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Using the formalism of irreducible spherical tensors, we derive a general expression for the light intensity
scattered in a process of any order in a low-density fluid; elastic (both coherent and incoherent) and inelastic
(incoherent) scattering are considered. The relevant physical quantities involved are the scalar invariants
associated with the irreducible parts of the various scattering tensors; the polarization dependence is
governed by Py(cosn) and P,(cosm) only, where P, is the Legendre polynomial of order k and 7 the angle
between the polarizations of the scattered and incident light. Depolarization ratios and molecular selection

rules are also given for up to four-photon processes.

I. INTRODUCTION

Angular-distribution and polarization proper-
ties of the light scattered by a material medium
have been widely investigated.! In ordinary scat-
tering experiments, either in the elastic (Rayleigh)
case or in the inelastic (Raman) case, each ef-
ficient photon of the incident light beam accounts
for one scattered photon. Now, the emergence of
high-power coherent sources has allowed higher-
order effects to be evidenced, such as harmonic
scattering (hyper-Rayleigh scattering) or normally
forbidden Raman transitions (hyper-Raman scat-
tering): for instance, at first order (first hyper-
scattering), two incident photons at frequency w
may generate a single scattered photon at fre-
quency 2w, or 2w+ w,, where w, is some mole-
cular frequency. First hyper-Rayleigh scattering
hasbeenobserved by Maker, Terhune, and Savage?
in organic liquids, and theoretically discussed by
Maker"', first hyper-Raman scattering has been
investigated by Cyvin, Rauch, and Decius,* who
gave the molecular selection rules and depolariza-
tionratios. Higher-order processes canbe thought
of and, to the best of our knowledge, no unified
treatment of light scattering pointing out the sym-
metry features common to the different processes
has yet been presented. It is the purpose of this
paper to provide such an analysis in the case of
light scattering by an homogeneous low-density
fluid (local-field effects in fluids will be investi-
gated in a forthcoming paper). (See Fig. 1 for
scattering examples.)

In such an isotropic medium, the relevant physi-
cal quantities which characterize a phenomenon
from a macroscopic point of view are the scalar
invariants formed from the susceptibility tensors
describing this effect on the microscopic scale.
As an example, the expression of the light ampli-
tude scattered by a single molecule in a process of
order r (i.e., involving » photons) depends upon a
rank-y scattering tensor 7. If one deals with an
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assembly of molecules, one knows that two types
of scattering have to be considered: a caherent
process in which one has to sum up the ampli-
tudes of each scattering center and an incoherent
process adding up the individual intensities. Now,
a way of discerning the coherent process from the
incoherent one in an isotropic medium emerges
from the decomposition of T into irreducible parts.
Indeed, any rank-» Cartesian tensor can be ex-
pressed as a sum of irreducible tensors of weight
J<r, ie., T=3, ;77 (the index 7 has been
introduced in order to distinguish among the lin-
early independent irreducible tensors with the
same weight which may appear in the reduction
process). Summing up the amplitudes reveals
one type of invariant: the scalar (J=0) irredu-
cible part of T; adding up the intensities evidences
another type of invariant: the scalar product (or
full contraction) of 7"7) with T(""*7) | Hence,
coherent scattering involves only the scalar ir-
reducible parts of the scattering tensor, while in-
coherent scattering involves all the various
(T T +7) products.

In a previous paper,® hereafter referred to as
I, we have developed a general formalism in or-
der to express the physical properties of a medium
in terms of tensors irreducible under the three-
dimensional orthogonal group. The formal reduc-
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FIG. 1. Some scattering processes. (a): Rayleigh;
(b): Raman Stokes; (c) and (d): first hyperscattering;
(e)—(h): second hyperscattering.
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tion scheme of Cartesian tensors and their trans-
formation to spherical tensors was presented
using group theory and spherical tensor algebra.
A particular emphasis was put on the geometrical
symmetries (rotation and parity) and the intrinsic
symmetries (behavior under index permutations)
of irreducible spherical tensors. Since irredu-
cible tensors transform in point operations in

a much simpler way with the use of spherical
rather than Cartesian formalism, molecular sym-
metries are more easily taken into account, and
the relevant physical quantities directly related to
their irreducible components. The interest of
such an approach is to easily keep track of these
symmetries in any change of reference frame, in
particular when rotating from the microscopic
axes, where the symmetries of the molecular unit
are most naturally written, to the macroscopic
axes in which the experimental data are collected.
This formalism has been applied to the static-
electric-field-induced optical effects in rarefied
fluids,® and it was shown to be very convenient to
describe the thermocynamical average over the -
molecular orientations in the presence of the dc
field.

Henceforth, we shall consider the following situa-,

tion: an assembly of identical atoms or molecules
in a gas or a solution is irradiated by an intense
monomode light beam; the scattered light at agiven
frequency is observed in a given direction. With
different modés, the above conclusions about the
scalar invariants of the susceptibility tensors are
still valid; an example of the calculation is given
in Sec. IV B for two three-photon processes, for
higher orders, the explicit expressions of the
scattered intensity become more complicated be-
cause of the numerical coefficients involved.

In Sec. II, after a survey of the definition and
properties of the scattering tensors, we recall
how the distinction between coherent and incohers-
ent scattering appears, pointing out that elastic
scattering may have both coherent and incoherent
contributions, whereas inelastic scattering is
always incoherent. Then, we express the ampli-
tude scattered by a single molecule in a process
of order » in terms of the irreducible components
of a scattering tensor and those of a tensor col-
lecting all the polarization dependences of the
fields.

In Secs. III and IV, the mean scattered inten-
sity is calculated, first in the incoherent case,
then in the coherent case, by an averaging pro-
cedure over the random molecular orientations,
using some well-known properties of Wigner
matrices. The polarization dependence and the
relevant terms of the scattering tensors are dis-
cussed; an explicit computation of the scattered

intensities and depolarization ratios is given for
r=2,3,4.

Finally, we investigate the important case of
molecular vibrational scattering and give the
selection rules for the most frequently encoun-
tered molecular point groups for the different
casesr=2,3,4.

II. THEORETICAL BACKGROUND
A. Scattering tensors

Let us consider an atom or a molecule inter-
acting with the electromagnetic field.” The free
(i.e., noninteracting) system Hamiltonian is H,
=Ha +Hw (at stands for atom and ra for radia-
tion); if we restrict ourselves to electric dipole
transitions, the coupling Hamiltonian is V=-p-E
(p: electric dipole of the molecule; E: electric
field). The transition probability amplitude S,,
from a given eigenstate |¢,) of the free system
(at+ra), to another eigenstate |¢,) can be ex-
pressed as a series of the electric field:

=(S30) = (B + oV EE ) + BN (B EE,)

VG B BE )+ (1)

(summation is assumed over repeated indices).
alV ) g2 and %Y are the successive scat-
tering tensors; they can be explicitly calculated
through diagram methods (Appendix A) and depend
upon the final and initial atomic states and on the
field frequencies; (E,), (BE;), (E;E; E,), and so
on, are matrix elements of the electric field.

If the initial and final atomic states are the same,
and we shall see in Sec. I B that this is precisely
the case for coherent scattering, the scattering
tensors a2V, gL, (21 . coincide with the
linear polarizability a;; and the first, second,...,
hyperpolarizabilities B;;,, ¥;;p, ..., as they are
usually defined in nonlinear optics.?

The scattering tensor involved in a process of
order » is a rank-» tensor, symmetrical in some
permutations of its indices; the frequency of the
scattered light is wg=|lwtw+w+**+w|, w ap-
pearing » — 1 times in an elastic (hyper-Rayleigh)
process, and wg = | w* w w *** £ w|+ w, inanin-
elastic (hyper-Raman) process, whichaccounts for
harmonic scattering and for apparently forbidden Ra-
manlines. Forinstance @, B, y aretensors of rank
v=2,3,4, respectively; the linear term « is respon-
sible for the two-photon processes, while the nonli-
nearterms B8,7,..., accountfor higher-order scat-
terings. The Rayleightensor a;,(-w, w)isa sym-
metrical one, but the Raman tensor o, (-wg, w)
with wg=w + w, (anti-Stokes) or wg=w - w,
(Stokes) can give an antisymmetrical contribution.

In a third-order process, the first hyperscat-
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tering tensor B;;,(-ws, w, w), wWith wg =2w (first
hyper-Rayleigh) or wg =2w + w, (first hyper-
Raman), is symmetrical in the permutation of its
two last indices j and %; in a fourth-order pro-
cess, the second hyperscattering tensor
Yiju(-ws, w, w,w) is invariant in any permutation
of (jkI) whereas y,;;,;(-ws,w, w, —w) is unchanged
only when permuting j and %.

Furthermore, if w and wg are within the trans-
parency range of the medium, the scattering ten-
sors are real, and if one neglects the dispersion,
they can be assumed to be invariant in the permu-
tation of all their indices (Kleinman’s symmetry).
For a given atomic transition a— b in a process of
order 7, in most cases only the first vanishing
term in the above series [Eq. (2)] is to be taken
into account. However, at high intensities, fur-
ther-order contributions may become non-negli-
gible; for instance, in presence of an intense laser
field at frequency w’, the net dipole moment of a
polar molecule is

pi+Bip0,w’, —w')<E;)’E:JI*>+ ce

and in the scattering process w- wg, the relevant
scattering tensor is

’ ’ .
Qy(~wg, W)+ Vi jul~wg,w, 0, —W WESE/ *)++-+ .

The y term interfering with the o term will cause
Kerr optical effect (w’# w) and self-focusging (w’
=w); if from selection rules some component of
the @ term vanishes; however, photons at wg can
be detected.

B. Coherence and incoherence

Although we deal with an assembly of identical
molecules or atoms, we cannot consider as iden-
tical the quantum states (with which the matrix
elements of the dipole moment are computed) of
two of them in the same (nondegenerate) energy
level. In fact, the quantum states of an atom are
only determined up to an arbitrary phase factor;
for instance, in a scattering transition a— b, the
amplitude scattered by the ¢th atom has a phase
factor expi(¢{? — p{?), where ¢{? and ¢{? are
the phases of the final and initial states of the
atom ¢ (Ref. 9) (the overlap of the wave functions
of two molecules is neglected).

We must also take into account the propagation
of the electrie field, if the dimensions of the
active medium are not small compared to the
wavelengths; hence, the amplitude scattered by
the gth molecule is multiplied by a phase factor
exp(iAﬁ-ﬁq), where ﬁq denotes the position of the
molecule ¢ and AK the wave-vector mismatch:

> o

Ak=kg - (Ktk+ks+-+) (2)

>

(ks and k: wave vectors of the scattered and in-

cident light, respectively).

Now, we assume for the sake of simplicity that
the initial atomic state is a pure eigenstate of Hy
(not a statistical mixture) and that the levels a
and b are not degenerate (see Appendix B).

The total scattered amplitude in the a- b transi-
tion is the sum of the amplitudes scattered by each
individual molecule, with their phases, i.e.,

Ala=1b) = T4, (3a)

with
OO

Aq:A(Qa)eiA_k.--ﬁqei(wb (3b)

The summation (3a) runs over the N, individual
molecules on level a.

The amplitude A(R2,) scattered by one molecule
regardless of the phase factors, depends upon the
set of Euler angles Q =(¢,, 6,9, describing the
orientation of the gth molecular frame.

The mean scattered intensity Ig is the square
modulus of A after averaging over the molecular
orientations: '

Is(a~b)=(AA%) (42)

or

Is(a» b)= (zA(QQ)A(QQ:)Q‘A;'(E“_E"’)
aq

., (@) _ \(a")
x gl B ~ho ’). (4b)

We have to perform, in a first step, the sum over
the molecular positions, noticing that A(Q,) is in-

- dependent of R.q, then the average over the mole-

cular orientations. This separation is possible
only because we neglect molecular covvelations:
in fact, the presence of other molecules which can
belong to the solvent, in the vicinity of a scat-
tering center, will affect its orientation.

In an inelastic scattering process, levels a and
b are different and the phase factor eisd? giffers
from unity; because of these random phase fac-
tors in Eq. (4b), the sum over ¢ and ¢’ with g#g¢’
vanishes; the sum with ¢ =¢’ is N,, and hence we
get '

Is(a=0)=N(AQ)AXQ)) =] n@=b) . (5)

The total scattering cross section is then N, times
the cross section of one molecule, and such a
process is fully incoherent. (This is nof the case,
for instance, of stimulated Raman scattering
which is interpreted as a resonant four-photon
elastic process (w+w=- wg +w,s); the oscillation
at the Stokes frequency starts on the noise due to
ordinary incoherent Raman scattering). (2
Conversely, in an elastic process, ei%? ~ =1;
if we sum separately over q=¢q’ and g#q’, the



former summation is N,(A(Q)A*(R)), and the lat-

ter is
> |2
ZeiAlqu _Na)'
P .

The mean scattered intensity hence results from
two contributions, i.e., Ig(a—~a)=1,(a- a)
+AlI(a- a). The first one,

z\z RIS
q

is the coherent term that we should have obtained
in adding up the individual amplitudes with their
phase, then averaging over all the molecular
orientations, then squared.

The residual term

al(a~a) =N, [ A@)F) - [(A@DE], (6b)

(A@Q)) <A*<m><

2

Ioon(a—a)= | (A(Q)) (6a)

b

which is proportional to the square variance of
| A| and to the number of active centers, is an in-
coherent contribution due to the random mole-
_cular orientations (with rigidly fixed molecules,
it would vanish).

If the energy levels are degenerate, the inelas-
tic scattering is still incoherent, but the elastic
scattering has both a coherent contribution caused
by transitions from one state to the same state and
an incoherent contribution resulting from transi-
tions between two different states with the same
energy (see Appendix B).

From the above considerations, if follows that
in both coherent and incoherent cases, we have to
express the amplitude scattered by an arbitrary
molecule and then perform an averaging proce-
dure, calculating (A(Q)A*(Q)) in the incoherent
process and (A(Q)) ( A*(Q)) in the coherent con-
tribution.

C. Irreducible tensors

Consider an »-photon process, and let T be the
rank-» scattering tensor involved, and (&', w, ),
(é, ws) the polarization unit vector and frequency
of the incident and scattered light, respectively
(i=1,2,...,7=1). (& and € can be a priovi cir-
cular, linear, or elliptic.) The amplitude scat-
tered by one molecule is proportional to the
scalar component quantity

T-= Z Ty refes ey ep. (7)
IJK***R

In Eq. (7), the subscripts I,J,K,...,R of the

Cartesian components of T, &%, and € refer to a

fixed reference frame XYZ which we take as the

laboratory frame. The macroscopic components

T;;x...gr depend on the orientations of the mole-
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cule in the laboratory axes; now, let xyz be a
reference frame rigidly linked to the molecule;
in the microscopic axes, the components T';,...,
of T are fixed quantities, and the number of in-
dependent components depend only upon the mole-
cular symmetries. The transformation of the
components of T from the macroscopic (XYZ)
axes to the microscopic (xyz) axes in Cartesian
coordinates is given by

TIJI("'R

= ) COS6;COS6;; €086, 4 +COSO,RT .00,
iikeeor :

(8)

where 6;; is the angle between the axes 7 and I;
hence the calculation of the scattered intensity
will exhibit tremendous expressions, such as

(cosf;;cos0;, -+ +c0806,,CO86,/

XCOSQJIJI L cOSO,.,R,>

in an incoherent process, and the averaging over
all the molecular orientations will be tedious in
Cartesian form.

On the contrary, it will be easily performed in
the spherical tensor formalism. Let ¢, 8, ¢ be
the Euler angles of the rotations changing XYZ
into xyz (we adopt the convention of Edmonds®®
according to which 6 and ¢ are the polar angles
of the z axis in the laboratory frame). The trans-
formation of an irreducible spherical tensor T3,
is easily performed by use of a Wigner matrix
D70, 0,9):

5= 9 T, (9)
m

and the averaging procedure over all the molecular
orientations leads to (D7) D% )*), which is quite
simple to evaluate using the orthogonality proper-
ties of Wigner matrices:

GTERE S
zm dll) J'zv.d(f) f" sin6 dg () (1)
= — — —_— P *
J; 2r Jy 2m J, 3 Dmu Dnrar
=08 710 e Oyr/ (2T +1) . (10)

Hence, in order to derive the general formulas
describing light scattering, we shall now use the
formalism of I and express (7) in terms of ir-
reducible spherical tensors.

The transformation from reducible Cartesian
tensors to irreducible spherical tensors can be
performed in two steps. First, from reducible
Cartesian tensors to reducible spherical tensors.
Second, by reducing these spherical tensors
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through spherical tensor algebra. In order to dis-
tinguish between Cartesian and spherical sub-
scripts, we use the following notation: a latin let-
ter (k,K) stands for a Cartesian coordinate
(X,Y,Z); agreek letter (1) stands for a spherical
coordinate (-1,0, +1). The first step is just a
product of unitary transformations [see Eq. (4) of
(I)], leading to

T= Z (=T 4y eep eliepe, e, (11)
N

withM=Q+u+v++-++p).
All the polarization dependences can be collected
in a unique tensor P defined by

P=¢*®e¢ " '@e 2@ - @et. (12)

Let T™7 and P"’be the irreducible parts of T and
P with weight J (the reduction process is analyzed
in detail in I). By applying Eq. (47a) of I, Eq. (11)
can be cast in the following form:

_T_z Z (_1)r+J+MTg;J)PT_{w
T M
or , (13)

_7_‘_= Z (—l)“"(TT"‘PT") .
TS

The amplitude scattered by a single molecule can
‘thus be expressed in terms of the irreducible ten-
sors P}/ and T7/, but only this last tensor de-
pends upon the molecular orientation and needs to
be expressed in terms of the fixed components

T77 along a set of molecular axes. The amplitude
scattered by a single molecule is thus proportional
to

T=3 U (DT PO . (14)
TJ mM

The averaging over all the random molecular
orientations can now be performed with the use
of Eq. (10) in both coherent and incoherent cases,
since in Eq. (14) only the Wigner matrices {7
depend upon the Euler angles ¢, 6, §.

HI. EXPRESSION OF THE SCATTERED INTENSITY
A. General expression

From Eq. (5), the intensity scattered incoherent-
ly by N molecules is

Line=NITT™),

inc

where I is a proportionality constant whose ex-
plicit calculation is briefly recalled in Appendix

A; from Eq. (14) the intensity scattered by a single
molecule is proportional to

II*: Z (_1)J+J+M+M' Py *Pf;f:’

* s * l)
X (TTFTT ) @I DL ).
The averaging over molecular orientations is per-

formed by use of Eq. (10): the summation over J/,
m’, M’ vanishes, and finally one has

- - * e g 7¥mpr's
I,HC_NIOTTZ;(ZIH) ! (;P}j P J)(;T; 7 > .

(15)
All orientation dependence has disappeared, which
accounts for the isotropy of the scattering process.
In Sec. II, we had obtained the following expres-
sion for the coherently scattered intensity [Eq.
(6b)]:
.

[cuh= I<A(Q)> I2

E :ezAk-Rq
3

From Eq. (14) the mean scatfered amplitude per
molecule is proportional to

OEDDECIVASE v S ACENE

TImM

The mean value of the Wigner matrix is readily
obtained from Eq. (10), since D=1,

(53(,;{,1; )= 3 70 0410 O mo-

Hence, the mean amplitude scattered coherently
by a single molecule depends only on the scalar
irreducible parts of the scattering tensor (which
in this case is identical to the usual polarizability
tensor).

The substitution of the sum over the molecular
positions by an integral over the volume of the
medium (assuming the mean distance hetween mol-
ecules to be smaller than the wave-lengths), i.e.,

PAR.B N NI s
Zemk Ro_ 1V emk.RdsR,
q v w)

evidences the function
. 1
> sinz Ak L,
AV, R)=N? (—-— f >
i:;,z %Ak iLi ’
proportional to the square of the number of atoms
and involving a phase-matching condition.?? If a
monochromatic incident light wave travels on a
length L in the direction of k in the medium,
f(V,K) is merely N*(sinX/X)?, where X=3(ak-L).
If the dispersion of the medium keeps the phase-
matching condition from being exactly achieved
(i.e., Ak=0), coherently scattered light can yet
be observed. One can define a coherence length
L from ARL =37, i.e., Lo =M 4[n(pw) - n(w)] if
wg=pw.

(16)
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Moreover, whereas the Doppler effect and col-
lisions broaden the spectrum of incoherently
scattered light, conversely in the coherent case,
when phase matching is achieved, no impulsion is
transferred to the atomic system so that first-or-
der Doppler effect is eliminated. (The frequency-
matching condition Zw=0 in the molecular frame
implies its fulfillment in the laboratory frame.) If
we neglect molecular correlations, the spectral
width of the scattered light is then limited by the
spectral width of the source (temporal coherence).

Hence, the coherent intensity is given by

Lw= Lo/ (V, R 2 (T°T70%)(PPT%) (17)
TT
We note that by isolating in the expressions of the
incoherently scattered intensity Eq. (15) the con-
tributions of the scalar (J=0) irreducible parts of
T and replacing N by f(V,k) gives Eq. (17), while
the residual incoherent contribution Eq. (6b) is ac-
counted for by the other-than-scalar terms in Eq.
(15).
In both cases, we can write

I incothIO ; X(J)

and
Iogn=Iof(V, K)x(0)
with
N (TTJ.T"’T’ J)(P'rJ.PTT' J)
x() = ; 27+ 1 )

Here, R' denotes the Hermitian conjugate of R’
(i-e., R}/ =(-1)¥R7¥); if, in Cartesian coordinates,
R contains an imaginary part (7 near a resonance
or P if one of the polarization vectors is circular
or elliptical), R’ is not Hermitian (R"#R), but can
be expressed as the sum of a Hermitian part and
an anti-Hermitian one.

In order to end up with prachcal formulas, we
now calculate separately the two scalar products
T77. 7" and P7/- P'"'7, Let us first consider the
polarization dependence

TJ _ {€’r®sk}J X
The unit vector € is an irreducible tensor of weight
1, and s* is an irreducible tensor of weight % orig-
inated from the tensor product

s=eml®erR. . .®et.

The scalar product P™7- P''7 can be transformed
in order to couple the € and the s together:

P ptmd - {T@ sk {¢ st}

=(2J+1)Z(_1)’“1{1 1 l},
1

R" B J

&

X {€T®€}l . {sk®s"'k'}l. (18)

For sake of simplicity, we now assume the scat-
tered light to be linearly analyzed, and let (6g, Ps)
be the polar angles of the real polarization €. It
is well known from the propertiés of the Racah
spherical harmonics (see, e.g., I, Appendix 3)

. that

€=C"Mb5, )
and (19)
{¢®@&l =(11,00|10y)C (8, ¢).

B. Linearly polarized pump beam

If one deals with a single linearly polarized pump
beam, let (6,,¢,) be the polar angles of the polar-
ization &. In a similar way, 2=C%“(0,,¢)); s then
reduces to the symmetrical tensor product
(277'¢). In the irreducible subspace §(k) with
2k+1 dimensions, the spherical harmonics
C%(0, ¢) play the role of unit tensors in the (6, ¢)
representatlon and hence s"" is proportional to
C®(6,, 0, ):

&) = <T‘ 0)>C(k)(9“ ¢1).

(T [(0)) is a proportionality coefficient depending
upon the coupling scheme (and then upon 7).
From the coupling scheme adopted in I, i.e:,

.@{ez®e1}j3}j4 .o ,}jr-z}(k)’

the seniority index 7 is (43,44, ** *,j,-2,%). It has
been shown in I that the proportionality coefficient
(T!(O)} was then equal to a product of Clebsch-
Gordan (C-G) coefficients: .

s® ={er@{er2e{. -

(T](0)y=(11, 00 ,0)(1j,, 00| 7,0y + * + (1j,,.,, 00 |20}

The symmetry properties of the C-G coefficients
<]P1’00|]P*10> require the following selection rules: .
Japs1 Must be even and j,, must be odd. The coef-
ficients (7[(0)) have been tabulated ih I up to order
4. Similarly one has '

s = (‘r' I (0)>C(k’ )(9“ ¢I)
and

{sk@s¥ ¥ = (7 [(0))("|(0)){kR’, 00 [LOYC (6,, d,).

The polarization dependence of Eq. (18) can now
be put in the following form:
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P17 P = (< 1)#4(2J + 1T |07 (0))
x (11, 00 |10)(k%", 00 |10)

® 111

x Z{ }[C(”(ws)c(”(w,)]- (20)
PRk J

(Note that these results would hold if one deals

with two or more beams with different frequencies

and directions but the same polarization.)

The only relevant angular parameter involved in
the process is the angle 7, which is between the
incident polarization vector € and the scattered
polarization vector € (cosn=é&+€). Interms of the
Legendre polynomials, we have

C'(65, ¢5)CH(6;, b)) = P,(cosn),
leading to
P”'PT"’=ZA(J,Z,T,T')P,(cosn), (21a)
1

where A(J,1,7,7’) is a numerical coefficient,
easily computed in terms of the Clebsch-Gordan
and Wigner 6-j coefficients!!

AW,L, T, ') = (=1)r=1(7 [ (0))(77 | (0))(11, 00 |10

x <j,-1j;-1,00110>{ L "}. (21b)

i 11

Equation (21a) is absolutely general, and by use
of the reduction method of I, can be used to analyze
any scattering process of the type considered. The
relevant tensorial quantities are the scalar pro-
ducts 777777 as was mentioned in the Introduc-
tion. An important result is readily obtained from
Eq. (21b): Because of the selection rules of the
Clebsch-Gordan coefficients, I can only take the
value 0 or 2. Thus, whatever the order of the
process may be, the dependence of the scattered
intensity upon the angle between the incident and
scattered polarization only involves an isotropic
part Py(cosn) and a part proportional to

P,(cosn) =3(3 cos’n—1).

This result can be illustrated in the following
way. Because the scattered intensity (a scalar
quantity) is observed for a given direction of polar-
ization, the dependence on € is a linear function of
(é®€), i.e., a symmetric rank-2 tensor with only
a part of weight 2 and a part of weight 0, which
must be coupled with tensors of the same weight
to form a scalar. Since the only relevant angle
is 1, the intensity can depend only on P (cosn) and
P,(cosn).

C. Symmetrical case

It is now necessary to study in more detail the
influence of the properties of the irreducible com-
ponents of the scattering tensors on the scattered
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intensity.

For the sake of simplicity we assume that the
scattering tensor T is fully symmetric in any
permutation of its Cartesian indices, i.e., the
experiment is performed in the transparency
range of the medium. In this case, it has been
shown in I that 7 has only one nonvanishing com-
ponent of weight J, 77, if »+J is even and none
otherwise; moreover, the projection of 7™ upon
the totally symmetric representation of the per-
mutation group S, is obtained by applylng the »-
symmetrizer o(» )

o) T =x, T,

The real coefficients

- ¢r] oy /(Z (x| <0)>2)”2

have been tabulated up to rank 4 in I. The scalar

product 77«77 is thus directly proportional to

the squared norm of the irreducible tensor T,
e., IT7|?=77-T7, and one can write

X)= D BW,DITIPP,(cosn). (22a)

10,2

The numerical factor
B(J,1) Z NN AW, L, T, T (22b)

is tedious but straightforward to compute. The
explicit calculation has been perfromed up to order
4 in the incoherent case, i.e., ordinary Rayleigh
and Raman, and first and second hyper-Rayleigh
and -Raman scattering, with linearly polarized
incident and scattered lights. The results are
given below: The fraction of the scattered light
polarized parallel to the incident light is I [5=0,
P,(cosn) = 1], whereas the fraction polarized per-
pendicular to the incident light is I [n=3m, P,(cosn)

1
= _z] .
1. Rayleigh-Raman scattering

Lo =51{(a@ . a®)[1+2P,(cosn)]
+(a® . a®)[1+35P,(cosn)]},

L= 3{lla@ P+ £l a® |2},

1= 314l @}

The scalar term is the classical cos®n law.

inc

2. First hyper-Rayleigh-Raman scattering
Lo =5l{3(8® )11 +16P,(cosn)]
C+2(B®) B [1+2P,(cosn)]},
L= I[85 |8,
L= {8V + 22 [}
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These formulas are esseéntially the same as those
of Maker.?

3. Second hyper-Rayleigh-Raman scattering

If one deals with centrosymmetrical molecules,
B vanishes, and the hyperscattering is due to the
cubic polarizability; such an effect, excessively
weak, has not yet been observed:

Lineon =161 (r @+ 7 @)[1 + 2P, (cosn)]
+ @y @)[LL | 12D (cosn)]
@y @2, 2P (cosn)]},
L=y p+ 2 [y @B+ & @7,
Tholss [y @ P3|

One of the most widely used parameters is the
depolarization ratio p which is defined from

1 -p= (I" —I.L)/(Iu +IL) .

Table I gives the depolarization ratio for the
three configurations analyzed above. The most

notable result of this section is the following: if

we assume Kleinman’s symmetry, the relevant
quantities in incoherent scattering processes are
the norms of the various irreducible parts of the
scattering tensors.

On the other hand, in a coherent process, x(0)
reduces to

> @170 3 A(0,1,7,7)P,(cosn),  (23)

T 1=0,2
which can be changed into

2 am. 1o o on(Zeg2Ee ).

g 9

Since P,=1 and P,=3(3 cos’n - 1), the polarization
dependence of the scattered intensity is thus'mere-
ly the square cosine of the angle between the in-
cident and the scattered light polarizations.

In a second-order coherent process appears the
norm of the scalar polarizability a!®). Since the
phase-matching condition is fulfilled in the forward
direction,

Lon=I, £V, &) ||t |25 cos®n

gives the distribution of the forward scattered

Rayleigh intensity. In the incident mode (ks =K,
€=2) the scattered amplitude interferes destruc-
tively with the incident wave, which ensures the
total intensity to be conserved. The second hy-
perpolarizability ¥ has two scalar irreducible
parts,

P0=5VEY and ¥*u0 =5,
which after a short calculation leads to
Logn=31of (V, B |V cos™n.

With a monochromatic pump, one fourth-order
coherent process can be evidenced: third har-
monic generation, i.e., wg=3, and Ak =k(3w)

- 3k(w). With two pump beams at frequencies w,
and w,, several fourth-order effects have been
observed and discussed,'? such as coherent anti-
Stokes Raman scattering (w,=2w, — w,) and three-
wave mixing (w,=2w, + w,).

D. Circularly polarized pump beam

If the pump beam is circularly polarized, we can
assume a propagation in the +z direction and a po-
larization in the xy plane; for a right circular
wave, & is given by its circular components e,
=1, e;=e_,=0. It follows that

-1 A
r® e}c(zk) = 04, 710001
{sk®si'h' }:n = 6k, r-lék',r-lém.o
X(r-17r-1,7-1 -r+1[10),

and hence that

(D)= 177 | -1y { Lo

Z}P,(coses)

! r-17-1J.
X (11, 00|0)
X{r-1r-1,7v -1 —r+1|10).

(24)

The only irreducible component appearing in y(J)
is the one with maximum value of 2 and R’ (k
=k’'=y-1); this implies that except in a linear
(two-photon) process, no coherent (J =0) scattering
can occur in a fluid with one circularly polarized
pump beam. The explicit calculation has been

TABLE 1. Depolarization ratios in incoherent scattering. ’

Depolarization
ratio Raman scattering First hyper-Raman Second hyper-Raman
6la | TDIP+12lB DI saly @I+ 0l
P 10+l ®IP 358 DV|R+158DNE 2520y @2+ 171yl 2+42]h )2
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performed below in the symmetric case.
Two-photon process:

lfm: L“;")L sin®0s7 (V, &),
0
II_O: lla(;>||2(Po_P2)+ Ila‘;’||2 <P0_ %> |
1,:10_“0_1‘;K,
1,=1, =10<”“2” P .1 u(;:a ”2>.

Three-photon process:

I 4 O 18 |2 2 )

I,°9 15 Po=Po)+ —75 <P°—7P2 ’
18 |1

L=l

I,=I,=I, (—II B + IIB‘”1|2>

Four-photon process:

I 3 |y®)P Iy Il2< 5

1,710 21 Bo=Po)+ =57 Po~13 P2 ),
“.y(q)uz

Is‘_‘In 36’

@ Ilz>

This provides a way of measuring directly the
norm of the irreducible component of highest
weight, for instance, [8|. Then one can mea-
sure ||8V|| with different polarizations. These
experiments can complete other nonlinear optical
experiments, suchasdc second-harmonic genera-
tion, which allows one to measure 8.

—2 e
I,=1, 1(140”7 I+

IV. OTHER EXAMPLES

In Sec. III, we investigated the case of one single
monochromatic linearly polarized pump beam.
All of our results [Eqgs. (15)-(18)] are still valid
in more complex situations, and we shall now give
two examples relative to third-order processes:
(i) Coherent frequency mixing, with two mono-
chromatic beams, both linearly polarized. (ii)
Incoherent hyper-Rayleigh scattering, with one
pump beam elliptically polarized.

A. Coherent frequency mixing

Since the (pseudo) scalar part of a rank-3 tensor
is fully antisymmetrical in any permutation of its
Cartesian indices, no coherent second harmonic
generation can occur in a fluid. Now, parametric
interactions such as w,=w, +w, (w,# w,) can be
evidenced with molecules containing a pseudoscalar

direct groups (i.e.,
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quantity in the totally symmetrical representation
of their point group. These molecules belong to
with no improper point opera-
tion) and hence exhibit optical activity, such a fre-
quency mixing, first discussed by Giordmaine,"
and observed, for example, in solutions of chiral
glucides by Rentzepis et al.,'® is weak since it is
only allowed as far as frequency dispersion can-
not be neglected. If the two fundamental beams

are polarized parallel to each other, Eq. (20) gives

. a zero intensity; however, the scattered intensity

is easy to compute from Eq. (17) and is readily
written '

coh _I f
with

”B(o) ”2P1 OPI,O*

={ee{e'@e?} ),
Since

{eree?}v = z/«/’Z

and
fesul=-(1/vD2 4,
we obtain
Lw=3L 7V, DBV |- @x 292, (25)

Indeed, if &' and @* are parallel, I, , =0; if &'
12?, for instance 2'[|x and &2]|y, let 65 be the
angle between € and the Z axis, we then find that

I, is proportional to cos®6g.

B. Hyper-Rayleigh scattering

Though no coherent second harmonic generation
can occur in a liquid, Rayleigh scattering can
still be observed. We suppose that the fundamen-
tal beam is elliptically polarized, i.e., a statis-
tical mixing; then, 2 is given by its circular com-
ponents (& =cosxé*+sinxé”).

The generation of a harmonic photon can result
from the fusion of two photons belonging either
to the same mode, or to orthogonal modes:

I/I,= cos*M (+) + sin*\ (=) + 4 sin®\ cos®\ (+) . (26)

The two first terms account for pure circular
waves. The crossed term is readily computed
from

s ={e*@e ™ =(11,1-1|20)5,

and one finds
X&) = D (11, 00|20)P,(cosby)
1
SO DRSS EE R
734 B B J
X(11,1-1[-0X11,1 = 1|E’0)(B* 7. B¥ 7).
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In the symmetrical case,
Iiy/Iy =55 || |P[P, - 4P, (cosby)]

+ & B9 P[Py +3 P, (cosbs)]. (21)

The circular case is given by (26) and (27) with
cosx=0 or sinx=0; in the linear case, !cos?«]
=|sinx| =1/V2. If one uses P,(cos?+2)=~P,(cosn),
one finds again the results of Sec. IIIB. This ap-
proach can be generalized for a process of any
order, evidencing the squared coefficients of the
binomial expansion of (cosA + sinA)™!.

V. MOLECULAR SELECTION RULES

Molecular symmetry requires selection rules
on the polarizability components, which are not
customarily expressed in the formalism of spheri-
cal tensors. For sake of completeness we now
discuss some symmetry considerations for vibra-
tional Rayleigh or Raman scattering. The cor-
respondence between spherical and fully symme-
trical Cartesian tensors is explicitly given in I
up to rank 4.

In the Born-Oppenheimer approximation, the
wave function of the molecule is written as the
product of an electronic and a nuclear wave func-
tion. The electronic Hamiltonian as well as the
electronic wave function can be developed in series
of the normal nuclear coordinates g, so that the
polarizability tensor involved in a process of order
7 can be developed as

Ty () =T )+ D Thipqy+e++, (28)
»

where T, = (8T}/3q,) puo- The first term in Eq.
(27) is purely electronic and accounts for Rayleigh
scattering; the second term is responsible for Ra-
man scattering. Theoccurrenceof a Ramantransi-
tion requires that the corresponding T},'," compon-
ent symmetry type contains the symmetry of the
normal coordinate involved ¢q,. In particular, a
coherent process can only involve normal coordin-
ates transforming like a scalar.

In Table II we give the irreducible components
of spherical true and pseudotensors up to J =4
for each representation of the 32 crystallographic
point groups and the molecular groups C,, and
D,,; the irreducible representations are labeled
following Koster et al.'* The gqth component of
an irreducible tensor of weight % is denoted by
D%; if necessary a superscript “+” or “~” indicates
the parity of the tensor.

VI. CONCLUSION

We have applied the formalism developed in I
to the problem of elastic (always incoherent) light

scattering in a low-density fluid. It has been found
that the intensity scattered in a given direction de-
pends on one angular parameter, namely, the angle
between the polarization of the incident and the
scattered light, and can only have an isotropic
contribution P (cosn) and a deviatoric one P,(cosn).
The scattered intensity is a function of the scalar
invariants associated with the various irreducible
components 777 of the scattering tensor T: the
scalar products (777« 77'7) in the incoherent case,
which are changed into || 77||? if Kleinman’s sym-
metry is assumed, or the scalar irreducible com-
ponent 77 in the coherent case.
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APPENDIX A

We briefly recall how the scattering tensors and
the absolute cross sections are calculated explicit-
ly. The transition probability per unit from an
eigenstate ‘¢1> with energy W of the free (atom
plus radiation) system to another state ]d)z) under
the coupling V is

dp .2m
at 7w P
In (A1), p(W) is the density of final states, and

(W1)lsz1lz' (A1)

> ke >

[b> ke 1> >

[a> > [>

> >

ke ke

|a> la> 1> 12>
FIG. 2. Perturbation diagrams for computing o(-wg,
w)’ B<_stw,w)’ 'y(‘wsswsw:w)'
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TABLE II. Molecular selection rules for the most frequently encountered point groups.

(a) Triclinic systein

Group C; (1)
Ty Df q:i—k,~k+1,...,k=1,k
Group S, (1)

+ oot - e -
Df 1sI1,DZ is I'y

(b) Monoclinic system

Group C, (2)
R
Ty Do qgeven o 4 hit,...k=1,k
I'y DF, qodd

Group Cg (m)
Bt s
DEis T, in cz{Da s idem
k-, <
DE:T;— T,

Group C,, (2/m)

DF is T
DEis T, inCyd e 871
D¥ is T;
(c) Orthorhombic system
Group D, (222)
ry D} D, D3+D?, D3-D3, D}, p}+p%,, D}+D4,
T, pi-ply D}+D%, p}-D3%,, D}-D3%, D}+DY, D§+D?,
Iy D} Dpi-D?, D}, D} +D3, p4-p4,, Di-DY,
r, Dpl+p!, Di-D?% D3+D3,, D3 +D%, D{-D!,, D4-D!;

Group C,, (mm2)
BT 4
DEis T, inDZ{D" #idem
k=, —
DE: T (=T, Ty—T,
Group Dy, (mmm)
PRI +
DEisT, inD,J)Pa 87T
D¥ isT;

(d) Trigonal system

Group Cj3 (3)

Fi Dg D(i) D% D§3’ Dgs Dg DéS’ Dg’ Dé
r, Dl D?,, D} D3, D} D%,, D4, D}
Ty v DY, D%, D} D¢, D} p4,, p%,, D}

Group Sg (§)
P +
DEisT, inCyJ D 18T
D™ is T’}
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Group D3 (32)

ry D) D} D3 +D3, D4, p4-p4,
r, D} D}, D3-D3, D} +D%,
Ty DYy DYy, DL, D%, D3, DYy, DYy, DYy
Group Cg, (3m)
Dk+: i
Dt is T, inp3{ o ¢ 1dem
LA .
Df: T\—T,
Group D3, 3m)
PR +
DEis T, inDy JPa 18 T
D! isT;
(e) Tetragonal system
Group C, (4)
0 1
ry Dy Dy D} D} D%y, D§, D}
Ty D2y, D3 D%y, D} D%, D}
I3 D} D} D3, D} D3, Df
r, Dl D%, D%, D} D%y, D}
Group Sy (4)
L idem

D is T in C4 {Dq

Group Cy, (4/m)
DE

Diis T, inc4{ .
DQ

Group D, (422)

Group Cy,, (4mm)

DE*
D% is T, inD4{ a

Group D,,; (d2m)

D
DEis T, inD4{ a

Group Dy, (4/ mmm)

Dris T, inD4{

Ds':

k-,
Dk

L
%: idem

R
DE:

Fye—T,, I'y—T,

. +
is I

is I';

1
Dy

:idem

D§

D}
D}+D?%, D3-D3,
D}-D?, p}+D3,
D%, D%, D3,

I—T,, T,~—T,

3

3

DTy, Ty—Ty

. +
D; is T
k- s -
D; is Iy

D}, D§+D?,
Di-D4,
D}+D?,
D}-D*4,

4 4
Di:I! Di:3
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TABLE IL (continued)
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(f) Hexagonal system

Group C; (6)

Ty Dg Dj D} D} D§
2 3 4
r, D, D3, Dt,, D}
2 3 4 4
Ty Dj D3 D2y, Dy
3 3 4 4
Ty Dz, D3 DZs, D3
1
Ty Di D} D} Dn{
1 3 4
Ty DYy D2, D3, D%,
Group C3, (6)
DF': i
DE is T, in Cg ) Do *1dem
Dy :Ty~~Ty, Ty—Ts, I3—T
Group Cg,, (6/m)
DF s T
Diis T, inCg{ ¢ St
Dk is Ty
Group Dg (622)
Ty Dy D§ Dj
Ty Dj D}
4
T, Di-D%, D3 +D%;
r, D§+D3%, Di-D%;
Ts . DY DYy - Dy DYy
T Di, Di, DY,, DYy
Group Cg, (6 mm)
D .y
Dfis T, inDgl) "¢ idem
DF:Ty~Ty, I3—Ty
Group D3, (6m2)
DE*:
DZis T, inDg) Do *1dem
Dy :Ty~=T3, [y=—Ty, I'5—T
Group Dy, (6/mmm)
. +
DfisT, inDg ) Da 87T
D¥ isT;
(g) Cubic system
Group T' (23)
r, p} Dp3-D3, VIZD§+/5 (D§ +D%y
Iy D} +i /N2 (D} +D?%y) VIOD}—vT (DF +D% ) —2:/3 (D} +D%y)
Ty D}—i N2 (D} +D?y) VIO D§~VT (D} +Dy) +2iV3 (D} +D?y)
D} Dl
Ty D§ D}-D?%, n}, pi,+p%, DYy, Di-DI,
pl; DY D}, DY;, D§-D?,
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Group T) (m3)
Bt s I‘+
DeisT,inT )P0 BT
DF is Tj

Group O (432)

ry Df VIAD}+V5 (D} +D)
r, Dp3-D3, '
r D} VI0D} -7 (D} +D4y)
3
Dp%+p?, D4+p%,
D!, V5035 +/3 D} D%, +V7TD}
r, D} D} . pi-p4,
D} VBD} +V3D3, D4+VTD4,
D2, v3D3,—v5D} V7D%; - D}
T D3-D?, D3+D%, Di-D4,
D} V3D3-V5D%, J7D4-DY,
Group T, (43m)
R
DfisT, in0 {Dq : dem
DF:Dy~=T,y, I[y~—T}5
Group O, (m3m)
kt o, +
Dt is T, inO{D" Is Iy
DF s Ij
(h) Group Coy
- + - +
=" hol D} D} D} D}
- - + - -
z D) D} D} D3 D}
I DYy D}, DY, DY,
A D%, D, D%,
@ D3y’ DY,
r DY,
Group Do p,
pt o . k- s
D; isg, Dy isu
S,, is the transition matrix element (see Sec. ITA) |¢1>= Ia) IN(E,E»

($,| V |4%) with
[0 = @)+ lim———— |43) .

o Wy —H,+i€
An eigenstate of the free system can be expressed
as the product of an atomic state by a radiation
state; in particular, in an 7th-order scattering
process

and

|6 =|0)|(N =7+ 1)(k,8&);1(k,,8)) .

We use the expression of the quantized electric

field

- Bw \V2. 0 o R s iR
E=D. (——2 i{ae’™ R _ g*E*e ik R}
Ev; €0V

2059



2060 R. BONNEVILLE AND D. S. CHEMLA 17

the relation between the incident intensity 7/ and w and wg are the incident and scattered frequen-
the mean photon numer IV,M, assuming the pump cies respectively; ‘:;,” is the scattering tensor
beam to be coherent, is component (Eq. 7); these formulas are given in
mksa units but the tensors keep the same expres-
I=(fiwc/V)N, sion in cgs units (4m€,=1). The intensity scattered
in a given direction at a distance L is
and )
i _wg. do
(N(N—l)...(N-—p+1))—N’, Is——w—lz%. (A3)

and p(W)de=Vw%dQ/(2nc)*%. This leads to the

cross section per molecule for an vth-order scat-

tering process:

. @_—=w3w E”_Ir-lez(z;”z
e c* \ ¢ (4me,)

Through a diagram method (Fig. 2) we obtain the
explicit expression of the scattering tensors up
to rank 4 (it is worth noting that if ¢ incident pho-
tons belong to a same mode, each diagram has to

A2
(A2) be counted ¢! times). For instance;

aob(_ _xoldimymld;lay (bld;Im)(mld,|a)
au(ws,w)—; Ea_Em+;,zQ,J * E:-Em+ﬁwls ’

- _ (bld;lm)y{mld;|n)y{nld,| a) (Bld,lmy(mld;|n)y{nld;| a)
ik (-wsw,0)= 2 (E, ~ B+ 2h0)(B, —E +1w) " (B, — B+ iw - i (B, — E,+ i)

myn

(bld;lmy{mld,\n)nld;|a)

+ (idem with exchanging j and #).
*E,-E,+ v -w)(E,-E, - iwg) ( rehanging J

From Eqgs. (A2) and (A3), one can find immediately sitions:
the expression of the proportionality constant /
N,
Of Eq' (5). Iinc = 4 Z (AA*>04-0¢’ (BZ)
(a~a) g(a_) a,al
APPENDIX B ot

and a coherent contribution due to the |a)~ |a)
transitions. .

Since the initial state of the atomic system is not
in general an eigenstate of H,,, but a statistical
mixing described by a density matrix

In Sec. (IIb), we had assumed_ that the atomic
levels a and b were not degenerate; otherwise,
let g(a) be the degeneracy of the initial level, and
a and B be the indices labeling the eigenstates of
the levels a and b, respectively.

An inelastic a—~b process is still incoherent;

the total scattering cross section is obtained in P=:L;P(“> @) I ac) (aal ’

summing over the final states 8 and averaging

over the initial states @ which we assume to be the polarizability tensor 7%%*%* which accounts for

unpolarized: a coherent scattering process must be replaced by
the average value T=Tr(pT), so that the total co-

Liconam sy = :g%z% 2 (AA*Y, q. (B1) herently scattered intensity is given by
oy
An elastic g —a process has both an incoherent - = 2
contribution due to the |a)~|a’), with a#a’, tran- Leon =11V, K) aza:p(a, @) Aea| - (B3)
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