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We measured the polarized binary collision-induced light scattering spectrum from room-temperature gas-
eous helium over the greatly extended spectral domairb—1200 cm?, and then deduced the isotropic
spectrum that we report in the intervak 100—1200 crm’. Our experimental results were calibrated on an
absolute scale. These data were compared to those from quantum-mechanical computations, where use of
advanced induced-polarizability incremental traces was made. This comparison enabled us to check several
trace models and to show that for certaib initio ones the computed spectra agree well with our measure-
ments. As was borne out from our computations the main contributions to the spectral intensities come from
theexchangecomponent of the incremental trace and its negative mixing with the rest of the trace components.

PACS numbs(s): 33.20.Fb, 34.36th

[. INTRODUCTION because this serves as a sensitive probe of the pair polariz-
ability when the helium atoms are in very close approach and

When a light beam strikes an isolated atom, the systertherefore provides information on the electro-optical proper-
responds by a single peak—the so-called Rayleigh peak—dies of the mediunirefractive index, dielectric constantia
the same frequency as that of the incident light. When dhe second virial dielectric coefficient.
sample of interacting atoms is instead handled, interaction- The helium isotropic spectrum was first reported in the
induced polarizabilities between colliding atoms give rise tointerval 20—320 cm’ by Proffittet al.[6—9]. Their measure-

a collision-induced light scatterin¢CILS) spectrum. This ments, performed for a single density of the sam({@e.5
spectrum surrounds the Rayleigh peak and is extended ovamagal, remain thus far the only experimental results avail-
both the Stokes and the anti-Stokes spectral sides. CIL8ble in the literature. Here we report new measurements over
spectra constitute the fingerprints of collective polarizabil-a large spectral range corresponding to an extension of the
ities [1-3]. More specifically, because of interactions be-thus far explored domain by almost four times. This exten-
tween constituents of the sample, the latter can be seen ass@n becomes possible by using an experimental setup espe-
cluster with a polarizability differing from the sum of the cially adapted to the detection of an extremely low photon
individual atomic polarizabilities. However, for a sufficiently flux. The comparison of our experimental data with theoret-
low density of the medium only binary interactions are rel-ical spectraobtained by using a fully quantum computation
evant. based on a modern approadilows for the more complete

Among the different atomic systems helium is an intrigu-comprehension of the interaction mechanism through im-
ing candidate for theory since, due to its simple electroniqproved pair polarizability models, and contributes to the
structure, it allows for a refined and a realistic description aknowledge of certain macroscopic electro-optical properties
well as for the detailed understanding of purely quantumof the gas.
mechanisms. It turns out that when frequency-integrated in- The paper is organized as follows. Experimental condi-
tensities are concerned, the CILS from helium pairs igions are briefly described in Sec. Il; Sec. lll deals with the
mainly generated by thanisotropy 8, of the interaction- theoretical models available in the literature for the simula-
induced polarizability tensor, whose fingerprint is thepo-  tion of the isotropic spectrum, as well as with our computa-
larized spectrum. However, frequency-resolved CILS studiedional implementation. The experimental implementation and
have shown that aisotropic component generated by the measurements are given in Sec. IV, while a discussion con-
incremental tracé\a, of the interaction-induced polarizabil- cerning the isotropic intensities is made in Sec. V. Finally,
ity tensor manifests itself tofl]. concluding remarks are given in Sec. VI.

The helium isotropic CILS spectrum is extremely weak.
To give an idea, at frequencies close to the Rayleigh peak its
intensity compared to that of the corresponding argon spec-
trum is weaker by two orders of magnitufg5]. There is no For the registration of the CILS spectrum, a typical Ra-
doubt that the essential obstacle in the study of the CILS faman experiment is set up operating with a right angle scat-
spectral wings is the difficulty to measure reliably such weaktering geometry. The 514.5-nm green spectral line of an ar-
signals. In addition, due to the weak intensities of the signalgon ion laser is used, whose power is stabilized at 2 W for all
residual impurities mixing with helium may substantially experiments. The polarization of the laser beam is perpen-
distort the line shape, even at very low concentrations. Dedicular to the scattering plane, that is the plane formed by the
spite these difficulties, as accurate as possible knowledge a@fcident beam and the direction in which the scattered light
the isotropic far spectral wing is particularly valuable. It is is detected. When a change of the incident beam’s polariza-

Il. EXPERIMENTAL SETUP
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tion is desired so that the latter is parallel to the scatterindCILS spectrum is one of the polarizability tensor’s invari-
plane, a half-wave plate and a glan polarizer are employedants, called incremental tracea(r). In this work, the em-
The gaseous helium sample is contained in a four-windovphasis is put on threab initio models of Aa. The first,
high-pressure cell at room temperature. Depending on thgccording to Dacre and Frommhaldenoted DF, has been
gas pressure, fused silica or sapphire windows are used. lhown for a long timg13,14. The remaining two models,
order to reduce the parasitic light due to reflections inside th%roposed by Bishop and Dupufd5] and by Moszynski,
cell we make use of a blackened tube with nonperiodic SCreWeijmen, Wormer, and van der Avoirttlenoted MHWA

thread and diaphragms inside the cell, as well as 0f1g) are more up to date. Let us briefly describe their main
multilayer antireflection coatings for its windows. The regis- -5 acteristics.

tration o[iche polarized2,(1) rotov_ibra_tional line .Of H (at The DF model was obtained from a large-scakeinitio
4155 cm*) ensures that no polarization defect is pmducedcomputation based on a mixed self-consistent fSECH

by the windows. To reduce the contribution to the scatteringplus configuration interactiofCl) approach. The contribu-

intensities of signals arising from the impurities, we US€tion of the electronic correlation was taken into account
highl rified helium Air Liqui ) with total re- . !
ghly purified helium gas quide Co) oal re erough Cl. In the interval 3—10 Bohr, the numerical trace

sidual impurities less than 1 ppm. Densities are deduceWas converted to a piecewise analytic function by interpolat
from measurements of the produeV against pressure, COR COR P

with T as a parametd0,11]. ing the two corrected termasccy and ag”, where the su-
Just before entering the double monochromator, the scaperscripted COR denotes “counterpoise correction.” Be-
tered beam crosses a quartz scrambler so that the differeiend 10 Bohr, the numerical incremental trace was
polarizations of the light signal are mixed up. An asymmetricextrapolated with the well established asymptotic fayr®,
Czerny-Turner optical configuration with additive disper- whereA6=37.Qa(9) (ag stands for the Bohr radius
sion, supplied with two 1800 grooves/mm holographic grat- There are three different models of incremental trace pro-
ings, is used for the spectrometer. posed by Bishop and Dupufd5]. Here the MP2 model is
The verticall, and the horizontall,; spectral components chosen, denoted to this end by BD. In thab initio calcu-
are recorded with the polarization of the incident beam peration the electron-electron correlation effect was taken into
pendicular and parallel to the scattering plane, respectivelyaccount at the second-order Moller-Plessett MP2 theory. Be-
For an aperture angle of the scattered peam close to zero, thendr = 13 Bohr, the BD numerical incremental trace model
isotropic spectrum is deduced from a linear combination ofgined the asymptotic limifg/r®, with A6=39-2938-
the two registred componen(ts2]: The MHWA ab initio model of Moszynski and co-
1) workers was obtained by means of symmetry-adapted pertur-
bation theory (SAPT). The induced incremental trace
Two different detection devices are used. A photomulti-A aypwa Was built from four partial contributions: thgo-
plier (PM) for low and intermediate frequencies, and a mul-larization A ar,, the exchangel ae,, theinductionA a;pg,
tichannel charged coupled devi(€CD) camera for the far and thedispersionA as. Both intra-atomic and interatomic
spectral wing. As regards the PM, the following two fre- correlation effects were taken into account in their computa-
quency ranges are covered: 5—400 ¢érfor |, and 5-640 tions. Theexchangeand polarizationterms were described
cm L for 1. The frequency ranges for the CCD are 320—by a decaying exponential. Thiaduction and dispersion
680 cm * for I, and 320—1200 cm for |,. This is the first ~ contributions were represented by one or several multipolar
time such a complementary detection has been implementgdrms multiplied by a damping Tang-Toennies-type function.
in CILS. Finally, overlap effects at short distances were described by a
The transmission curves of the entire detection device ardecreasing exponential function.
beforehand registered by means of a calibrated OSRAM Here, we also check three other trace models, for the sake
spectral lamp, delivering white light at temperature (20710f completenessi) The incremental trace model of Certain
+17) K. In this way, a spectral correction is made on eactand Fortunegdenoted CIF[17], where a variational approach
experimental intensity, so that the variation of the sensitivitypased on quantum theory was used to calculate a coefficient
of our apparatus with the wavelength is taken into accountaccounting for the long-distance London dispersion effects.
The uncertainty related to the spectral calibration of the detii) The incremental trace model of Fortune and Certelax
tection device amounts tt2%. The width of the slits of the noted FQ [18], where a coupled self-consistent figBCPH
double monochromator is chosen to be a function of thecalculation based on a finite field method was established. In
signal intensity and of the resolution constraints. More spetheir calculation, the contributions due to electronic correla-
cifically, for the PM, a resolution of 2 cit is taken for tion and dispersion effects were neglected whereas the at-
signals close to the Rayleigh peak and 10 ¢relsewhere. tenuation of theoverlap and exchangeeffects with increas-

liso(¥) =1u(¥) = 1 u(¥).

For the CCD, the resolution is fixed to 2.5 ch ing r was represented by a decaying exponential. The
semiempirical incremental trace model proposed by Proffitt,
Ill. THEORY AND NUMERICAL IMPLEMENTATION Keto, and Frommholddenoted PKF, conceived to fit the

experimental isotropic spectrum of Frommhold's group
[6-9]. In the two-terms expression, which compose this

The collision-induced polarizability is a function of the model, the first accounted for the dipole-induced-dipole
internuclear separation What is probed by the isotropic (DID) contribution as well as for London dispersion effect

A. The He, interaction-induced trace
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while an exponential second term described #xehange at any frequency as a function of the sample’s densijty

andoverlapeffects at short interatomic distances. and for both polarizations, horizontal and vertical. Since the
scattering signal(») can be viewed as the result of a power
B. Spectral intensities: Computations series expansion ip, we have
In order to compute spectra by helium pairs, we adopt a L(v)=lo(v)+11(v)p+1a(v)p2+ls(v)p3+-- (3

recently developed fully quantum numerical procedure. The

wave functions are built step by step, according to the Foxwith »-dependent coefficients of particular physical interpre-
Goodwin propagative method, through outward propagatiortation. The first term y(v) of the series is related to the dark

of the wave-function ratio at every pair of adjacent pointsnoise of the photomultiplier, as well as to the signal of the

defined on a spatial grifL9,2Q. empty cell once illuminated by the laser. The coefficient
The absolute isotropic spectra are computed at temperdq(v) refers to the signal coming from monomers since the
ture T by using the following formuld5,21,22: corresponding term scales linearly wigh The term with
Imax I,(v) scales quadratically with. It is interpreted as the con-
lso(v)=hcl’k¢ > (23+1) tribution to the spectrum of colliding pairs, and the corre-
J=0. even sponding intensity provides the so-called binary spectrum of
Era E the gas. In what follows the subscript “2” will be sup-
X f |<4,//E,,J|Aa|z//E,J)|2exp( — ﬁ)dE' pressed from all quantities referred to spectral intensities for
0 B

the sake of simplicity, implicitly meaning tha&{(v), 14(v),
2) and lis(v) refer to binary spectra. Higher-order terms,
I5(v),14(v),..., represent ternary or higher-order spectra and

The symbolks stands for the Stokes wave number of the g se from three-body collisions, four-body collisions, and so
scattered lighth is Planck’s constant and s the speed of o The study as a function of the density offers the advan-
the light. Constant. accounts 'for the thermal de Broglie tage of enabling one to eliminate all parasitic light par-
wavelength,L=h/y2mukgT, with u the reduced mass of ticylar that due to the impurities, which scales linearly yith
He, andkg Boltzmann’s constant. The energy of the initial 3ng thus contributes tb,(»)] and extract the binary spec-
state is denoted bf and that of the final state bt'=E  {rum from the measurements.
+hv, in the Stokes spectral side. Symiygl ; designatesthe  The reported PM spectrum results from the analysis of
scattering wave function arfe,,,the maximum value of the  8_10 different spectra, each corresponding to a given gas
energy that is required to obtain convergence of the integraljensity. As a criterion to determine the density working

The spatial grid goes from 3 Bohr to 150 Bohr. The upperrange we seek density regimes for which all terms beyond
bound in the integral over energy is fixed to 3000 ¢rand  the quadratic ongin the series expansion of E(J)] are
the corresponding integration stepE to 15 cm . The  negligibly small. On physical grounds, this property is the
maximum angular momentum quantum number is takemignature of purely binary interactions between atoms. More
Jmax=100. These numerical parameters provide convergencspecifically, the upper bounds of the density intervals treated
of total cross sections to withirr1%. amount to 100 amagat, 140 amagat, 180 amagat, 220 amagat,

The Lennard-Jones 6-1223], HFD-B3-FCI1 [24],  and 300 amagat, for the spectral ranges 5—13%ch5—37
HFD-ID [25], SAPT1[26,27, andr,-MR-ACPF[28] inter-  ¢cm™, 40-175 cm?, 200-300 cm?, and 325-640 cn,
atomic potential models are checked: a brief comparison ofespectively.

these potentials is given below. For all computations, the The calibration on an absolute scale of the spectral inten-

advanced SAPT1 potential is used. sities in vertical polarization(v) is made by relating the
binary He relative experimental intensitids(v) [see Eq.
IV. EXPERIMENTAL IMPLEMENTATION (3)], to the frequency integrated intenslt&f of the H, Ra-
AND MEASUREMENTS man rotational lineSy(0) that serves as Rdf31]:

Let us now focus on aspects concerning the acquisition 14
and the treatment of the experimental data recorded at room |, ()= _kéfp 3
temperature (29451) K by either the two detectordPM 45 2
and CCD. . ] N

For the low-frequency intensities, i.e., below I_n this expressionn andn’ are the nur_nber densities of he-
— 640 cmi L, we make use of a low dark-noise bialkali pho- I|um'and moleculgr hydrogen, respgctlveﬂ% stands for the
tomultiplier detector, cooled to-5°C and followed by a fractional population of th_e!th rotational level _of I—2| at the
discriminator and a photon counter. Densities up to 300 amd&mperature of the experiment. Its computation is made by
gat are dealt with, that is a gas pressure going up to 386.4sing molecular constants from R¢B2]. The quantitiyy
bars[29]. To account for the weak intensities, long countingl = (3.18+0.03)x 10" #*c® [33]] stands for the anisotropy
time intervals up to 40 min per registered frequency are usedf the rotational lineS,(0) of H, taken at the laser wave-
so that the statistical uncertainty of the signal counts aftelength.1,(v) is corrected by the transmission curve of the
subtraction of the dark counts is to within a few perd@f. device. In view of the manner we defined the transmission

In order to deduce from our measuremehtsary He,  factor, aks law dependence of the scattered intensity is es-
intensities, the dependence of the scattering signal is studigdblished. Finally, the quantitymf represents the frequency-

3(J+1)(J+2)
(2J+1)(23+3)

n\(l,(v)
ol @

int
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integrated intensity of the Raman line of Hhat is chosen as

an etalon at atmospheric pressure. In order to calibrate the
spectral intensities in horizontal polarization, the symbol
Iv(v), on the left-hand side of E@4), has to be replaced by
Iq(v), while the right-hand side has to be scaled by the
factor 6/7.

According to the above-mentioned procedure, an external
calibration is performed at 76 cm, followed by a relative
calibration for all the other frequencies The calibrated in-
tensity is defined as the average value of independent mea-

surements, giving the valued,(v=76cm 1)=(1.34
+0.11)x10 % ecm® and 1y (v=76cm 1)=(1.69+0.14)
X 107 5cmP. 1 i

On the other hand, beyong=320cm %, a Jobin Yvon Si
chip CCD detector is used. The long side of its array, con-
taining 1024 256 pixels, is oriented along the direction of
the dispersion of the spectrograph. The chip is cooled to 140

lhe/ (lpp) (1 0”7 cm/amagat)

PHYSICAL REVIEW A61 062501

100

200

p (amagat)

300

K by liquid nitrogen, in order to maintain a very good dark

current whose value is less than 0.1 photoelectron/pixel/h. FIG. 1. Ratio ofl, divided by the density and the integrated
The stored spectrum is composed of 1024 channels, eaghtensity of theS,(0) rotational Raman line of Hat 1 amagat,
corresponding to a column of 256 vertically binned pixels.plotted as a function op. These results, given for the frequency
The chip is not totally illuminated by the scattered beam. Thev=320cm%, have been obtained with the CCD detector. At
so-called blind parts, corresponding to 140 channels at eachO the plotted function becomes zero, that is the indication of the
side of the grid, define the signal baseline, which is checkedbsence of any parasitic signal due to impurities. Since the plotted
to be constant over the entire size of the grid. The acquisitiofatio scales linearly with density, only binary interactions are rel-
procedure and the statistical treatment of the data, and igvant.

particular the way to eliminate the peaks due to the cosmic

rays, are described in Re[f34]. The statistical treatment is  Figure 2 shows our experimental spectrum in vertical po-
made on 7 or 11 measurements for every frequency, with @rizationl,(»). The measurements are illustrated on an ab-
counting time comprised between 600 sec and 1500 sec pgplute scale. The results obtained with the PM are repre-
measurement. The illuminated pixels cover a block of abousented by points. The lower bound of the reported spectrum
160 cm *. Each block is calibrated independently on an ab-s =5 cm 2. This is the first time measurements this close
solute scale according to the method described above. I the Rayleigh peak have been taken for helium. The results
order to eliminate the parasitic light due to the Rayleigh
peak, a holographic filteisupernotch filter of the Kaiser Op-
tical Systems Sociejy[ 35,36 is introduced at the entrance [
of the spectrograph. To account for the rejection band of this g
filter, the frequency lower bound of the measurements is set Ty [y,
at 320 cm™, 0T E i

A preliminary analysis of the spectrum as a function of
the density shows that in the frequency domain beyond 320
cm™ ! the contribution of the impurities to the signal is neg-
ligible. In addition, as is shown in Fig. 1, it turns out that for
densities<300 amagat only binary interactions are relevant
in this frequency domain. Therefore, the working density of 2
the sample is chosen gt=280 amagat(=356 barg for i
which the signal satisfies two requirements, i.e., it has a I
purely quadratic density dependence whereas its intensity is 2 #
as high as possible. The binary spedtraandl,, obtained i & .
with the CCD are recorded at this single density of the S0 *11j
sample. 1o —

The excellent sensitivity of this detector and the statistical
procedure of the data acquisition enable one to extend the
detection limit of a measurable signal and to attain sensitivi- £, 2. polarized CILS spectrurh,(») on an absolute scale
t|eS Of abOUt 1 phOtoe|eCtr0n/plxe|/Week We therefore man'(cme)' as a function Of frequency_ The points refer to measure-
age to greatly extend the exploration of the far Stokes wingnents with PM and the crosses to those with CCD. As an indica-
of the I, spectrum tor=1200 cm® This performance tion, some representative error bars are given. In the inset, the low-
should be compared with the previous limit of 320 m frequency interval 5-40 citt is given, showing the low dispersion
[6-9]. of our measurements.

o
(@}
|
N
g

. i ..LE

54 &
I, (10 cm’)
&

b

0 400 800
v (em™")

1200
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obtained with the CCD are represented by crosses. In the 107% —
interval 320—640 cm!, where both detectors are opera- i
tional, an excellent agreement is ascertained.

V. DISCUSSION

From the polarized intensitieb,(») measured in this
work, and by using the depolarized intensities obtained re-
cently by our group in the interval 5-680 ¢h[37], we
deduce the binary isotropic helium spectrum by taking into
account the aperture half-angle of the scattered beam of our
setup(8.1°). According to the general formula given in Ref.
[9], we have

o1 Ll

liso(v)=—1.1844(v)+1.017(v). (5) i
10 "8 I RS T S | .
Although the upper frequency bound fgy amounts to 680 0 400 _1800 1200
cm 1, isotropic intensities up to=1200cm* are deduc- v (em™)

table by making use of a surprising property the helium pair .
is found to reveal: As we have shown recently, the depoIarzcIm'Z;G{;IS?";j1 E‘:}gggr'lcoﬂlr‘s jgffm#mhié"( lgin(t); rg?e?gsgtjfixscgf
ization ratio of the CILS generated by helium pairs exhibits 8 *~ » % i q ly. ‘ ph et it of P
continuously decreasing behavior with increasingnd be- ment. The solid line curve results from the best fit of our measure-

d 600 cm . I | ! 03 ments as a guide to the eye. The data obtained previously between
yon 7lcm attains values very close to zef@.03 aty 5 il and 320 cmt by Proffitt et al. [9] is represented by
=680cm ) [38]. This exceptional finding has thus far

never been observed in CILS spectra by other spd&@ls crosses.

The origin of this characteristic behavior has been attributegq theoretical results can be made by determining the
to an almost perfect cancellation between polarization angeroth- and second-order moments. With the spectral inten-
exchange pair polarizability contributions of the depolarizedsitiesliso( ») in onf as input we are able to deduce these

intensities in the very far wing37]. Thi_s conclusion_has momentsM, and M, through the following analytical ex-
been drawn from the quantum-mechanical computations Wgyessjon:

have done using the pair polarizability model of Moszynski
et al. [16]. Given that the latter model well reproduces the Ao\ 2 [+ )

experimental helium depolarization ratio throughout the en- sz(ﬂ) f_x (2mey)Plig(v)dv, (6)
tire domain probed38], we assume that the depolarization

ratio also remains close to zero for frequencies beyond 68
cm L. The contribution ofl; to the isotropic CILS intensi-
ties l;so(v) can thus be neglected in E() for frequencies
beyond 680 cm®. This fact allows us to extend the knowl-
edge of the isotropic spectrum to=1200cm* that is the

upper bound of the experimental polarized intensities. In Fig. TABLE |I. Isotropic experimental intensities expressed on an

3, our experimental Heisotropic spectrum is plotted. The apsolute scalécn®), for representative values ofin the 100—1200
solid-line curve accounts for the best fit of our measurementgm=1 spectral range, & =(294.5-1) K.

between 100 cmt and 1200 cm?, as a guide to the eye. No
measurements are given below 100 ¢rbecause, there, the » (cm™%) liso( 10~ 8 crr) vem Y (107 %8cnd)
isotropic spectrum arises as the difference between two al=

Qihere No denotes the laser wavelength apdis a non-
negative integer. In our experiment, only the Stokes spectral
side is recorded. The anti-Stokes part of the spectrum is de-
duced by means of théetailed balance principlelt is to be

most identical quantities, and therefore the resulting intensi 00 124 600 0.63910"
ties are not reliable. In Table I, some values of the best fit ard20 118 650 0.43910"!
given on an absolute scale. Until the present work, the only-40 112 700 0.30210°*
experimental reference on the helium isotropic spectrum wa460 1.05 750 0.21%10°*
that reported some time ago by Proféttal. on an absolute 180 0.979 800 0.14910°*
scale[6—9]. Figure 3 allows a comparison of our experimen- 200 0.901 850 0.10810°*
tal spectrum with that of Proffitet al. The substantial exten- 250 0.697 900 0.72010 2
sion of the explored frequency domain is clearly seen and th&00 0.512 950 0.51210°?
great difference between the two spectia the common 350 0.365 1000 0.3%1072
frequency intervalis stressed. However, both spectra remain40o 0.257 1050 0.27610 2
compatible to each other when thdarge experimental un- 450 0.181 1100 0.21810 2
certainties are taken into account. 500 0.127 1150 0.17410 2

Let us now confront our measurements to results obtainegsg 0.89% 10~ ! 1200 0.15% 102

numerically. A first global comparison between experimental
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TABLE II. Isotropic zeroth-ordeM and second-ordel, moments, and second dielectric virial coef-
ficient B, . The anti-Stokes spectral intensities were deduced from the measured Stokes intensities via the
detailed balance principleTo assess the values bf, and M, from the experiment, extrapolation of our
experimental intensities was made by scaling the spectral distribution calculated with the MHWA model in
the interval 6<»<100 cm L. Parentheses denote estimated values.

Mo(1074A%) M,(10?2A° sec?) B.(10 2cmPmol 2
Experiment Experiment Experiment
(This work) (This work) (Previous works
(2.6 3.2t1.3 —5.9x0.9
-6.0+1.0°
Model Calculations Calculationd Calculation
MHWA 2.43 3.09 —5.96
BD 2.63 3.13 —6.62
DF 2.56 3.01 —6.29
PKF 3.95 6.32 —7.60
FC 3.60 3.73 -9.13
CF 0.27 0.23 +4.04
T=2945K.
2T=303K.
%Referencd41].
PReferenced42].

noted that the contribution of the high-frequency scattereathanically by using the aforementioned models. As we can
intensities to the momem ,, increases monotonically with see from this figure, the theoretical spectra computed with
increasingp. In spite of the fact that high-order moments the DF, MHWA, and BD incremental trace models are over-
would in principle be more sensitive probes for testing theall compatible with each other. In particular, in the interval
far spectral wing, the large experimental uncertainties in the00-1200 cm?, they are all similar to within less than 5%.
high-frequency part of the spectrum reduces the reliability ofit is remarkable that when the uncertainties of the measure-
such a procedure and makes practically useless any momemients are taken into account these spectra agree well with
with p>1. On the other hand, the evaluation procedure obur experimental intensities throughout the entire spectral
M, suffers from the absence of reliable experimental data ilomain. Although at low frequencies the agreement with the
the low-frequency domain, as well as from the interpolationFC model is less satisfactory, in the interval 300—800 tm
error in the vicinity ofv=0. Table Il gives the values &,
and M, estimated from experimental intensities as well as
those calculated from the incremental trace modedgr)
through the expression89]:

oo

|v|0=4wf (Aa)?e”V(keTr2dr, Y
0

o 2
M2=47-rkB—T (d(Aa)) e V(keTr2qr, (8)

M~ Jo dr
What is found is that the theoretical valuesMf and M,
resulting from the MHWA, BD, and DF incremental trace
models are in good agreement with our experimental mo-
ments. For the latter calculations the SAPT1 interaction po-
tential is employed. The influence of the potential model is,

however, not found to be significant since variationsvbf o L
andM, amount to less than 0.5% for all tlad initio models 0 400 800 1200
of V(r). v (em™)

Another way to test the theoretical incremental trace mod-
els available in the literature is to confront the resulting spec- FIG. 4. Comparison between our experimental isotropic spec-
tra to our experimental intensities. For this purpose, Fig. 4rum and those obtained quantum mechanically. The points refer to
illustrates our experimental isotropic spectrum on an absosur experiment. Curves refer to spectra computed with the follow-
lute scale, as well as isotropic spectra obtained quantum méng incremental trace models: CF, FC, PKF, DF, BD, and MHWA.
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(where the experimental errors are smadllis model well
reproduces our measurements, since its deviations from the
experiment amount to less than 11%. In the same frequency
range, the MHWA, DF, and BD spectra lie systematically
below the average experimental intensities by 10—-18 %. Be-
sides, it is found that for frequencies above 300 ¢rthe

PKF model is incompatible with our experiment, while for
the CF model the spectrum is incompatible with our experi-
ment at all frequencies.

Although the spectroscopic method used in this work is a
quite powerful tool because we compare the shapes of the
two spectral distributions on an absolute intensity scale, the
straightforward measurement of the second dielectric virial
coefficientB, is a complementary tool. By simply compar-
ing two numbers, that is the measured and a compBted
this quantity can serve as a sensitive probe for checking the
quality of an incremental trace model. This is done by using
the following formula[40]:

FIG. 5. Partial contributions to the helium isotropic spectrum
computed with the MHWA incremental trace model. Curve 1, the
82 , (7 total spectrum; curves 2—6, partial contributions to the cur¢g, 1
B.=—~ NAJ (Aa)e™V(keTy2qr, (9 polarization 3, exchange4, induction 5, dispersion 6, cross terms
0 corresponding to “negative intensities’ The total spectrunicurve
1) is built from the sum of all direct contribution&urves 2—-5%

] . minus twice thecross termgcurve 6. Our measurements, indicated
WherENA IS AVOgadrO'S number. As we can see in Table II, by points, are also illustrated for comparison.

the comparison of experimental valuesByf available in the
literature[41,42] with theoretical ones validates three incre- VI. CONCLUSION
mental trace models out of the six checked in this work;

these are the ones denoted by MHWA, BD, and DF. Thiﬁight scattering intensities in the spectral range 5—1200%m

conctl)u?on perfectly meets t?el ong ?r:awn tf_rorln the fompa”é\nd then deduced the isotropic CILS spectrum in the interval
igg sgewi(ra]elgi;uérl experimental and theoretical spectra, as We. 1091200 cm? on an absolute scale. The great exten-

Figure 5 displays the contribution to the spectrum of theSlon of the spectral domain, which was probed experimen-

. . . . tally, has been accomplished by means of a multichannel
different partial terms pertaining to the MHWA incremental CCD camera, able to observe, in the far spectral wing, sig-
trace modelA apyywa - The spectrum s, is built from the

/ e : nals as weak as 1 photoelectron per week and per pixel. A
lsum ct).f all tth(;,\hdlrecthcontrltbu:Lonsal.e:[z those ddtueﬂt]c;dp_be comparison has been made between our experimental inten-
ariza |0n,| 0 theexc atnge 0 t?‘k')” t.uc lon an ? tlr?-' sities and spectra computed quantum mechanically with in-
PETSION PIUS tNECToss termcontributions coming Irom MeIr .o o ntq) trace models available in the literature. Analysis of
cou_pllngs. While ‘h@"FeCt te_rmsprowde a positive contri- - findings has enabled us to validate certininitio mod-
?uhon t? _tEet_spec;rall |ntehnS|ty, .thxf:qss Et_)ertrnsg[[v? ? &?&A els, which were found to well reproduce our data. In particu-
ils\é)etrcc)gir:: nspuel:c:rnu'm Séézls(s?/\g:]tkne elgiire, sp?ectoraall domain lar, the conclusion has been drawn that, throughout the entire
; . ; S ; . frequency domain probed, it is trexchangecomponent of
like the dominant partial contributions, that is the contribu- a y P g b

: ) ; ) the incremental trace and its cross term that mainly account
tions due to theexchangeterm and its negative couplings

: . for the spectral intensities.
with the rest of the trace components. Again, the frequency P

dependence of thpolarizationterm scales like that of the
total intensity; however this term is too weak to play a sig-
nificant role. The good agreement between experiment and We are grateful to Professor R. Moszynski and Professor
theory is ascertained once again throughout the entire freAd van der Avoird for providing us with their refined param-

We have measured the Heolarized collision-induced
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