired by dis_charging a - 10 kV pulse through a commercial 

spark plug with gap electrode removed. It was mounted in a central hole 

in thegroundspark gap electrode. The trigger pulse was generated using 

an SCR to discharge a 500 V, .05 ~F capacitor into the primary of an EG 

& G TR-136B trigger transformer. The spark plug was connected to the 

secondary. The spark gap was pressurized at 10 psig N
2

• This N2 , after 

passing through a filter and needle valve, was used in the laser tube. 

The spark gap could be operated for about 106 laser shots (20 hours 

at 15 Hz) before service was required. The N
2 

pressure had to be gradu

ally increased for reliable operation during this period. Service to 
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the spark gap then took about one hour and consisted of cleaning soot 

off the plexiglass spark gap housing, remachining the electrodes, and 

adding spacers under the electrodes to regain the nominal 3.5 mm spacing. 

The only other service ever required was removing failed cables. These 

were thrown away without replacement. 

Figure 3.6a shows the laser tube pressure giving maximum output as 

a function of charge voltage. Figure 3.6b shows the laser average power, 

at optimum pressure, as a function of charge voltage and repetition rate. 

Monitoring the laser output with a fast photodiode and Tektronix 

519 oscilloscope showed the pulse to pulse stability to be better than 

10% provided the laser was run at a pressure slightly lower than that 

which gave the maximum average power. The typical operating parameters 

of our N
2 

laser were: charge voltage 17 kV, repetition rate 15 Hz, pres

sure 60-65 torr, and output 4 mJ/shot. The pulse was smooth, and of 

FWHM 7.5 ns. 

3.2 THE DYE LASER SYSTEM 

Our dye laser system is shown in Fig. 3.7. There are two independ-

ently tunable oscillators for the pump and probe beam. The pump oscilla-

tor is followed by two travelling wave amplifiers. 

.. 62 8 Both oscillators were of the Hansch design, Fig. 3 .. Each oscil-

later was pumped by - 75 kW from the N2 laser, focused into 10 rnm long 

active region AR of dye cell DC. The focusing by 75 rnrn fused silica cy

lindrical lens CL, and the dye concentration, 5 x 10-3 M Rhodamine 6G in 

ethanol were adjusted to make the transverse ~imensions of AR approxi-

mately 120 x 120 ~. With no optical feedback present, the orientation 

of the dye cell is adjusted so that the bright, comet shaped spots of 
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amplified spontaneous emission emerging· from either side of the dye cell .. 

are of the same shape and intensity. Then, front mirror W, an uncoa.ted 

3° wedged fused silica window , is placed at a distance d
1 

= 50 mm from 

the dye cell and aligned to produce a broadband, near diffraction limit-

ed laser beam emerging from the opposite side. This beam is collected 

and magnified by a high quality telescope represented by lenses L
1 

and 

L2 in Fig. 3.8. The pump oscillator used a Spectra-Physics 334/336 tel

escope with lenses of effective focal lengths 8.5 mm (L
1

) and 200 mm (L
2
). 

The probe oscillator used a Molectron DL-020 Galilean telescope with a 

geometric magnification of 22.5. 

The magnification, and concomitant reduction in beam divergence, is 

critical in the line-narrowing of the laser output. Using grating Gin. 

Littrow mount (re·trorefl~ction), the telescope focusing adjustment d
3 

is 

carefully scanned for best laser output. Assuming a Gaussian beam dis-

tribution (a good approximation as verified by scanning the laser output 

with a knife edge), the beam diameter w4 at the telescope output is given 

by 

(3.1) 

where f
1 

and f 2 are the focal lengths. of .. the lenses, w
1 

is the beam 

~:list in the dye cell, and d2 is the dis·tance between L
1 

and the dye cell 

(Fig. 3.8). Note that the contribution from diffraction, the second 

term within the brackets in Eq. (3.1), is comparable in size to the first 

term, which is the geometric optics result. For w
1 

= 60 lJID, A. = 590 nm, 

d2 = 75 mm, f 2 = 200 mm; and £
1 

= 8.5 mm, Eq. (3.1) predicts w4 =·5,1 mm 

and 694 = A./Trw4 = 37 )Jr. The dispersion of the diffraction grating in 
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Littrow mount is given by 

dA A -= 
de 2tane 

(3.2) 

leading to linewidth (FWHM) 

(3.3) 

In our lasers, we used an echelle grating having 625 lines/rnrn and a blaze 

angle of 61° 10' (Bausch and Lomb 35-63-05-720). At 590 nm, we operated 

in the fifth order, at an incident angle of 67.2°. Under these condi-

tions, Eq. (3.3) preducts a linewidth of .09 A or 8 GHz. This was 

roughly verified by viewing the Fabry-Perot ring pattern formed by an 

etalon, Molectron DL-026C, having free spectral range 34 GHz and finesse 

20. 

Further line-narrowing of the pump and probe oscillators was 

achieved by inserting a Fabry-Perot etalon between grating and telescope. 

The pump oscillator, whose frequency was not varied during a data run, 

contained a solid etalon of FSR 20.5 GHz and finesse of 15 (Burleigh SE-

5). This limited the pump bandwidth to- 1 GHz.· The probe oscillator 

contained an air-spaced etalon (Burleigh FG-7) to facilitate pressure 

scanning. The free spectral range was 15 GHz and the finesse was 13. 

The probe bandwidth was also - 1 GHz. Both oscillators were linearly 

polarized by insertion of Glan-Thompson prisms between output coupler 

and dye cell. 

The pump oscillator was amplified by a two-stage travelling wave 

amplifier.
63 

The first. amplifier, ADC
1

, was q trapezoidal cuvette pur-
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chased from Precision Cells, Inc. The second amplifier, ADC2 , was a 

home-made transversely pumped flowing dye cell identical to those used 

.in the oscillators. -3 The dye solutions were 5 x 10 M R6G in ethanol. 

Referring to .Fig. 3.7, the-pump oscillator light was collimated by 
. . 

80 mm f.l. lens L
1 

after passing through mode c~e~n-up aperture A. For 

some experiments, the light was passed through optional Peckel cell PC; 

see section 3.3. The light was then focused by 75 mm f.l. lens L2 into 

ADC
1

, where it was met with approximately 100 kW of suitably delayed N2 

pump light. Fifty mm lens pair L
3 

and L
4

, separa-ted by dispersive direct 

view prism DVP, and followed. by 100 ~m pinhole PH, acted as a low disper-

sion spectrometer to remove amplified spontaneous emission from the- out-

put of the first amplifier. The beam was collimated by 80 min f .1. lens 

L
5

, turned by an Al mirror, and passed through Glan-Thompson polarizer 

P
3 

for polarization state clean-up. L5 also served: to focus the light 

into final amplifier ADC2 , pumped with 200 kW of N2 laser light. The fi

nal output was a slightly elliptical diffraction-limited beam of 70-100 

~J per shot in a 5 ns FWHM pulse. Due to saturation in the amplifiers, 

the ± 15% fluctuation in the pump oscillator is reduced to ± 5% at the 

amplifier chain output.. Amplified spontaneous emission was less than 1%. 

64 The probe laser was pressure scanned. This was to assure uniform 

tuning rate and prevent misalignment of the probe beam as the spectrum 

was recorded. Pressure scanning was accomplished by mounting both grat-

ing and air-space etalon in a rigid pressure-tight box. The grating dis-

persian is given by 

(3.4) 
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I 

the etalon dispersion is given by 

n 
(3.5) - = 

Evidently, wavelength will tune linearly with refractive index, provided 

the other variables in Eqs. (3.4) and (3.5) remain constant. It is most 

important that the input beam to the pressure box be perpendicular to 

the inside face of the window. Otherwise, as the pressure is scanned, 

the incident angle on grating and· etalon change, and the differing sine~ 

and cosine dependences of Eqs. (3.4) and (3.5) cause the tuning elements 

to mistrack. 

In our set-up, the pressure chamber base was a thick Al plate, 405. 

x 367 x 63 mrn, and the optical elements, mounted in gimbal mounts, were 

attached to a 19 rnrn thick steel plate bolted to the base. Light was ad-

mitted through an AR~coated, A/10, window with a 30 minute wedge mounted 

in a vacuum flange. Another flange was connected to a manifold through 

which nitrogen or propane could be leaked in through a needle valve or 

pumped away using a vacuum pump. An ~KS 221 Baratron gauge capacitance 

manometer monitored the pressure between 0 and 1000 torr with 1 torr re-

solution and .1% linearity. An analog output drove the x-axis of an x-y 

1 Th . d . . 64 p otter. e 1n ex var1at1ons are 

Nitrogen~ n = 1 + 3.658 x 10-7 p (torr) 

Propane: n = 1 + 13.46 x 10-7 p (torr)~ 

(3.6) 

(3. 7) 

These equations were used to ca-librate our spectra. At 589 nm, 0 to 

1000 torr nitrogen scan yields ~v = - 6.21 cm-l = - 186.2 GHz. Similar-
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ly, a 0 to 1000 torr propane scan yields ~v =- 22.85 cm-l =- 685.1 GHz. 

3.3 THE RIKES SPECTROMETER 

Figure 3.9 shows our nonlinear optic~l spectrometer. Linearly po

larized light from the p_robe ·.laser was focused by 50 mm lens 1
1 

onto 50 

~m pinhole PH
1

. This aperture served as a fixed object. point that was 

imaged into the sample and reimaged onto a spatial filter. The ·probe 

beam's diameter at PH
1 
pu~osely overfilled the pinhole. This enabled a 

diffraction-limited beam to be relayed through the probe beam arm of the 

spect.rometer indepen~ent of slight: beam walk-off or misalignment of the 

probe laser when it was tuned. After passing through compensator C, 

aperture Ap removed the Airy rings diffracted from PH1 . The beam was 

then focused by 67 mm f.l. lens 12 into sample cell SC located 100 mm 

from 12 . Analyzer A, a Glan-Thompson prism, was crossed with the polar

izer in the probe laser cavity to form the optical Kerr effect set-up. 

Since the extinction of these two polarizers is the most important limi-

tation on the signal to noise ratio, special effort was taken to mini-

mize and compensate birefringence in the system. We chose .25 mm thick 

microscope slide covers as cell windows and glued them to a stainless 

steel cell body. This cell d~sign had less birefringence than commer

cially produced cells tried. The cell itself was mounted on an x-y 

translation stage with adjustments in a plane perp~ndi.c4lar to the beam. 

This enabled us to search·for the.spots of least birefringence in the 10 

mm clear aperture of the cell. 

When the extinction was optimized by adjusting the ~nalyzer and 

scanning the cell, compensator C was installed just in front of pinhole 

PH1 . This was a fused silica window, 25 mm in diameter by 10 mm thick, 
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held against a shallow step in a brass tube by a worm drive hose clamp. 65 

The clamp was purposely tightened to induce an irregular strain field in 

the window as viewed through crossed polarizers. In this way, "every 

possible" waveplate was available when the brass tube was rotated and 

the aperture of the strained window scanned by translating the.entire as-

sembly perpendicular to the beam. By a painstaking search over the com-

pensator's aperture and orientation, a factor of two to five improvement 

in extinction could be achieved. We estimate our extinction to be 10-6 

-7 to 5 x 10 . Once the point of best extinction was found it was quite 

stable. 

After passing through the analyzer, the beam path was folded by a 

mirror which also served to block stray light from the pump beam. The 

signal beam was collimated by 150 mrn lens 1
3

, passed through an aperture, 

and focused by 67 mrn lens L4 onto 50 ~m spatial filter pinhole PH
2

. 

This spatial filter was critical in rejecting the other major experimen-

tal noise source, scattered light fr,om the pump be~m. Placing a card in 

front of PH
2 

in the darkened room, one could see a signal spot and vari-

ous spots due to scattered pump light. It was important to align all 

the optics so that the signal spot was not overlapped by any of these 

noise spots. Then, PH2 was positioned using an x-y translator to pass 

only the signal spot. After passing through filter stack FS, the signal 

was detected by an RCA 6342A photomultipl~er tube. 

The pump beam arm of the experiment was simpler. The near diffrac-

tion-limited output of the final amplifier was folded by a mirror, passed 

through a mica quarter wave plate for polarization selection, and focused 

by 80 mm L5 into the overlap region of the cell. 1
5 

was located 90 mrn 

from the focus in the cell and 530 mm from the final amplifier. It was 
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mounted on a precision x-y-z stage (Microswiss). This stage was used to 

perform the critical overlap of pump and probe beams in the cell. It 

was _important that only adjustments on the _pump arm be made once the 

probe beam extin.ctionwas optimized. The angle of intersection of the 

-25 ~m diameter laser be~ms in the sample cell was 4°, the estimated 

overlap length was .5- .1 mm. Not shown in Fig. 3.9 were various masks 

in the .cell region and detectors that monitored the pump and probe· beams. 

These monitor beams-were obtained from specular reflections off the sam

ple cell windows and detected by EG & G SGD-lOOA silicon photodiodes. 

The nonlinear signal, and pump and probe monitor signals were fed 

into gated electrometer circuits. After detection, the· RIKES and probe 

signals were integrated with.a 10 second time constant. An analog divi~ 

der removed.the probe dependence from the displayed signal. The pump 

beam intensity was constantly monitored· to assure a power drift of less 

than 5% over the data run. Sometimes the unregulated N2 laser power sup

ply or the-N
2 

pressure was adjusted manually to compensate for pump beam 

power drift. 

A data run consisted of evacuating the probe beam pressure box and 

then letting the scan gas leak in from a gas tank and regulator. Solen

oid valves controlled pressurization or evacuation, permitting the probe 

wavelength to be scanned up and down. The normalized nonlinear signal 

was fed to the·y-axis of an,x-y recorder; a signal from the Baratron 

gauge proportional to the-. absolute pressure, and hence probe wavelength, 

drove the x-axis of- the ret:;order. Typical runs took 5;...10 minutes to com

plete. 

In the study.of the Brillouin spectrum, it was necessary to control

lCJ.bly attenuate· the-pump beam to. re.cord the ,,dependence. of the spec.trum 
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on pump power. Absolutely no change in alignment could be tolerated, 

ruling out the use of neutral density filters. The variable attenuator 

consisted of Peckel cell PC preceeding the first amplifier, in conjunc

tion with polarizer P
3 

(Fig. 3.8). Changing the voltage across. PC and 

subsequent analysis by P
3

.permitted variable attenuation without either 

misalignment or change in polarization state. 
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Figure Captions 

Fig. 3.1 Nitrogen laser discharge circuits. 

(a) Blumlein laser 

(b) "Capacitor-transfer" laser 

Fig. 3.2 Cross sections of single- and dual-plane Blumlein nitrogen la

sers. The dark layers between the conductors are three sheets 

of .13 mm mylar insulation. 

Fig. 3.3 Parallel-pla.te capacitor-transfer nitrogen laser. 

Fig. 3.4 Performance of parallel-plate capacitor-transfer nitrogen la

ser at 12 kV charge voltage. 

Fig. 3.5 Multiple-cable capacitor-transfer N
2 

laser. 

(a) Detail of laser tube cross section 

(b) Schematic d{agram 

Fig. 3.6 Performance of multiple-cable N
2 

laser. 

(a) Nitrogen pressure giving best power vs. charge voltage 

(b) Average power vs. charge voltage 

Fig. 3.7 Narrow-band, dual frequency tunable dye laser system. 

Fig. 3.8 Hansch type dye oscillator. 

Fig. 3.9 RIKES spectrometer. 
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4. RESULTS, INTERPRETATION, AND SUGGESTIONS FOR FUTURE WORK 

4.1 THE BRILLOUIN SPECTRUM 

The solid curve in Fig. 4.1 shows the Brillouin spectrum of cs
2 

us-

ing the RIKE scheme. 
. -1 

The pump frequency was Q ~ 16980 em The mea-

-1 
sured Brillouin shift wB = .23 em = 6.9 GHz agrees with the calculated 

value. The lineshape is dominated by the linewidths of the pump and 

probe lasers. 

From the experimental traces, it is evident that as the pump power 

is increased, the Stokes peak grows more rapidly than the anti-St;okes 

peak. Previous to this investigation, RIKES spectra of Raman samples 

had always been analyzed with the parametric approximation given by Eq. 

(2.29); this model predicts equal Stokes and anti-Stokes peak heights. 

Evidently, the n0nlinea-r~polarization in-our case is sufficiently strong 

that the effects of Stokes gain and anti-Stokes loss are enmeshed in the 

spectra of Fig. 4.1. 

The spectra of Fig. 4.1 were obtained. using n~trogen as the scan 

gas. In going from uppermost to the·lowermost spectrum, the pump inten-

sity was varied by varying the voltage on the Peckel cell (PC in Fig. 

3. 7). The light from the second amplifier cell was elliptically polar-

ized. Polarizer P3 then stripped away energy in ~he wr~ng polarization 

state. Thus, the attenuation of the pump beatn and the pressure scanning 

of the probe beam assured no change of alignment or beam profile, which 

was critical in assuring that only pump intensity is varied in this ser-

ies of spectra. 

To analyze the data, we use the general steady-state plane wave so-

lution of the stimulated Raman scattering problem givenin Sec~ 2.3. 
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The polarizers had a high enough extinction that local oscillator effects 

were negligible; this could be verified by the symmetry of the circularly 

polarized Rayleigh-wing spectrum discussed below. Therefore, we use Eqs. 

(2.20) to (2.22), with & (w) = & ~ & (w) = 0, and the signalS= j&. (w,z)l 2 . xo o yo y 

For a linearly polarized· pump beam, h = 1 and we obtain 

where 

s = I & < w , z) 1
2 

= 
y 

I& 12. 
~ {exp[- 2yzim(xA)]{cosh[2yzim{xB)] 

- cos[2yzRe(xB)]}} 

and the intensity-dependent parameter y is given by 

(4.1) 

(4.2a) 

(4. 2b) 

(4. 3) 

For the nonlinear susceptibilities, we used the expression for electronic, 

orientational, and Brillouin contributions stated in Chap. 1: 

xllll (w w + n - n) 2\ [3o +% b(O) 1 ] + 
G 2rw

8 (4. 4) = = 1 + iln 2 
- D.

2 + 2HD. WB 

xll22 (w = w + n - r2) ~rJ + b(O)(- ~ + + \6T)] (4.5) 24 3 1 



where 

6. = n - w, (4. 6) 

2nv 
= {w + n). WB c (4. 7) 

Because the experimental lineshapes were dominated by the lineshapes 

of the- lasers, our data was not accurate enough to obt-ain the values of 

all the parameters in Eqs. (4.1), (4.3), .(4.4), and (4.5). Rather, we 

chose to fit the spectra using the peak Brillouin susceptibility G, the 

-
linewidth r, and the pump intensity-dependent variable y as adjustable 

parameters. For the pa_rameters a and b(O), we used the values a = 5.8 x 

-13 -12 10 · esu, b(O) = 4.95 x 10 esu, based on an average of the recornmen-

dations of Owyoung, and Levenson and Song, discussed in Sec. 1.6. For 

-1 the Brillouin shift wB, we used the value • 23 ern , calculated from the 

hypersonic velocity27 v = 1.26 x 10
5 em/sec, the index of refractiori n = 

1.62, and the wavelength, 590 nrn. The pump intensity parameter was then 

stepped, in arbitrary units, proportional to the measured· power, and G 

and r adjusted to fit the peak heights of the Stokes and anti-Stokes 

peaks and the experimental ~ineshape. The dashed curves in F~g. 4.1 

show the theoretica~ fit obtained using the values G = 5.3 x l0-12 esu 

·. -1 
and r = ··• 045 em . The .. fitteq value, of the peak Brillouin s.usceptibility ·. 

G is 20% lower than the v.alue ~alculated from the spontaneous cross sec-

27 tion measurement of Kato and Zdasiuk, X peak 
-12 = 6o5 x 10 esu, as dis-

cussed in Sec. 1.6. The experimental linewidth r -1 = .045 em is lower 

-1 than the value .082 em estimated by summing the bandpasses of the eta-

Ions in .the laser 'cayities. Evidently, the -effect".of·. multiple· passes 
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through the etalons reduced the laser linewidths, which were not mea-

sured independently. 

Our experiment was effective in demonstrating the technique of co-

herent Brillouin spectroscopy and in showing that one must carry the 

theoretical interpretation of RIKES spectra further than the parametric 

' approximation when the pump intensity is high. We will discuss below 

experiments that will yield more accurate lineshapes, Brillouin suscept-

tibilities, and exploit the Brillouin resonance in phase conjugatio~.· 

4.2 THE RAYLEIGH-WING SPECTRUM 

The nonlinear signal due to field-induced molecular reorientation 

is weaker than that due to the Brillouin peaks and extends over a broad-

er spectral range. Using the arguments of Sees. 1.3 and 1.6, we predict 

-13 a peak x1111 = o/8 + b(0)/9 = 6.2 x 10 esu, one order of magnitude 

smaller than the peak Brillouin susceptibility. The lineshape of the 

RLK:ES spectrum exhibits a complicated variation with the polarization of 

the pump beam. Because of the slow fall off characterizing Lorentzian 

spectra, it is desirable to take spectra over as broad a spectral range 

as possible. 
-1 With our set-up, we were limited to a scan·of 20 em using 

propane gas to pressure scan the grating and etalon of the,probe b~am. 

Considering just the orientational and electronic contributions to 

x< 3>, we have 

( + n n) = 
2
14 [~ - 2 b ~ 0) + b ( 0) ] xll22 w = w - v 1 + i6T 

(4.8a) 

(4. 8b) 
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xl212(w 
1 2 b (0) = w + n - n) = - a + b (O) - -~'--24 - 3 1 + i6T (4.8c) 

where 6 = n - w. We found that, unlike the Brillouin spectra, the para-

metric approximation was adequate to explain the spectra. Therefore, we 

used the function 

s = 1Ey(w)l2 ~I (a2- b2)sin2~(xl212 + xl221) + i2ab(xl212- xl221>12 

(4.9) 

as explained in Sec. 2.3. To study the polarization dependence, four po-

larization states of the pump beam were used. These were generated by a 

quarter waveplate in the orientation of Fig. 4.2. _ If the pump is repre

sented by &(n) before the waveplate, than after passing through it, it 

is altered to 

(4.10) 

For an initially linearly polarized pump beam at 45° to x, ~ is just the 

rotation of the fast axis x' from x. 2 2 
The other parameters h = (a - b ) 

sin2~, and f = 2ab may be shown to be 

(4.11) 

f = cos2~. (4.12) 

Data was taken at ~ = 0, 22.5, 45, and 67.5 degrees corresponding to cir-

cular, elliptical, linear, and elliptical polarization states, respec-

tively. The resulting pump polarization par~meters are summarized in 
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Table 4.1. 

Figures 4.3 through 4.6 show the experimental and calculated Ray-

leigh-wing spectra. Reference to Eq. (4.8) and (4.9) shows that the 

spectra are well described by the interference of the complex Lorentzian 

term with the real background due to the nonresonant Kerr, and electron-

ic susceptibilities. No attempt was made to include the Brillouin suscep-

tibilities in the calculations for two reasons. First, there were indi-

cations that the detection electronics were saturated when the probe 

beam was tuned to· the Brillouin resonances. Second, the replacement of 

the Brillouin linewidth by the laser linewidth was not adequate in ex-

plaining the detailed lineshape produced by the interference of the 

Brillouin and Rayleigh contributions. Hence the spectra and calculations 

of Figs. 4.3 through 4.6 are valid only for 1~1 = In- wl ~ i cm-1. For 

-13 -12 these spectra, the values a = 5.8 x 10 esu, b(O) = 4.95 x 10 were 

used, as in the fitting of the Brillouin spectra, and we used T = 2.0 

psec for the relaxation time. 

To study the spectral lineshape more closely we made a separate data 

run with a circularly polarized pump beam, Fig. 4.7. For this spectrum, 

our theory predicts 

s a: I . 12 a: I b (0) 12 a: 1 
cp X1212 - X1221 1 + i~T 1 + ~2T2 (4.13) 

where we have again ignored the Brillouin peaks. The open circles were 

calculated using a pure Lorentzian with T = 2.0 psec. Near the Brillouin 

peaks, the detector was purposely blocked to avoid saturation. A con-

stant background was also present in the fit of Fig. 4.7 to account for 

electronics noi~e. Our result for the relaxation is in agreement with 
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Table 4.1 Parameters of Pump Beam Polarization Ellipse 

1JJ 
oo 22.5° 45° 67.5° 

f = cos21JJ 1 1/fi 0 -lf./2 

h = . 22 s1n 1JJ 0 1/2 1 1/2 

jpolarization circular elliptical linear elliptical 



.. . , 

the results T = 1.96 psec from ~he spontaneous Rayleigh-wing measurement 

of Shapiro and Broida
66 

and T = 2.1 ± 0.3 psec from the Kerr gate exper-

67 
iments of Ippen and Shank.... However, smr fit is not good enOugh to 

differentiate between those measurements and the scan range not grea~ 

enough to discern the large detuning behavior of the susceptibility • 

4. 3 SUGGESTIONS FOR FUTURE WO)U< 

in this work, we established that low frequency light scattering 

mechanisms are studiable by coherent Raman methods_ in a straightforward 

way. Work should now proceed to accurately-measure lineshape functions 

and determine absolute cross sections by coherent Raman technique. 

4.3.1 BRILLOUIN GAIN SPECTROSCOPY 

The intrinsic high-resolution capabilities associated with coherent 
. 

techniques sho~ld find good use in high resolution ~easurements of the 

Brillouin lineshape. Equation (2.27) shows that for 500 mW pump_power, 

and cs2 Brillouin susceptibility of 6.5 x l0-12 esu, the gain is a large 

.7%. This large gain, and the use of commercial CW dye lasers of line-

width 1 MHz suggest that the Brillouin resonances may be. studied with a 

signal to noise ratio of 1000. Dividing the linewidth of the resulting 

gain spectrum by the sign~l to noise, we see that the Brillouin shift 

is measurable to a few kHz. At 590 nm, the Brillouin 

shift is 6; 9 GHz. Thus we can measure the quantity [nv], w.here n is the 

refractive index and v the hypersonic velocity, to an accuracy of 10-6 . 

Of course, the gain technique may be applied to the Brillouin spectros-

copy of other materials, provided a high optical quality sample is ob-

tainable. The signal to noise ratio will scale as the Brillouin cross 
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section. If one is willing to accept a resolution o~. 100 MHz, one may 

use transform-limited dye laser pulses to induce the gain. Highly damped 

and very weak Brillouin modes should be readily detectable; the factor 

limiting these experiments is t~e Brillouin gain available when the pump 

pulses reach the damage threshold of the material. 

Brillouin gain spectroscopy is also capable of providing a new and 

potentially highly accurate method of measuring the absolute Brillouin 

cross section. In spontaneous Brillouin scattering, absolute cross sec-

tions are measured by comparing the intensity of the Rayleigh scattering 
.. 

from a solution of spherical silica particles (LUDOX solution) with that 

27,28 of the Brillouin peaks. . The reference and sample-channels are ar-

ranged about a central beamsplitter with utmost attention paid to the 

geometric symmetry of the two channels. The beamsplitter combines the 

signals, sending them to the analyzing Fabry-Perot interferomet~r. A 

combination spectrum results with the central Rayleigh peak from the LU-

DOX solution providing both the instrumental lineshape and absolute 

cross section reference. The latter is obtained by separately measuring 

the extinction coefficient of the-LUDOX solution. In this technique, 

any ·uncorrected error in geometric symmetry, extinction measurement, and 

spectral deconvolution results in error. 10% accuracy is achievable. 

Absolute gai~ measurements seem more straightforward with Brillouin 

gain spectroscopy. As mentioned above, the signal is strong. Reference 

to the discussion of Chap. 2 shows that the most critical element of . 

this experiment is the measurement of the pump beam pm-1er inducing the 

gain; 2% accuracy should be achievable. The impressed gain on the probe 

can be accurately measur~d using a calibrated lock-in amplifier; the ca-

libration can be made using an·el~ctrooptic modulator to simulat~ gain 



or loss, or to null the nonlinear gain. Corrections to the gain formula 

(2.27) resulting from differing Gaussian profiles, finite cell length, 

etc., may be calculated and applied with confidence since.~easurements 

on the pump and probe beams are straightforward. Finally, the use of 

single frequency lasers eliminates the need for deconvolution operations, 

and the absolute cross section at each p~int of the spectrum is measured 

as the spectrum is scanned. An accuracy of 2% seems possible and, as we 

discuss below, the g~in technique is well adapted for the intercalibra~ 

tion of the cross sections of different materials and-different modes: 

4.3.2 EXTENSIONS OF COHERENT RAYLEIGH-WING SPECTROSCOPY 

It would be quite valuable to extend our knowledge further of the 

optical Kerr effect dispersion. Fortunately, since this investigation 

was completed, \¥ork has progressed in the field. 68 Song et al• have mea-

sured the gain spectrum of cs2 for the ~ayleigh-wing extending to l6vl = 
-1 -1 

100 em • The resolution, .7 em , did not resolve the Brillouin peaks. 

Both the polaiized Im(x1111) and the depolarized Im(x1122 ) spectra were 

recorded. The principal new result of their investigation was the uncov

ering of a broad, weak Raman mode, of shift 35 cm-l and half-width 20 

-1 
em , in the Rayleigh-wing. The mode appeared in the same proportion to 

the orientational contribution in both the polarized and depolarized 

spectra, and is believed to be due to molecular librations.
70 

To extend this work we recommend first that the absolute strength 

of the Rayleigh-wing scattering signal be measured. The parameter b(O) 

characterizing the orientational contribution can be obtained accurately 

from a high resolution Rayleigh~Brillouin gain spectrum spanning ± .5 

-1 
em about zero detuning. The absolute Brillouin cross section would 
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serve as the reference. Then, the results of·ref. 68 can be used at 

once to deduce the absolute strengths of the exponential and librational 

contributions to the spectrum. 

One further set of tests should be done. From our discussion of 

the orientational dispersion of the susceptibility, Eq. (1.36), and the 

tensor properties of the gain signal summarized in Eqs. (2. 24a), · (2. 25), 

and Table-2.1, we predict that the ratio of Raman gains due to the orien

tational mechanism is [4:3:6:1] for [same linear:opposite linear:opposite .. 

circular:same circular] polarization configurations of pump a~d probe. 69 

Owyoung's model of the librational contribution
70 

obtains b(t) = - 3a(t) 

for the nuclear response functions. Therefore, he p~edicts that the po

larization dependence of the orientational and librational contributions 

to x( 3) are identical: Using Pockel cells in the pump and probe beams 

of a-gain experiment, ~he four polarization states discussed above may 

be produced without alignment errors. The gain ratio predictions for 

both contributions may then be checked. As mentioned above, ref. 68 

noted that the shape of the spectrum, and therefore the ratio of the or

ientational to librational contribution, remained unchanged for same lin

ear and opposite linear polarizations of pump and probe. This result is 

consistent \lith O• .. ryoung' s model.·· 

4. 3. 3 JW.lAN CROSS SECTION MEASUREHENTS 

The gain measurements described above will' provide definitive data 

on the dispersion, cross sections, and symmetry of the low frequency 

light scattering mechanisms in materials. It is of course desirable to 

extend the measurements out in frequency to all the Raman modes of a ma

terial and thus completely characterize the -·light scattering spectr_um. 

80 



81 

. . 71 72 . 
Reference to the l1terature ' shows that accurate absolute Raman 

cross section measurement by spontaneous scattering is an even more for-

midable task than the Brillouin measurements discussed above. Either 

h k d . . b d d" 1 71 . b t e wea scattere 1ntens1ty must e measure 1r~ct y, or 1t must e 

72 compared in intensity with radiation from a black body source. In the 

. ·~ 
latter measurement, the reference source emissivity and temperature.must 

be known accurately. The instrumental response of the monochromator 
. 

must be known precisely, and must be wider than the Raman line being 

studied. Then, a critical correction musr·be made for the difference in 

filling up the instrumental response by the broadband light source and 

the Raman resonance. Disagreements of 20% among workers are common. 

Raman gain measurements, on the oth~r hand, will not be much more 

difficult than the Rayleigh-Brillouin gain measurements discussed. Be-

-1 . cause pump and probe beam can now differ.by ~ 1000 em , correct1ons to 

the simple gain results must be made for differing beam profiles for pump 

and probe. These are stilY quite straightforward. It would be desirable 

to be able to pump samples into and out of the sample cell without af-

fecting alignment; inter-comparison between different samples .could then 

be accomplished by just tuning the probe beam. 

In conclusion we believe that by gain measurements, the entire 

light scattering spectrum of high quality, transparent samples is obtain-

able. We see that coherent techniques make possible the measurement of 

absolute cross sections, symmetries, and high resolution lineshapes 

with greater accuracy and convenience than spbntaneous techniques. 



Figure Captions 

Fig. 4.1 Intensity dependence of RIKES Brillouin spectrum, cs
2

• Exper

imental curve, solid line. Theoretical calculation, dashed 

line. 

Fig. 4.2 Orientation of quarter-wave plate in pump beam. 

Fig. 4.3 Theoretical and experimental CP.Rayleigh-wing spectrum. 

Fig. 4.4 Elliptically polarized pump spectrum. ljJ = 22.5°. 

Fig. 4.5 Linearly polarized p1,1I11p spectrum. 

Fig. 4.6 Elliptically polarized pump spectrum. ljJ = 67.5°. 

Fig. 4.7 Lorentzian fit (open circles) to CP Rayleigh-wing spectrum. T 

= 2 psec. 

82 



'• -

--EXPERIMENT 

--- THEORY 

-(/) -c: 20.5 -0 ::J 

._ 
0 -
>..... 
(/) 

z 
w 
..... 
z 

_J 

<r 
z 
l? 
(/) 

19.0 

16.7 

15.3 

13.5 

12.5 

11.2 

10.5 

-- / ... 

---
---
---
--_, 

---

----.,.,. 

-0.4 

-0 

-0 

-0 
........ _____ ..... 

-.-0 

----0 

-----·- '---- --0 

-0.2 0 0.2 0.4 
LASER DETUN I NG n-w (cm- 1) 

XBL 82'3-5348 
Figure 4.1 

83 



84 

1\ 
1\f y. y, slow 

''i x , fast 

XBL823-5344 
Figure 4.2 



'" , 

0: 
<Io 
...JO 
:::::> II 

(_)~ 
0: ·-
(_) 

' 

(J) 

<.D 

r0 

-
I 

E 
(:) o-

r0 
I 

lO 
I 

(J) 
I 

3 c 

85 

C\J 
0 
C\J 
<.0 
I 

lO 
0" 
f'-
_J 
II) 
X 

C"'\ . 
~ 

<1.1 

'"' :::3 
c:o 
~ 
~ 



_j 
0 

<!l() 
UN 
1--C\J 
Q_ II 

_j~ 
_J 

w 

(!) 

-· 

o3 

r<) 
I 

I 

q 

ta• 
I 

(J) 

------~~--~--------~~--------~~~--~ I 

86 

!"() 
0 
C\1 
w 

I 
I{) 

~ ... 
en ,..._ 
.....J 
CD 
X 



87 

q-
0 

- (j) 
C\J - <D 
I 

'~ 
I{) 

c-" en 
1'-
.....J 
£D 

- - <.0 X 

- - r0 

-
I 

E Lrl . 
u ...;t _..,. ............ Q) 

- - 0 1-1 
__;;;;;~' 3 ::l 

' 
eo 

...-! 
I r.:.. 

d 

- - r0 
I 

O::o - - <.0 
<{LD I 

w~ 
z II 

_J ~ 
~ - (j) -

I 

" (S~!Un ·q.JO) ~~!SUa~UJ < 



_j 

<( 0 

u l{) . 
- r-
I- (!) 
a... II 

_J 
~ _J 

w 

(S~!un ·q.Jo) A~!SUa+UJ 

(j) 

lO 

f"() 

-
I 

E 
(.) -

03 

f"() 
I 

lO 
I 

(J) 
I 

I 

~ 

88 

l(') 

0 
C\J 
(() 

I u 

l(') -
()') 

1'-
..... J 
Cl) 

X 

1.0 . . 
~ 

C1J ,... 
::l 
00 
·~ 
~ 



r<> 

-
I 

0 E 
(.) 0 

0 -
0 0 3 0 

0 
0 I 

0 q 

U) 
0 
C\1 
U) 
I 

I() . 

en ,.._ 
..J 
a:J 
X 

,.... . 
..:T 

<lJ ,... 
::l 
0.0 
~ 
j::,. 

89 



90 

5 • A TUNABLE "BRILLOUIN MIRROR" 

5.1 INTRODUCTION 

In 1977, Hellwarth showed that a four wave mixing process could be 

used to generate a time reversed or phase conjugate replica of_ the wave-

73 front of an arbitrary input monochromatic beam. Yariv and Pepper 

showed that under strong enough excitation, this "phase conjugate mirror'~ 

(PCM) could reflect with gain, and that parametric oscillation could oc-

. 74 cur in a resonator formed by a PCM and an ordinary m~rror. A great 

many experiments followed, demonstrating the aberration correction, par-

ametric gain, and oscillation. properties of. the degenerate four wave 

. . 75-78 
m1.x~ng process. 

It had meanwhile been long established that under certain condi-

tions, the wavefront _of backscattered stimulated Brillouin scattering is 

79 the phase conjugate of the pump laser wave. This effect is preferen-

tially observed when the pump laser has a spatially inhomogeneous trans-

verse distribution due .to poor beam quality or due to multimode excita-

tion of the light guide containing the Brillouin medium. In this situa-

tion, it can b·e shown that the phase conjugate SBS wavefront has anomo-

lously higher gain than other possible waves and thus gains ascendancy 

. 79-81 in the st~mulated scattering process. Subsequently, the phase con-

jugation by stimulated Brillouin scattering has been used in the con-

struction of laser systems emitting high quality beams in the presence 

Of aberrat ;ons. 82- 84 Al h · · f f · ·d • so, t e con]ugat~on o a wave ront ~nc~ ent at a 

small oblique angle to the axis of a cell in which SBS is occuring has 

. - 85-87 
be~n consldered~ This process occurs due to the mixing pf the weak 

incident probe wave with the counterpropagating pump and Stokes waves 
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participating in the SBS. Unlike the case of phase conjugation by di-

rect SBS, this process does not have a ~hreshold intensity for the inci-

dent probe wave. However, the SBS threshold must still be exceeded in 

the cell by a strong incident pump wave before the nonlinear medium be-

comes an effective conjugator. 

Here, we consider a new technique of Brillouin-induced phase conju-

gation. It employs the strong Brillouin resonant enhancement of near-de-

generate four wave mixing, but is a parametric process with no threshold. 

We show that resonant conjugate reflectivity occurs at four distinct fre-

quencies corresponding to the Stokes and anti-Stokes frequencies at two 

distinct Brillouin shifts. By controlling the polarization states of 

pump and probe waves, we can arbitrarily choose the Brillouin resonance 

contributing to the reflectivity, and suppress the other. Finally, we 

state briefly the limitations of the fidelity of this conjugation process 

due to the difference in frequency between the input object wave and th~ 

reflected conjugate wave. 

Consider the optical "fields incident on the sample shown in Fig. 5 .1. 

Two counterpropagating pump waves of the same frequency Q but arbitrary 

polarizations are incident on the sample, propagating to the right and 

left along the z-axis. A third weak probe wave at w interrogates the 

sample, travelling obliquely in the y-z plane parallel to s. The pump 

and probe waves are given by: 

(5 .1) 

(5. 2) 



(5. 3) 

where 

s = ysin6 + zcos6 (5.4) 

and eR, eL and ep are complex polarization vectors. We wish to consider 

-+ 
the:,generation of a wave in the,- ·k d~rection by. nonlinear coupling of 

the pump and probe waves. · The Fourier component of the nonlinear polar-

ization giving rise· to this wave is seen to be: 

-+- -+- :t -+ 
6x~jk1(- k.= - k + K- K; w4 = - w + Q +g) 

(5.5) 

-+ 
Thus a new wave of frequency w

4 
= 2Q - w and wavevector .~ k is generated. 

Neglecting effects on the object and conjugate waves of either pump beam 

acting alone, the small signal behavior of the conjugate wave signal is 

given by the four wave mixing theory of Sec. 2.2. Writing the conjugate 

wave· 

-+- + 
E (r;t) 

c 

-i(ks+w4t) 
= 8. (s)e 

c 

the slow-wave approximation yields the equation 

as. . 
Cl. i ---a;- = -

(50 6) 

(5. 7) 
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where 

and 

~k = 2 n (n- w). 
c 

(5. 8) 

(5. 9) 

If the effective overlap of the object wave with the two pump waves is L, 

then (5.7) predicts a conjugat~ wave intensity 

Equation (5.10) is the generalization of the conjugate wave gener~tion 

process, when pump and probe are detuned, for any mechani~m contributing 

to x!:~. We see that the process will only be effective over a coherence 

length 

L ::::: Tr/~k = - 1
- em 

coh 4n6v 
(5 .11) 

where 6v is the pump-probe detuning expressed in units of wavenumbers. 

Equation (5.11) predicts a coherence length of ~.7 mm for 6v = .23 cm-l 

the largest Brillouin shift in cs
2 

at w:::::: 17000 cm-1 • From experience 

in observing coherent Brillouin signals with much shorter overlap 

lengths, .we already know that this Brillouin conjugation process will be 

observable for laser intensities below the thresholds for SBS. 

We now consider the dispersion and tensor properties of the suscep-
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tibility, as applied to this process in cs2 • We need only evaluate Eqs. 

(1.36), (1.·47), and (1.53) to obtain the orientational,. Brillouin, and 

1 · "b . ( 3) ( ~k ~k + ~K ~K + ,.., + ~"~) e ectron1c contr1 ut1ons to x - = - - ; w4 = - w u u • 

We obtain 

X1122 
_ 1 [ 2b(O) ] 
- 24 1 - i~T + a (5.12a) 

2 
1 [ 1 b (0) ] WBl 

(5 .12b) X1221 = 24 3 1 - i6T + a + B 2 62 -WBl - 2ifl6 

2 
1 [ 1 b (0) 

+a] + B 
WB2 

(5~12c) X1212 = 24 ·3 1- i61 2 2 . 
WB2 - 6 - 2iT

2
6 

where B- y
2

/384n2p v 2 6 = n- w, and the two distinct Brillouin shifts 
0 

are 

= vi- k + Kl = 2nnv sin(e/2) 
c 

I -+ -+K I 2nrlv = v- k- = -- cos(8/2). 
c 

(5.13) 

(5.14) 

r
1 

and r
2 

allow for different damping constants for the acoustic phonons 

-+ -+ -+ -+ -+ -+ 
of wavevectors q

1 
=- k + K and q2 =- k- K, respectively. 

Note the differing Brillouin contributions for the three tensor com-

ponents of x(
3). As expected, there is no acoustic phonon resonance in 

x1122 ; this element governs the completely depolarized conjugate wave 

generation and contains only electronic and orientational contributions. 

More striking is how the two other elements "pick out" resonances at 

distinct Brillouin shifts. Referring to Eqs. (5.12b) and (5.12c) and 

Fig. 5.2, we clearly see how x
1221 

is related to the excitation of phon-
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-+ on q
1 

since this term governs the coupling of the parallel polarized 

components of the probe and right-going pump waves. 
-+ 

x1212 and q2 are 

similarly related. We note that at exact degeneracy, ~ = n - w = 0, sta-

tic electrostriction produces two non-propagating density gratings in the 

medium by interaction of the probe beam with the pump beams. Each grat-

ing then elastically diffracts the opposite beam into the conjugate di-

rection. Similar gratings of excited state population or molecular or-

ientation govern the already observed conjugate wave generation due to· 

1 . . . 77,88-90 d h . 1 K ff 75,76 e ectron~c exc~tat1on an t e opt1ca_ err e ect. 

To demonstrate the tuning and polarization properties of this "Bril-

louin mirror" we may adopt the geometry of Fig. 5.1. Suppose that the 

A A A 

probe beam is polarized along x, ep = x. Let the right-going wave also 

be polarized along x, eR 
... = x, and adjust the slow axis of the quarter-

wave plate to be at 45° to x. Then eL 
A (3) 
y, xeff = x1221 , and only the 

Brillouin peaks corresponding to wBl contribute to the resonant four 

wave mixing. If ep remains x, we rotate eR to y, the. A/4 plate produces 

A A (3) 
eL = x, and xeff = x1212 . Now the Stokes and anti-Stokes peaks at ~ = 

wBZ produce the resonant generation. If both pump beams are polarized 

at 45° to x and the probe is along x, both sets of peaks are present. 

Finally, if the pump and probe beams are polarized orthogonally,. only 

the orientational and electronic contributions are present. Note, how-

ever, that this is not a good way to do Rayleigh-wing spectroscopy be-

cause coherence lengths will now seriously limit the tuning range due to 

phase mismatch. 

We have made a calculation of the expected phase conjugate reflec-

tivity R = I /I . We consider two uniform plane wave beams, square in c c p 

· · h 9 2 · · 1 e · -l 3/5. cross sect~on, w~t area mm , ~ntersect~ng at an ang e = s~n = 
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-1 
The frequency is 17000 em The Brillouin shifts are 2.19 and 

6.58 GHz, so the four peaks appear equally spaced. The ov~!lap length 

is 5 mm. It is desirable that the pump beams produce negligible Bril-

louin gain to reduce ambiguity. From Eq. (2.24a) and a peak (backward) 

Brillouin susceptibility 6.5 x lo-12 esu, we compute a gain of .167 em/ 

10 
}~, in good agreement with tabulated values. If the cell is of length 

1 em, we should use 50 kW in the 9 mm
2 

beams to reduce the Brillouin 

gain to 10%. We assume near-transform limited pulses giving an effec-

tive phonon linewidth· (~) of 200 MHz. The peak susceptibilities for 

the wBl mode (x1221) and the (IJBZ mode (x1212) are.then 7.3 x l0-13 esu 

-12 and 2.2 x 10 esu, the difference arising because the peak susceptibil-

ities are proportional to the Brillouin shifts. For the narrow band la-

sers, the other contributions to the susceptibility are negligible. We 

-6 -5 obtain, for these conditions, R
1 

= 6.5 x 10 and R
2 

= 4.0 x 10 for 

the conjugate reflectivities for the wBl and wBZ modes. The resonance 

curves are sketched in Fig. 5.3. 2 
We expect that for 9 mm beams, the cs2 

cell can withstand at least two orders of magnitude more pump intensity 

before the onset of self-focusing or stimulated Brillouin oscillation. 76 

Then, reflectivities on the order of unity should be observed, but our 

small signal treatment would have to be modified. 

From Fig. 5.3 we see that the parametric"Brillouin mirror" can act 

as a polarization and spatial (angular) filter. The free spectral range 

is of order 2wB and the resolution is of order 100 MHz~. To achieve high 

reflectivities requires a relatively high power, narrow band laser, a 

disadvantage when compared to using atomic vapor to construct a similar 

f "l 91 1 ter. However, the Brillouin mirror described here will work at any 

visible frequency, does not· require coincidence with an atomic resonance 
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line, and has comparable resolution. 

To close, we mention briefly to what extent the fidelity of the con~ 

jugation process is affected by the frequency shift of 2wB between image 

and object waves. Hellwarth73 shows that we may expect a slight magni-

fication or delila.gnification equal to [1 ± 2wB/wLIGHT] for Stokes or anti-

Stokes generation, respectively. We also see that in retraversing a 

phase aberration 2rr(t::.ns)/A., the conjugate wave fails to correct for the 

aberration by the same factor [1 ± 2wB/wLIGHT]. Since 2wB/wL ~ 3 x 10-5 , 

we see that using the Brillouin resonance for phase conjugation incurs 

very little penalty in fidelity. 
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Figure· Captions 

Fig. 5.1 Experimental geometry and field definition in Brillouin-in

duced phase conjugation. 

Fig. 5.2 Relationship of wavevectors of pump waves, probe wave, and ex

cited ·phonons. 

Fig. 5. 3 Brillouin-induced phase conjugate reflectivity· ·for. two differ

ent pump polarization configurations. 
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