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Transition from the collective to the single-particle regimes in a quantum fluid
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The evolution of the dynamic structure factorS(q,v) of liquid Ne with exchanged momentumq and
frequencyv has been studied by inelastic x-ray scattering in theq range extending from 0.3 to 16 Å21, i.e.,
covering the whole transition region from the collective regime to the single-particle one. The values of the
first three spectral moments are extracted from the experiment either by direct line shape integration of the
spectra or as a result of line shape best fitting procedures. Theq dependence of different ratios constructed
using the measured spectral moments clearly shows the transition from a classical regime, characteristic of the
low-q macroscopic limit, to a quantum one, reached in the high-q microscopic limit. Moreover, direct infor-
mation on the values of physically relevant parameters such as the mean atomic kinetic energy and the kinetic
structure function is derived.
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I. INTRODUCTION

The study of the microscopic dynamics of quantum flu
has been so far a typical domain of the deep inelastic neu
scattering~DINS! technique, which investigates the so-call
impulse approximation~IA ! region.1 In this extreme portion
of the q-v plane the interaction time between probe a
target is so short that the investigated dynamical proces
basically the free recoil of the target particle after the co
sion event. Under these conditions the spectral density
ries direct information on the single-particle initial mome
tum distribution. Many systems have been studied in t
extremely-high-q regime using DINS, among them bein
4He,2 H2,3 pyrolitic graphite,4 simple metals,5 and H2S.6

On accessing to lower and lowerq’s andv ’s, the interac-
tions of the target particle with its neighbors have an incre
ing weight which becomes dominant close to the hydro
namic regime.7 In this regime, the spectral density
dominated by the characteristic features associated with
propagation of longitudinal acoustic modes and to the dif
sion of heat.7

In general, it is very demanding to explore, on the sa
sample, the whole (q, v) transition region extending be
tween the single-particle and hydrodynamic regimes ma
owing to the lack of a single spectrometer allowing one
cover the whole dynamic range of interest.

Recently, a technique complementary to inelastic neut
scattering, inelastic x-ray scattering~IXS!, has been thor-
oughly employed to study the atomic dynamics in liquids
the region where the longitudinal acoustic modes still hav
propagating nature.9 In an IXS experiment the scatterin
cross section is proportional to the dynamic structure fac
S(q,v), just as in acoherentneutron scattering experimen
Moreover, as compared to neutron scattering, the IXS te
nique can cover a larger dynamical range at lowq thanks to
the absence of kinematic limitations in the scattering of p
tons from matter. At highq’s, conversely, IXS suffers from
the intrinsic limitation of a weak cross section~see Sec.
III A !. Nonetheless, the x-ray fluxes available nowadays
0163-1829/2003/67~2!/024507~8!/$20.00 67 0245
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third-generation synchrotron sources have allowed for a s
cessful experimental study of a classical liquid system, liq
Li, over a broad (q, v) range extending between the hydr
dynamic and the single-particle regimes.10

In the present paper we follow the same route to study
atomic dynamics of liquid Ne, the prototype system f
weakly quantum liquids. More specifically we study, as
the case of Li,10 the entire evolution of the dynamic structu
factor between the hydrodynamic and the single-particle l
its, thus extending towards lowerq values the range explore
in previous neutron measurements.11–14 In particular, we fo-
cus our attention on the derivation of a typical single-parti
parameter as the mean atomic kinetic energy.15 In this re-
spect, it is worthwhile mentioning a recent IXS study,16 aim-
ing to investigate the quantum effects on the dynamics of
at low and intermediateq’s. There, a method was presente
which, based on the study of theq dependence at lowq’s of
the spectral moments, provides quantitative information e
on single-particle properties such as the mean atomic kin
energy. Such a quantity is indeed usually derived from hi
q experiments in the framework of the impulse approxim
tion. Here we propose an extension of that work which c
be logically split into two steps. The first step consists o
study of quantum effects in liquid Ne in the low-q range,
exploiting the aforementioned technique of spect
moments.16 As a second step, we analyze IXS spectra c
lected at highq’s, where the impulse approximation starts
hold, and the spectral moments are derived using a me
already used in neutron scattering~Ref. 14! and IXS ~Ref.
17! data analyses. The entire analysis then covers a broq
range and allows us to discuss how quantum effects dif
ently affect collective and single-particle features charac
istic of the low- and high-q limits, respectively.

II. EXPERIMENT

The experiment has been carried out at the very-hi
energy-resolution IXS beamline ID16 of the European S
chrotron Radiation Facility. At this beamline, a high
©2003 The American Physical Society07-1
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resolution Si monochromator in close to backscatter
geometry is used to monochromatize the synchrotron x
beam used in the scattering experiment. The radiation s
tered by the sample is then collected in a spectrometer
which can be rotated around the sample stage, thus sele
the scattering angleq and consequently the exchanged wa
numberq, being q5(4p/l)sinq/2, wherel is the wave-
length of the incoming x-ray beam. The analysis in energy
the scattered radiation is achieved by means of spherica
analyzers which are used at the same reflection order a
monochromator and which focus the radiation onto Pelt
cooled Si diode detectors. The energy scans are perfor
by scanning the temperature of the monochromator with
spect to that of the analyzer. The beamline is describe
further details elsewhere.18 Different reflections for mono-
chromator and analyzer and different spectrometer a
were used in order to optimize the setup in the low- a
high-q regions, respectively.

The thermodynamic point at which the measurements
liquid Ne were carried out is defined by a temperature
(27.660.1) K and a pressure of (1.460.2) bar, correspond
ing to a density of'0.0358 atoms/Å3.19

A. Setup I: The low-q region

In this region a high resolution in both energy and m
mentum is required. The undulator source is tuned to
energy corresponding to the Si~11,11,11! Bragg reflection
for the monochromator, i.e.,E521.747 keV. The spectrom
eter is a 6.5-m-long arm which can be rotated in the horiz
tal plane. Five independent analyzers are mounted in
spectrometer arm, at a constant angular offset one from
other, so to allow for the simultaneous collection of fi
spectra at differentq’s ~experimental setup I!.

The instrumental resolution has been obtained by mea
ing the spectral density of a Plexiglas sample at aq value
corresponding to its first sharp diffraction peakq
'1 Å21). In this configuration, the inelastic signal can i
deed be considered to be completely negligible as comp
to the resolution-broadened elastic one. The obtained res
tion profile has an almost Lorentzian shape with a full wid
at half maximum~FWHM! of (1.560.1) meV for each of
the five analyzers. Theq resolution was set to 0.035 Å21

FWHM. Theq range studied using this configuration exten
from 0.3 to 3.05 Å21, thus including the region of the firs
sharp diffraction maximum atqm'2.35 Å21 for liquid Ne.
Each spectrum was obtained by summing up three en
scans, extending typically from220 meV to 35 meV and
lasting about 200 min each.

The Ne sample was condensed in a cylindrical h
drilled in a copper plate and enclosed between two sin
crystal diamond disks~0.5 mm thickness and 4 mm diam
eter! which are the windows for the incoming beam and
the ~almost! forward-scattered radiation. The distance b
tween the two diamond windows, i.e., the sample len
along the beam, was 10 mm, which roughly matches
photoelectric absorption length of Ne at the considered
ergy. The sample holder was kept under vacuum and in t
mal contact with a closed-cycle cryostatic refrigerator.
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B. Setup II: The high-q region

In this region, less stringent requirements on both the
ergy and the momentum resolutions can be accepted.
undulator source was tuned to the energy correspondin
the Si ~9,9,9! Bragg reflection for the monochromator, i.e
E517.793 keV. The spectrometer is a 2.5-m-long a
which can be rotated in the vertical plane up to a maxim
scattering angle of'130°. In the present experiment, th
has allowed us to investigateq values up to 16 Å21. This
vertical arm is equipped with a single analyzer.

This setup~experimental setup II!, as compared with the
one used for the low-q region, is characterized by a highe
photon flux on the sample and an overall instrumental re
lution of 6.9 meV FWHM. The latter has been obtained e
perimentally from the spectral density of a liquid nitroge
sample measured at the temperature of 66.4 K, pressur
0.25 bar, andq.1.9 Å21 ~close to the first sharp diffraction
peak!, where it behaves as an almost elastic scatterer20 all
over the energy transfer region spanned in a typical higq
spectrum (290 meV<\v<145 meV).

In this case the sample cell was a 7.5-mm-intern
diameter 0.25-mm-thick Plexiglas tube. Each spectr
lasted from 130 to 540 min, depending on theq value.

For both the low- and high-q experiments, the intensity
scattered by the empty cell was measured and subtra
from the spectra. Corrections due to multiple scattering c
tributions, depending on the details of the sample shape
spectrometer optics, have been estimated following a pro
dure similar to the one already described in the literatur21

Since they were found to be less than 2%, they have b
neglected. This consideration makes us confident that, o
the empty cell contribution is subtracted, the measured sp
tra are proportional to the convolution ofS(q,v) with the
experimental resolution function~see Sec. III A!.

Examples of typical raw IXS spectra are reported in F
1~a! for the low-q configuration and in Fig. 1~b! for the high-
q one. Notice the asymmetric shoulders in the low-q spec-
trum arising from propagating density fluctuations. In t
insets, the same spectra are reported on a logarithmic s
The vertical dashed line marks the zero-energy transfer
sition. A larger selection of measured spectra showing
evolution with q and the corresponding points of the stru
ture factorS(q) ~Ref. 22! is reported in Fig. 2. Asq is in-
creased, the spectral line shape progressively transform
wards a single featureless band whose position mo
systematically towards higher energy transfers.

III. THEORETICAL BACKGROUND AND DATA ANALYSIS

A. IXS cross section

In an IXS experiment, the probe-target interaction occ
via the electromagnetic coupling between the incoming
rays and the electrons of the target system. At small
changed energies the spectrum of the scattered x rays re
the dynamics of the electrons which follows adiabatica
that of the nuclei.23 Specifically, for the case of a monatom
target system, the nonresonant IXS cross section per
exchanged frequency interval and unit solid angleV can be
written as:23
7-2
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]2s

]v]V
5r 0

2ue i•e f u2
ki

kf
u f ~q!u2S~q,v!. ~1!

Here r 0 is the classical electron radius,e andk are the po-
larization and wave vector of the incident~subscripti ) and
scattered~subscript f ) radiation, q is the wave vector ex-
changed by the incident photon in the scattering proc
f (q) is the atomic form factor~given by the space Fourie
transform of the atomic electronic density distribution!, and
S(q,v) is the dynamic structure factor~given by the space
time Fourier transform of the atomic density-density corre
tion function!. It is easy to recognize that, in the consider
energy range, the IXS cross section has the same structu
the coherent neutron scattering one.24

FIG. 1. The panels report two typical IXS spectra collected
low and highq ~upper and lower panels, respectively!. The raw data
~open circles! are plotted with the best fit line shapes~solid lines!
obtained using the model in Eqs.~14! and~18! ~upper panel! and in
Eqs.~21! and ~22! ~lower panel!. The two inset pictures report th
same data in logarithmic scale.
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B. Spectral moments

Let us define the spectral moment ofS(q,v) of ordern as

\n^vn&5\nE
2`

`

vnS~q,v!dv. ~2!

The first two moments are the zeroth spectral moment yie
ing directly the structure factor

^v0~q!&5E
2`

`

S~q,v!dv5S~q!, ~3!

and the first moment which is given by the well-known exa
f-sum rule, which yields

\^v1~q!&5
\2q2

2M
5\v r . ~4!

Here, M is the mass of the target atom andv r the recoil
frequency. The first moment obviously vanishes in the cl
sical limit.

While in principle both these moments can be used
normalize the scattering data, in the following we w
adopt—for the low-q data—the normalization based on th
first moment since this procedure requires only knowledge
the atomic massM. The high-q data (q>6 Å21) will be
conversely normalized to the zeroth moment, namely
unity since, at theseq values, the incoherent approximatio
can be considered to be valid.14

Moreover, following Ref. 25~see also Ref. 26! we can
easily write down an explicit expression for the secon
moment ratioR2(q),

R2~q!5
\2^v2~q!&

\^v1~q!&
5\v r@22S~q!#1

2\2

M
D~q!, ~5!

where the kinetic structure functionD(q) can be written as27

D~q!5
M

2\2 F4

3
^KE&1L~q!G . ~6!

t

tic

y

ew
-

FIG. 2. The central panel reports the sta
structure factor as obtained through Eq.~3! from
direct integration of the IXS spectral intensit
~open circles! and from a neutron diffraction
measurement~solid line, from Ref. 22!. The plots
around the central one give a schematic overvi
of the overallq evolution of the IXS spectral den
sity for some representativeq’s.
7-3
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CUNSOLO, MONACO, NARDONE, PRATESI, AND VERBENI PHYSICAL REVIEW B67, 024507 ~2003!
Here ^KE& is the ~quantum mechanically correct! average
single particle kinetic energy, andL(q) ~Ref. 27! denotes a
purely quantum contribution due to correlations between
ferent particles which is given by

L~q!5
1

NM K (
iÞ j

pipjcos~q•r i j !L . ~7!

Here, the sums run over theN atoms in the system,pi being
the momentum of thei th atom andr i j the distance betwee
the i th and j th atoms. ObviouslyR2(q) can also be defined
in the classical limit, Eq.~5! being in this case7

R2
C~q!5

^v2~q!&

q2
2M5

4

3
^KE&C52KBT. ~8!

Here,^KE&C is the classical kinetic energy. We notice that
the high-q limit, since L(q→`)50 andS(q→`)51, we
have

lim
q→`

@R2~q!2\v r #5
4

3
^KE&, ~9!

while, in the low-q limit,

lim
q→0

R2~q!5
2\2

M
D~0!5

4

3
^KE&1L~0!. ~10!

For a moderately quantum fluid such as Ne in our th
modynamic conditions we can neglect exchange effects
treating the atoms as distinguishable Boltzmann particl8

thus obtaining

lim
q→0

R2~q!5 lim
q→0

R2
C~q!5

4

3
^KE&C52KBT. ~11!

Finally, using the expression of the third spectral mom
derived under the assumption of a pairwise additive in
atomic potentialf(r ), we can also define a third-mome
ratio R3(q) given by28

R3~q!5
\3^v3~q!&

\^v1~q!&

5~\v r !
214~\v r !^KE&1\2~V0

22Vq
2!, ~12!

where V0
2 and Vq

2 in Eq. ~12! can be explicitly written in
terms of the pair distribution functiong(r ) and the pair po-
tential f(r ):

Vq
25

r

ME g~r !cos~qW •rW !
]2

]z2
f~r !drW,

V0
25 lim

q→0
Vq

25
r

ME g~r !
]2

]z2
f~r !drW

5
r

3M
^¹2f~r !&. ~13!
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Herer is the number density andz is the Cartesian coordi
nate along the axis parallel toqW . While Vq

2 vanishes at high
q, the quantityV0

2 is a constant generally referred to as t
square of the Einstein frequency of the fluid. As a con
quence,

lim
q→`

@R3~q!24\v r^KE&2\2v r
2#5\2V0

2 ,

lim
q→0

R3~q!50.

Obviously the ratioR3(q) cannot be defined in the classic
limit.

C. Low-q region line shape

The model line shape adopted in the low-q region analy-
sis is based on the classical viscoelastic model for liquid29

following which

SC~q,v!5SC~q!
1

p

v0
2t~v`

2 2v0
2!

@tv~v22v`
2 !#21~v22v0

2!2
,

~14!

wheret, v0
2, andv`

2 are threeq-dependent parameters re
resenting the generalized Maxwell relaxation time and
zero- and infinite-frequency limits of the acoustic frequen
respectively. In particular,v0

2 andv`
2 are related to the spec

tral moments ofSC(q,v) by29

v`
2 5

E
2`

`

v4SC~q,v!dv

E
2`

`

v2SC~q,v!dv

, ~15!

v0
25

E
2`

`

v2SC~q,v!dv

E
2`

`

SC~q,v!dv

. ~16!

The detailed balance asymmetry of the spectra is ta
into account by assuming that the imaginary part of the ‘‘c
rect’’ susceptibility xM9 (q,v) of the quantum case is we
represented by that corresponding to the classical model,
~14!, xC9 (q,v), thus obtaining

xC9 ~q,v!5
pv

KBT
SC~q,v!5xM9 ~q,v!

5
p

\
@11n~v!#21SM~q,v!, ~17!

and therefore

SM~q,v!5
\v

KBT
@n~v!11#SC~q,v!, ~18!

wheren(v) is the usual Bose-Einstein population factor.
7-4



h
be
f

e
nt

dy
p
ri
hi
a
e
y
o

le
tic
dl

te
o
fo

nd
-

m,

e-

in-

w-

-
-

r

-
port
asis

nu-
nts
e
tly
rt,

ec-

TRANSITION FROM THE COLLECTIVE TO THE . . . PHYSICAL REVIEW B 67, 024507 ~2003!
This assumption, usually referred to as the hig
temperature susceptibility limit, introduces a relationship
tween the odd moments ofSM(q,v) and the even ones o
SC(q,v):

E
2`

`

v2n21SM~q,v!dv5
\

2KBTE2`

`

v2nSC~q,v!dv.

~19!

This implies in particular that, within the accuracy of th
model, the parameterv`

2 can be used to obtain the mome
ratio R3, being, forn52,

R35\2

E
2`

`

v4SC~q,v!dv

E
2`

`

v2SC~q,v!dv

5\2v`
2 . ~20!

D. High-q region line shape

As previously stated, at high-q values the IA regime is
reached asymptotically. In this approximation the target
namics is probed over such a short time that the tagged
ticle after the collision with the probe has no time to expe
ence any interaction with its neighbors. Clearly, before t
extreme limit is reached, the struck atom does not stre
freely because the interactions with its neighbors still hav
role which is not entirely negligible. In such a case, the d
namic response does not simply mirror the initial-state m
mentum distribution, as in the IA regime, and the so-cal
final-state effects have to be considered. From a theore
point of view different approaches can be followed to han
the final-state effect contributions in theS(q,v). Hereafter
we deal with the so-called additive approach30 which stems
from a cumulant time expansion of the intermediate scat
ing function. Retaining only the first three leading terms
such an expansion and after Fourier transforming, the
lowing formal expression can be obtained:

S~q,v!.SG~q,v!1S1~q,v!1S2~q,v!, ~21!

whereSG(q,v) is the dominating Gaussian contribution a
S1(q,v) andS2(q,v) are the first two correction terms ex
plicitly given, in the incoherent approximation limit, by

SG~q,v!5
1

A2pm2

expF2
\2vd

2

2m2
G ,

S1~q,v!52
m3

8m2
2
\vdS 12

\2vd
2

3m2
DSG~q,v!,

S2~q,v!5
m4

8m2
2 S 12

2\2vd
2

m2
1

\4vd
4

3m2
2SG~q,v!

D . ~22!

Herevd
25@(v2v r)

2# andm2,3,4 are given by
02450
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m25
4

3
\v r^KE&5\v r lim

q→`

@R22\v r #,

m35\3v rV0
25\v r lim

q→`

@R324\v r^KE&2\2v r
2#,

m45
\2q2

M2
^Fq

2&1
\8q4

M4
â4 . ~23!

Here â45^pq
4&23^pq

2& and Fq and pq are the components

alongqW of the force acting on the atom and of its momentu
respectively. It is evident that whilem2 yields directlyR2,
the parameterm3 can be used to yield an experimental d
termination forR3 once the kinetic energy is derived from
m2 and recalling that in the incoherent limitVq

250.

E. Fitting procedure

The experimental data have been fitted using ax2 mini-
mization and accounting for the experimentally measured
strumental resolution functionR(v), a constant background
B and aq-dependent intensity factorA along with the appro-
priate model line shape. In practice we have used the follo
ing function:

f ~q,v!5A•R~v! ^ S~Q,v!1B, ~24!

where ^ indicates a convolution integral andS(Q,v) is a
model for the dynamical structure factor.

In particular for the spectra collected using the lowq
setup~I!, i.e., for q<3.05 Å21, we have used the quantum
corrected viscoelastic modelSM(q,v) of Eqs.~14! and~18!,
with A, B, t, v0

2, andv`
2 as free fitting parameters, while fo

the spectra collected using the high-q setup~II !, i.e., for q
>6 Å21, we have used the cumulant expansion of Eqs.~21!
and ~22!, with A, B, v r , m2 , m3, and m4 as free fitting
parameters.

IV. RESULTS AND DISCUSSION

Two examples of best fit line shapes for low- and highq
spectra are reported in Fig. 1. In the two insets we also re
the same figures in logarithmic scale in order to put emph
on the quality of the fits even in the tails of spectra.

The best fit line shapes have been used to extract by
merical integration the first and second spectral mome
which, in the low-q region, are not directly related to th
model fit parameters. The integration is performed direc
on the model function as shown in Fig. 3 where we repo
for a typical spectrum, together with the experimental sp
trum and its best fit function@Fig. 3~a!#, the deconvoluted
model function obtained from the best fit parameters@Fig.
3~b!#, and the cumulative integral of order 2@Fig. 3~c!# as
given by

I 2~v!5\2E
2`

v

v82SM~q,v8!dv8. ~25!
7-5
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CUNSOLO, MONACO, NARDONE, PRATESI, AND VERBENI PHYSICAL REVIEW B67, 024507 ~2003!
The figure shows that, in the investigated spectral range,
integral reaches its convergence value.

As already said, the values of the first moment have b
used to normalize the measured spectra using thef-sum rule.
In Fig. 2 we show the reliability of this normalization com
paring the values obtained from the integral of the norm
ized spectra with the structure factorS(q) determined by
neutron diffraction.22

Using the second-moment values obtained from the n
malized spectra at lowq, we can construct the second
moment ratio which we report, after subtraction of the rec
term\v r , as a function ofq in Fig. 4 ~solid circles! together
with the corresponding high-q values~open circles! directly
obtained from the fit parametersm2 @see Eq.~23!#. In the
same figure we also report~as the solid line and dotted line!
the low- and high-q limits of @R2(q)2\v r # given by 2KBT
and 4

3 ^KE&, respectively. The quantum value of^KE& has
been obtained by fitting the predictedq2 dependence ofm2
~see inset of Fig. 4!, from which we obtain^KE&551
63 K which nicely compares with the results of previo
neutron measurements reported in Table I.11–14

Figure 4 clearly shows that the experimental data
R2(q)2\v r satisfy both the predicted low- and high-q lim-
its. Both S(q) and D(q) are responsible for the comple
behavior ofR2(q)2\v r in between these two limits. In

FIG. 3. ~a! The IXS spectrum atq51.55 Å21 ~open circles!
together with its best fit line shape~solid line! obtained by using
Eqs.~14! and~18! ~total number of counts is reported!. ~b! The best
fit model ~resolution free! line shapeSM(q,v), corresponding to
the same spectrum as in~a!, obtained from Eqs.~14! and ~18!. ~c!
shows, in arbitrary units, the cumulative integralI 2(v) of Eq. ~25!.
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deed, using the values ofS(q) known from neutron
diffraction,22 we can extract from our data the functionD(q)
from Eq. ~5! as reported in Fig. 5. To our knowledge, this
the first experimental determination of the kinetic structu
function. The general features of this function—namely
peak at about half of the position of the diffraction peakqm
and a pronounced shoulder aroundqm—are in agreemen
with path integral Monte Carlo simulations of superflu
helium.27

The evaluation of the third-moment ratio does not requ
numeric integration. In fact, as already stressed@Eq. ~20!#,
for the low-q spectra knowledge of the best fit line sha
parameterv`

2 of Eq. ~14! provides a straightforward deter
mination of R3(q). The values forR3 obtained in this way
are reported in Fig. 6~solid circles!. For what concerns the
high-q region, R3(q) is dominated by the trivial (\v r)

2

term. In this range, a more sensible quantity to look at
directly the fitting parameterm3, which is reported in the

TABLE I. Average kinetic energy values for Ne at differen
thermodynamic points~column 3! obtained from neutron scatterin
experiments and from the present work~last row!. The correspond-
ing values for¹2f(r ) are also reported.

T r ^KE& ^¹2f(r )& Ref.
@K# @ atoms/nm2# @K# @meV Å22#

26.9 36.3 48.260.9 2 11
25.8 36.3 52.863.7 2 12
35.1 34.6 69.064.7 2 12
35.3 31.7 66.463.3 2 12
27.0 35.8 2 280670 13
25.8 36.7 52.562.1 350640 14
25.8 36.7 52.962.5 372643 15
27.6 35.8 5163 280640 This work

FIG. 4. The experimental values of@R22\v r # ~solid circles! of
the low-q IXS spectra obtained from direct intensity integration a
reported together with the corresponding values at highq obtained
from the fitting parameterm2 using Eqs.~23!. The solid and dashed
horizontal lines represent the low-q classical expectation (2KBT)
and the high-q one (4/3̂KE&), respectively. In the inset the best fi
values of the parameterm2 of Eqs.~21! and~23! ~open circles! are
reported together with the parabola which best fits theirq depen-
dence, as from Eqs.~23!.
7-6
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TRANSITION FROM THE COLLECTIVE TO THE . . . PHYSICAL REVIEW B 67, 024507 ~2003!
inset of Fig. 6~open circles!. We can directly compare th
obtained values form3 with the theoretically predicted one
for \3v rV0

2. These have been computed by numerical in
gration making use of the Aziz potential31 and using theg(r )
obtained from Fourier inversion of literature neutron stru
ture factor data.22 The results of this calculation are reporte
in the inset of Fig. 6~full line!. The good agreement betwee
the experimental and theoretical values indicates the relia
ity of the calculatedV0

2 value (V054.3 meV!. Using the
calculated values of (V0

22Vq
2) and the^KE& value previ-

ously determined from theq dependence of the paramet
m2, we can also reconstruct the entire behavior ofR3(q)
which is reported in Fig. 6 as the dotted line. Also in th
case, the results of the calculation agree well with the in
pendent low-q determinations ofR3(q). These two compari-
sons clearly show the reliability of the determination of t
spectral moments with both line shapes used in the spe
range of validity of the models. In the inset of Fig. 6 we al
report the values obtained previously using the^¹2f(r )&
values from Refs. 13~dash-dotted line! and 14~dashed line!.
For both theR3 andm3 cases, the obtained values agree w
with their theoretical expectations.

V. CONCLUSIONS

In conclusion we have presented an extended inela
x-ray scattering study of theq evolution of the dynamic
structure factor of a moderately quantum fluid such as liq
neon which ranges from the quasihydrodynamic regime
to the single-particle one.

We have shown that the dynamic structure factor can
successfully described using a viscoelastic line shape m
at low q’s and an impulse approximation model corrected
final state effects at highq’s.

From the line shape analysis of both low- and highq
spectra we were able to extract several physically meanin
quantities. In particular from the high-q spectra we can de
rive the mean atomic kinetic energy which turns out to be

FIG. 5. The values obtained for the kinetic structure funct
D(q) using the data of Fig. 4 together with literature data~Ref. 22!
for the static structure factorS(q) through Eq.~5!. Note the pres-
ence of a peak inD(q) at about half of the value of the first pea
positionqm in the S(q) and a pronounced shoulder aroundqm .
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good agreement with previous DINS measurements,11–14

thus confirming the validity of the inelastic x-ray scatterin
technique in studying the high-q dynamics of simple sys-
tems.

More importantly and thanks to the possibility of inves
gating also the intermediate-q range, we were able not onl
to follow the progressive departure of the line shape from
classical towards the quantum regime, but also to derive
important quantity such as the kinetic structure functi
D(q). This has been accomplished by studying theq depen-
dence of different moment ratios. In particular the thir
moment ratio is found to agree fairly well with the theore
cal predictions based on a pairwise additive poten
assumption31 and on neutron diffraction data for the structu
factor.22 This agreement gives confidence not only in t
validity of this assumption, but also in the experimen
methodology that we have adopted. The second-momen
tio is found to satisfy the correct low- and high-q limits, and
the transition from a classical long-range behavior to a qu
tum short-range behavior is clearly observed in theq range
that we have accessed to.

Considering the fair overall agreement between the
and experiment and the possibility of accessing experim
tally a new dynamical quantity such as the kinetic struct
function, we are pursuing the project of a combin
simulation-experimental study to be performed on the sa
quantum system.

ACKNOWLEDGMENTS

We acknowledge C. Henriquet for his technical assista
and Dr. L. Carbonara for useful discussions.

FIG. 6. The experimental values ofR3 ~solid circles! are re-
ported as a function ofq; the dotted line represents the theoretic
expectation worked out from Eq.~12!, as specified in the text. In the
inset the best fit values of the parameterm3 of Eqs. ~21! and ~23!
~open circles! are reported together with their theoretical expec
tion ~solid line! as well as with the values obtained previously usi
the ^¹2f(r )& values from Refs. 13~dash-dotted line! and 14
~dashed line!. For both theR3 and m3 cases, the obtained value
agree well with their theoretical expectations.
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