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a b s t r a c t 

High signal-to-noise and high-resolution light scattering spectra are measured for nitrous oxide (N 2 O) gas 

at an incident wavelength of 403.00 nm, at 90 ° scattering, at room temperature and at gas pressures in 

the range 0 . 5 − 4 bar. The resulting Rayleigh–Brillouin light scattering spectra are compared to a num- 

ber of models describing in an approximate manner the collisional dynamics and energy transfer in this 

gaseous medium of this polyatomic molecular species. The Tenti-S6 model, based on macroscopic gas 

transport coefficients, reproduces the scattering profiles in the entire pressure range at less than 2% de- 

viation at a similar level as does the alternative kinetic Grad’s 6-moment model, which is based on the 

internal collisional relaxation as a decisive parameter. A hydrodynamic model fails to reproduce experi- 

mental spectra for the low pressures of 0.5-1 bar, but yields very good agreement ( < 1%) in the pressure 

range 2 − 4 bar. While these three models have a different physical basis the internal molecular relaxation 

derived can for all three be described in terms of a bulk viscosity of ηb ∼ (6 ± 2) × 10 −5 Pa · s. A ‘rough- 

sphere’ model, previously shown to be effective to describe light scattering in SF 6 gas, is not found to be 

suitable, likely in view of the non-sphericity and asymmetry of the N-N-O structured linear polyatomic 

molecule. 

© 2017 Elsevier Ltd. All rights reserved. 
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. Introduction 

Spontaneous Rayleigh and Brillouin scattering arises from fluc-

uations in the dielectric constant of gases and its spectral profiles

ave been studied since the early 20th century [1–3] . The density

uctuations associated with molecular thermal motion takes the

orm of entropy fluctuations at constant pressure causing a central

lastic Rayleigh scattering peak. Pressure fluctuations in the form

f acoustic waves, at constant entropy, cause inelastic side-peaks

eferred to as Brillouin scattering [4] . In the decade after the inven-

ion of the laser numerous studies have been performed measur-

ng the spectral profile of Rayleigh–Brillouin (RB) scattering with

he goal to derive collisional properties of gaseous media [5–8] .

ore recently the field of RB scattering has been revived with the

oal to monitor gas flow and the conditions of the Earth’s atmo-

phere [9–12] . Independently, in addition to conventional sponta-

eous RB scattering, methods of coherent RB scattering have been

eveloped for the investigation of collisional phenomena in gases

13–16] . 
∗ Corresponding author. 

E-mail address: w.m.g.ubachs@vu.nl (W. Ubachs). 
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Typically, at different gas densities, the spectral lineshape of

he scattered light intensity will be different, thereby reflecting the

ollisional phenomena occurring in the gas. A key scaling param-

ter is the uniformity parameter y , which compares the reciprocal

f the scattering wave vector k sc to the mean free path between

ollisions l mfp , hence y = 1 /k sc l mfp . When y becomes large with re-

pect to unity, such as for dense gases, the effect of acoustic modes

ill become apparent as side peaks in the spectra profile. The fre-

uency shift of these Brillouin side features is f s = υs k sc / 2 π, with

s the speed of a sound wave in the dense gas. The density fluctua-

ions in this hydrodynamic regime can be described by the Navier-

tokes equation. The broadening effects are homogeneous and the

entral and both Stokes peaks adopt a Lorentzian functional form.

n the opposite case, of the Knudsen regime for values y � 1, the

pectral line shape adopts the character of a pure Gaussian, as

 result of the inhomogeneous effect of molecular random ther-

al motion, or the Doppler effect. In the intermediary or kinetic

egime, as y ≈ 1, the analysis is most difficult and the spectral scat-

ering line shape can be derived by solving the Boltzmann equa-

ion, for which approximate methods must be employed. 

The Tenti-S6 model, proposed in the 1970s [17,18] , is such

 model which has become a standard approach for Rayleigh–

rillouin scattering in the kinetic regime. In this model, the colli-

https://doi.org/10.1016/j.jqsrt.2017.10.029
http://www.ScienceDirect.com
http://www.elsevier.com/locate/jqsrt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jqsrt.2017.10.029&domain=pdf
mailto:w.m.g.ubachs@vu.nl
https://doi.org/10.1016/j.jqsrt.2017.10.029
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Table 1 

Data sets for RB-scattering measure- 

ments in N 2 O gas recorded under condi- 

tions as indicated. y represents the uni- 

formity parameter. 

Data set p (bar) T (K) y 

I 0.560 297.81 0.51 

II 1.035 296.25 0.95 

III 2.074 297.28 1.90 

IV 3.052 297.28 2.79 

V 4.194 297.28 3.84 
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sion integral of Boltzmann equation is replaced by seven or six ma-

trix elements, which can be expressed in terms of the macroscopic

transport coefficients, pressure p , temperature T , shear viscosity ηs ,

thermal conductivity λth , bulk viscosity ηb and the internal molar

heat capacity C int . 

An alternative kinetic approach deals with the Boltzmann equa-

tion in replacing the collision operator with a single relaxation-

time term [19] . This model builds on the Chapman–Enskog model

for solving the Boltzmann equation [20] and the Grad’6-moment

approximation is employed for calculating the light scattering

spectral function [21] . 

As a third approach, the model by Hammond and Wig-

gins [22] based on hydrodynamics involves the vibrational and ro-

tational relaxation, τ vib and τ rot , as signatures of non-ideal gas ef-

fects. The Burnett correction is also added to the Navier–Stokes

equation to approximately extend it to the rarified regime [23] .

This model is valid in the higher pressure regime where the

gaseous medium can be envisioned as a fluid continuum. As was

indeed shown [22,24] the Hammond–Wiggins model has an ex-

tended application in the realm toward lower pressures, thus form-

ing a bridge between the full hydrodynamic and kinetic regimes. 

A rough-sphere model, proposed by Marques [25] , was recently

applied to describe the RB light scattering spectra in SF 6 gas [24] ,

in which the molecules exhibit the structure of a regular octahe-

dron with a sulfur atom in the center and six fluorine atoms at

vertexes, hence taking the form of a spherical molecule. In such

model a dimensionless moment of inertia κ is an important and

uniquely adjustable parameter. 

In the present study the Rayleigh–Brillouin scattering profile of

nitrous oxide, or dinitrogen monoxide (N 2 O), is investigated exper-

imentally and results are compared to profiles calculated from the

four models mentioned. Here, the N 2 O molecule is chosen as a

scattering species, partly in view of its favorable cross section [26] .

Goal is to investigate how the various models can describe the

spectral profile for Rayleigh–Brillouin scattering off a linear poly-

atomic molecule, of a shape strongly deviating from sphericity. 

2. Experiment 

RB scattering from N 2 O gas (Praxair, purity 99.7%) is measured

at right angles from a scattering cell with an incident laser beam

at λ = 403.00 nm. For this, infrared light at 806.00 nm is produced

with a Nd:VO 4 laser (Millennia-X) pumping a continuous wave Ti-

tanium:Sapphire laser (Coherent-699). Its output is converted to

the second harmonic in an external frequency-doubling cavity pro-

ducing power levels of 40 0–50 0 mWatt. The spectral bandwidth of

the blue laser beam is ∼ 2 MHz, thus negligible for the analyses in

the present study. 

The scattering cell, equipped with Brewster-angled windows at

entrance and exit ports, is placed inside an enhancement cavity

in which the blue light beam is amplified by a factor of ten to

reach power levels of 4–5 Watt in the scattering volume. During

operation both the frequency-doubling and enhancement cavities

are locked by Hänsch–Couillaud opto-electronics [27] . 

Scattered light propagates through a bandpass filter (Materion,

T = 90% at λ = 403 nm, bandwidth � λ = 1.0 nm) onto a Fabry–

Perot interferometer (FPI) via an optical projection system consist-

ing of a number of lenses and pinholes to reduce stray light and

contributions from Raman scattering. The geometry is such that

the opening angle for in-plane scattering is limited to 0.5 ° to not

compromise the instrument resolution. Scattered photons are fi-

nally collected on a photomultiplier tube. The FPI is half-confocal

and has an effective free spectral range (FSR) of 7.498 GHz, which is

determined through scanning the laser frequency over more than

80 modes of the FPI while measuring the laser wavelength by a

wavelength meter (ATOS). The instrument width is obtained in
wo different ways yielding a value of σνinstr 
= 126.0 ± 3.0 MHz

FWHM). First an auxiliary reference beam from the frequency-

oubled laser is propagated through the scattering cell at right an-

les and through the optical system. Subsequently scattered light

btained from a metal needle placed in the scattering center is

easured while scanning the laser frequency or the piezo-actuated

PI. This instrument function is verified to exhibit the functional

orm of an Airy function which may well be approximated by a

orentzian function. Further details of the experimental setup and

he calibration of the RB spectrometer have been described in a

echnical paper [28] . 

The scattering angle is an important parameter in RB scatter-

ng since it determines the effective width of the spectral profile

hrough the Doppler condition. From measurements on the geo-

etrical lay-out of the setup, where narrow pinholes determine

he beam path, the angle θ is precalibrated at θ = 90 ± 1 ◦. Cali-

ration measurements on argon gas at 1 bar and comparison with

enti S6 model calculations were used to assess a precise value

or the scattering angle yielding θ = 89 . 6 ± 0 . 3 ◦ by fitting to the

ecorded spectral profile. During the measurements on N 2 O the an-

ular alignment of the setup was kept fixed. 

RB scattering spectral profiles were recorded by piezo-scanning

he FPI at integration times of 1 s for each step. Typical detec-

ion rates were ∼ 20 0 0 count/s for conditions of 1 bar pressure. A

ull spectrum covering 100 consecutive RB-peaks and 10,0 0 0 data

oints was obtained in about 3 h. The piezo-voltage scans were

inearized and converted to frequency scale by fitting the RB-peak

eparations to the calibrated FSR-value. Finally, a collocated spec-

rum was obtained by cutting and adding all individual recordings

ver ∼ 100 RB-peaks [28] . This procedure yields a noise level of

0.4% (with respect to peak height) for the 1 bar pressure case.

easurements of the RB scattering profile were performed for con-

itions of 0.5-4 bar pressure and room temperatures as listed in

able 1 . 

. Results 

The experimental data of the RB scattering measurements per-

ormed on gaseous N 2 O at five different pressures and all at room

emperature are displayed in Fig. 1 . The spectral profiles demon-

trate the superior quality of the RB spectrometer in achieving high

ignal-to-noise reaching a value of > 100 even at the lowest pres-

ure (0.5 bar) and better at the higher pressures. While the spectral

ntensities scale with the familiar factor (n − 1) 2 in the Rayleigh

cattering cross section, with n the index of refraction [26] , the

rofiles are plotted on a normalized scale of unit area. In the fol-

owing model calculations of the spectral profile are carried out,

n the context of (i) the Tenti S6 model [17,18] , (ii) the Grad’s 6-

oment kinetic model optimizing a single relaxation time con-

tant [19] , (iii) a hydrodynamic model as developed in the past for

ethane gas [22] , and (iv) a ‘rough-spheres’ model as recently de-

eloped for poly-atomic molecules [25] and successfully applied to

escribe RB scattering in SF 6 gas [24] . Before making the compari-

on of the model data with the experimental data, the results from
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Fig. 1. Data on RB-scattering in N 2 O, measured at the five different pressures and temperature conditions (indicated by corresponding Roman numerals I to V as listed in 

Table 1 ) at wavelength of λ = 403.00 nm and a scattering angle θ = 89 . 6 ◦ . Top-row: experimental data on a scale of normalized integrated intensity. Second row: deviations 

of the Tenti-S6 model description (TS6) as discussed in Section 3.1 . Third row: deviations of the six-moment kinetic model as discussed in Section 3.2 . Fourth row: deviations 

from the extended hydrodynamic model (HW) [22] as discussed in Section 3.3 . Fifth row: deviations from a ’rough spheres model’ (RS) as discussed in Section 3.4 . Residuals 

are plotted on a scale of normalized integrated intensity for each profile. 
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he theoretical profiles are folded with a Lorentzian of 126 MHz

FWHM) representing the instrument function of the RB spectrom-

ter. The comparison is made by calculating the root mean square

rror (RMSE) expressed as: 

 rmse = 

√ 

1 
N 

∑ N 
i =1 (I e (i ) − I m 

(i )) 
∑ N 

i =1 I e (i ) 
(1) 
here I e is the intensity of the experimental spectrum, I m 

the

ntensity of modeled spectra and the sum is taken over N data

oints. While making the comparison between observed and mod-

led spectra in several cases one or more physical constants (such

s the bulk viscosity parameter ηb ) were included in a fitting rou-

ine. In the fitting procedures a background zero level was included

o account for slight levels of stray light and dark counts on the

etector [28] . 
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Table 2 

Values for the bulk viscosity parameters obtained by fitting the experimental spectra to various model cal- 

culations where intramolecular relaxation is included as a free parameter, which is then linked to ηb . The 

parameter ηT 
b 

is the value obtained by applying the Tenti-S6 model with the bulk viscosity as a single fitting 

parameter. In the Grad’s 6-moment model [19] the relaxation time τ 6 G 
int 

is derived as a fitting parameter, and 

the bulk viscosity η6 G 
b 

is then derived via Eq. (5) . In the hydrodynamic model a rotational relaxation time τ H 
rot 

is derived from a fit to the data and the bulk viscosity ηH 
b 

is derived via Eq. (5) . Values in brackets represent 

the uncertainties derived in a fit. 

Data set ηT 
b 

( ×10 −5 Pa · s) τ 6 G 
int 

( ×10 −10 s) η6 G 
b 

( ×10 −5 Pa · s) τ H 
rot ( ×10 −10 s) ηH 

b 
( ×10 −5 Pa · s) 

I 1.06 (0.24) 6.95 (0.18) 0.62 (0.02) 

II 2.63 (0.37) 2.49 (0.15) 0.41 (0.02) 

III 6.18 (2.06) 17.18 (1.39) 5.70 (0.46) 

IV 5.19 (0.57) 15.87 (2.92) 7.75 (1.43) 13.13 (0.66) 6.41 (0.32) 

V 6.66 (0.56) 11.53 (1.24) 7.74 (0.83) 13.82 (0.80) 9.28 (0.54) 
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3.1. The Tenti-S6 model 

The Tenti-model was developed in the 1970s to describe the

RB scattering profile of diatomic molecules, in particular for molec-

ular hydrogen [17,18] . Later this model was revived after investiga-

tions were performed involving coherent RB scattering for which

RBS codes were developed by Pan et al. [14] , Pan [29] . Those codes

were applied to describe both coherent RB scattering [30] and

spontaneous RB scattering in CO 2 [31] and in nitrogen, oxygen and

air [12] . In those studies it was established that the S6-version of

the Tenti model yields a better agreement with experiment than

an alternative S7-version. 

The Tenti-model invokes molecular properties in terms of

macroscopic transport coefficients and thermodynamic properties,

which are usually known or can be measured in a variety of ex-

periments. The shear viscosity and thermal conductivity of N 2 O are

reported in the literature: ηs = 1 . 48 × 10 −5 Pa · s and λth = 17 . 47 ×
10 −3 W/m ·K [32] . Alternatively, a value for the thermal conductiv-

ity can be estimated by Eucken’s formula [20] : 

λth = 

5 

2 

ηs C t /M + ρD (C v ib + C rot ) /M (2)

where C t , C rot , and C vib are the translational, rotational and vi-

brational molar heat capacities in units of J/mol · K, respectively,

M is the molar mass ( M = 44 . 01 g/mol), ρ is mass density and

D is the diffusion coefficient [32,33] . This leads to a mass diffu-

sion coefficient of ρD = 2.09 ×10 −5 kg/m · s. If C vib is set to zero

in Eq. (2) then a value of λth = 14 . 5 × 10 −3 W/m ·K would result,

which is in good agreement with the measured value. This illus-

trates that indeed vibrational relaxation can be ignored as an ef-

fective relaxation process. A measurement of vibrational relaxation

yielding τv ib = 0 . 87 × 10 −6 s [34] (for a pressure of 1 bar and scal-

ing with ∝ 1/ p ) corresponds to a relaxation rate at the MHz level,

hence much smaller than the sound frequency, which is at the GHz

level. Therefore, here and also below in the other model descrip-

tions, only the rotational relaxation is considered as an internal de-

gree of freedom and the internal molar heat capacity for N 2 O is

 int = R, where R is the universal gas constant. 

Here we adopt the procedure to regard the final macroscopic

transport coefficient, the bulk viscosity ηb as a parameter that can

be derived via a least-squares algorithm when comparing the ex-

perimental and model spectral profiles. This procedure was fol-

lowed and documented in studies on the determination of bulk

viscosities in N 2 [35] , in O 2 and air [35] and in CO 2 [31] . For each

data set I-V ( Table 1 ) ηb is fitted and results are shown in Table 2 .

The deviations between experimental and calculated RB scatter-

ing profiles, for the optimized values of ηb for each pressure case,

are presented in Fig. 1 . For the low pressures of p = 0 . 5 − 1 bar

near-perfect agreement is found, while for the higher pressures of

p = 2 − 4 bar still very good agreement is found from the Tenti-S6

model with deviations being smaller than 3%. 
It is found that in this application of the Tenti-S6 model the

alue of ηb appears to be pressure dependent (see Table 2 ). For

he data recorded for p = 0 . 5 and p = 1 bar the ηb values are in

ange (1 − 2) × 10 −5 Pa · s, while for the pressures p = 2 − 4 bar

he ηb values level off at (5 − 6) × 10 −5 Pa · s. This effect might be

onsidered as a measurement artifact since at the lower pressures

ollisional relaxation effects are expected to be small and the devi-

tions from a Gaussian profile are also small (see Fig. 1 ). However,

n numerical terms the fits return values with < 10% uncertainties

n all cases, so the derivation of bulk viscosities at low pressures

hould be considered significant. 

Interestingly, in the case of CO 2 an opposite behaviour was

ound at low pressures, displaying a decreasing trend in ηb with

espect to pressure [31] . In the pressure range p = 2 − 4 bar a value

f 6 × 10 −6 Pa · s was found for CO 2 , hence an order of magnitude

maller than is presently found for N 2 O. This is remarkable in view

f the similar size and chemical composition of the two molecules.

.2. The Grad’s six-moment kinetic model 

Subsequently we use the kinetic model equation proposed by

ernandes and Marques [19] to describe the RB scattering pro-

les measured for N 2 O. In this model, the collision operator of the

oltzmann equation is replaced by a single relaxation-time term of

he form 

( f, f ) = − p 

ηs 
( f − f r ) , (3)

here f r is a reference distribution function. The determination of

he distribution function follows by requiring that the Chapman-

nskog solution of the model equation to be compatible with

rad’s six-moment approximation for polyatomic gases. In the six-

oment approximation, the balance equations governing the dy-

amical behavior of mass density, flow velocity, translational tem-

erature and internal temperature are supplemented with con-

titutive relations for the pressure tensor, translational heat flux

ector and internal heat flux vector. In their approach, Fernandes

nd Marques [19] used Navier-Stokes-Fourier constitutive relations

hich are valid for the case that the energy exchange between

ranslational and internal degrees of freedom is slow, but not neg-

igible. 

The application of Grad’s six-moment model equation to de-

cribe light scattering experiments in polyatomic gases requires

nly the specification of the ratio of heat capacities γ , the relax-

tion time of the internal degrees of freedom τ int and the numer-

cal factor u ′ 11 = 3(2 , 2) / 5(1 , 1) which depends on the law of in-

eraction between molecules through the Chapman-Cowling colli-

ion integrals (�,r) [20] . For the ratio of heat capacities γ (as in

he previous model) we take the value 1.4, while for the numeri-

al factor u ′ 11 we adopt the value 1.32, which follows by assuming

hat the nitrous oxide molecules interact according to the Lennard–

ones (6 − 12) model (for details, see Hirschfelder et al. [36] ). 
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Fig. 2. Geometrical structure of the linear N 2 O molecule (in its electronic ground 

state) with nitrogen atoms depicted as the smaller (blue) balls and the oxygen 

atom as the larger (red) ball. Internuclear separations for the ground state are dis- 

played as resulting from spectroscopy [37,38] . (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this 

article.) 

c

3

 

n  

I  

p  

t  

i  

t  

a  

s  

a  

t  

v  

m  

e  

i  

i  

B  

i  

o  

n  

t  

t  

d  

κ
 

t  

f

η

r  

R  

m  

[  

t  

a  

a  

s  

n  

S  

u  

n  

c  

s  

p

 

r  

N  
In the model description the relaxation time τint is then the

nly unknown variable when comparing with the experimental

ata, hence this internal relaxation time is then optimized in a

east-squares fitting process. Results of the fitted values are in-

luded in Table 2 and the calculated RBS profiles are included in

ig. 1 in terms of deviations from the experimental spectra. For

ata set III the model calculation does not converge while perform-

ng a least-squares fit to deduce the relaxation parameter. How-

ver, in the full range of physically possible relaxation times, hence

n range (3 − 15) × 10 −10 s, similar χ2 and R rmse values are deter-

ined, and the comparison with the spectrum itself is rather well

ehaved (see Fig. 1 ). 

The relaxation phenomena in a gas can be described by a sin-

le parameter, the bulk viscosity ηb , which may be related to re-

axation times for the degrees of freedom [20] : 

b = 

2 

(3 + f int ) 2 
p( f 1 τ1 + f 2 τ2 + . . . ) (4)

here f int denotes the internal degrees of freedom of a molecule,

 1 , f 2 , … are the contributions to f int from the separate parts of the

nternal energy and f 1 + f 2 + . . . = f int . The value 3 in the denomi-

ator refers to the three degrees of freedom associated with trans-

ational motion and is added to the number of internal degrees

f freedom. The values τ 1 , τ 2 , … are the corresponding relaxation

imes. 

In our case we only have rotational degrees of freedom ( f rot = 2

or a linear molecule) as the vibrational modes are frozen. Conse-

uently, Eq. (4) reduces to 

G 
b = 

2 

(3 + f rot ) 2 
p f rot τrot = 

4 

25 

pτrot . (5) 

hen, the corresponding bulk viscosity ηG 
b 

for data sets III–V can

e calculated and values are listed in Table 2 . 

.3. The Hammond–Wiggins hydrodynamic model 

In a third approach, the hydrodynamic model of Hammond and

iggins [22] was used to compare with the RB scattering spectral

rofiles measured for N 2 O. In this model, vibrational and rotational

elaxation times τ vib and τ rot are key parameters in the descrip-

ion. Again vibrational relaxation is a too slow process and only

otational relaxation is considered as effectively contributing. 

The same code, implemented in a previous analysis on RB scat-

ering in SF 6 , was used here to evaluate the 5-component matrix

quations of the Hammond–Wiggins model involving fluctuations

f the mass density ρ̄/ρ0 , translational temperature T̄ /T 0 , momen-

um or velocity density v̄ / v 0 , vibrational temperature T̄ vib /T 0 , and

otational temperature T̄ rot /T 0 . 

In the analysis a fit was made, comparing the experimental and

odel spectra, in which the rotational relaxation was adopted as a

ree parameter. The values for τ rot resulting from the fits are listed

n Table 2 . At the lowest pressure p = 0 . 5 bar the fit did not con-

erge, while for the spectrum recorded at p = 1 bar an unphysical

alue was found. Hence these entries are left out of Table 2 . In

ig. 1 the deviations between experimental and modeled spectra

re presented in graphical form. For the data sets III–V, for pres-

ures p = 2 − 4 bar, good agreement is found from the HW-model

ielding deviations of less than 1%. This may be considered an ex-

ellent result, keeping in mind that an hydrodynamic model focus-

ng on relaxation phenomena is in principle not suited to model

ynamics under conditions where collisions play less of a role, like

t low pressures. The present study provides a demarcation point,

etween p = 1 and p = 2 bar, where the application of the HW hy-

rodynamic model becomes relevant. Quantitatively the study pro-

ides a value for the rotational relaxation at τ ∼ 1.5 ns, which is

ommensurate with the relaxation found in the Grad’s 6-moment

odel. 
Again, from the obtained relaxation times the bulk viscosity ηH 
b 

an be derived via Eqs. (4) and (5) . Values are listed in Table 2 . 

.4. The ‘rough-sphere’ model 

The rough-sphere model proposed by Marques [25] , is also a ki-

etic theory describing the density fluctuation in polyatomic gases.

n this model, a simple relaxation term δ( f − f r ) is used to re-

lace the collision operator in Boltzmann equation with f ( � r , � v )
he six-dimensional position-velocity distribution and f r represent-

ng a reference distribution function. Here the coefficients satisfy

he conservation laws, while the collisional transfer of momentum

nd energy agree with the full Boltzmann description. The rough

phere model considers the interaction between the translational

nd rotational degrees of freedom and regards the collisions be-

ween molecules as hard spheres, thereby ignoring the effect of

ibrational relaxation. This model is built on a dimensionless mo-

ent of inertia κ = 4 I/md 2 , with m the mass, I the moment of in-

rtia and d an effective diameter of the molecule. The moment of

nertia I may be derived from the rotational constant as obtained

n microwave spectroscopy of the molecule for which a value of

 = 12561 MHz was reported [39] , corresponding to a moment of

nertia of I = 66 . 7 × 10 −47 kg · m 

2 for N 2 O [37,38] . In Fig. 2 the ge-

metrical structure of the N 2 O molecule is depicted with inter-

uclear separations between nitrogen and oxygen atoms. The dis-

ance between outer atoms is 2.3 Å, but the effective diameter d of

he molecule is determined in a number of studies to be higher:

 = 3 . 85 Å [40] and d = 3 . 828 Å [41] . This results in a value of

= 0 . 246 . 

With a value for the shear viscosity of ηs = 1 . 48 × 10 −5 Pa · s

he rough sphere model derives a value for internal relaxation ef-

ects, represented as a bulk viscosity via the relation [20] 

b = ηs 
6 + 13 κ

60 κ
(6) 

esulting in a value of ηb = 0 . 92 × 10 −5 Pa · s. Model spectra for

B scattering in N 2 O were subsequently calculated using the for-

alism presented by Marques et al. [25] , Marques and Kremer

42] . Results are displayed in Fig. 1 in terms of deviations be-

ween experimental and modeled spectral profiles. Large discrep-

ncies arise in particular at the high pressure values where relax-

tion phenomena play an important role. Numerically the rough

phere model delivers a value for the bulk viscosity ηb that is sig-

ificantly smaller than the values obtained from the kinetic Tenti-

6 model, by a factor of six. Hence relaxation phenomena may be

nderestimated in the description. The relaxation phenomena are

ot well described by the assumptions made for collisions to oc-

ur between object of spherical nature. In view of the geometrical

tructure of the N 2 O molecule as displayed in Fig. 2 this is not sur-

rising. 

Lastly, it is mentioned that the discrepancy resulting from the

ough sphere model is not just based on the non-sphericity of the

 O geometrical structure. The model predicts a value for the heat
2 
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Fig. 3. The root-mean-square error based on the deviation of experimental spec- 

tra and the models (Tenti-S6, the Grad’s 6-moment kinetic model, the HW- 

hydrodynamic and the rough sphere models) after folding with the instrument 

function. The top-axis shows the scale converted to the uniformity parameter y . 
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capacity ratios of γ = 4 / 3 , which is slightly smaller than the value

γ = 7 / 5 for nitrous oxide. Therefore, the rough sphere model pre-

dicts a wrong value for the speed of sound and this is crucial in

producing good agreement with experiments. 

4. Discussion and conclusion 

In this study spontaneous Rayleigh–Brillouin scattering spectra

of N 2 O gas of high signal-to-noise are experimentally recorded, al-

lowing for detailed comparison with models describing the phe-

nomena underlying the scattering profiles. RB scattering is a com-

plex phenomenon as it entails all intramolecular and intermolec-

ular interactions of molecules in a dense gaseous environment.

Hence, the scattering profiles involve information on the spec-

troscopy, internal vibrational and rotational relaxation, coupling

with translational motion, quantum state-to-state energy transfer,

velocity-changing collisions, etcetera. The entirety of the behavior

can in principle be described by the Boltzmann equation. Since

the full six-dimensional information on position-velocity coordi-

nates and involving all state-to-state collisional cross sections in

a medium are not known, approximate methods must be invoked

to model the RB light scattering process. 

In the present study four of such prevailing models are applied

to the scattering of the nitrous oxide molecule which is special for

a number of reasons. N 2 O is a polyatomic molecule for which the

linear N-N-O structure (see also Fig. 2 ) does not provide a sym-

metry point as is the case for CO 2 [31] . While a number of re-

cent studies were performed to model RB scattering in diatomic

molecules [7,12,17,18] the quest is now to investigate RB scattering

in polyatomic molecules of different symmetry and sizes. N 2 O is a

convenient target in view of its large scattering cross section [26] . 

The deviations between the experimental spectra and the mod-

eled spectra, for the models discussed in the present study, are

presented in condensed form in terms of a normalized root-mean-

square error R rmse value of each model at the five pressure condi-

tions is shown in value Fig. 3 . The Tenti-S6 model provides overall

a good description of RB scattering, now also for the polyatomic

N 2 O molecule. For the lowest pressures, where the spectral profile

is close to Gaussian, R rmse deviations are below the 1% level. For

the higher pressure ranges deviations grow to the 2% level, but in

view of the quality of the spectra, deviations are significant. The

value for the bulk viscosity η is found to be pressure dependent,
b 
s expected from general considerations on relaxation phenomena

20] , while leveling off to a value of 6 × 10 −5 Pa · s. This is an order

f magnitude larger than the bulk viscosity of CO 2 , a molecule of

omparable size and composition. 

The Grad’s six-moment kinetic model shows a similarly good

erformance in the comparison with experimental data as does the

enti-S6 model. In fact the spectral comparisons in Fig. 1 as well as

he values for the root-mean-square deviations, as in Fig. 3 are vir-

ually identical. As for the underlying physical parameter, the bulk

iscosity as deduced from the internal relaxation number Z , some

ifference is found with the values derived in the Tenti-S6 model.

owever this is mainly the case for the low pressures p = 0 . 5 − 1

ar, where collisional relaxation does not play a decisive role, and

he value of ηb barely affects the spectra profile. For the higher

ressures, p = 3 − 4 bar, where collisional relaxation is more deci-

ive the differences between bulk viscosities ηT 
b 

and η6 G 
b 

are some

0–30%. 

The Hammond–Wiggins hydrodynamic model is well applica-

le to the spectra measured at pressures at 2–4 bar, where agree-

ent is found below the 1% level. In fact, at pressures p = 2 − 4

ar this model yields the best description of RB light scattering in

 2 O gas. This hydrodynamic model is not applicable at the low

ressures p ≤ 1 bar, where extremely large deviations are found

etween modeled and experimental spectra, even when a rota-

ional relaxation parameter is adapted in a fit. However, the non-

pplicability of a hydrodynamic model in a low-pressure regime

s well understandable. Also in the context of this hydrodynamic

odel the relaxation phenomenon can be connected to a bulk vis-

osity parameter, values for which are listed in Table 2 . 

Although the three models, Tenti-S6, Grad’s 6 moment and HW-

ydrodynamic, have very different physical basis and show differ-

ng deviations between model and experimental data, in the range

p = 2 − 4 bar the internal relaxation is described by a gas trans-

ort coefficient that is bounded within some limits. The value for

he bulk viscosity pertaining to all three descriptions is bound by

b ∼ (6 ± 2) × 10 −5 Pa · s. 

The rough-sphere model turns out to be not applicable to de-

cribe RB light scattering in N 2 O gas. Even in the near-collisionless

egime of p = 0 . 5 bar deviations are evident, but they grow to

arge proportions for increasing pressures. This is, after all, not sur-

rising, in view of the non-spherical geometrical structure of the

 2 O molecule. 

upplementary Material 

The experimental Rayleigh–Brillouin scattering data as dis-

layed in the top column of Fig. 1 measured for the five pressures

re provided as Supplementary Material to this article. 

Supplementary material associated with this article can be

ound, in the online version, at doi:10.1016/j.jqsrt.2017.10.029 . 
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