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N& gas rototranslational scattering is studied at high frequency up to 700 cm theoretically and ex-

perimentally for several temperatures and from low densities up to 170 amagat. Our theoretical calcula-

tions take into account multipole contributions from the mean value and anisotropy of the dipole-dipole

polarizability tensor a and two independent components of the dipole-octopole polarizability tensor E.
The E tensor is found to give the most important contribution at high frequency. The comparison of the
experimental and theoretical spectra allows us to estimate at ~E o '~ =4.6 A ' the absolute value of the ex-

perimental {A.=514.5 nm) dynamic irreducible spherical component of the dipole-octopole polarizability
tensor of N2. When using this value, good agreement is obtained between the theoretical and experimen-

tal spectra at room temperature (294 K) and low temperature (150 K).

PACS number(s): 34.50.—s, 33.20.Fb, 33.70.—w

I. INTRODUCTION

Light scattering has been widely used in recent years to
study molecular interactions in fluids [1—4]. It has been
shown for atomic fluids [3,5] and for several optically iso-
tropic molecular fluids [2,4,6(a),6(b}] that dipole-induced
dipole (DID) interactions explain most of the integrated
induced intensities as well as the low-frequency part of
the interaction-induced spectra. However, when higher-
frequency scattering is considered, shorter-range mecha-
nisms are necessary to explain the observed interaction-
induced scattering (IIS). The interaction-induced dipole
moment for the molecule of a fluid illuminated by an in-
cident laser field has to involve its molecular dipole-
multipole polarizabilities. If p is the dipole induced by a
local field 8, neglecting hyperpolarizabilities we have [7]

~P P 3~ aPy Py is ~PyS PyS

where a, A, E are dipole-multipole polarizability tensors
of the molecule. The multipoles involved are, respective-
ly, the dipole-, the quadrupole-, and the octopole-induced
moments. The subscripts a, p, y, and 5 refer to
Cartesian axes. 8p and 8pys are the Py and Py5
components of the local-field gradients acting on the
molecule. For tetrahedral and octrahedral molecules
[CH4,CF4,C(CH3)&,SF6] it has been shown [6(a),7—10]
that the polarizability tensors A and/or E contribute to
the far-frequency wings.

For linear centrosymmetric molecules, the dipole-
quadrupole polarizability tensor vanishes, and the next
multipolar contribution after the dipole-dipole contribu-
tion comes from the dipole-octopole polarizability E. For
these centrosymmetric molecules the E tensor has two in-
dependent components [11,12], contrary to the already
investigated molecules belonging to the symmetry groups
T& or 0& for which E has only one independent com-

ponent. Furthermore, if the molecules are optically an-
isotropic, the rototranslational scattering includes a
depolarized contribution from the anisotropy of the in-
trinsic polarizability [13], which generally is mixed with
interaction-induced intensities [14—21].

The present work is a study, both theoretical and ex-
perimental, of the spectral shape of far rototranslational
scattering from the linear centrosymmetric molecule N2
up to frequency shifts of about 700 cm ', where the scat-
tered intensities are purely interaction induced. Since the
radial dependencies of the induced mechanisms described
by the terms of Eq. (1) due, respectively, to the a tensor
(DID} and E tensor (DIO), are significantly different, one
may expect quite different spectral shapes for these mech-
anisms. Thus, in our work we found good conditions for
the observation of short-range contributions to IIS and
particularly the contribution from the dipole-octopole
polarizability tensor E. In our study, several densities
and temperature conditions have been considered.

Our paper is organized as follows. In Sec. II we give
the multipolar theory of the spectral shape of scattered
light, devoting special attention to different broadening
procedures of the rotational stick spectrum due to
translational motions of the %2 molecules. Section III
describes the experimental setup and procedures used,
whereas in Sec. IV we compare the theoretically calculat-
ed spectra with those obtained experimentally.

II. THEORY

A. General considerations

We consider a system composed of a large number Xof
like, intrinsically anisotropic molecules on which mono-
chromatic laser radiation of frequency u; linearly polar-
ized in the direction e is incident. The radiation scat-
tered at co, is measured on traversal of an analyzer with
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polarization n. Theoretically, the polarized (e~~n) and
depolarized (eln) double-differential scattering cross sec-
tions are expressed by [3,10]

a2
=k;k, f exp( i—cot)F(t)dt, (2)

where

F(r)= g p»F&, (r),
1=0,2

with

g =-,'(e n)',

(t z= —,', [3+(e n) ] .

F,, (t) is the autocorrelation function

F,', (r) =
& 11'"(0)olI'"(r)&

(2a)

(2b)

(2c)

(3)

of the irreducible lth rank pair polarizability tensor II'"
of the scattering molecules. In Eq. (2), 8 denotes a scalar
tensor product and ( ) is a canonical average. Here,
since we discuss the depolarized VH scattering, we are
dealing with the following cross section:

f exp( idiot)Fz~(t—)dt . (2')

When considering intermolecular interactions, the pair
( I)polarizability II' ' may be separated into two parts:

( I) (&) ( 1')= (m)II + (DiM)II (4)

( 1) ( I) ( I) (I) ( I ) ( I ) ( I ) ( ~)II = II + & II + rr (5)

where the first term is the dipole-induced dipole contribu-
tion we11 known from the Yvon-Kirkwood theory and the
second and third terms represent, respectively, the
dipole-induced quadrupole (DIQ) and dipole-induced oc-
topole contributions.

The theory of the irreducible spherical representation
of the dipole-induced multipole pair polarizability has
been developed by us elsewhere [23]. Here, we give only
the final result for the P component of the irreducible
Jth-rank pair-polarizability tensor (D,M)IIJ& in the cou-
pling scheme most convenient for our present calcula-
tions:

the overall intrinsic molecular polarizability (~)II'" of the
pair, and the polarizability (D&M)II'", originating in the
interaction-induced dipole-induced multipole mecha-
nisms. In a first-order approximation, the excess

(D,M)II polarizability is expressed in terms of the mul-(I)

tipole series expansion [22]

(1) J)+X
(DIM)~ JP

P, V =1,2 J),J2,J3

2
' 1/2

(2& i )!(2&2)t zJ3~ 1

l,

~( 1 l ) ) ~(112 )
1 J [T~(pq)[Ai ' (p) A~

' (q)]i IJii,

where

a b c

vH 1 exp( —E,sk, T)

BQBco 10 Z gi(2J + 1)(2J'+ 1)

e

g h j

'2J' 2 J,„2
X 0 0 0 A,"," 5(co b,co), —

is the 9-j Wigner symbol, AJ" '(r) is the irreducible
Jth-rank spherical tensor of multipole polarizability of
molecule r, and Tz denotes the spherical multipole
interaction tensor. Moreover X, „&= [(2a + 1)(2b
+1). . . (2f +1)]',Ii+1&=N, and stands for an irre-

ducible tensor product.
%'e shaH consider here gaseous nitrogen at low density.

In this case, the rotational and translational molecular
motions are treated separately. In this approximation the
cross contributions to the scattered intensity between
different terms of (5) vanish. Moreover, due to the center
of symmetry of the nitrogen molecule, the first-order
DIQ contribution of (5) vanishes, too. In this way the in-

tensity of scattered radiation is composed by three quad-
ratic terms [23]: intrinsic, DID, and DIO.

For linear molecules, the rotational Rayleigh cross sec-
tion due to permanent intrinsic anisotropy has the well-

known form [24]

where

a b c
0 0 0

is the 3-j Wigner symbol, E =BJ(J+1)denotes the. en-

ergy of the rotational levels of the N2 molecule, gi
denotes the nuclear statistical factor, and Z is the rota-
tional partition function. A pp is the 0th component of
the irreducible second-rank dipole-dipole polarizability
tensor in the molecular frame and 5(x) stands for the
Dirac 5 function.

To deal with contributions to the scattered intensity re-
sulting from interaction-induced mechanisms, we have to
calculate the autocorrelation function of (6). Using the
decoupling procedure for the spherical irreducible ten-

sors A, B, C, and D [25],
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[(A ')B(b )(')]O[(D N)
E~' )(')] second (1=2) and fourth (1=4) moments MI ' of the

translational part

with

a b c
e d g

a b c
)za+b —d ~ xz '[(A(')(8)D( ))( )]

e d g

O[(B b)E(' )' '] (8)

"C'"'(t)= &T '(r„(0))OT' '(r)z(r)) & (9)

of our dipole-induced dipole (N=2) and dipole-induced
octopole (N=4) correlation functions, and normalize
them to their zero moments (1A'(' =M(( '/Mo ' ).

To calculate the moments we follow the procedure
developed in [30]. The zeroth DID and DIO translation-
al moments read

denoting the 6-j Wigner symbol, we can easily separate
the translational and rotational degrees of freedom in our
autocorrelation function. Since, for an isotropic Quid, the
mean values occurring in Eq. (3), the rotational and
translational parts of our correlation function, have to be
rotational invariants [26], in our autocorrelation function
only the terms with g =0 differ from zero. General re-
sults for the dipole-induced multipole rotational and
translational correlation functions as well as the pro-
cedure leading to the rotational stick spectrum have been
given elsewhere [27]. We calculate our stick spectrum as-

suming that the molecules of the scattering volume rotate
freely in accordance with the predictions of quantum
mechanics [7,27] ~ In Ref. [27] we have used first-order
information theory to broaden our stick spectra. Here
we additionally use more-sophisticated broadening
translational spectra resulting from Mori's theory [28] as
well as from the Birnbaum-Cohen theory [29].

B. Broadening functions

To apply Mori as well as Birnbaum-Cohen theory for
broadening our stick spectra, we have to calculate the

I

M,"'=6& r, ,' &,

M' ' =2520&r, '

(1oa)

( lob)

whereas the normalized second moments of, respectively,
the DID and DIO mechanisms have the forms

1&' '=15(Pm, ) '&r, &l&r,

u',"=45(P „) '&,,"&/&

(1 la)

(1 lb)

&280r lz +3[pU'(r)2)] r 1244(z) =3(Pm )z )
r)z

&1188r(z' +5[PU'(r)z)] r)z'
~4"'=5(pm z)

12

(12a)

(12b)

where P= 1 /ks T, m)z is the reduced molecular mass (for
nitrogen, m)z=2. 326X10 kg), and & & denotes the
low-density mean value of F(r, z ):

Then, assuming a spherical potential between nitrogen
molecules, for the normalized fourth moments we obtain

&F(r)z)&= f f fF(r,z)exp[ PU(r, z)]dQ)diaz—dr)z f fdQ, dQz, (13)

U(r)z) —U, '„,',» (r)z)+ UdI, &
(r)z) ~

where

(14a)

f"'
n =6,8, 10

(14c)

with f„' ' (r)z) denoting damping functions of [31(b)].
The respective parameters of (14) used in our calculations
are [31(b)]F =7.080X10 9 erg, ao' ' =2.64733 A
P ' ' =0.12978 A, Cb

——6.840X10—"

where U(r, z) stands for the intermolecular potential of
nitrogen molecules and U'(r)z) = [dU(r(z )]/dr, z.

Since the assumptions leading to Eqs. (10)—(12) require
a spherical, or nearly spherical, nitrogen potential, we
calculate the mean values occurring in Eqs. (10)—(12) us-

ing the isotropic part of the spherical-harmonic expan-
sion of the modern N2 potential recently proposed by
Ling and Rigby [31(a)] and van der Avoird, Worner, and
Jansen [31(b)]:

C ' ' =6.302 X 108

erg A
The numerical values of the DID and DIO translation-

al zeroth, second, and fourth moments for the two tem-
peratures 294 and 150 K considered here are assembled
in Table I, where we moreover give for comparison the
appropriate values computed with the Lennard- Jones ni-
trogen potential

erg A

U(r, z) =4s[(o./r, z)' —(o Ir,z) ], (15)

where [32] E lks =91.5 K and o.=3.681 A.
Having calculated the normalized second and fourth

translational moments and using a Gaussian form for the
first-order memory function, which, by information
theory, is predicted as the least-biased choice we can
make with the available knowledge concerning the sys-
tem [30], Mori theory gives us the translational spectrum
in the form [33,34]

1()v) ( ) (16)
R (co)+[co+S(co)]
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TABLE I. The theoretical DID and DIO translational moments for two temperatures and two types
of potential. The first two rows assemble the DID and DIO zeroth moments. The next four rows give
the second M& and fourth M4 DID and DIO moments normalized to their respective zeroth
moments Mo.

re
Modern [31]

potential
Lennard-Jones [32]

potential

Mechanism
294 K 150 K 294 K 150 K

)
M(4) (A )

(M' '/M' ') (units of 10 s )
(M' '/M' ') (units of 10 s )

(M( ) /M( ) ) (units of 10 s )

(M4 '/Mo ') (units of 10' s )

DID
DIO
DID
DIO
DID
DIO

0.603
0.676
0.125
0.477
0.188
1.56

0.648
0.674
0.062
0.229
0.050
0.381

0.700
0.899
0.134
0.511
0.217
1.81

0.778
0.929
0.066
0.246
0.058
0.439

where K) (x)= 1.01[exp( —x)/x](1+1.69x)'/ (19)

~1 COR (co)=&@/2 exp
262

(16a)

~ra,
S(p2) = — exp

co/(262)f exp(z )dz,
262 0

(16b)

1

exp(72/7, )exp(c07p) 1+(co7, )

1(N) ( ) (17)

with the parameters defined as

2k T'
4

31&

' 1/2

(18a}

(18b)

—1/2

7 =(M )-'" Q4

3M

[ 1 + ( )
2

]1/2( P+P )
) /2

(18c)

(18d)

and I(.'i(z} is a modified Bessel function of the second
kind. This function may be approximated by [35]

with 6) =lQ' a2nd b,2=M4/i&2 Q2. —
Using the values of Table I, we calculate 6, and 52 for

the DID and DIO mechanisms, respectively, and by
means of Eq. (16) we broaden our stick DID and DIO
spectra using Mori theory. The Birnbaum-Cohen model
requires, moreover, knowledge of the normalized second
and fourth spectral moments. Then the model spectral
shape reads [29]

zl(. (z)

with a maximum error of 1%. Using Eqs. (18), (19), and
the values of Table I, we broaden our stick DID and DIO
spectra with the Birnbaum-Cohen model function (17).
Studying the values of Table I, we conclude that in all
cases the modern nitrogen potential predicts lower values
of the respective moments by comparison with the values
resulting from the center-center Lennard-Jones potential.
Moreover, from this table we note that for both types of
potential considered, the zeroth moments differ in their
values more significantly than the respective normalized
moments. This suggests that small differences between
the normalized second and fourth moments calculated
for the modern and Lennard-Jones potential are, to a
large extent, due to the fortunate cancellation upon nor-
malization of more significant differences in the un-
normalized moments. For this reason and due to the
feature of the rototranslational spectrum given in Ref. [8]
showing that the rototranslational far wing is, in fact,
slightly sensitive to the details of the broadening function
and essentially reflects the distribution of the individual
rotational lines of the stick spectrum, we find that the
shape of our spectra is not very sensitive to the difference
between the two potentials used in the calculations. Due
to the difference between the zeroth moments, the choice
of potential has, however, a more pronounced influence
on the absolute intensity. In the figures we present our
spectra resulting from the modern potential.

For each broadening procedure we have calculated the
absolute differential scattering cross section of our DID
and DIO theoretical spectra, integrating them over fre-
quency by Simpson's method and comparing the nurneri-
cal values with those calculated from the analytical for-
mulas obtained by us [23] previously:

~0 vH
V

vH k3k [
2

(
g()1) )4+ 7

(
J(11)g (11) )2+ 11

(
J(11))4](

—6 )an s l $5 00 75 20 20 iPg 20 12
DID

(20a)

k 3k /90[ tl
( P (11)J(13))2+ 18 ( P (11)P (13) )2+ 154

(
J(11)J(13))2+ 11

(
J(11)g (13) )2] (

—IP )00 20 75 20 20 405 20 40 81 00 40 12
DIO

(20b)
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where V is the active scattering volume. The above two
sets of values were always in quite good agreement,
differing by less than several percent.

III. EXPERIMENT

We measured the light scattering of gaseous N2 using a
90'-scattering experiment. The beam of an argon-ion
laser operating on the 514.5-nm line with 2 W of power
was focused in a four-window cell containing the sample.
Different types of cells were used for this work. For 1ow
temperature we used a high-pressure cell especially built
to fit with a helium continuous-flow cryostat. The tem-
perature was controlled inside the cell by a calibrated pla-
tine resistor. The accuracy of the sample temperature
was estimated at about 0.5 K. The sample cells were
designed specially in order to minimize the parasitic light
due to internal reflexions. This was obtained by using
antireflecting coating on the cell windows and blackened
diaphragms on the laser and the scattering beams. The
light scattered at 90' was analyzed with a U 1000 Jobin-
Yvon double monochromator designed to optimize its
luminosity. Finally, the signal was detected by a low-
dark-noise cooled EMI 9789A photomultiplier. The
whole experiment was controlled automatically by means
of a computer. For each wavelength, several measure-
ments were made and analyzed according to statistical
tests. When the data were found to be satisfying, the
grating of the monochromator was shifted to another
wavelength.

Several polarization conditions were studied by chang-
ing the polarization of the laser field. Using a half-wave
plate associated with a Gian polarizer, we were able to
study the spectra Iz(co) and IH(co), where V and H indi-

cate the laser polarization in directions perpendicular or
parallel to the scattering plane [36], respectively. Iz(co)
and IH(co) represent the observed intensities. Due to the
finite value of the scattering collection angle, the 90'
scattering anisotropic spectrum [37] I,„;(co) proportional
to the Fourier transform of the correlation function of
the polarizability anisotropy P is generally a linear func-
tion of the observed quantities IH(cu) and Iz(co). We
have [38,39]

IV. RESULTS AND DISCUSSION

We have studied rototranslational scattering from
gaseous N2 at several densities up to 170 amagat. The
Stokes scattering intensities have been measured by us for
frequency shifts up to 700 cm ' with quite large slits for
the double monochromator. Our apparatus function for
the far wings was about 8 cm ' (full width at half max-
imum). Two temperatures were used for Nz.. 294 and
150 K. For room temperature, the density dependence of
the intensities was studied for several frequency shifts.
We show in Fig. 1, for increasing densities, the scattering
intensity I(450) measured for a frequency shift of v=450
cm ' relative to the intensity I(60) measured for v=60
cm ' at the same density. The ratio I(450)/I(60) in-
creases linearly with density up to 170 amagat. From
those results and assuming that the intensity measured at
v=60 cm ' was predominantly due to permanent polari-
zability anisotropy and proportional to the gas density
and the local field, it follows that the scattering in the
high-frequency part of the Nz Rayleigh spectra is induced

by binary mechanisms.
We have calculated the theoretical anisotropic spectra

as the convolution of the rotational stick spectra and the
above-described translational broadening spectra. We
performed our calculations at room temperature (294 K)
and two densities (41.5 and 170 amagat) and for low tem-
perature (150 K) at 40.5 amagat. When dealing with the
permanent anisotropy spectrum, we broadened the stick
spectrum resulting from Eq. (7) with the Gaussian ap-
paratus function having full width at a half maximum of
8 cm . Figure 2 shows separately the theoretical intrin-
sic anisotropy as well as the DID and DIO contributions
to the Nz spectrum calculated for 41.5 amagat at 294 K.
The importance of the DIO contribution to the resulting
spectrum, especially at the far frequency of the spectrum,
is clearly seen from this figure. In Fig. 3 we present the
permanent anisotropy plus DID spectrum, the spectra re-
sulting from permanent anisotropy plus DID plus DIO
mechanisms, for two values of )Eo '), as well as the ex-
perimental spectrum for 41.5-amagat nitrogen at 294 K.
In this figure, as well as in the other figures of this paper,

I „;(co)= ~ [aIH(co)+bIV(co)] (21) )0s I (450)
I (60)

where a and b are constants. For room temperature, the
maximum of the scattering angle 0 used was 6.2' and we
had a=1.006 and b = —0.006. For low temperature, the
maximum of the scattering angle was smaller and we
used

I,„;(co)= ,'IH(co) . - (22)

In our experiment some contribution to the scattering
intensities has been observed from dust inside the ce11.
We reduced this effect by waiting several hours after each
change of the gas density inside the cell. The cell was
filled through a dust filter (4 pm). Nitrogen, containing
less than 1 ppmV (part per million by volume) of impuri-
ties was purchased from UCAR. We used PVT data
given in Ref. [40].

10—

x~

X/

Ix

gX

I

50
I

100
I

150
I

200

g (amagat)

FIG. 1. Depolarized scattered intensity IH (Stokes side) for
frequency shift v=450 cm divided by the depolarized scat-
tered intensity for v=60 cm ' measured at 294 K for N2 gas vs

density with a slit width of about 8 cm
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182

6.2—

0.2
100 200 300 400 500 600

v (cm ')

FIG. 2. Separate theoretical contributions to the anisotropic
rototranslational spectrum of N2 (Stokes side, 41.5 amagat, 294
K) due to permanent intrinsic anisotropy ( ), the DID-(4) o 5
(-————-), and DIO (~Ep ~

=4.6 A ) (
———) light-scattering

mechanisms.

(Dto) H p= —,', a r ( I ) Trs, ~( r )q )Es,~p(2 ) . (23)

The numerical values of the dipole-dipole and dipole-

18.2

12,2—

the experimental anisotropic spectra have been adjusted
to fit the theoretical depolarized intensity at frequency
shift v =60 cm . With this procedure, it is clearly seen
from Fig. 3 that the DID mechanism alone is unable to
describe the far-frequency part of the spectrum of gase-
ous nitrogen. Taking into account the DIO mechanism
improves considerably the degree of agreement between
the theoretical and experimental curves. In Cartesian
coordinates the typical contribution to the pair polariza-
bility due to the dipole-octopole mechanism reads

octopole polarizability tensors used initially in our calcu-
lations are assembled in Table II. In spherical represen-
tation, the dipole-dipole polarizability tensor a z decom-
poses into zero- and second-rank irreducible tensors,
whereas the dipole-octopole polarizability tensor decom-
poses into irreducible tensors of rank 2 and 4. There are
many rotational branches that are effective due to the
DIO mechanism. From our numerical calculations we
found, however, that the single rotational transition [7]
DIO branch (bJ, =0, b,J2=4 or b,J, =4, b,J~=0) due to

the spherical components ADO" =no ' and A4O =ED '

has a decisive influence on the far-wing spectrum of N2.
However, the static Eo '~ =1.74 A value resulting from
numerical quantum-mechanical computations [42] gives
us a too low intensity at the far wing of the spectrum in
comparison with our experiment. To our knowledge
there are as yet no numerical computations of the dynam-
ic E p~g tensor of N2, so we decided to estimate the

value of Eo ' from our experimental data. We obtain the
best fit of the experimental and theoretical curves for the
absolute value of Eo ' equal to Eo '

~

=4.6 A . We calcu-
lated spectra for other thermodynamical conditions using
the above value for Eo '. Applying different broadening
functions for 294 K, we found no significant difference in
the final spectrum using first-order information theory
[27], Mori theory, or Birnbaum-Cohen model broaden-
ing. We thus conclude, in agreement with Ref. [8], that
the profile of the rototranslational far wing is not sensi-
tive to the details of the broadening function but reflects
the distribution of the individua1 rotational lines of the
stick spectrum. The situation is slightly different at low
temperature, as we will show below. We have also stud-
ied the scattering at higher density. Figure 4 shows a
comparison between the experimental and theoretical
curves of the Stokes-side nitrogen spectrum at 294 K for
170 amagat. Since at this density the scattered signal was
stronger, we were able to go further into the wing than
previously. The DIO mechanism again reproduces very
well the wing of the Nz spectrum in the frequency range
300—500 cm. ' However, above this frequency range
some excess intensity appears. We attribute this intensity
to a shorter-range mechanism than DIO, such as an over-

0.2

TABLE II. Numerical values of the dipole-dipole A Jp" and

dipole-octopole A Jp
' polarizability tensors used in our calcula-

tions.

100 200 300 400 500 600

v (cm ')
A Jp (A) w(J]p3) (A )

FIG. 3. Rototransitional anisotropic spectra of N2 at 294 K
and 41.5 amagat (Stokes side). Permanent anisotropy spectrum

plus DID (—————); permanent anisotropy plus DID plus DIO
—(4) o 5

(~Ep ~

=1.74 A ) spectrum (
———); permanent anisotropy

(4) o 5

plus DID plus DIO (~Ep ~

=4.6 A ) spectrum ( ) and ex-

perimental spectrum (+). In the course of our computations we
-(13) —(2)

noticed no significant influence of the value of the A pp +p
spherical component on the shape of the final theoretical spec-

trum. Due to the large slit function used ( —8 cm '), the rota-

tional structure from monomer motion is but slightly apparent
in the experimental spectrum.

—3.066'
0.583' 0 609b '

74b, C

'For A. =514.5 nm [41].
Static (zero-frequency) value.

'We calculate the molecular-frame irreducible spherical com-

ponents A Jp of the dipole-octopole polarizability tensor

used in our computations from the reducible spherical

components a„computed in Ref. [42] using A Jp
(13)

( lm 3 —m~ JO)a», where (aa b13~cy ) is the Clebsch-

Gordan coefficient.
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20.2 18.2

15.2—

10.2—

5.2—
6.2—

0.2
0 100 200 500 600

v (cm ')

FIG. 4. Experimental (+) and theoretical ( ) (per-
manent anisotropy plus DID plus DIO) anisotropic rotatransla-
tional spectra of N2 at 294 K and 170 amagat (Stokes side).

300 400

15.2—

10.2—

5.2—

lap mechanism, or the next multipole polarizability of
N2. When modeling this contribution by an exponential
curve [exp( —v/vo) ] with coefficient vo equal to 450 cm
and on adding this contribution to the theoretical spec-
trum resulting from permanent anisotropy, DID, and
DIO mechanisms, we obtain very good agreement with
the experimental results, as shown in Fig. 5. Finally, in

order to check the temperature dependence, we studied

N2 scattering at low temperature. Figure 6 shows a com-

parison between the theoretical and experimental results
for the Stokes-side nitrogen spectrum at 150 K for 40.5
amagat. Since under these conditions the differences be-
tween the several models of broadening of the rotational
stick spectrum are more strongly pronounced, we present
and compare here the theoretical spectra obtained by
different broadening procedures with the experimental
spectrum. For the low temperature, all far-
rototranslational theoretical spectra are generally slightly
weaker than the experimental spectrum. From this figure
one notes, however, that the Birnbaum-Cohen and Mori
broadening procedures provide much better agreement
between the theoretical spectra and the experimental one

20.2

0.2
100 200 300 400

v (cm ')

FIG. 6. Experimental (+) and theoretical anisotropic roto-
translational spectra of N& at 150 K and 40.5 amagat. The
theoretical spectra result from the following broadening pro-
cedures: (a) ( ———) first order of information theory; (b)
(-——---) Mori theory; (c) ( ) Birnbaum-Cohen theory.

than the theoretical spectrum resulting from information
theory.

V. CONCLUSIONS
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experimental spectra have been compared with the
theoretical ones obtained from the multipolar light-
scattering theory proposed by us, which, for nitrogen, is
based on dipole-induced-dipole and dipole-induced-
octopole light-scattering mechanisms. We have shown
that the DID mechanism alone is not able to describe the
far-frequency part of the rototranslational spectra of
gaseous N2. However, if in addition to DID the dipole-
induced octopole mechanism is taken into account, agree-
ment between the theoretical and experimental spectra
becomes very good. We estimate the absolute value of
the dynamic (A, =514.5 nm) irreducible spherical com-
ponent Eo of the dipole-octopole polarizability tensor as(4)

~EO
'

i
=4.6 A . Moreover, we found that the far-

frequency wings of gaseous nitrogen in the range
300—550 cm ' are almost completely of DIO nature.
For the highest-frequency part investigated above 550
cm ', very short-range interactions are involved. The
next multipole contributions (higher order than the octo-
pole) and/or electron overlap are mechanisms suggested
for this range of frequency.
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ic rototranslational spectra of N2 at 294 K and 170 amagat
(Stokes side). In the theoretical spectrum, an exponential con-

—v/v —1tribution e, with v0=450 cm due to a very-short-range

mechanism, has been included.
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