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ABSTRACT ARTICLE HISTORY

Spontaneous Rayleigh-Brillouin (RB) scattering experiments have been performed in air for pres- Received 28 May 2020
sures in the range 0.25-3 bar and temperatures in the range 273-333 K. The functional behaviour ~ Accepted 20 July 2020
of the RB-spectral profile as a function of experimental parameters, such as the incident wavelength,

" o KEYWORDS
scattering angle, pressure and temperature is analysed, as well as the dependence on thermo- Spontaneous
dynamic properties of the gas, as the shear viscosity, the thermal conductivity, the internal heat Rayleigh-Brillouin scattering;
capacity and the bulk viscosity. Measurements are performed in a scattering geometry detecting light scattering; earth’s
at a scattering angle & = 55.7° and an incident wavelength of A; = 532.22 nm, at which the Bril- atmosphere; gas transport
louin features become more pronounced than in a right angles geometry and for ultraviolet light. coefficients; ideal gases

For pressure conditions of 1-3 bar the RB-spectra, measured at high signal-to-noise ratio, are com-
pared to Tenti-S6 model calculations and values for the bulk viscosity of air are extracted. Values of
np are found to exhibit a linear dependence on temperature over the measurement interval in the
range 1.0-2.0 x 107> Pa-s. A temperature dependent value is deduced from a collection of exper-
iments to yield: 7, = (0.86 x 107> Pa-s) + 1.29 x 10~7-(T — 250). These results are implemented
in model calculations that were verified for the low pressure conditions (p < 1 bar) relevant for the
Earth’s atmosphere. As a result we demonstrate that the RB-scattering spectral profiles for air under
sub-atmospheric conditions can be generated via the Tenti-S6 model, for given gas-phase and detec-
tion conditions (p, T, A;, and 6), and for values for the gas transport coefficients. Spectral profiles for
coherent RB-scattering in air are also computed, based on the Tenti-S6 formalism, and the predic-
tions are compared with profiles of spontaneous RB-scattering. Finally data on RB-scattering in air,
obtained under a variety of pressure, temperature, wavelength and scattering angles, are analysed
in terms of universal scaling, involving the dimensionless uniformity parameter y and the dimension-
less frequency x. Such scaling behaviour is shown to be well behaved for a wide parameter space and
implies that RB-scattering spectra can be generated for a wide range of atmospheric applications of
RB-scattering. The verification of this dimensionless scaling also shows that air can be treated as an
ideal gas in the atmospheric regime, wherey < 1.

1. Introduction light is of great relevance in a variety of applications [1].

Light scattering phenomena and the measurement of = Foremost, studies of the Earth’s atmosphere are often
spectral profiles of Rayleigh-Brillouin (RB) scattered  based on the analysis of light scattering, e.g. via satellite
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remote sensing, where the Doppler-wind lidar of the
ADM-Aeolus mission is a marked example [2-7]. Tem-
perature profiles in the atmosphere can be probed from
RB-scattered light in Lidar configurations [8]. In indus-
trial environments and in combustion light scattering
is applied for thermometry [9], for probing gas phase
velocity fields [10-12], complex flows [13] and jets [14].

Information on the measurement conditions, such as
the density and temperature of the gas, but also on the
intrinsic properties of the gas, such as the mass of the
molecules, the thermal conductivity, the viscosity and
the internal heat capacity is contained in the spectral line
shape of the RB-scattered light. That means that some of
these parameters can be extracted from dedicated light
scattering experiments. So can the temperature of air be
determined from the RB-line shape [15], but so can also
the viscosity of gases be determined [16, 17].

The overall behaviour of RB-spectra can be cast into
a generalised description to depend on the uniformity
parameter y, a dimensionless parameter dividing the
physics of light scattering of a gas into different regimes.
For y « 1, the scattering is in the Knudsen regime and
governed by the Doppler effect, for which the profile
can be expressed by a Gaussian function. For y > 1
the domain of hydrodynamics is entered where a gas
is treated as a continuum fluid where a threefold reso-
nance structure is obtained with two fully distinct Bril-
louin side-peaks and the spectrum represented by three
Lorentzian functions [18]. The hydrodynamic approach
can be extrapolated to cover the regime of somewhat
lower pressures [19]. In the intermediate regime, of y ~
1, Brillouin side peaks marginally overlap with the central
Rayleigh peak, making the profile complex and no exact
solutions are available.

Various models have been developed to describe the
light scattering spectral line shape in this intermediate, or
kinetic regime, which is of relevance for the Earth’s atmo-
sphere. Models are expressed in terms of gas transport
coefficients, and are generally based on linearization or
approximate treatment of the Boltzmann equation rep-
resenting the collisions in the medium. One approach
is the Tenti-model [20, 21] providing a rather straight-
forward representation of the scattering profile in terms
of six moments connected to transport coefficients. The
Tenti approach has been shown to work well in the case of
diatomic and linear molecules [16, 22-24], where usually
the bulk viscosity is included in the model as a fit param-
eter. Another approach for the kinetic regime dealt with
collisions of molecules treated as rough spheres, which
well described the RB-spectrum of SFg [25].

Laboratory experiments on RB-scattering of gases typ-
ically serve the purpose of verifying and optimising the
models and determine the thermodynamic gas transport

coeflicients that are essential building blocks for mod-
els of the light scattering spectral profiles. For this rea-
son a number of RB-scattering studies were performed
on air, in view of its relevance for atmospheric science.
RB-profiles of air were determined over a variety of pres-
sures and temperatures as well as incident wavelengths
(366 nm and 403 nm), where a comparison was made
with scattering in pure nitrogen and pure oxygen, while
a model description of the Tenti-model was pursued [15,
26-28]. Shang et al. [29] measured the spectra of air at
an incident wavelength of 532 nm at elevated pressures
of 4.0-7.0 bar for varying temperatures, thus extending
the parameter space of RB-scattering studies.

Most of the laboratory studies were performed under
scattering angles of 90°. In the present study the parame-
ter space for RB-scattering in air at 532 nm is widened
to the study at a sharper scattering angle, in the for-
ward direction, which bears the advantage that Brillouin
side peaks become more pronounced. Also pressure and
temperature were varied in the measurements of spec-
tral profiles. The study verifies the validity of the Tenti
description for RB scattering in air, and results in values
for the bulk viscosity of air.

2. The Rayleigh-Brillouin lineshape

At low pressures in the gas phase, in the regime of mbars
or the Knudsen regime, collective effects are absent, light
scattering is elastic and can be well approximated as
pure Rayleigh scattering. The elastic peak depends on
the angle under which the scattered radiation is detected,
as illustrated in Figure 1.Since in light scattering exper-
iments the magnitudes of scattered and incident wave
vectors are similar, ks ~ k; = 27 n/A;, with n the refrac-
tive index and A; the incident wavelength, the magnitude
of the scattering wave vector is represented by:
6 4mn . 6

q—2k,sm2 = sm2. (1)
Rayleigh scattering of a gas involves the thermal motion
of the molecules. Depending on the velocity v the
detected photon frequency is shifted from the emitted
central frequency fy via:

0
f=fo+v% =fo+2nfol;sin > (2)

where cis speed of light in vacuum. Under thermal condi-
tions the molecules in a gas exhibit a velocity distribution
corresponding to the Maxwell distribution:

du(v) = (Evd) /e V1% (3)

with vp the thermal velocity (vo = /2kpT/m), kg the

Boltzmann constant, T the temperature, and m the
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Figure 1. The scattering vector diagram for the detection of
Rayleigh scattering. k;, ks, wi, ws are the incident and scattered
light wave vectors and frequencies respectively. g = ks — k;isthe
scattering wave vector.

molecular mass. Insertion of this velocity distribution
function into Equation (2) results in a spectral function
centred at fy, with a Gaussian functional form of width:

2nfy

6 [2In2kgT
sin—,/n—kB. (4)
c 2 m

Afp = TR

This is the Doppler effect associated with the molecular
motion, turning the elastic Rayleigh scattering peak into
a spectral profile of Gaussian nature. While the Doppler
width depends on the incident wavelength, the molecu-
lar mass, and the temperature, it also strongly depends
on the scattering angle 6, as illustrated in Figure 2(a). At
smaller scattering angles the scattering profile becomes
narrower, and for scattering in the exact forward direc-
tion only a coherent wave remains [1]. This overall width
of the scattering profile is retained under conditions of
collisions in the kinetic regime.

At somewhat higher pressures, including the regime
of the Earth’s atmosphere at various altitudes, collisions
set in to play a role in the light scattering process, giving
rise to a fine structure of the Rayleigh line, predicted by
Brillouin [30], and independently by Mandel'shtam [31],
which will be referred to in the following as the Rayleigh-
Brillouin lineshape. Fluctuations in the pressure or con-
centration of the medium are the source of elastic waves
that propagate in all directions. By taking a fixed geome-
try with an incident vector ky; and detection of a scattered
vector ks in the direction of angle 0, scattering vectors q
associated with certain elastic waves fulfilling the Bragg
condition will be selected for maximum scattering inten-
sity [32]. The magnitude g of the scattering vector is
similar to that given in Equation (1). This form of scat-
tering can also be considered as a Doppler effect, where
the change in light frequency is not a result of scattering
from a molecule at velocity v, but rather a reflection from
a travelling elastic wave propagating through the medium
at the sound velocity v. This scattering process gives rise
to positive and negative frequency shifts ££2p in units of
angular frequency:

4 nv; 0

Qp = sin —. 5
B . 5 (5)
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Figure 2. The angle dependence (9) of the light scattering spec-
tral profile of air simulated by the Tenti-S6 model. (a) Rayleigh
scattering in the Knudsen regime; (b) Rayleigh-Brillouin scattering
at 1 barpressure. Further parameters: T = 20°Cand A; = 532 nm.

Hence the Brillouin shift scales with the angle of obser-
vation as shown in Figure 2.

Under such conditions of increased density or pres-
sure the RB-light scattering spectral profile is determined
not only by (T, A;, m, 8), but by additional thermody-
namic properties of the gas, such as the pressure p, the
thermal conductivity «, the shear viscosity s, the internal
specific heat capacity cin, and a multitude of relaxation
processes occurring in the gas, usually expressed in terms
of a bulk viscosity 17;,. The latter are known as the macro-
scopic gas transport coefficients. Air is treated as consist-
ing of a hypothetical single component gas of diatomic
molecules of mass m = 29.0 amu, the geometric mean of
the masses of nitrogen and oxygen accounting for their
abundances, with its experimental gas transport param-
eters [28]. So the overall width of the scattering feature,
mainly determined by Afp, depending on the molecu-
lar mass m, is rather similar. It is noted that the minor
constituents of air do not have a significant influence on
the RB-scattering spectrum of air, as was experimentally
verified for water vapour saturated air samples [26].

Collisions in gaseous media are treated by the Boltz-
mann kinetic equation, which was extended to the case
of gases with internal degrees of freedom by Wang Chang
and Uhlenbeck [33] to the full WCU kinetic equation for
the phase-space distribution function f(r, v, t):

Ufitr.v. 1) +v- Vfi(r,v,t)
ot
= Z/ v —vilof (i — fifp) dQd’vi,  (6)
jkl

where r is the space position and v is the velocity of the
particle at time ¢. Indexes i, j, k and [ are internal states
of the molecules (v and v, velocities of first and sec-
ond molecules) exhibiting elastic and inelastic collisions
via state-to-state cross sections o. As collisions between
molecules only cause small deviations from equilibrium,
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the distribution function of the i internal level can be
linearised via:

f,‘(l’, v, t) = 1’10X;‘¢>M(V) [1 + h,‘(l’, v, t)]’ (7)

with 79 the number density, ¢pr(v) the Maxwell distribu-
tion function, x; the fraction of molecules in state i and
hi(r, v, t) the deviation from equilibrium.

The thermodynamic properties of a gas can then be
expressed in a perturbative manner, as deviations from
equilibrium in terms of h. Boley et al. [20] developed
a model, based on the WCU-equation, involving non-
degenerate eigenvectors, that were written as such lin-
earised approximations. These seven eigenvectors are
related to seven physical moments (1) the fraction of par-
ticles in different internal states, (2) the momentum, (3)
the translational energy, (4) the translational heat flux,
(5) the internal energy, (6) the internal heat flux and (7)
the traceless pressure tensor. This model, later referred
to as the Tenti-S7 model, was subsequently truncated
into a 6-dimensional model (Tenti-S6) by Tenti et al. [21]
by neglecting this seventh parameter. The truncated S6-
version of the Tenti-model is considered to be the stan-
dard for treating RBS profiles in the kinetic regime. The
description in terms of six independent eigenvectors and
some detail of the mathematical evaluation is presented
in the Supplementary Material, and also a numerical
model in the form of a Matlab-code is provided in the
Supplementary Material.

With these approximations the WCU-equation can be
simplified into a vectorial equation:

ah
— 4+ v-Vh=nyJh,

ot ®

where J is the collision operator, in the form of a N x
N matrix (of dimension 6 for the Tenti-S6 model), and
each matrix element represents a collision integral. This
equation is used to generate a linear system of equations,

by expanding h into eigenfunctions of J. The six eigen-
vectors of the Tenti-S6 model can be expressed in terms
of three transport coeflicients (the shear viscosity s, the
bulk viscosity 7, and the thermal conductivity «), the
atomic mass m of the particles and the internal specific
heat capacity per molecule ciy. In this way the model
calculations are intimately connected to well-known and
measurable thermodynamic properties of the gas.

Based on this framework Tenti-model codes were
developed to straightforwardly calculate the spectral line
shape of Rayleigh-Brillouin scattering [20, 34-36]. These
calculations provide insight into the RB-spectra as a func-
tion of relevant variables. In Figure 2(b) the dependence
on the scattering angle 6 is again displayed, now also for
elevated pressures. While the overall width follows the
pattern of the pure Rayleigh scattering, the effect of the
Brillouin side peaks is apparent mainly in the forward
scattering geometry, for small angles 0, for the highest
pressure and the lowest temperatures values. This implies
that the Brillouin phenomenon and the testing of models
can be most sensitively conducted in a forward scattering
geometry. This forms the rationale of choosing a smaller
scattering angle, in this study 6 = 55.7°, than in most
other studies performed thusfar [15, 26-29].

In Figure 3 RB-spectra calculated within this Tenti-S6
formalism are displayed, as a function of incident wave-
length, temperature and pressure. The results show that
for longer wavelengths, for lower temperatures, and for
higher pressures, the Brillouin side peaks become more
pronounced. The Brillouin side peaks and their distinct-
ness are, in general terms, associated with the collisional
and internal relaxation behaviour of gases. So in order
to extract information on these relaxation phenomena
occurring in gases, e.g. extracting information on the
bulk viscosity np, conditions must be chosen under which
the RB-profiles undergo a decisive effect. The simula-
tions show that such information can best be obtained
from gases at low temperatures and at high pressures. As

a
@ ———355nm (®) -40°C| © 1 bar
532nm — 0°C 2 ba
— 1064nm)| — 40°C] 3 baq
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Figure 3. Simulated spectral line shapes for spontaneous RB-scattering in air by the Tenti-S6 model plotted on a scale of normalised
integrated intensity. (a) Wavelength dependence; (b) Temperature dependence; (c) Pressure dependence. Generally parametersare T =

20°C, Aj = 532nm, p = 1bar, 8 = 90°, unless otherwise specified.



for the wavelength it would in principle be favourable to
use a long wavelength, but a consideration is the strong
decrease of the scattering cross section [37, 38], scaling
with A%, that deteriorates the signal-to-noise ratio in
light scattering experiments. Moreover at longer wave-
lengths (A > 900 nm) the quantum efficiency of photon
detectors decreases severely. Here a wavelength of 532 nm
is chosen since it is well detectable and an often used
wavelength in atmospheric lidar experiments.

In Figure 4 simulations of the spectral lineshapes are
plotted, for standard instrumental settings of 6 = 90°
and A; = 532 nm and for a pressure of 1bar and room
temperature. In the simulations, where a particle mass of
m = 29 amu is adopted for air, the values of the ther-
mal conductivity «, shear viscosity 7, and the internal
heat capacity cin; as well as the ratio of bulk viscosity
over shear viscosity 1y /7 are varied over a range around
the known literature values. These simulations show that
the RB-spectral profiles only marginally depend on the
gas transport coeflicients. Even for large deviations of the
parameters, only small shifts in the line profiles are found.
Specifically for the case of the bulk viscosity a variation
of 50% in 7, causes a maximum variation of 2% in the
Brillouin side peaks.

The thermal conductivity and shear viscosity of air
under the given standard conditions are known to good
accuracy according to the Sutherland formulas or Suther-
land laws [39]:
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where Tp=273K, n?=1716 x 107>Pass, ko=
0.0241 W/K-m, S;, = 111K, Sy, = 194 K. This leads to a
value for the thermal conductivity for air of k = 2.55 x
1072 W/m-K and a value for the shear viscosity of ns =
1.83 x 107 Pa-s, both at room temperature. For the bulk
viscosity a value of n, = 1.48 x 107> Pa-s is adopted in
the simulations [28].

As was noticed in previous studies on light scatter-
ing the values of some transport coeflicients depend on
the excitation frequency. This holds in particular for the
bulk viscosity, which was found to deviate by some four
orders of magnitude for the case of CO, between mea-
surements performed at acoustic frequencies, i.e. in the
MH?z range, or light scattering experiments for GHz scat-
tering frequencies [17, 22, 40]. Also for the case of the
thermal conductivity such a frequency dependence was
found, specifically for N,O [23]. This phenomenon is
associated with relaxation of the internal degrees of free-
dom of the molecule, i.e. rotations and vibrations [17, 41].
When the product of the sound frequency and the relax-
ation time f;Ti(i=vib,rot) > 1, the corresponding internal
degree of freedom will become frozen. Generally, the
rotational relaxation time T, is about 10710 seconds,
that is, fsTrot & 1 and the rotation will be excited. For N,
and O», the vibrational relaxation time ty;, is larger than
10~* seconds at room temperature [42], which means
the vibrational degrees remain frozen, both for acous-
tic (MHz) and light scattering frequencies (GHz). For
air, which mainly includes N, and O,, we suppose that

of T 3/2 To + S, the vibrational degree of freedom is not excited and the
Ns = Ns T, T+S, (®)  thermal conductivities are the same for low and high
frequencies. Hence we adopt the values as given by the
and Sutherland relations and the values reported in Ref. [39].
These values are in agreement for other reported val-
3/2 .2 o
. TN\? [Ty + To + S (10) ues for the shear viscosity and thermal conductivity of
= Ko _— :
T T+ S S air [43, 44].
(2) © (d)
x=2x107 W/(mK) 7,=1.60x10 * Pa's p—1,/7,=0.5 —c,, = 2/2R]
/\VA\//\\ =255 x10 > W/(m-K) \/\/\ _;: 1.83 %10 Pas /\‘/\/\ — n=10 — =308
f x=3 %102 W/(mK) 7, =2.00x10* Pass | \ n/n=15
J___\ )\ ,
- 0.030 7 0.030 4 0.030 4 0.030
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Figure 4. Simulated spectral line shapes for spontaneous RB-scattering in air by the Tenti-S6 model depending on various transport
coefficients. The spectra are plotted on a scale of normalised integrated intensity, while below the graphs residuals are presented with
respect to the central value of the parameter. (a) Thermal conductivity «; (b) Shear viscosity 7s; (c) Ratio of bulk viscosity vs. shear viscosity
nb/ns; (d) Internal heat capacity cin. Parameters T = 20°C, ; = 532nm, & = 90°, p = 2 bar are fixed. Values for transport coefficients
are k = 2.55 x 1072 W/m-K, ns = 1.83 x 107 Pa-s, np, = 1.48 x 107 Pa-s, Ciny = 2/2R, unless varied. See further main text.
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For completeness also the dependence of the RB-
spectra profile on the internal heat capacity ciy is dis-
played in Figure 4(c). For air, composed of diatomic
molecules with two degrees of rotational relaxation,
cint = 2/2R, where R is the gas constant. A calculation is
performed for a triatomic molecular species, with cjnt =
3/2R, and otherwise the same gas transport coeflicients.
The calculation shows a small dependency on molecular
composition via its dependence on cjps.

As illustrated in Figures 2, 3, and 4 the RB-spectral
line shapes exhibit more pronounced Brillouin side peaks
for certain conditions where the effects of collisional and
internal relaxation phenomena become apparent. For
those conditions the information content of the mea-
sured spectra is enhanced, allowing for extraction of the
gas transport coeflicients related to collisional phenom-
ena. The scaling of the sharpness and the pronounced-
ness of the Brillouin side peaks, here calculated via the
Tenti-model, can be approached in a more direct man-
ner by considering that the width of the side peaks is
physically connected to damping of elastic waves in the
medium, as was analysed by Leontovich [45]. Based on a
model for damping of elastic waves in a liquid medium
the magnitude of the broadening of the Brillouin peak
due to damping was derived (in units of angular fre-

quency):
I'g=—T (11)

where Qp is the Brillouin shift as defined in Equation (5)
and I' a damping parameter in the Navier-Stokes
equation, characterising the classical dissipation of the
acoustic mode [32, 46]:

1 |4 K
F=—1-ns+m+— -y, (12)
oo |3 Cp

with pg the density of the medium, y = Cp/Cvs and the
other thermodynamic parameters as defined before. This
approach leads to a ratio of the Brillouin shift Qp over
the Brillouin linewidth I'p representing sharpness and
the degree to which the Brillouin side peaks are resolved
[32]:

QB . Vs 1
'y 2nkT sin6/2

(13)

Even though this model derives its validity from hydro-
dynamics in essence it will be applicable to RB-scattering
in the kinetic regime, thus providing an explanation and
a scaling law for the separation of Brillouin side peaks at
forward scattering angles 6. In principle the side peaks
are most pronounced at the smallest value of 9, but
as Fabilinskii already discussed, a further experimental

limitation lies in the instrument width of the measure-
ment apparatus [32]. That should be sufficiently small to
resolve the Brillouin side peaks at gradually smaller shifts
2p when approaching forward scattering.

Note that the dependence of the RB-spectral lineshape
on the measurement conditions (6, A;, T and p) is much
more pronounced than for the gas transport coefficients
(ns, & and np). In particular the bulk viscosity np, can-
not be determined easily from gas-transport experiments
and its values are not well known, while Figure 4(d) shows
that the RB-profile is only marginally dependent on the
exact structure of the Brillouin side lobes in the scatter-
ing spectrum. This implies that spectra of high quality
are needed to extract a reasonably accurate value of the
bulk viscosity, while at the same time the measurement
conditions have to be set or measured at high accuracy.

Concluding from these simulations a strategy can be
formulated to measure 7}, at conditions of pronounced
Brillouin side bands, and then extrapolate its value to
those conditions where the side bands are less pro-
nounced, possibly taking into account the scaling of 171, as
a function of values for some of the other transport coef-
ficients. That is the rationale for a measurement of RB-
spectra at a scattering angle of & = 55.7° than scattering
at @ = 90°, cf. Figure 2(b).

The present study focuses on spontaneous Rayleigh-
Brillouin (RB) scattering, and most of the experimen-
tal studies on RBS have employed this form of light
scattering. However, through the availability of narrow-
band pulsed lasers coherent RBS has been explored as
well [47-55]. In such studies an experimental configu-
ration is setup where laser beams drive the density fluc-
tuations. Dipole forces, proportional to the molecular
polarisability «, and induced by the pump beams (with
amplitudes E; and E;) create a standing-wave lattice at
wave vector k = k; — ky (k; the wave vectors of the pump
fields). This effect produces an acceleration:

kE.E
alx,t) = _aE

sin(kx — wt), (14)

which adds as an additional term [51] to the kinetic WCU
equation, which then reads:

0
<§—|—v-v+a~vv)fi(r,v,t)

= Z/ v — v1|0’f]g‘l(fg/ﬁ, —fzﬁ) de3V1. (15)

jgl

These driven, coherent, density fluctuations add to the
thermal fluctuations probed in spontaneous RBS, and
give rise to a different line profile under conditions of
coherent RBS. The line profiles can be calculated via an
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Figure 5. Simulated spectral line shapes for coherent RBS and spontaneous RBS in air by the Tenti-S6 model. Conditionsare T = 293.15
Kand 1; = 532 nm and nominal values of the transport coefficients for air. Pressures p and scattering angles 0 as indicated.

extended version of the Tenti-S6 model, which was devel-
oped by Pan and coworkers [34, 51]. Via this formalism
RB-spectral profiles are calculated for typical conditions
of air (p = 1bar, T = 293.15K), for a typical wavelength
Ai = 532 nm used in cases of pulsed lasers, and for scat-
tering angles & = 90° and 180°, while the transport coef-
ficients are set at the nominal values for these conditions.
In Figure 5 a comparison is made between line shapes for
coherent RBS and spontaneous RBS for the same con-
ditions, including the same scattering angle 6. The pre-
dicted spectra show that the Brillouin side peaks become
more pronounced in the case of coherent RBS. So in prin-
ciple the underlying collisional and relaxation parameters
may be measured at better accuracy compared to sponta-
neous RBS. However, it is noted that typical experimental
configurations for coherent RBS employ a geometry with
a scattering angle of close to 180°; in fact 0 = 178° is
used in many studies [48, 49, 53, 54]. Under such angles
distinctiveness of the side-peaks deteriorates.

3. Experimental

Rayleigh-Brillouin scattering spectra of air are measured
in an experimental setup, which was used in a previ-
ous study [17] and is schematically shown in Figure 6.
The laser light with wavelength of 532.22 nm, power of 5
Watts, and bandwidth less than 5 MHz travels through a
gas cell. For this scattering cell, two Brewster-angled win-
dows are mounted at entrance and exit ports to reduce
the loss of incident light and the inside walls were painted
black to reduce stray light. A pressure gauge is connected
to the cell to monitor the pressure change and a tempera-
ture control system consisting of PT-100 sensor, Peltier
elements as well as water cooling are used to keep the
cell at a constant temperature with uncertainty less than
0.1°C.

Data were recorded in a pressure regime of 0.25-3 bar
and for temperatures of 273.2-333.2 K. The forward RB-
scattering was recorded under an angle 6§ = 55.7 4 0.3°,

Laser

PMT FPI

Scattering gas cell

Figure 6. Schematic sketch of the experimental setup. The green
light (532.22 nm, full green line) propagates through the scatter-
ing gas cell and produces the scattered light. The scattered light
at scattering angle 6 = 55.7° is analysed by a FPI (Fabry-Perot
interferometer) and detected on a PMT (photomultiplier tube).

measured by a home-built goniometer rotation stage.
The opening angle is less than A6 = 0.5° determined by
the geometry of the scattering gas cell and a slit posi-
tioned behind the gas cell. The scattered light propagates
through a bandpass filter (Materion, T > 90% at A; =
532 nm, bandwidth AL = 2.0 nm) onto a half-confocal
Fabry-Perot interferometer (FPI).

The FPI is aligned using a reference laser beam. The
radius of the curved mirror is ¥ = —12.5 mm with reflec-
tivity of 99%. The FPI has a nominal free spectral range
(FSR) of some 12 GHz, but this turns into an effec-
tive FSR if the 4-mode transmission pattern in consid-
ered [56]. The precise value of the FSR is determined
through frequency-scanning a laser (a narrowband tun-
able cw-ring dye laser) over more than 1000 modes of
the FPI, while measuring the laser wavelength by a wave-
length meter (Toptica HighFinesse WSU-30), and yields
an uncertainty in the FSR below 1 MHz and an FSR =
2.9964 GHz.

The instrument width, yielding a value of o, =
58.0 £ 3.0 MHz (FWHM), is determined by using the
reference beam while scanning the piezo-actuated FPI,
following methods discussed by Gu et al. [56]. The
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instrument function is verified to exhibit a functional
form of an Airy function, which may be well approxi-
mated by a Lorentzian function during data analysis.

RB-scattering spectral profiles were recorded by piezo-
scanning the FPI at integration times of 1s for each
step, usually over 18 MHz. A full spectrum covering a
large number of consecutive RB-peaks and 10,000 data
points were obtained in about 3h. The piezo-voltage
scans were linearised and converted to a frequency
scale by fitting the RB-peak separations to the calibrated
FSR-value [36, 56].

4. Results

The experimental data of spontaneous RBS spectra of
air were measured at a wavelength of A; = 532.22nm, a
scattering angle of @ = 55.7 &£ 0.3° and at various pres-
sures and temperatures. The resulting spectra are split
into two subsets, one set obtained at the higher pres-
sures p = 1-3 bar, for deducing and verifying the values
of the gas-transport coefficients, in particular to extract

p : 1.007 bar
T:273.2K
y:1.34

>

0.030
= 0.015
=1
S 0.000
w2
o
& -0.015
-0.030+ ; : : . ; .
-1. -1.0 0.5 0.0 0.5 1.0 1.5
/(GHz)

p : 1.004 bar
T:3132K
y:1.10
0.030

0.015

0.000
-0.015
-0.030+

15 -0 05 0.0 0.5 1.0 1.5
£ (GHz)

Residual

a value for the bulk viscosity 7y, based on the Tenti-S6
model. The data for these measurements are displayed in
Figures 7, 8 and 9. A second subset, for data obtained at
sub-atmospheric  pressure  conditions, p = 0.25-
0.75bar, are then used to verify the obtained model
description in the realm of atmospheric applications, to
be discussed in Section 5. The conditions under which all
data were obtained are listed in Table 1. The data under-
lying the Figures 7-9 and Figures 11-13 are included in
the Supplementary Material.

The data of the first subset were incorporated in a
Tenti-S6 model description, for which a Matlab-code
was written [36]. Here, the values for the shear viscosity
ns and thermal conductivity « were taken for the spe-
cific measurement temperatures, interpolated from the
Sutherland formulas given in Equations (9) and (10). A
fit was made to extract an optimum value for the bulk
viscosity n; via a least-squares procedure for each (p, T)
combination and plotted in Figure 10 as a function of
temperature. Also data from previous investigations are
included [29, 57].

: 1.003 bar
12932 K
1 1.21

< 5o
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Figure 7. Experimental Rayleigh-Brillouin scattering profiles (black) of air at p=1 bar and T = 273.2-333.2K, and comparison with
optimised Tenti-S6 model (red). Bottom graphs display the corresponding residuals. The experimental data were measured at wavelength
of A; = 532.22 nm and scattering angle of & = 55.7°, and these spectra are on a scale of normalised integrated intensity.
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Figure 8. Experimental Rayleigh-Brillouin scattering profiles (black) of air at p = 2 bar and comparison with optimised Tenti-S6 model

(red). Further details as in Figure 7.

Inspection of the deduced values of 11, indicates
that all values fall within the range 1.0-2.0 x 10~ Pa-s,
with some pressure dependence, although not system-
atic. However, the temperature dependencies follow an
approximately linear temperature dependence for all
individual data sets. To describe this a functional form
is chosen to represent this behaviour:

my = np + k- (T — T™), (16)

where the reference temperature T™f = 250K is cho-
sen such that the results for various pressures, and also
for various previous experiments exhibit a common ori-
gin point, at ng = 0.86(0.01)x 107> Pa-s. The resulting
parameters representing the monotonous increase of the
bulk viscosity versus temperature ng are listed in Table 2,
while the slopes are included in Figure 10.

In Figure 10 also the resulting values for n;, from pre-
vious studies on RBS in air, all measured at a scattering
angle of 6 = 90°, are included [28, 29, 57]. The result
of Figure 10 shows the spread in results for the bulk
viscosity obtained between the present study and three
previous studies [28, 29, 57] The simulations performed
in Section 2 and displayed in Figures 3 and 4 show how
insensitive the RBS line shape in fact is for the exact value

of the bulk viscosity 1y, and its much greater sensitivity
to experimental parameters as the scattering angle 6, and
the readings of pressure and temperature. As for the tem-
perature reading it may be noted that for all present and
previous results a rather smooth temperature functional-
ity is found, indicating that there should be no source of
error connected to temperature. In order to deduce a set
of values for the bulk viscosity of air an average is taken
over the concatenated data sets. Since all data follow the
behaviour of Equation (16), crossing at a common point
at ng the entirety of results can be represented by a sin-
gle value of ng . From a weighted average over all data
a mean value of ng = 1.29(0.23) x 107 Pa-s/K results,
which can be considered as a generic value for the calcu-
lation of RBS profiles in air, in conjunction with the other
gas transport coefficients.

5. Atmospheric RB spectral profiles

In the previous sections a description is given, based
on the Tenti-S6 model on how to compute Rayleigh-
Brillouin spectra profiles of air under various conditions
and settings of an experiment. The scattering profile
depends on some experimental settings as the scattering
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Figure 9. Experimental Rayleigh-Brillouin scattering profiles (black) of air at p = 3 bar and comparison with optimised Tenti-S6 model
(red). Further details as in Figure 7.

Table 1. Determination of bulk viscosities 1y, from RBS
measurements on airat A = 532.22 nmand (p, T) exper-
imental conditions, corresponding to uniformity param-
eters y as indicated.

p (bar) T(K) y np (107> Pa-s)
0.255 2732 0.34

0.254 293.2 0.31

0.254 313.2 0.28

0.253 3332 0.26

0.505 2732 0.67

0.504 293.2 0.61

0.504 313.2 0.55

0.504 3332 0.51

0.754 2732 1.01

0.755 293.2 0.91

0.754 313.2 0.83

0.756 3332 0.76

1.007 2732 134 1.23(0.03)
1.003 2932 121 1.55(0.12)
1.004 313.2 1.10 1.80(0.23)
1.004 3332 1.02 2.19(0.19)
2.005 2732 2,67 1.03 (0.04)
2.003 293.2 242 1.16(0.03)
2.007 313.2 2.21 1.27(0.03)
2.004 3332 2.03 1.45 (0.04)
3.008 2732 401 0.93(0.04)
3.004 293.2 3.63 1.08 (0.05)
3.004 313.2 3.31 1.16 (0.03)
3.005 3332 3.04 1.36 (0.04)

5 = 1bar
X107 e 2bar
4 3bar *
2.4 = »— Gu 366 nm
F+- 4+ Gu 403 nm
—— Shang 532 nm

=N
!

bulk viscosity n,

0.8

T T T 1
280 300 320 340
T

Figure 10. Bulk viscosities of air derived from RB-spectra at pres-
sures of 1 bar (green square), 2 bar (dark circle), 3 bar (purple trian-
gle). The lines represent the values calculated from Equation (16)
and the constants ng as listed in Table 2. A comparison is made
with results from Gu et al. [57] at A; = 366 nm (blue), and A; =
403 nm (magenta), as well as Shang et al. [29] (gray) for A; =
532nm.

angle 6 and the incident wavelength X;, as well as on some
conditions of the gas, such as temperature and pressure,
where air is treated as a hypothetical molecule with mass
m = 29.0amu and ¢,y = (2/2)R. Furthermore the RBS
line shape depends on the thermodynamic gas properties



Table 2. Values of .

pbar)  nl (x1077 Pa-s/K)
1 1.59(0.02)
2 0.68 (0.02)
3 0.53(0.04)

of air, the shear viscosity s and the thermal conductivity
K, values of which can be determined from generic mea-
surements on the gas [39, 43, 44]. Here it must be consid-
ered that these gas transport coefficients may be temper-
ature dependent, as modelled in the Sutherland formulas,
and that in most cases the vibrational relaxation is frozen
in air under regular atmospheric conditions. Finally, the
last thermodynamic gas property of air, the bulk viscosity
can be described by n, = 0.86 x 107> + 1.29 x 1077 -
(T — 250). This combined set of parameters, in combina-
tion with the Tenti-S6 model, should provide a universal
description for RB-scattering in air, under all experimen-
tal settings and gas conditions, the latter with restriction
to the kinetic regime.

This model description is now used to compute the
RB-spectral profiles under conditions measured in the
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present experiment for low pressures. Experimental and
computed spectra for pressures of 0.25 bar, 0.50 bar and
0.75bar, and in all cases for a variety of temperatures
in the range 273-333 K, are compared in Figures 11, 12,
and 13. The spectra show that good agreement is found,
well within an error margin of 1% of the peak intensity.
In a few cases a small residual in the form of a positive
photon signal is found exactly at the centre frequency.
This phenomenon was observed in some of our previous
studies [15], and can be safely ascribed to spurious Mie
reflection of dust particles. Hence, it may be concluded
that the set of parameters finds very good agreement
with the observed RB-scattering profiles of air measured
under atmospheric conditions of p < 1 bar.

6. Universal scaling of RB-scattering in air

As is shown in the above the Tenti-S6 model provides a
representation of the RB-light scattering function based
on the conditions of the scattering process and the spe-
cific conditions of the gas. The Tenti-S6 model provides
also a means to transfer the scattering profile from one
set of conditions to another, a transfer based on the

p: 0.254 bar
T:2932K
y:0.31

L5 -0 05 0.0 0.5 1.0 1.5
f(GHz)

p:0.253 bar
T:3332K
y:0.26

0.050
0.025
0.000

Residual
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Figure 11. Experimental Rayleigh-Brillouin scattering profiles (black) of air at p = 0.25 bar and temperature of 273.2-333.2 K, and com-
parison with Tenti-S6 model (red), based on fixed gas transport coefficients. Bottom graphs display the corresponding residuals. The
experimental data were measured at wavelength of A; = 532.22 nm and scattering angle of § = 55.7°.
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Figure 12. Experimental Rayleigh-Brillouin scattering profiles (black) of air at p = 0.5 bar, and comparison with Tenti-S6 model (red),

based on fixed gas transport coefficients.

knowledge of the relevant underlying parameters. Such
scaling can be connected to the concept of uniformity
in kinetic gas theory, where universal scaling parame-
ters are represented in dimensionless coordinates (y, x)
to describe the light scattering response of the gas. The
dimensionless uniformity parameter y is proportional to
the ratio of scattering wavelength A (connected to the
scattering wave vector as A = 27 /q) to the mean-free-
path Ly, between collisions:

1 A

7= Emef'

(17)
Note that in the community of rarefied gas dynamics the
rarefaction parameter &;p is also used, proportional to
the uniformity parameter via &;p = 2my. With Lyg =
vo/col> Vo the thermal velocity of the molecules, and the
collisional frequency oo = p/7s, p and 1; being the pres-
sure and the shear viscosity of the gas, the uniformity
parameter can be written as:

Ai/n p

V= 47 sin6/2 ng\/2kgT/m

(18)

It may be verified (see Figures 2-4) that the isolated
prominence and the distinctiveness of the Brillouin side
peaks is highest for the largest values of the uniformity
parameter y. Large y corresponds with higher pressure
p» lower temperature T, smaller scattering angle 6 and
longer wavelength A;.

Also the frequency scale of the RB scattering pro-
files can be converted to a reduced and dimensionless
frequency scale defined as

(19)

where g is the scattering vector and w = 27 f, with f the
frequency of the incident light beam.

This description in terms of uniformity in a rarefied
gas dynamics approach considers the gas as independent
of the gas transport coefficients, which relate to inter-
nal relaxation mechanisms, and to the intermolecular
dynamics connected to a potential describing the interac-
tions. In this context the shear viscosity 7, is a parameter
connected to the kinetics describing the molecular colli-
sions in terms of a mean-free-path. Such scaling in terms
of dimensionless parameters was discussed and tested for
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Figure 13. Experimental Rayleigh-Brillouin scattering profiles (black) of air at p = 0.75 bar, and comparison with Tenti-S6 model (red),

based on fixed gas transport coefficients.

gases with atomic constituents [58-60]. The scaling is
expected to hold for densities for which the Boltzmann
equation may be applied, thus where the mean field or
average interaction between molecules may be neglected.

Even though the description of the light scattering
process and its resulting spectral profile can be con-
nected to dimensionless (y, x) coordinates, it is still
needed to exploit an underlying model for generating
spectra and for demonstrating the scaling of spectra. Such
procedure is here undertaken with application of the
Tenti-S6 model, where it must be considered that the
Tenti-model involves aspects of gas transport. To avoid
the effects of transport coeflicients on the RBS-line shape
their values are taken at fixed nominal values (k = 2.55 x
1072W/m-K, ns = 1.83 x 107> Pa-s, and 7, = 1.48 x
107> Pa-s), even though these coefficients may be tem-
perature dependent, or be subject to freezing out of inter-
nal relaxation modes. Fixing the values of these thermo-
dynamic properties implies that they do not affect the
dimensionsless or universal scaling.

The outcome of such scaling is shown in Figure 14,
where calculated spectra are displayed for a single value
of the dimensionless uniformity parameter y = 1.10.
Note that these RB-scattering spectra, plotted on a

common dimensionless x-axis, are calculated for differ-
ent combinations of A;, 6, p and T. While wavelengths
(366 nm, 403 nm, and 532 nm) and scattering angles (90°,
55.7°) are taken to coincide with those used in experi-
ments, values for p and T are chosen such as to match
y = 1.10. In these calculations no convolution with an
instrument function is included. The results plotted in
Figure 14 for four different experimental conditions
indeed show identical RB-scattering profiles for a com-
mon uniformity parameter. For a pair of dimensionless
(y, x) values the RB-scattering spectra are not influenced
by the incident wavelength and scattering angle, nor of a
set of p and T. Hence, the RB-spectral can be expressed as
afunction of y and x alone. This demonstration of dimen-
sionless scaling of calculated spectra verifies that spectra,
recorded in one set of conditions can be transferred to
another set of conditions.

This universal scaling was investigated and tested for
experimental RB-spectra of noble gases [58-60]. The
scaling in those studies was done for constant scattering
conditions (6, %;), while combinations of gaseous set-
tings (p, T) were chosen as to match a similar value of
y. In these studies spectra for different noble gases He,
Ne and Ar were compared, which made it necessary to
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Figure 14. Simulated spectral line shapes for RB-scattering in air
by the Tenti-S6 model for a uniformity parameter of y = 1.10,
produced from different conditions (1) A; = 366.8nm, 0 =
90°; (2) Aj =403nm, 6 =90° (3) Aj =532nm, 6 = 90°; (4)
Ai = 532nm, 6 = 55.7°. Transport coefficients of x = 2.55 x
1072 W/m-K, ns = 1.83 x 107> Pa-s, np, = 1.48 x 1072 Pa-s are
fixed.

invoke a slight rescaling of the reduced frequency axis
for the Brillouin shift wp. As a result of the experimental
comparisons it was concluded that the RB-spectra in the
kinetic regime grossly follow ideal gas conditions and that
they are rather insensitive to details of the intermolecu-
lar potential. However, small deviations were found, in
particular at higher densities with gradual increase of
deviations at larger values of y, that were attributed to
variations in the sound velocity and thermal conductiv-
ity [59].

In the present study we extend this comparison of
dimensionless scaling laws for RB-scattering to the case
of air. In this specific case the difference between atoms
and molecules needs to be considered, where molecules
undergo internal relaxation between the modes of trans-
lation, vibration and rotation, which is expressed in terms
of a bulk viscosity parameter n,. Experimentally the
present data set obtained at A; = 532.22nm and 6 =
55.7°, and various values of p and T, leading to uni-
formity parameters y as listed in Table 1, are compared
with previously obtained data for RB-scattering in air at
Ai = 366.8nm [57] and A; = 403.00 nm [28]. Hence the
scaling comparison covers all (1;, 6, p, T) parameters.

The data sets of RB-spectra contain examples where
the uniformity parameters y are near-coincident, while
the underlying physical conditions are vastly differ-
ent, thus allowing for an experimental comparison of
scaling, while remaining in the kinetic regime of y &~
1. In Figure 15 a comparison is made between spec-
tra recorded for A; = 366.8 and X\; = 403.00 nm, and
other parameters as indicated, resulting in a uniformity
parameter of y = 1.67-1.69. In Figure 16 a comparison
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Figure 15. Comparison of experimental RB-spectra of air for a
nearly coincident uniformity parametery = 1.67-1.69, measured
at 366.8 nm and 403 nm and other conditions as indicated.
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Figure 16. Comparison of experimental RB-spectra of air for a
nearly coincident uniformity parametery = 1.19-1.21, measured
at 403.00 nm and 532.22 nm and other conditions as indicated.

is made for two cases also for a near-coincident uni-
formity parameter y = 1.19-1.21 for wavelengths A; =
403.00 nm and A; = 532.22 nm.

The comparisons of Figures 15 and 16 demonstrate
that the dimensionless scaling of the spectra at the two
values of y produces excellent agreement. The residuals
indicate agreement better than 1.5% for the maximum
differences in both cases, where it should be noted that
the y-parameters do not match exactly, in both cases
differing by 0.02. Moreover the instrument widths used
in the different experiments were different. When con-
verted to the reduced x-axis scale the instrument widths
were 6X(366 nm) = 0.147, 8X(403nm) = 0.097, and for the
present experimental study 8x(532 nm) = 0.080.



The aptness of the universal scaling approach for the
case of air demonstrates that under the conditions of
the included experiments, mainly set by the range of
the uniformity parameter y & 1, air very much behaves
as an ideal gas. Real gas effects as a result of molecular
interactions, relaxation phenomena, freezing out of cer-
tain modes, and represented in terms of a bulk viscosity
parameters, which may be dependent on temperature,
only marginally affect the scaling and the shape of the
Rayleigh-Brillouin spectra. Indeed, from the a priori sim-
ulations shown in Figures 2—4 it is evident that the effect
of small changes at the few %-level in the bulk viscos-
ity or thermal conductivity is only marginal and not
detectable.

7. Conclusion

We have investigated Rayleigh-Brillouin scattering in air
over a range of pressures and temperatures, measuring
high quality data at a signal-to-noise ratio well within
the 1% level of peak intensities. Based on an a priori
modelling a smaller scattering angle (6 = 55.7°) was
chosen for the experimental geometry, because under
such condition the Brillouin side peaks become more
pronounced. From the higher pressure data p > 1bar
values of the bulk viscosity parameter were derived.
From these measurements, and including information
from previous studies, a temperature dependent func-
tional form is established for this elusive gas transport
coefficient ny,.

Based on the Tenti-S6 model description and a set
of reliable gas transport coefficients for air a universal
framework is established to predict Rayleigh-Brillouin
scattering profiles under various density and tempera-
ture conditions of atmospheric air, and for different set-
tings of the scattering geometry and incident wavelength.
This framework holds for various scattering geometries
and experimental parameters, such as the incident wave-
length. The available data thus are at the basis of a predic-
tive tool for delivering RB-spectra of air, for application
in atmospheric sensing.

Finally from the now available experimental data sets
for RB-scattering a universal scaling is tested relating
spectra to a dimensionless uniformity parameter and a
reduced frequency scale. Very good agreement is found
for the regime of y & 1, demonstrating that in the range
of atmospheric pressures and temperatures air very much
behaves like an ideal gas.
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