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Onset of Departure from Linearized Hydrodynamic Behavior in Argon Gas
Studied with Neutron Brillouin Scattering
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We have investigated the dynamic structure factor of room-temperature ' Ar at two densities (0.25
and 0.63 times the critical) and at very low momentum transfer (0.3 ( x (1.3 nm ). Linearized hy-

drodynamics agrees with the experimental data only at the higher density and rc & 1 nm . However,
the description in terms of three extended hydrodynamic modes is fully satisfactory at both densities
over the whole x range. We provide the first experimental evidence that the concept of extended hydro-

dynamic modes is valid for the whole range from hydrodynamics up into the kinetic regime.

PACS numbers: 61.20.Lc, 51.10.+y, 61.12.Ex

The main topic of the physics of fluids is the develop-
ment of a consistent framework in which macroscopic
and microscopic properties are understood over the
whole range of thermodynamic states. As far as dynami-
cal properties are concerned, in order to fill the gap of
knowledge between the two well-understood limiting
cases of dilute gases and dense fluids in the hydrodynam-
ic regime, theories have been developed by the generali-
zation of the hydrodynamic approach ' and by the appli-
cation of kinetic theory to dense fluids. Also, molec-
ular-dynamics computer simulations have been per-
formed for hard-sphere and Lennard-Jones systems in

a wide region of the (x, co) space at intermediate and

high densities. Here x and ta are the magnitude of the
wave vector and the frequency of the dynamical process-
es in the fluid. The lowest x value obtained in these
simulations was of the order of 1 or 2 nm

In order to obtain experimental information on the
transition between the two limiting dynamical regimes,
the most interesting region for measurements of the
(x, ta) spectra of fluctuations in fluids at intermediate
densities is for 0.3 ( xlp (3, where lp is the mean free
path of a corresponding hard-sphere system. Spectra
connected to density fluctuations can be measured in this
range of x only by means of thermal-neutron coherent
scattering, where Are and hm are identified with the
momentum and energy transfer of the scattering process.
Coherent neutron scattering at its low-x limit (i.e., neu-
tron Brillouin scattering) probes density fluctuations on
virtually the same spatial scale as Brillouin light scatter-
ing. In particular, in both cases a Rayleigh-Brillouin
triplet should be observed in the hydrodynamic regime. '

The dynamic structure factor S(x,co) was measured in

the past, by means of neutron Brillouin scattering, in two
experiments in Ar (Ref. 5) and in Ne (Ref. 6) at various
temperatures and densities above the critical one. How-

ever, the difficulties in performing such experiments are
considerable and are related to the difficulty of measur-
ing the scattering cross section at low enough x with

sufficient resolution and intensity with an incident neu-
tron speed significantly larger than the velocity of propa-
gation of the excitation in the fluid.

Recently, the time-of-flight spectrometer IN5 at the
Institut Laue-Langevin (ILL) in Grenoble has been
modified in order to allow for precise small-angle mea-
surements of S(x, to) in a region of x which almost com-
pletely covers the required transition region for gases at
intermediate and high density, and Egelstaff et al. have
performed a first experiment in nitrogen in which pro-
nounced Brillouin peaks are visible. Later, the perfor-
mance of the instrument was considerably improved,
mainly in terms of reduction of background noise, and
more accurate data have therefore been obtained in a
number of new experiments on N2, Kr, and ' Ar.

Here we report the results of an experiment, per-
formed with the improved configuration of IN5, for the
measurement of S(x, ta) at small angles in room-
temperature Ar at pressures of 8 and 20 MPa corre-
sponding to densities of 2.00 and 5.04 atomsnm, re-
spectively, and to xlp varying from 0.4 to 1.3 and from
0.15 to 0.5, respectively. Some relevant thermodynamic
properties of Ar are summarized in Table I.

In order to optimize the scattering fraction, two
different sample containers were used with single-crystal
sapphire windows for the incident beam and for the scat-
tered neutrons, which ensured a very low container-
scattering signal. The residual background was mainly
due to the scattering from natural argon in the 3.8-m
flightpath of IN5.

The small-angle time-of-flight detector consisted of an
array of 64 x 64 elements of 1 x 1 cm coded into concen-
tric rings around the transmitted neutron beam, and was
placed 3.8 m from the sample with the center of the
detector shifted 15 cm away from the transmitted beam
position in order to increase the scattering-angle range at
one side of the scattering plane.

Incident neutrons with a wavelength of 0.6 nm were
selected and the overall energy resolution at zero energy
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TABLE I. Thermophysical properties of ' Ar at the thermo-
dynamic states of the experiment. n, y, a, cs, g„and S(0) are
obtained from Ref. 14. I is calculated with qb/g, 0.05 and
0.20 for the two states, respectively. The speed of incident
neutrons was 0.659 nmps

Pressure p (10' Pa)
Temperature T (K)
Density n (nm ')
Specific-heat

ratio y C~/C, .

Thermal diffusivity a
(nm'ps ')

Adiabatic speed
of sound cs (nm ps ')

Shear viscosity g,
(10 kgm ' s ')

Sound damping
factor I (nm'ps ')

S(0)

80.35+ 0.05
301.5 +' 1.0

2.00

1.905

0.270

0.353

23.6

0.254
1.066

200.85 ~ 0.05
301.5+ 1.0

5.04

2.211

0.117

0.393

28.8

0.134
0.997

( ) S(x) B(ia))
M(in))

(la)

with

—1B(z) =z +(ya+v)x z+yavx + csx

transfer was 70 peV (measured with vanadium). The
scattered intensity was measured at 42 scattering angles
between 1.3' and 7.2' with a wave-vector transfer for
elastic scattering 0.25 & x & 1.30 nm

The data have been analyzed by means of a well-

tested set of computer programs including statistical
consistency checks, background and container-scattering
subtraction, and correction for detector efficiency, resolu-
tion, multiple scattering, frame overlap, and self-
shielding attenuation. The corrected scattered intensity
is transformed into a symmetrized dynamic structure
factor interpolated at a rectangular grid in the (x,cu)

plane. The data have been normalized to absolute units

by means of an incoherent elastic-scattering measure-
ment from a vanadium sample, which also served as a
resolution measurement. It turned out to be difficult to
achieve a very accurate normalization. Therefore, in the
comparison with the theory, either the measured S(x)
[obtained by integration of the experimental S(x,co)] is

used or S(x) has been obtained as a fit parameter.
For x & 0.6 nm ' at the higher density and for

x(0.4 nm ' at the lower density the width of S(x,cp)

is too small for the applied method of resolution correc-
tion to be satisfactory. Outside this x range the correc-
tion was satisfactory, which was checked by folding one
of the models [Eqs. (2) and (3)] with the experimental
resolution function and comparing it with the uncorrect-
ed data.

Linearized hydrodynamics gives for the dynamic
structure factor '

and

M(z) =z +(ya+v)x z +(yavx +csx )z+csax

where a =k/nC~ is the thermal diffusivity, A. the thermal
conductivity, n the number density, C~ the specific heat
at constant pressure, v=(rib+ —, ri, )/mn the kinematic
longitudinal viscosity, ]7, the shear viscosity, gb the bulk
viscosity, m the atomic mass, cs the adiabatic speed of
sound, and y Cp/C, , the specific-heat ratio.

Equation (la) is equivalent to a sum of three
Lorentzians:

(lb)

with zj the three complex solutions of M(z) =0, and
gA, 1. The central line j 0 (Ap and zp are real) rep-
resents a nonpropagating mode with zH = —zp the
damping coefficient. The two lines with j= ~ 1 (A+ i

and z+1 are complex-conjugated pairs) represent propa-
gating modes with frequency rus =Im(z —1) and damp-
ing coefficient zs= —Re(zeal). The relations between
the parameters in Eqs. (la) and (lb) are given in Ref.
11. Explicitly,

S(x) zH zs+ (+ rus)
Ap +As

ru'+zH (ca+ ras)'+zs'

zs —(ru —~s) '
+~s

(cu —cps) +zs

with As =Re(A+1) and b [(Ap/2As)zH+zs]/rus,
which gives the asymptotic behavior S(x, ru) =O(1/ru )
for large ru and ensures that the second frequency mo-
ment of S(a., cu) is finite.

If yax and vx are small compared to csx [cf. Eq.
(la)], Eq. (2) reduces to the well-known Rayleigh-
Brillouin triplet' with

Ap=(y 1)/y As 1/2y rus =csx,
(3)

zH =ax, zq I x2 ~ 2

where I —,
' [v+ (y —1)a] is the sound damping factor.

We compare linearized hydrodynamics without the
approximations of Eq. (3) with our experimental data.
In Figs. 1 and 2 we display the measured S(x,ru) togeth-
er with Eq. (1) using the values reported in Table I for
the thermophysical properties of Ar, the experimental
integrated intensity for S(k), and assuming tlb/rl, =0.20
and 0.05 for the higher and lower density, respectively,
as given by the Enskog theory for hard spheres. ' This
choice is based on the observation that gb can be ob-
tained (rather inaccurately) from a fit of Eq. (1) to the
data at 20 Mpa and appears to be consistent with the
Enskog value. At 8 Mpa no acceptable fit is obtained,
but the sum of squares tends to decrease with decreasing
rib. We note from Eq. (2) that the intensity increases in
the central peak and decreases in the side line with in-
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FIG. 1. S(x,co) at 20 MPa: experiment (dots with error
bars), linearized hydrodynamics (dashed line), linearized hy-

drodynamics with fitted parameters (solid line). (a) x 0.50
nm ', (b) x 0.75 nm '; (c) x 1.00 nm ', (d) x 1.25
nm
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FIG. 2. S(x, co) at 8 MPa. Symbols as in Fig 1.. (a)
0.50 nm '; (b) x =0.75 nm '; (c) x.=1.00 nm ', (d)

K 1.25 nm

creasing r)b, but the overall shape of the measured spec-
trum is reproduced only for the lowest x values at the
higher density (see Figs. I and 2).

Next, we apply the concept of extended hydrodynam-
ics, i.e., Eqs. (2) and (3), with a, I, the intensity ratio
of the side line to the central one r =As/Ao, and cs all x

dependent. S(x), zH(x), zs(x), r(x), and cos(x) were
determined from a least-squares fit of Eq. (2) to the neu-
tron data. Since at both densities cog shows the linear
behavior of Eq. (3), a new fitting has been performed
with only the first four free parameters and cos =csx,
thus obtaining a better determination of the other pa-
rameters.

The fitted S(x,co), shown in Figs. I and 2, gives an ex-

cellent agreement with the data at all x's and both densi-
ties. In order to get some insight into the deviation from
linearized hydrodynamics, in Fig. 3 we compare the tc

dependence of the fitted parameters with the prediction
of Eq. (I), where again the Enskog value of rib/r), is used
[for completeness we also display Eqs. (3)]. It should be
noted that the mode-coupling theory' predicts for the
parameters zH, zs, and co+ an asymptotic behavior to-
wards the x 0 limit where the first correction to the
hydrodynamic expressions of Eq. (3) is proportional to

For x=1.5 nm ' the relative corrections intro-
duced by this term for zH, zs, and co& are 0.3%, 1.4%,
and 1.5% for p=8 MPa, respectively, and 0.6%, 4.0%,
and 2.0% for p =20 Mpa, respectively, and are too small
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FIG. 3. Parameters of the linearized hydrodynamic model: experimental data (dots with error bars at 20 MPa, open circles with

error bars at 8 MPa) and theory (solid line at 20 MPa and dashed line at 8 MPa). The dotted lines indicate Eq. (3) for the two den-

sities. (a) Peak position co& of the Brillouin line; (b) half width at half maximum zH of the Rayleigh line divided by x; (c) half width

at half maximum zz of the Brillouin line divided by ~; (d) ratio r of intensities of Brillouin to Rayleigh line.
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to be possibly detected from the experimental data.
We have measured the dynamic structure factor in ar-

gon at room temperature at densities of 0.25 and 0.6
times the critical density. The measurements cover
0.15 & Klo& 1.3, where x is the magnitude of the wave
vector of the density fluctuations and lo is the mean free
path of an equivalent hard-sphere gas. We observe
within this range a gradual transition of S(tc, ro) from a
triplet to a single central peak. The comparison of the fit
results with the theory shows that at the higher density
the tr dependence of the fitted parameters agrees with
the prediction of linearized hydrodynamics, with slight
deviations for ros, zH, and r at tr&0.9 nm ' (trio
&0.35). At the lower density, deviations appear at
&0.9 nm ' (trio&0.9) for zs and at tr&0.6 nm

(trip & 0.6) for the other parameters. In particular, zH
seems to tend to a linear dependence on tr which is the
typical kinetic behavior of a low-density system. We be-
lieve that this is the first clear sign of the onset of the
transition between the hydrodynamic and kinetic regimes
in gases at intermediate densities.

Over the whole range of trio studied here the descrip-
tion with a sum of three Lorentzians (i.e., extended hy-
drodynamic modes) is accurate within the experimental
errors. It should be noted, that outside the hydrodynam-
ic region the dynamics in liquid argon, ' liquid neon, "
hard-sphere fluids, and Lennard-Jones fluids can all be
described satisfactorily in terms of three extended hydro-
dynamic modes. We provide the first experimental evi-
dence that the three hydrodynamic modes go over in a
continuous way into three extended hydrodynamic
modes. Thus, the present data support the analysis in

terms of extended hydrodynamic modes of neutron data
and computer simulations at larger x values. ' '"
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