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Rayleigh-Brillouin spectral profiles are measured with a laser-based scatterometry setup for a 90� scat-
tering angle at a high signal-to-noise ratio (r.m.s. noise below 0.15% w.r.t. peak intensity) in sulfur-
hexafluoride gas for pressures in the range 0.2–5 bar and for a wavelength of k ¼ 403:0 nm. The high
quality data are compared to a number of light scattering models in order to address the effects of rota-
tional and vibrational relaxation. While the vibrational relaxation rate is so slow that vibration degrees of
freedom remain frozen, rotations relax on time scales comparable to those of the density fluctuations.
Therefore, the heat capacity, the thermal conductivity and the bulk viscosity are all frequency-
dependent transport coefficients. This is relevant for the Tenti model that depends on the values chosen
for these transport coefficients. This is not the case for the other two models considered: a kinetic model
based on rough-sphere interactions, and a model based on fluctuating hydrodynamics. The deviations
with the experiment are similar between the three different models, except for the hydrodynamic model
at pressures pK2 bar. As all models are in line with the ideal gas law, we hypothesize the presence of real
gas effects in the measured spectra.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Quasi-elastic light scattering is a powerful technique for probing
collisional dynamics and relaxation phenomena in gases and liq-
uids. Its theory is based in the description of light in terms of elec-
tromagnetism by Lord Rayleigh [1], and the scattering process can
be explained in terms of fluctuations, either of density or of entropy.
Brillouin [2] and Mandelstam [3] explained that collisions of the
gaseous particles inducing acousticmodes in themediumwill affect
the line shape of the scattering spectral profile. Rayleigh-Brillouin
(RB) scattering in various gases has been studied since the 1960s
[4–8] using the method of spontaneous RB scattering, which will
be followed in the present study. Later, alternative methods were
developed, such as stimulated gain Brillouin scattering [9], laser-
induced gratings [10], coherent RB-scattering [11,12] and super-
heterodyne optical beating Brillouin spectroscopy [13,14].

At low densities the spectral profile reflects the Maxwellian
velocity distribution of the gas particles. At larger pressures den-
sity fluctuations also involve collective particle motion: sound.
The key parameter is the ratio y of the scattered light wavelength
over the mean free path lmfp between collisions. More precisely, the
uniformity parameter y is defined in terms of the scattered light
wavenumber ksc as y ¼ 1=ksclmfp, and taking for the mean free path
the kinetic approximation lmfp ¼ v thgs=p, with the thermal velocity

v th ¼ ð2kBT=mÞ1=2; gs the shear viscosity, p the pressure, and m the
molecular mass. The length of the scattering wavevector is

ksc ¼ 4pn
k

sinðh=2Þ;

with k the wavelength in vacuum, n the refractive index, and h the
scattering angle. At large values of y, the density fluctuations are
described by the equations of the continuum regime, the Navier-
Stokes equations. At intermediate values of y; y ¼ Oð1Þ, where the
mean free path between collisions is comparable to 1=ksc, light scat-
tering is in the kinetic regime, and density fluctuations must be
described by the Boltzmann equation. Therefore, whether a kinetic
or a hydrodynamic approach is needed to explain the scattered light
spectrum, not only depends on the density of the gas, but also on
the scattered light wavelength, and thus on the scattering
geometry.

Light scattering not only depends on the translational modes of
motion of a gas, but also on internal degrees of freedom: rotations
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and vibrations. Each mode of motion has its own relaxation rate.
These relaxation frequencies must be compared to a typical fre-
quency of the density fluctuations: the frequency f s of sound with
wavelength equal to the scattered wavelength, f s ¼ csksc=2p, with
cs the speed of sound. When f s is much larger than the relaxation
rate of internal degrees of freedom, internal motion remains frozen
on the timescale of the density fluctuations, and only translational
degrees of freedom remain. Most light scattering experiments
involve translations and rotations only, unlike experiments at
ultrasound frequencies, where molecular vibrations may come into
play.

A kinetic model of scattered light spectra needs information
about the collision properties of the gas molecules, which enters
the collision integral in the Boltzmann equation. Such information
may be based on explicit molecular interaction parameters. In one
of the kinetic models discussed in this paper, collisions are
between hard rough spheres that can spin, and thus have internal
energy. These collisions are parametrized by the hard-sphere
radius and the moment of inertia of the spheres. The roughness
allows for the exchange between translational and rotational
energy.

On the other hand for the well-known Tenti model [15,16], the
collision integral is approximated using the known values of the
transport coefficients of a gas. Of these transport coefficients, the
heat capacity, the heat conductivity and the bulk viscosity depend
on the relaxation of internal degrees of freedom.

If transport coefficients are taken as the input of line shape
models, it is important to know if the values used should or should
not allow for the relaxation of internal degrees of motion. For
example, the bulk viscosity of CO2 used in light scattering with fre-
quencies f s ¼ Oð109Þ Hz is three orders of magnitude smaller than
the one measured at ultrasound frequencies [17,18]. The reason is
that the vibrational relaxation time svib ¼ 6� 10�6 s (for a pressure
of 1 bar and scaling with / 1=p) is comparable to the period of
ultrasound, but slow compared to 1=f s.

Line shape models that take the transport coefficients of macro-
scopic gas dynamics as input are attractive because they can be
used to measure these transport coefficients at very large frequen-
cies by comparing measured scattered light spectra to models. In
this manner we have recently studied Spontaneous Rayleigh-
Brillouin scattering-profiles of N2 [19] and CO2 [18], while it was
also used to describe RB-scattering in air, where air was treated
as a mono-molecular species [20,21]. In the same fashion, the bulk
viscosity of several polar and non-polar polyatomic gases was
studied using Coherent Rayleigh-Brillouin scattering [22]. The bulk
viscosity is an effective parameter that quantifies the relaxation of
internal degrees of motion in collisions of molecules. Clearly, the
bulk viscosity is frequency dependent, and this dependency could
be measured as a function of frequency in experiments where light
is scattered at different angles.

In this paper we present measurements of Rayleigh scattering
involving sulfur hexafluoride (SF6) molecules. For SF6 the vibra-
tional relaxation time is svib ¼ 2:22� 10�7 s, while the rotational
relaxation time is srot ¼ 6� 10�10 s (both values defined for pres-
sures of 1 bar) [23]. In our scattering geometry, the typical Doppler
and Brillouin shifts are f s ¼ Oð109 HzÞ so that the time scale of
measured density fluctuations is approximately two orders of
magnitude larger than svib, but it is of the same order as srot. There-
fore, vibrational modes of motion can be ignored, and the high-
frequency values of the transport coefficients should be chosen.
In addition, rotational relaxation may only be partial at the sound
frequencies in our experiment.

In this particular case, models that do not depend explicitly on
values of the transport coefficients may perform better. In this
paper we will compare two such models to measured SF6 spectra.
Marques [24] has designed a kinetic theory based on a rough-
sphere interaction model between rotations and translations. As
parameters it takes the moment of inertia of the molecule and
the momentum relaxation rate r ¼ gs=p, with gs the shear viscos-
ity and p the pressure. It replaces the linearized collision operator
with a simple relaxation term / rðf � f rÞ, where the reference dis-
tribution function f r is designed such that collisional transfers of
momentum and energy agree with those of the full Boltzmann col-
lision operator. The SF6 molecule is ideally suited for application of
this model as it is nearly spherically symmetric, while with frozen
vibrations its heat capacity ratio cp=cv is close to 4/3, cp is the heat
capacity at constant pressure and cv is the heat capacity at con-
stant volume.

The other theory by Hammond andWiggins [7] is based on fluc-
tuating hydrodynamics, explicitly involves rotational (and vibra-
tional) relaxation, and takes measured relaxation rates, s�1

vib and
s�1
rot and as input. In order to accommodate more rarified gases, Bur-

nett terms are added to the continuum equations [7], but the appli-
cability is still restricted to values of the uniformity parameter
yJ1. However, for light scattering off a CH4 gas at y ¼ 2:70, the
two models, one kinetic, and the other one hydrodynamic, are
hardly distinguishable [24].

The importance of the frequency dependence of the transport
coefficients in explaining light scattering spectra of SF6 was already
recognized by Clark et al. [25], who compares experiments at
2 < y < 55 with continuum models. Lao et al. [5] propose to
change rotational specific heats from their zero-frequency value
crot to crot=ð1þ 2p i f s srotÞ, which results in a frequency dependence
of the thermal conductivity kt through Eucken’s formula. Weinberg
et al. [26] propose transport coefficients which not only depend on
frequency, but also on the wavenumber of sound. In general, if the
product 2p f s s is much larger than 1, the internal degrees of
freedom, while relaxing on a time scale s, do not partake in light
scattering. For vibrations of SF6 2p f s svib � 103, while for rotations
2p f s srot � 4, where we used the sound frequency f s ¼ 109 Hz.

Using a recently constructed sensitive light scattering setup
[27] with operates at 403 nm and a 90� scattering angle we will
revisit Clark’s experiments, but with a very high signal-to-noise
ratio. Much as in Clark et al. [25] we will address the frequency
dependence of transport coefficients, but now in the context of
both kinetic and hydrodynamic models: (a) a well-known kinetic
model [15,16] which takes transport coefficients as input, (b) a
kinetic model which takes collision parameters, and (c) a contin-
uum model that uses known relaxation times of the internal
degrees of freedom.

2. Experimental

Rayleigh-Brillouin scattering profiles of SF6 gas were measured
with a sensitive RB-scatterometry setup described previously [27].
A cell equipped with Brewster windows is placed inside a folded
optical cavity to enhance the circulating power effectively used
for inducing RB-scattering to 5 W. The incident laser wavelength
was set to k ¼ 403:00 nm [21] for which a narrowband transmis-
sion bandpass filter (Materion, T ¼ 90% at k ¼ 403 nm and
Dk ¼ 1:0 nm) was available to reject most of the Raman-scattered
light. The RB-spectra were recorded by scanning a plano-concave
Fabry-Perot interferometer (FPI) by tuning its piezo voltage. The
four sub-modes supported in the FPI have a free spectral range of
FSR ¼ 7:498 GHz, which was calibrated independently by scanning
the laser over some 20 full modes of the FPI with mirror spacings of
5 mm. The instrument linewidth was measured by imposing a ref-
erence laser beam to the FPI yielding dminstr ¼ 126:7� 3:0 MHz.

An important parameter for comparing the measured
RB-profiles with theory is that of the scattering angle h. A first



Table 1
Values for pressure (P) and temperature (T) for the eight different measurements of
RB-scattering in SF6. In the last column the calculated non-uniformity parameter y is
given. Other relevant parameters of the present study are the scattering wavelength
k ¼ 403:00 nm and the scattering angle h ¼ 89:6� .

Data P (bar) T (�C) y-parameter

I 0.215 25.59 0.35
II 0.500 23.36 0.82
III 0.754 24.66 1.22
IV 1.002 23.36 1.64
V 2.002 23.36 3.26
VI 3.002 23.87 4.88
VII 4.000 23.87 6.49
VIII 5.017 23.36 8.14
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determination is obtained by measurements on the geometrical
lay-out of the setup, where narrow pinholes are used to determine
beam paths (see Fig. 1 in [27]). Subsequently a test RB-scattering
measurement was performed for 1 bar of argon. Analysis of the
spectrum, on the basis of a Tenti code adapted for argon (including
the macroscopic transport coefficients, while neglecting an effect
of a bulk viscosity) yielded a value of the scattering angle
h ¼ 89:6� 0:29�. While care was taken to not rearrange the align-
ment of the setup, this value is used throughout the present study
for measuring an analyzing the spectral profiles for SF6.

RB spectroscopic data were collected by scanning the FPI ana-
lyzer in a stepwise fashion at integration times of 1 s for each posi-
tion. A full spectrum covering typically 40 RB-peaks in 10,000 data
points was obtained in some 3 h. The scanning axis was linearized
and converted into a frequency scale by computerized interpola-
tion and matching to the FSR value. Finally the consecutive
RB-peaks were overlaid and added to an averaged RB-spectrum,
following procedures as discussed by Gu et al. [27].

The data collection rate of 7000 counts/s leads to a noise-to-
background ratio of 0.15% (w.r.t. peak height) for a typical spec-
trum recorded at 1 bar. All experiments were conducted at room
temperature. Eight measurements (I to VIII) were performed in a
sequence of pressures ranging from 0.2 to 5 bar for which condi-
tions and gas transport coefficients listed in Table 1.
3. Results

The experimental results are shown in Figs. 1 and 2 for the eight
different experimental pressure conditions as listed in Table 1. Due
to the larger RB-scattering signals at higher gas pressures, some
form of normalization must be invoked for a consistent compar-
ison between experiment and model spectra. For this normaliza-
tion a scale of equal integrated intensity Iint over the spectral
profile was chosen. As a result the different peak intensities in
the eight experimental spectra, as displayed in the top rows of
Figs. 1 and 2 reflect the unity integration over the spectral profile.
Fig. 1. Data on RB-scattering in SF6, measured under pressure and temperature condit
k ¼ 403:00 nm and h ¼ 89:6� . Top-line: experimental data on a scale of normalized integr
a frequency dependence of the thermal conductivity and the bulk viscosity gb determine
j ¼ 0:227). In the fourth row, the deviations from the extended hydrodynamic model by H
integrated intensity for each profile.
The scaling implies that the large pressure dependence of the RB-
scattering of SF6 [28] is divided out from the experimental data.
A comparison is made with the results of various models, which
will be detailed below. For this purpose residuals are determined
between experimental intensities Ieðf iÞ and modelled spectral
intensities Imðf iÞ, and these are plotted on the same scale of equal
integrated intensity in the second, third and fourth rows in Figs. 1
and 2. We note that we compare in the present study the experi-
mental data with physics-based models, not relying on ad hoc
mathematical functional formulas [29,30], to describe the scatter-
ing profiles.

As a final figure of merit for the comparison between experi-
ment and the models a summed and normalized root-mean-
square deviation is quantified for the spectral profile:

RnRMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

PN
i¼1½Ieðf iÞ � Imðf iÞ�2

q

Iint
ð1Þ

which is again normalized to the integrated area of the spectral pro-
file. Results of such comparisons are displayed in Fig. 3 for the eight
different pressure and y-parameter conditions and the three models
discussed below.
ions as listed in Table 1, indicated by corresponding Roman numerals I-IV, and at
ated intensity. Second line: deviations of the Tenti-model (S6) description including
d from a least-squares fit. Third line: deviations from a rough-spheres model (with
ammond andWiggins [7] are plotted. Residuals are plotted on a scale of normalized



Fig. 3. Normalized root-mean square deviations RnRMS as obtained from compar-
ison between experimental spectra and the various line shape models (Tenti-S6, the
rough-sphere model, and the extended hydrodynamic model), with data points as
indicated in the legend. Along the top axis the dimensionless uniformity parameter
y is plotted.

Fig. 2. Continued from Fig. 1 for data sets V-VIII for pressures in the range 2–5 bar. The expression of all the rows are the same as Fig. 1. (Experimental spectra, Tenti S6 model
with frequency dependent gas coefficients, rough-sphere model, and the extended hydrodynamic model.)
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3.1. Comparison with the Tenti model

All models need a value of the shear viscosity, for which we took
gs ¼ 1:52� 10�5 kg m�1 s�1 [31,32]. For all models we also
assumed that vibrations do not partake in the exchange of transla-
tional and internal degrees of freedom, and that the molecules are
spherically symmetric, so that the heat capacity of internal motion
is cint ¼ 3=2.

In addition, the Tenti model needs two possibly frequency-
dependent transport coefficients as input: the thermal conductiv-
ity kth and the bulk viscosity gb. The zero-frequency value is

kth ¼ 1:30� 10�2 W m�1 K�1 [33], but at the GHz frequencies of
this light scattering experiment the value should be smaller as
vibrational degrees of freedom remain frozen. At these frequencies
we estimate the reduction of kth using Eucken’s formula [34]

kth ¼ 5
2
gsct=mþ qDðcvib þ crotÞ=m; ð2Þ

where the heat capacities of translations and vibrations are
ct ¼ crot ¼ 3

2 kB, and the mass diffusion coefficient is qD ¼
20:21� 10�6 kg m�1 s�1, with q the mass density [35]. The heat
capacity of vibrations cvib ¼ 7:66kB follows from the heat capacity
at room temperature cp ¼ 0:664 J g�1 K�1 [36], which contains both
a rotational and vibrational contribution. The zero-frequency value
of kth is then reduced by the factor ð52gsct þ qDcrotÞ=ð52gsctþ
qDðcvib þ crotÞÞ, with the result kth ¼ 4:72� 10�3 W m�1 K�1. In view
of the approximate character of Eucken’s formula, we ignore a slight
pressure dependence of kth [33].

The kinetic gas model parameters were implemented in an RBS-
code for calculating the spectral profiles within a framework of the
Tenti model and based on the code by Pan [37]. In the program the
bulk viscosity gb ¼ 1:6� 10�5 kg m�1s�1 was determined in a least
squares procedure using the p ¼ 5 bar data. This value for the bulk
viscosity was used in the description of spectral profiles at lower
pressures as well. Following a similar procedure as in Vieitez
et al. [38], where a value of gb ¼ 3:5� 10�5 kg m�1 s�1 was derived.
We attribute the changed value to an improved instrument resolu-
tion, with respect to the SF6 measurements in previous experi-
ments [38]. The bulk viscosity gb ¼ 1:6� 10�5 kg m�1 s�1 is 300
times smaller than that at low frequencies [39].

The calculated spectral profiles, obtained with the RBS-code for
the Tenti-S6 model implementing frequency-dependent transport
coefficients and gb ¼ 1:6� 10�5 kg m�1 s�1 are convolved with
the instrument width and compared with the experimental pro-
files measured for eight different pressures. Residuals of such com-
parison are displayed in Figs. 1 and 2.
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3.2. Comparison with the rough-sphere model

Apart from the momentum relaxation rate r ¼ gs=p, the rough-
sphere model needs one additional parameter, the dimensionless

moment of inertia j of the SF6 molecule, j ¼ 4I=md2, where m; I,
and d are the mass, moment of inertia and the effective diameter
of the molecule. The rough-sphere model assumes that the
spherical surfaces of two colliding molecules have no relative tan-
gential velocity during a collision. This leads to a solvable model for
the interaction between translational and rotational motion of the
molecules [34]. The moment of inertia I can be assessed directly via
spectroscopic investigation of the rotational level structure of SF6
[40], or via a direct measurement of the bond length RSF via X-
ray diffraction [41,42], both yielding a value of RSF ¼ 1:561 Å. Via
I ¼ 4MSR

2
SF this corresponds to a value of I ¼ 3:088� 10�45 kg m2

for the moment of inertia for the SF6 molecule.
It should be realized that the effective diameter of the SF6 mole-

cule is not simply 2RSF but has a value d which can be determined
via experiments on gases. In experiments measuring the viscosity a
value of d = 4.73 Å was determined [43], which then results in a
value of j ¼ 0:227. Using the rough-sphere relation between
shear- and bulk viscosity, gb ¼ gsð6þ 13jÞ=60j [34], a value of

the bulk viscosity results: gb ¼ 1:00� 10�5 kg m�1 s�1. Alterna-
tively, experiments on molecular sieves and zeolites [44,45] a
slightly larger value for the effective diameter of SF6 molecules
was determined, d = 4.90 Å, yielding a value of j ¼ 0:211 and
gb ¼ 1:05� 10�5 kg m�1s�1. The effect of this difference in effec-
tive diameter, resulting in a slightly higher value for the bulk vis-
cosity, was quantified in a model calculation. It results only in a
0.15% difference in peak intensity of the spectral profile, which is
negligible.

The formalism used for transforming the rough-sphere model
into a RB-scattering spectrum has been described by Marques
[24]. Again, the calculated profile was convolved with the instru-
ment function and compared with the experimental data in Figs. 1
and 2, with the normalized root-mean-square deviations of the
comparisons presented in Fig. 3.
3.3. Comparison with the hydrodynamic model

Finally, for the hydrodynamic model by Hammond and
Wiggins [7] we ignored vibrations, used the rotational relaxation
time at p ¼ 1 bar; srot ¼ 6� 10�10 s, and mass diffusion coefficient
qD ¼ 20:21� 10�6 kg m�1 s�1 [35]. The diffusion of rotational
energy Drot was assumed equal to D. The bulk viscosity derived
from the rotational relaxation time is gb ¼ 1:00� 10�5 kg m�1 s�1

[34], while Eucken’s relation leads to a thermal conductivity for
translational degrees of freedom kth tr ¼ 3:25� 10�3 W m�1 K�1.

The hydrodynamic model used is the one described by Ham-
mond and Wiggins [7] involving a five-dimensional linear system.
It distinguishes kinetic and rotational temperatures, with the
associated heat flows. Therefore, it is consistent with a
frequency-dependent heat conductivity [7]. This hydrodynamic
model evaluates an equation

@wðksc; tÞ=@t ¼ �MðkscÞwðksc; tÞ ð3Þ
where wðksc; tÞ spans a 5-component vector with as dimensionless
elements the Fourier spatial transforms of the fluctuations of mass
density �q=q0, translational temperature T=T0, momentum or veloc-
ity density �v=v0, vibrational temperature �Tvib=T0, and rotational
temperature �Trot=T0. The 5� 5 coefficient matrix MðkscÞ involves
functions of the transport coefficients [7]. The spectrum of the scat-
tered light is then computed via
Sðksc;xÞ ¼ Re½ðsI þMðkscÞÞ�1
11 js¼ix� ð4Þ

evaluating the real part of the (1,1) matrix element of wðksc; sÞ,
which is the Laplacian of wðksc; tÞ. Hence the scattering profile is
derived from the density fluctuations in the medium. Via this pro-
cedure a model spectrum is calculated, which is then convolved
with the instrument width and compared with the experimental
spectra in Figs. 1 and 2.

3.4. Difference between experiment and models

The normalized root-mean-square differences RnRMS between
experiment and the three models introduced and discussed in
the above is summarized in Fig. 3. At low pressures, corresponding
to yK3, the hydrodynamic model, understandably, fails. Other-
wise the residues of all models with the experiments are very sim-
ilar: within the experimental accuracy it is impossible to decide in
favor for one of the models. This is remarkable as the various mod-
els are based on very different physical principles.

However, all models considered share the assumption of SF6 as
an ideal gas. It is well known that scattered light spectra are sensi-
tive to real gas effects, i.e. to the deviation from ideal gas law
behavior. The two kinetic models considered in this paper are
derived from the linearized Boltzmann equation, which is consis-
tent with the ideal gas law [8]. Similarly, the hydrodynamic model
assumes the ideal gas law. We believe that the residual spectra of
Figs. 1 and 2 whose amplitudes increase with increasing pressure,
point to real gas effects.
4. Conclusion

Light scattering opens a new window on the properties of SF6
gas, as relaxation phenomena involve rotational degrees of free-
dom only, while acoustic measurements are dominated by vibra-
tional relaxation. Consequently, the values of the bulk viscosity
that we find gb ¼ ð1:0� 1:6Þ � 10�5 kg m�1 s�1 are 300 times smal-
ler than those at low frequencies [39]. All three models investi-
gated here to describe the Rayleigh-Brillouin line shape, indicate
that the three rotational modes are involved in light scattering.

A surprising finding is the small but significant residues that for
yJ3 are very similar for the three models considered. As the two
kinetic models and the hydrodynamic model all assume that SF6 is
an ideal gas, we hypothesize that the deficiency of all models
points to real gas effects.
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