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Multipolar polarizations of methane from isotropic and anisotropic collision-induced
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The anisotropic and isotropic binary collision-induced spectra scattered by gaseous methane have been
measured in absolute units up to 900 ¢érfrom the Rayleigh line. Corresponding theoretical intensities taking
into account multipolar polarizabilities have been calculated using a semiclassical procedure. From the analysis
of, mainly, our isotropic scattering data, values of the dipole-quadrupole and dipole-octopole polarizabilities
are deduced. They are found to be in good agreement with rabeinitio calculations.
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I. INTRODUCTION computed theoretical intensities calculated usaiy initio

) ) ) polarizabilities recently obtained is made.
Molecular interactions are known to influence the scatter-

ing spectra of molecules. Generally, contributions of
interaction-induced effects to scattering intensities generated Il. THEORY

by a gaseous sample depend on the symmetry of the particles |, 5 gense medium, collisional effects as well as time and
involved [1,2]. For tetrahedra(Ty symmetry molecules,  g5406 flyctuations of multipolar molecular fields will in gen-
there are no functions that are invariant under the symmetry, | jead to changes in the pair polarizability tensor. For tet-
operations offy in the subspaces of the firdt=1) and sec-  anedral molecules, in a first approximation, the long-range
ond (I=2) order connected to the spherical harmoniGs  fie|d-induced change in the pair polarizability related to the
which describe molecular propertigd. Then, for these mol-  jinear multipolar polarizabilities readaip to the octopole-
ecules, the dipolar- and quadrupolar-type tensorial physicghguced octopole light scattering mechanjsie]

properties vanish and their dipole-dipole polarizabilityis
isotropic. The first source of anisotropy for the physical _ oap . L 1.2 AB AB
properties of tetrahedral symmetry molecules comes fromAA_(l"'pAB){aoT(z )+§0‘o(A,§x 2T -T®
third-rank tensors. Taking into account the linear response of

that system to the applied field, the anisotropy mainly comes X[Z]A(BZ'D) + iao(A(Al'S)B]TQAB) + TE;AB)[3]AE33’D)
from the dipole-quadrupolédipole-field gradient polariz- 15

ability A, z,- Thus, due to the isotropic nature of the dipole 1 1

polarizability of the CH molecule the light scattered by GH + ZAL2[2ITAB2]ARY + = (AL2[2]TAP[3]A LY
monomers in the Rayleigh band is completely polarized. In 9 45

consequence, the depolarized light signals in the Rayleigh 1

wings are of purely interaction nature. Several studies of -AR ’3)[3]T§,AB)[2]A§32’1))+EA(Al JBITEOI3IALY
CH, collision-induced light scatteringCILS) spectra have

been published4,5]. They all concerned the anisotropic

scattering spectra of GHoetween 0 ¢t and 550 criit. In * } @)

these conditions, a relatively strong contribution of long- i ) o
range interactions mainly identified as the dipole—inducedWhere ag is the dipole polarizability whereas the tensor
dipole (DID) effect is present and complicates the evaluation®{*™ of rank 1+m determines the linear-dipoleith-rank
of contributions due to high-order multipolar polarizabilities. multipole polarizability due to electric-dipole=2n-pole

In this paper we deduce the multipolar polarizabilities oftransitions in a moleculé The symbol[m] denotesm-fold
CH, molecules from light scatteringCILS) spectroscopy contraction whereasP,g permutes the indice#\ and B.
studying as well the anisotropic and isotropic RayleighMoreover,Tﬁ\’,*B)=(V)N(1/RAB) stands for the intermolecular
wings of gaseous methane up to a frequency shifbf  interaction tensor. Usually in the literature the following
900 cnT!. We shall show that thisotropic CILS spectrum of  brief notation for, respectively, the dipole-quadrupole and the
CH, samples is very suitable to study high-order polarizabil-dipole-octopole polarizabilityA»2=A ,A®I=E, is used.
ities. Indeed in the case of the isotropic CILS spectrum ofWe note that for tetrahedral moleculdsis the leading an-
CH,, the DID interaction contributes only to the second or-isotropic polarizability. This polarizability gives the main
der, giving us a good opportunity to study multipolar polar-contribution to the collision-induced rotational Raman
izabilities, the A tensor in particular. The dipole-octopole (CIRR) scattering [7] considered here. The irreducible
(dipole gradient of the field gradignpolarizability E, z,sis  spherical version of Eq.1) has been derived elsewhe@&j.
also investigated. A comparison of experimental data withn Table | we give for tetrahedral molecules the form of the
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TABLE |. Excess multipolar-origin pair polarizabilitsAx), due to theA tensor: isotropidK=0) and anisotropi¢K=2) cases.

Mechanism ia I Ia Ig N AAgg APoy
aT A 0 3 1 2 3 (\V14/3)Agg (2471315 Aoy
AT A 3 3 2 2 4 (-\11/15/3E4) 38, aER,
ATE 3 4 2 3 5 ! 143/14/45:3’5 ST ,bEY,
Akn= ol TS @ mAS o=@ 2olTy > © WAy “lku

Egn={Te%e [<A>A§i"’*)®<s>A§;"B)]m}m
a,=—\2/35/15,8;=0,3,=12/105/3,a5=0, ag=—\13/5/3
b;=1/30\105, b,=—1/150/7, bs=—11/42/50,bs=113/10/90,b;=1/3\5

excess multipolar isotropic and anisotropic pair polarizabilitysor has six nonzero elements but onlye independerdom-

due to theA tensor. For tetrahedral molecules tBetensor  ponent:A, y,=A ,=Ay ;= Ay x=Prxy=Azyx=A [10]. In our

contribution to the pair polarizability is of the same form asconsiderations we assume a coordinate system with the C

that for octahedral molecules. For tRetensor contribution, atom in its center and H molecules at the positi¢hsl , 1),

see Ref[9]. (-1,-1,2,(-1,1,-2, (1,-1,-2. To discuss this tensor in
Multipolar polarizabilities can be given in Cartesian andspherical coordinates the projection operator technique is

in spherical coordinates. The dynamic- or frequency-very useful[12]. Using the projection operator for tetrahedral

dependent multipolarizabilities are in general complex. Thesymmetry we find the following linear combination of reduc-

dynamic reducible spherical poIarizabiIiAf’l‘ﬁzr"Z(w) is given ible spherical dipole-quadrupolS™® polarizability tensor

by [10,1] components transforming according to the totally symmetric
e L . representation of the molecular point grotp
ATE™(w) = 287 2 Z(w, 050, Tno) [ 0noRe((0| Q) ~ _
770 AL+ 2A3 T - 2L - AT, (6)
X (n|Q™|0)} +iw IM{(0|Q™|n)(n|Q[™|0)}], . . .
(nIQE[0)} + i Im{COIQI )/ Qr[0)}] The above formula allows us to find the following relative
(2)  values ofAT{™:

m ; H H —

where Q" is the mth component of the spherical multipole A?;Z:A Alé 1A12— 1— 1:\5:_ 2. 7)

moment tensor of ordel and the complex function
Z(w,wno, ) is composed of the dispersion functiérand

Moreover taking the definition of and
the absorption function: 9 3= e Q)

-(1/\6)(QXX+ny 2iQ,y) [11] we find that

Z(wvwn01rn0) = f(wywno,rno) + ig(winOIFHO) . (3) >
In the static(zero-frequencylimit, Eq. (2) reduces to AP=-i \/;A. (8
0|Q™|n)(n|Q™|0
MM = 2> \ |Q'1| A |Q'2| >_ (4) Then, using Eqg5), (7), and(8) for the spherical irreducible
L2 n+#0 En—Eo form of the dipole-quadrupole polarizability tensor we obtain

The reducible tensok™"™
ible partsAj,[141,] by

can be decomposed into irreduc-

Asf12] = - Ag_f12] =i\2A. (9)

Ajm[lllz]: E C(|1,|2.j§m1,m2.m)A|nl1|1;\2,
my,My
where C(l4,1,,j;m;,m,,m) stands for the Clebsch-Gordan
coefficient.
A general dipole-quadrupole polarizabiliy, 5,(DQ) ten-

5

A general dipole-octopoléDO) polarizability E, 5,5 tensor

has 3=81 components. The number of its independent ele-
ments is clearly visible from the reducible spherical form
AT4™(3x7=21). For the tetrahedral symmetry molecule
there are 21 nonzero elements for this tensor but there is only
one independent componefit3]. We select theE, ,,, com-

sor has 8=27 components. Taking into account that theponent for our considerations here. Similarly to the case of
quadrupole moment is traceless and symmetric to its indice$he A tensor using the projection operator we find the fol-

we can write 12 equations connecting #ggz, components.

lowing relative values ofA73™:

Finally theA tensor has 15 independent elements. The num-

ber of its independent elements is clearly visible from the

reducible spherical formrA"J%2(3 X 5=15). For CH,, the tet-
rahedral symmetry molecule considered héree Ty point
symmetry group the dipole-quadrupole polarizabilify ten-

3 3 10 le
" NSRPENC VL Lt e

Moreover, we can easily show that
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TABLE Il. Excess anisotropicionlinear origin pair poIarizabiIityAA(ZTAL).

. . NL
Mechanism j5 In Ig N A(M)

BJsQ 0 2 3 5
V11/15/3Q{T(5,AB) ®@[(aBo® @ Q3l3)}am ‘{TéAB) [ 23 @Bol)am]
bT, Q 31 3 4
3, b {TYP @ [(wbs® @ Qalnlan+ (DT P @ [0 Q38 @baltau]

b,=1/30/7 bs=1/30 b,=13/7/10bs=111/30 bs=y13/2/15
bTs @ 3 1 4 5
(AB) xy1 (AB)
20T ®@[ahs® @ Palwlaw+t D{Te  @[(4Pa® @)bslxtam]
b3=—1/90/10 b,;=-1/50/6 bs=-\11/225bs=-\13/105/15 b;=-1/2,210
B,Ts Q 4 2 3 5
(AB) xf7 (AB)
SOLAT T @[(nBa® 5 Qalugtav+ (-DX{Te @[ 23® &)Balylam]

b3=1/60y105 b,=1/60\7 bg=111/42/30 bg=y13/10/30 b;=1/6\5

A%=E,,,,=E. (11) Rayleigh nonlinear origin pair polarizability due to theb
' tensor. For tetrahedral molecules Beéensor contribution to
Then, using Eqs5), (10), and(11) for the spherical irreduc-  the pair polarizability is of the same form as that for octahe-
ible form of the dipole-octopole polarizability tensor we ob- dral molecules. For th8 tensor contribution, segl7].
tain Now let us consider a macroscopically isotropic system
7 composed oN-like globular molecules in an active scatter-
Ad13]= g, (12)  ing volumeV illuminated by laser radiation of the angular
2 frequencyw, =27y, polarized linearly in the directioa. We
analyze the secondary electromagnetic radiation emitted by
1[5 the system in response to that perturbation. At a p&int
Anid13] = > \/;E (13)  distant from the center of the sample, the radiation scattered
at ws=2m(y_—v) is measured on traversal of an analyzer
The additional variation in the pair polarizability results from With polarizationn. Then the quantum-mechanical expres-
nonlinear molecular polarizabilities combined with its per-sion for the pair differential scattering cross section has the
manent multipole§14—16. For CH, we consider the dipole form [18]
hyperpolarizabilityp combined with the permanent octopole P
momentQ and the dipoléquadrupole hyperpolarizabilit} V( 7 )

combined with the permanent hexadecapbleUsing simi- dwd Q)
lar arguments to those given above forand E tensors we 1
show that for the dipofequadrupole hyperpolarizability ten- = —S—f dt e7{(n-AA(0)-e)(n- AA(7) - e)).
sor B, 5,5 the following relations between its irreducible " 27)
spherical and Cartesian components hdld: F(©) (16)
B \/E The isotropicl;so(») and anisotropid,,(v) collision-induced
Bod (11)22] = y/ ZBo. light scattering intensities being expressed as a pair of double
differential cross sections, we obtain
7 e-nlwil (” .
15 AB liso(¥) = ( 3 ) —22— dt €2™Fyt),  (17)
B4 (11)22] = TAB, Bs.d (11)22] = ﬁ (14 C el
N

2 4 0
where By=B,; ,,+ 2Bx,z,xz and AB= 3Bz,z,zz_ 4'Bx,z,xz whereas —3 +(e-n) &if dt e_izmjthz(t)a (18)

lani(v) =

for the dipolé'hyperpolarizability tensob,;, we obtain 30 c*onw
bauo (11)21] = V2D, (15  where
whereb=b,,,. For the first not vanishing octopof@;., and Frk(t) = (AA1(0) © AA (D). (19
hexadecapol€,y, and Q,., multipole moments of Ciimol-
ecule, seg3,11,17. The subsequent correlation functioRgy(t) and F,,(t) may

Table Il gives the tetrahedral molecules form of the exces®e written in the form19]
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FRd®= 2 el 2§(OR, RO, (20
N.jpi2=01

where the translational functior(t), the rotational func-

tions Ri(t), and the coefficientsit/2 associated with the

successive multipolar mechanisms or with the nonlinear ori-

gin mechanisms including andAB have been defined else- ‘g
where[19]. The nonlinear origin coefficients due By are o
@35 3=220283 and g5y = 5¥D?BS. Let us underline that g
the nonllnear coefﬁments are reIated to the anisotropic spec ™~
trum only. s
S~
:__4>

IIl. EXPERIMENT

The scattering spectra reported in this work have been
recorded using a 90° scattering experiment previously de-
scribed[19]. We used the green line of an argon lager
=514.5 nm to illuminate gaseous samples contained in a
four-window high-pressure cell. GHgas was provided by
L'Air Liquide company with impurities less than 5 ppm.
Methane densities were deduced from pressure measure
ments andP-V-T data given in Ref[20]. The light scattered
by methane was analyzed by a double monochromator ant
detected using either a photomultiplier or a charge-coupled-
device (CCD) camera cooled at 140 R21]. Two types of
scattering intensities were recorded: polarized intensities
and depolarized intensiti¢saccording to the polarization of
the laser beam, perpendicular or parallel, respectively, to the'7
scattering pland22]. At several frequencies the scattering —
intensities were measured at various densitiagp to 320 45
amagat. Then, for each studied frequemcthe pair intensity =z

(a)

—
£
Q

o

~

I,(v) was deduced as the coefficient proportional to the =—>
square density in the virial expansion given by

I5(v) = 15(») +13(n)p + 15(»)p? + 15(»)p°.

The superscript. stands for L or || according to the laser
polarization. The coefficientt(»), I5(»), and15(») depend

on the experimental setup and/or the studied saifif@e To
make easier the comparison between the CILS intensities

(21)

200

300

recorded for different experimental conditiori$(v) have
been measured relative tgj the integrated intensity of the
vibration Raman liney; of CH4 Typical curvesl”/lL are
displayed in Fig. 1 for several frequency shiitg50 cm Y
100 cm?t, 200 cm?, and 300 crit). For each value of the
Raman frequency studied, pair intensitieé(v) were ob-

p (amagat)

FIG. 1. Experimental CILS depolarized intensitlésﬂivided by
the integrated intensityVL1 of the v; Raman line for gaseous GHt
294.5 K and versus densigy(in amagats The CILS intensities are
measured at several frequency shifig) 50 cnt! () and
100 cmit (O); (b) 200 cnmit (A) and 300 critt (V).

tained from the slope of these curvesee Fig. 1 at the

zero-density limit. A spectral correction was applied for each Lani(¥) = 153(v), (22)
recorded intensity to take into account the change of the

sensitivity of our apparatugdouble monochromator plus 7

photodetectgrwith wavelength. Besides, since scattering in- liso(¥) = |2i'a(y) - E|g’ﬁ‘(y)_ (23)

tensities are obtained in a first step on a relative scale, a
calibration has been made to put them on an absolute scale
using the rotationa§,(1) line of hydrogen as an external
referencg23]. Thus we have obtained, on an absolute scale,
the valued, #(v) andlg'a(v) of the polarized and depolarized The experimental depolarization rati@(v):lg(v)llﬁ(v)
intensities, respectively. Then the pair anisotropic CILSdeduced from the measurement of the binary Rayleigh spec-

IV. RESULTS AND DISCUSSION

spectruml ,,i(v) and the pair isotropic CILS spectruig.(v)
were deduced from the equations

tra |g v) andl,(v) at 294.5 K is presented in Fig. 2 versus
frequency shift in cit. It can be compared to the theoretical
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FIG. 2. Experimental pair depolarization ration(v) ‘ . ‘ ‘
:|E(V)/|2L(V) versus frequency shifts in cm™t for the two-body 0 200 400 600 00
CIS of gaseous CiHat 294.5 K.

Frequency shift (cm71 )

depolarization ratios associated with the dipole-induced di- FIG. 3. Two-bodyanisotropicscattering spectra of GHyas at
ole (DID), dipole-quadrupole(D nd dipole- I - ©. two-bodyani : !
?DO) (mecf)1anispms77g'D=6/$z%( 8(72);7D%:d9;j2%i% %g[ogr?de 294.5 K. The solid circle$®) indicate our experimental data with
DO=52/63<0 35 respectively.24]’ The expected dépolar- error bars; crosses) are previous data from Reff4]. Curves are
iZation ratio for. th’e first-order DID. mechanism Correspondstheoretical spectra computed by using the potential of Palmer and

. . . ) “Anchell (PA) [26], the dipole polarizabilitywy=2.642 A [27], and
to completely depolarized scattered intensities. In Fig. 2, ity 4p i(nitiz) [co]mputedpvalqu of Marc))lﬁ?igA:O.n A[‘ ;Jnd E

appears that such a situation exists in the vicinity of the_ ;g A°) [28]. The successive multipolar mechanisms are repre-
Rayleigh line. However, beyond 150 chscattered intensi-  genpteq by - - - {DID), — - — - (DQ), — - - — (DO)

ties become more polarized and the experimental depolarizgcT), and — —(NL). The solid line(
tion ratio is close to 0.6. This behavior shows that the DIDiota theoretical spectrum.
interaction alone cannot generate the scattered intensities ob-
served and that dipole-multipole mechanisms could contribealculations isap=2.642 & [27]. For rototranslational and
ute significantly at high-frequency shifts. Notice that in theNL contributions, we use thab initio values of the DQ
frequency range wherg(v) is far lower than 6/7, the isotro- polarizability A and of the DO polarizabilityz recommended
pic spectrum is defined with more accurg@s can be de- by Maroulis [28] and reported in Table Ill. Hyperpolariz-
duced from Eq(23)]. abilities and permanent multipoles playing a role in the re-
In Figs. 3 and 4, the experimental Rayleigh anisotropicported NL contribution have also been computed by Marou-
and isotropic binary intensities scattered by gaseous &H lis [29].
294.5 K are displayed, respectively, on an absolute qaale Rototranslational and NL contributions result from convo-
cmP) versus frequency shifs, together with their error barslution products of rotational stick spectra and translational
Both spectra have been recorded up to 900'cfrom the  broadening functions. This computation has been described
Rayleigh line. Nevertheless, due to excessively large unceelsewherg19]. Concerning DID, computations of the clas-
tainties, isotropic intensities must be considered just as estpical trajectories of two molecules in interaction have been
mations below 100 cit and beyond 650 cm. Previous carried out by following the standard proced{i8€], but for
data concerning anisotropic collision-induced intensitiesree dimers only. Indeed, knowledge of the complementary
published in Ref[4] up to 550 cm! are also provided in contribution of bound and metastable dimépsirs of mol-
Fig. 3. They are in satisfactory agreement with our data. Orecules trapped in the well of the effective potential not
the other hand, in Figs. 3 and 4, anisotropic and isotropidiecessary. First, the percentagesf the isotropic and aniso-
scattering theoretical intensities calculated by using a receritopic integrated DID intensities due to bound and meta-
isotropic potential of Clj are also displayed. This isotropic stable dimers are low in the GHease. Using the PA potential
potential has been obtained from a spherical harmonic exand the statistical method described by Levii#d], we
pansion[25] of the potential computed by Palmer and Anch- found thatxs,=15% andx,,=13%. Second, the role of these
ell (PA) [26]. Every theoretical spectrum takes into accountlow-energy pairs is limited to the low-frequency spectra
the translational DID mechanism and rototranslational(v<25 cnil) [4]. Therefore, calculation of their spectral
mechanismgDQ, DO, cross terms including quadrupole- contributions is not useful for an evaluation of the dipole-
guadrupole, quadrupole-octopole, and octopole-octopole immultipole polarizability tensors based on a comparison be-
teractions CT=QQ+QO+0Q]. The contribution of nonlin- tween theory and experiment beyond 100 tm
ear polarizabilities to the anisotropic spectrgNL) is also Three isotropic potentialé(r) have been selected for cal-
considered. The value of the dipole polarizability used forculations: a Lennard-JonésJ) one[32], the one of Righini-

) corresponds to the
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10 —— ‘ ‘ — . TABLE lll. Dipole-quadrupole and dipole-octopole polarizabil-
1 ities (A and E, respectively of CH,. Experimental values are de-
duced from the comparison of experimental data with theoretical
spectra computed by using several potentials.
% . Method Potential |A| (A% |E| (A% Reference
gfo N Theory
Z ab initio (CI) 0.74 0.76  [37]
'% ab initio (SCBH 0.76 0.81 [39]
E ab initio (RPA) 0.81 0.84 [39]
é 1010 ab initio (CCSD(T)) 0.71 0.78 [28]
g Experiment
B proton spin relaxation 0.89 [40]
anisotropic CILS RMK[33] 0.75 2.7 [4,5]
I N isotropic CILS LJ[32] 0.69+0.09 =<1.34 this work
10" L \:7:i isotropic CILS RMK[33] 0.61+0.09 =<1.16 this work
0 200 400 600 800 isotropic CILS PA[26] 0.66+0.08 <1.26 this work
Frequency shift (Cm“) best/recommended (187% 0.6£0.6 this work

FIG. 4. Two-bodyisotropic scattering spectra of GHgas at
294.5 K. The solid circle$®) indicate our experimental data with

error bars; triangle$/\) are estimated data. Curves are theoretical et o i .
spectra computed by using the potential of Palmer and AngRajl the calculated free-dimer DID contribution to the anisotropic

[26], the dipole polarizabilityey=2.642 A [27], and the ab initio spectrum Is close to the expected theoretical moriént

computed values of MarouligA=0.71 A* and E=0.78 &) [28]. __Xa“i)lv_loﬂ' The same procedqre has been adopted for the

The successive multipolar mechanisms are represented- by- Isotropic SpeCtrumWherf Be(r) is replaced by the second-

(DID), — - — - (DQ), — - - — (DO), and - - - - - - (CT). The solid ~ order DID tracea(r)=4ag/r"]. _ o

line ( ) corresponds to the total theoretical spectrum. In Fig. 3 (PA potentia), the DID theoretical contribution
fits well the experimental data below 150 ¢m Beyond

: ; . ; ; 200 cni?, rototranslational contributions are predominant
Maki-Klein (RMK) modifi Meinander and Tabi ' L ; X
a ein ( ) modified by Meinander and Tabig23], ut some lack of theoretical intensity can be notif&sl. On

and the aforementioned PA potential of Palmer and Anchel& ther hand. in Fi A potent d i
[26]. We checked that they generate theoretical intensitie € other hand, In ig. PA po en_la), Very good agreemen
exists between theory and experiment in the whole frequency

compatible with our measurements. In particular, the DID The isotrobi i th inl it
contribution to the anisotropic spectrum is responsible for aNg€. The ISotropic spectrum thus appears mainly as resuit-

most of the integrated intensity. Therefore, the theoreticalnﬁ from thfihdlpdqle—;quadtrupolle mec;]har)lsm_, al.thzlljgg somde
zero-order momerﬁ/lg‘ﬁ associated with the DID anisotropy N uen(_:(f ot the dipole-octopole mechanism IS visible beyon
ﬂ(r):&%/rg, ’ 500 cnT-. It is to be underlined that no fitting procedure has

been used here. Such a procedure would not change signifi-
. cantly the global agreement between theory and experiment.
MBhB: f B(r)2exd - V(r)/kgT]4=r2dr, (24) For example, a better fit of experimental and theoretical an-
’ 0 isotropic spectra can be obtained by increasing the \alok
the DQ polarizability. Nevertheless, it would lead to a lesser
must be close to the experimental zero-order momégit  fit of experimental and theoretical isotropic spedimzaking

Besides, we checked for every potential that the zero-
order momeniVl§; associated with the integrated intensity of

[1]: theoretical isotropic intensities due to the DQ polarizability
bigger than experimental isotropic intensijieihdeed, the

15/ a VA ([ lack of theoretical anisotropic intensity must be attributed to
MSHIZE(Z) f lani(v)dv. (25)  contributions which are nator not enough taken into ac-

count in our model. Required additional intensities originate
from mechanisms associated with the anisotropic spectrum
Using the low-frequency intensities obtained by Baroaghi only and/or for whichA and E are not the only adjustable
al. [4], we found thatVi§"=188+20 &. In previous works, parametergunlike DQ, DO, and CT contributionsFirst, the
Meinanderet al. provided M3"'=205+14 & [27,34. Both  strong translational contribution to the anisotropic spectrum
results are fully compatible with momenta generated by thés not known with perfect accuracy. Indeed, besides DID, it
LJ and PA potential$Mg‘ﬁ=l9l and 200 A respectively.  may be influenced by short-range effects like overlap and
For RMK, we found a higher valueM{ ;=225 A°). Never-  exchange. They are not well known in the case of,@Hd
theless, possible short-range effects may lessen this lattare not considered in this work. However, such effects gen-
result and make the RMK potential compatible with CILS erally lessen intensities and therefore cannot explain alone
experiments. the discrepancy observed. On the other hand, a bigger NL

062704-6



MULTIPOLAR POLARIZATIONS OF METHANE FROM.. PHYSICAL REVIEW A 69, 062704(2004)

contribution(more or less as intense as the DO and CT con- = @ ®) ©
tributions in Fig. 3 could fill the lack of intensity in the =
250-700 cm* frequency range. The NL contribution re- i | \\ . ‘\ N
ported in Fig. 3 has been computed by usiaginitio values - \‘ N _
of molecular parameters obtained by Maro(ii§,29. How- 1.0r ‘ | \ N \-
ever, (i) theseab initio values are static values whereas val- | \ | D | !
ues at laser frequency would have been prefergbleThe i \ S\ \ + , 'i’g
values of hyperpolarizabilities and multipole moments in- i \. \ ‘\ | \
volved in the NL contribution do not take into account elec- i | | \ |
tron correlation correctiong29] (unlike the values oA and 04 ! \ \ | , !
E “recommended” in Ref{28]). (iii) The highest-frequency ' & | \i \
part of the collision-induced spectfheyond 700 crit) can- 02k \ L .
not be fitted by any of our various theoretical contributions. = \ \ ‘ \ \
A similar observation has been done for other globular mol- i l\ l\ : i ) :
ecules[9,16]. These remarks point out the validity limits of 05 06 07 05 06 07 05 06 07
our model at the highest frequencies. Finally, the contribu- (A" (1% (&%)
tions of dipole-multipole polarizabilities to the anisotropic
spectrum are not easy to measure. This may explain, at least F|g, 5. Area(A,E) of solutions for the dipole-quadripole and
partly, the overestimation dt (relative to Maroulis’sab ini-  dipole octopole polarizabilities. Values #fandE consistent with
tio corresponding valyemade in previous papefd,5] cen-

. | : our experimental data and their error bars lay inside the grey zones.
tered on the analysis of the anisotropic spectrum alone, but ghese results are obtained from a set inversion analgsisusing

different temperaturegsee Table Il). Concerning the isotro- the comparison of experimental data with isotropic Rayleigh spectra
pic spectrum, the DID contribution is of second order and thecalculated with three potentialéa) LJ [32], (b) RMK [33], and(c)
NL contributions are not to be considered, contrary to thePA[26]. The crosg+) shows the values computed by Maroulis and

anisotropic spectrum. In this case, dipole-multipole mechaused in Figs. 3 and A=0.71 A* andE=0.78 /) [28].
nisms are predominant and a “best fitting” procedure may be

: ” ; — 0.1 R 4
used in order to evaluaté andE at laser frequency for the _expenme%al evaluations .A‘O'tO-ZA and ||.E|
various intermolecular potentials. However, considering the_o'.G.i.o'6 . They are compatible W'th the aforementioned
size of the experimental error bar.s for the is'otro ics ectrun?b initio computed values of Maroul{2s].
d th tp | tition bet D d pDO P h In conclusion, from this work it is shown that multipolar
an € mutual competition between Q an MeCNas; g\ arizabilities contribute significantly to both the isotropic
nisms, it is preferable to determine the ensemble of the s

X : e X and anisotropic scattering intensities of gaseous methane at
lutions (A,E) for which the theoretical isotropic spectrum high-frequency shifts. However, although values of dipole-

lies inside the experimental error bars. This can be carrieduadrupole and dipole-octopole polarizabilities, E) may

out by using the set inversion method previously describege evaluated from anisotropic scattering data, the analysis of
[36]. In Fig. 5, the area formed by the solutiot,E) is

the isotropic CIS spectrum reported around the Rayleigh line
given for the three selected potentidld, RMK, and PA. In

is at the present time the most accurate method to measure
Table 1lI, the values(A,E) deduced from Fig. 5 are also high-order multipolar polarizabilities of metharia particu-

presented, together with their uncertainties. The choice of th&r when using the set inversion techniguehis result cor-
potential does not change significantly the shapes of the theeborates the works previously carried out for other optically

oretical spectra although it affects slightly the values ofisotropic molecules, GH8] and Sk [9].
(A,E). However, the values of the dipole-multipole polariz-

abilities at laser frequency are rather close to the static values ACKNOWLEDGMENT

calculated by Maroulig28] whatever the potential is. Con- We wish to thank Pr. N. Meinander for sending us values

sidering the uncertainties of our data and those connecteaf the experimental anisotropic binary intensities reported in
with the choice of the potential, we recommend for GHe  Ref. [4].
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