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Density fluctuations in liquid argon. II. Coherent dynamic structure factor
at large wave numbers
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Experimental results of the coherent dynamic structure factor S(k, co), obtained by inelastic neu-

tron scattering, are presented for liquid argon at three densities along the 120-K isotherm. The
wave numbers k, covered by the experiment, range from 38 to 72 nm '. The transition of S(k, co)

to its free-gas behavior (the limit for k~ao) is compared with theoretical calculations. It appears
that the experimental results can be described satisfactorily by theoretical calculations for a
Lennard-Jones system, whereas the large-k expansion for a hard-spheres system fails to describe the
present argon results.

I. INTRODUCTION

In recent years' we reported the coherent dynamic
structure factor S(k,co) of liquid argon along the 120-K
isotherm at pressures ranging from 2 to 85 MPa, obtained
by means of inelastic neutron scattering (INS). These ex-
periments covered a wave-number range of 4&k &40
nm '. Here, we present experimental S(k,co) results of
liquid argon ( Ar) at 120 K and 2, 27, and 40 MPa in the
wave-number range 38 & k & 72 nm '. The aim of this
extension to larger k values is to investigate the transition
to the free-gas limit.

The large-k behavior of S(k,co) has been the subject of
earlier 'studies. Nijboer and Rahman derived a large-k
series expansion, with small parameter k, for the in-
coherent (self) part of the dynamic structure factor,
S,(k, co), for a classical system in the Gaussian approxi-
mation. In this approximation the assumption is made
that the Fourier transform of S,(k,co), the intermediate
scattering function F, (k, t), can be written as

F, (k, t)=exp[ —key(t)j, where the width function y(t) is
proportional to the mean-square displacement of a single
particle.

Sears derived an exact large-k expansion of S,(k, co)
for a classical system with particles interacting via a
smooth velocity-independent interaction potential, yield-
ing the same leading correction term (order k ) as in
Nijboer and Rahman's description. For a quantum sys-
tem Sears derived a similar expansion which is correct in
the Gaussian approximation.

For the total (coherent) S(k,co) a large-k expansion is
not possible due to its oscillating character as a function
of k. Both for a classical and a quantum system, at
fixed k, S(k,co) can be expressed in a Gram-Charlier
(GC) series expansion. This is a series in terms of Her-
mite polynomials in cu where the coefficients are deter-
mined by the frequency moments of S(k, to). Although
this is not a strict large-k expansion, it is expected to give
a good approximation for large k since it was derived
from a short-time expansion of F(k, t) Truncation of.
this GC series after the fourth-order term [this is the or-

der which gives the leading correction term, of order k
in the classical case for S,(k, co)], led to a qualitatively
correct description of the experimental results for liquid
neon and liquid He (Ref. 6) at large k.

The outline of this paper is as follows. In Sec. II the
the neutron scattering experiment is described and some
details of the necessary corrections are discussed. In Sec.
III we present the resulting data. In Sec. IV the sym-
metrized (quasiclassical) experimental S(k,co) data are
compared with the classical version of the GC expansion.
Furthermore the peak position of the measured, not sym-
metrized, S(k,co) is compared with the quantum version
of the GC expansion. Our conclusions are summarized in
Sec. V.

II. EXPERIMENT

A. Measurements

Thermal neutron time-of-flight (TOF) spectra were ob-
tained with the rotating-crystal spectrometer RKS II (Ref.
7) at the Interuniversitair Reactor Instituut (IRI) in Delft.
The wavelength of the monochromatic beam was selected
by reflection at a Bragg angle of 8~ ——58.9(3)' from the
( 00 8) planes of a pyrolytic graphite (PG) crystal, yielding
a wavelength A,o ——0.1436(5) nm, corresponding to an en-
ergy Eo ——39.7(3) meV. Reflections from other lattice
planes were suppressed by, two choppers, rotating in phase
with the PG monochromator. The dimensions of the
monochromatic beam were 100&25 mm . The 36 He
detectors, positioned at 1.447 m from the sample, were
combined to 15 detector groups. The first seven groups
contained 23 detectors of 20 cm length, 1.27 cm diameter,
and 10 bar filling pressure, and covered a scattering angle
range of 48. 8 &cp&81.8'. The remaining eight groups,
with 13 detectors of 20 cm length, 2.54 cm diameter, and
4 bar filling pressure, covered the range 85.7 ~ y
& 114.3'. The detectors were placed in such a way as to
minimize the intensity measured from the Bragg reflec-
tions by the aluminum sample container and by the win-
dows of the cryostat. The kinematic region covered is
shown in Fig. 1(a).
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over all scattering angles and all TOF channels, of
3.5&&10 counts [44%, 31%, and 25% emanating from

Ar, empty container (plus cryostat) scattering, and con-
stant background, respectively]. Furthermore, we per-
formed an empty container and a calibration measure-
ment. For the latter we removed the container tubes and
inserted a vanadium plate, 39 mm wide and 1.8 mm thick,
in the frame. In this way, the same scattering geometry
for all measurements was ensured. The samples were
placed in a liquid-N2 cryostat. The temperature of mea-
surements I—IV was kept a 120 K (Table I). Measure-
ment V was performed at 80 K in order to reduce the in-
elastic scattering intensit;y by the vanadium. At 80 K the
contribution of this scattering is given by 1 —exp( —ak )
with a =3.0X10 nm, ' yielding an inelastic fraction
of 16% at the largest scattering angle. An empty frame
measurement was. run to determine the vanadium back-
ground.

.3

FIG. 1. (a) ginematic region covered in the experiment: k as
a function m of the 15 experimental scattering angles. (b) Exper-
imental scattering geometry.

TABLE I. Experimental conditions.

Measurement

I: Ar
II: '6Ar

III: 36Ar

IV: Empty container
V: Vanadium
VI: V background

119.99(6)
120.10(5)
120.()6(12)
120.0
80.0
80.0

I'
(Mpa)

1.95{10)
26.6(1)
40.2(8)

n

(nm )

17.59(7)
19.48{4)
20.14(4)

70.9

The TOF system was triggered twice per revolution of
the PG crystal, the time between two trigger pulses being
2400 ps. The spectra were recorded into 256 TOF chan-
nels 3 ps wide. The TOF resolution increased monotoni-
cally from 3.6% at the smallest scattering angle to 4.4%
at the largest one, resulting in an absolute frequency
resolution —for elastic scattering of 4.2& b,co &5.3 ps
The Ar sample and its container were the same as
described in Ref. 2. A part of the container frame was re-
moved in order to allow for the use of the larger scatter-
ing angles. The scattering geometry is shown in Fig. 1(b).

Measurements on Ar were performed at three thermo-
dynamic conditions. The measured temperature T and
pressure p, and the corresponding number density n (Ref.
9) are listed in Table I. Each measurement lasted for
about 200 h resulting in a scattering intensity, integrated

- B. Data reduction

The raw TOF spectra were corrected for background
scattering, multiple scattering, duty-cycle overlap, detec-
tor efficiency, TOF resolution, and self-shielding. They
were normalized absolutely and converted to S(k,co) at a
rectangular ( k, co) grid. The procedure followed was simi-
lar to the one described in Ref. 2. Use has been made of
the routines discussed in Ref. 11.

As an input kernel for the multiple scattering correc-
tion we used the experimental S(k,co) results from Ref. 2
for k &40 nm ' and the GC expansion (up to the fourth
order) for k&40 nm '. Inputs for this model are the
static structure factor S(k), the pair correlation function
g(r), and the two-particle interaction potential y(r) (see
Sec. IV). We calculated these functions for a system in-
teracting via the Lennard-Jones (LJ) potential

with parameters cr =0 336 nm. and a/k~ ——123.3 K, ' with
kz Boltzmann's constant, according to the mean spherical
approximation (MSA). ' A second interaction step for
this correction was performed but did not alter the re-
sults significantly.

In the data-correction procedure we still had to deal
with a small intensity arising from parasitic reflections
from the PG crystal which were not completely
suppressed by the choppers. We corrected for this intensi-
ty, which was most pronounced in the neutron energy-
gain wing of the spectra, as described in Appendix A. In
this appendix we also discuss the correction of the vanadi-
um spectra for inelastic scattering.

The fully corrected TOF spectra were converted to
S(k,co), where k and co are the momentum and energy in
units of A', respectively, which were transferred from the
neutron to the liquid in the scattering process. Due to un-
certainties (of the order of a few percent) in' the volumes
of both the argon and the vanadium sample, exposed to
the incoming neutrons, the values of the corrected data
were absolute except for one factor, close to unity. The
data were renormalized by this factor, which was deter-
mined by comparing S(k)= JS(k,co)de, obtained from
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the present data, with neutron diffraction results of neon'
at corresponding thermodynamic conditions. For the
scaling of T, n, and k we used as LJ parameters for
neon' cr =0.279 nm ' and E/kii ——36.2 K.

The final S(k,co) (symmetrized dynamic structure fac-
tor) results of all three measurements are tabulated in Ref.
15, with the quasiclassical approximation of S(k,co) (Ref.
16) given by

2—
(a)

S(k,co) =exp ——,Pka)+ S(k,~) ~

ri'k'P
8M

(2)

with /3=(k&T) ', T the temperature, and M the mass of
an Ar particle (M=59.73&&10 kg), which is sym-
metric in co due to the detailed-balance condition 10 20 40

S(k,co) =exp(PAco)S(k, —to) . (3)

0.08

1 I

I&vI=0 ps
- 0.008—

%'e will use two rigorous relationships to check the quali-
ty of the corrected data: (i) the detailed-balance condition,
Eq. (3), and (ii) the first frequency moment of S (k, cu),

j toS (k, co)dc@=co& haik /2M, —— (4)

where Ace& is the recoil energy.
The detailed-balance condition implies that S(k,co) is

symmetric in co. In Fig. 2 we show experimental S(k,co)
data extracted from both neutron energy-gain (co & 0) and
energy-loss (co &0) processes for measurement III at some
representative co values. The consistency between positive
and negative co data is quantified by the quality factor
Q(co)." If these data were uncorrelated and the loss and
gain data were normally distributed around the same
mean, Q(co) would follow a X distribution with one de-
gree of freedom and its expectation value would be 1.
Q(co) is displayed in Fig. 3(a) for all three measurements.

40
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Flax. 3. (a) Quality factor g(co) for measurement I (solid
line), II (dashed line), and III (dash-dotted line). Upper 95%
limit and the mean of the g distribution with one degree of
freedom are indicated by dotted lines. (b) Ratio of the experi-
mental and theoretical first frequency moments for measure-
ment I (closed circles), II (triangles), and III (open circles).
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FIG. 2. Symmetrized dynamic structure factor S(k,u) of
measurement III as a function of k: neutron energy-loss data
(co&0), open circles; energy-gain data (m~O), closed circles.
Free-gas limit (at T = 122 K) is represented by the solid lines.

From Fig. 2 and Fig. 3(a) it is apparent that the energy-
gain and energy-loss data agree satisfactorily, except for a
small frequency range around 25 ps ' in measurement I
and around 30 ps ' in measurement III.

The experimental first frequency moment of S(k,co) di-
vided by its theoretical value, (co)/co~, is shown in Fig.
3(b) as a function of k for all three measurements. For
the calculation of (iu) the experimental data were extra-
polated, for co&35 ps ', by a Gaussian function. " Its
width and amplitude were determined by a fit to the data
in the range 17&co &35 ps ', at fixed k. The contribu-
tion of this extrapolation to (co) was less than 3% for all
k. Over the whole k range, (ai) is too high. The origin
of this enhancement may be found in imperfections in the
correction for the parasitic reflections from the PG crys-
tal, since the distortion of the spectra by these reflections
is most serious in the far wings which considerably contri-
bute to (co).

In a small-k region around k=38 nm ' the present
measurements and the ones reported in Ref. 2 overlap.
Figure 4 shows S(k,co) of Ar at 120 K and 27 MPa
from both sets. Regarding the estimated uncertainties the
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TABLE II. Effective temperature, thermal velocity, [thermal velocity at T= 120 K is

Uo =(PM) '~ = 166.6 ms '] and parameters in the Gram-Charlier expansion.

Experimental
condition

[0 (0)]"
MSA Ref. 18b (ms ')

kI
(nm ').

k3
(nm ')

k4
(nm

—')

I
II
III

186
230
246

185
227
241

121.9
122.4
122.6

167.9
168.3
168.4

134
135
135

4.22
5.22
5.59

16.8
18.9
19.3

'[0 {0)] =0 (0)r, with r=o(M/e)'~ =1.99 ps.
"From CMD using the interpolation formula [A~(0)]*=420(n )~(T*)'~ .

fourth frequency moment of S(k,co).
For the comparison of the experimental symmetrized

dynamic structure factor S(k,ro) with the free-gas limit

Sf(k, ro) or with a classical theory, we will consider a clas-
sical system with temperature T= 122 K in the remainder
of this paper.

In Fig. 5(a) the S(k,ro) results of measurement III are
displayed in a contour plot representation. For compar-
ison, the large-k limit S&A(k, co) "f. Eq. (7) for a system
with T ff —122 K—is given in Fig. 5(b). Comparing Figs.
5(a) and 5(b) leads to the following observations. (i) The
largest deviations of S(k,co) from St&(k, ro) are found at
small ro values. While St~(k, ro) exhibits a smooth and
monotonic behavior a clear structure (with maxima near
k=35 and 55 nm ') is manifest in S(k,ro). (ii) Both at
large ro and at large k, S(k,ro) goes over smoothly into
StA(k, ro). (iii) At fixed k, St~(k, co) is symmetric around
the recoil frequency roR ——flak /2M, where it has its max-
imum. However, at fixed k, S(k,co) has its maximum at
co& in between ro=O and co~ (see Sec. IVB), and in the
wings S(k,ro) )S(k, —ro).

In Fig. 6 the deviation of the experimental symrrietrized
dynamic structure factor S(k,ro) from the free-gas limit
Sf(k, ro),

b, S(k,co)= ' —Sf(k, ro),S(k, ro)

is shown, where S(k) is the static structure factor ob-
tained by numerical integration of S(k,ro) [withiri the es-
timated uncertainty, S(k) deteimined from S(k, ro) was
identical to S(k) determined from S(k,ro)]. By definition
the area under AS(k, co) is equal to zero. At all k,
bS(k, ro) is positive at co =0. With increasing ro, bS(k, ro)
becomes negative, has a minimum at co;„,becomes posi-
tive again at co-2';„,and then approaches zero.

In Fig. 7 S(k) in the range 38&k &72 nm ', deter-
mined from all three measurements, are shown together
with S(k), calculated according to the MSA (Ref. 13) and
from a CMD simulation, both for a LJ system. We also
show neutron diffraction (ND) data of neon at corre-
sponding thermodynamic states. ' The reduced tempera-
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FICx. 7. Static structure factor as a function of k. For the
meaning of the various acronyms, see Table III. (a} O, Ar-III;
—~ —~ —-, Ar-d; g, CMD' ~ Ne-c; MSA-III. (b) , Ar-I;
———,Ar-a; ~,¹a;,MSA-I. (c}, Ar-I; 4, Ar-II; 0,Ar-III;, MSA-I. Note that the horizontal scale represents
the wave number k of argon. The abscissa of the neon and LJ
results are transformed conformably, using the LJ length pa-
rameters 0 given in the text.

tures and densities of the experiments and calculations ap-
pearing in Fig. 7 are listed in Table III. We conclude that
the MSA gives a good description of the experimental
S(k) and that the principle of corresponding states is
valid for S(k). Within the estimated uncertainties the
quantum corrections to S(k), which are expected to be
more important in the case of neon and at larger k
values, ' appear to be too small to be detected.

FIG. 8. Reduced peak height S*(k,0)
=Sik, O)[S(k)Sf(k, O)] ' and width ~1/2(k) ~l/2(k)/~1/2f(k)
(denoted here as F%'HM*) of the symmetrized dynamic struc-
ture factor. ~, Ar-I; Q, Ar-II; 0, Ar-III; ———,Ar- a;—.——~ Ar-d

Besides S(k), four other quantities will be used to
characterize the experimental S(k,co), viz. , the peak
height and full width at half maximum (FWHM) of
S(k,co), denoted by co»2(k), and the peak position and
peak height of the longitudinal current correlation func-
tion C((k, co) =co S(k,co)//k .

In Fig. 8 the peak height divided by the experimental
S(k) and the free-gas value,

S*(k,O) =S(k,O) [S(k)Sf(k, O) ]
and the width divided by its free-gas value

co t /p( k ) =co
& /2( k ) /co ~ /2 f ( k )

are shown. With increasing k, S*(k,O) and co»2(k) ap-

Acronym

TABLE III. Measurements, simulation, and calculations.

Source Figure Symbol

Ar-I
Ar-II
Ar-III
Ar-a
Ar-d
Ne-a
Ne-c
CMD
MSA-I
MSA-III

INS, present measurement I
INS, present measurement II
INS, present measurement III
INS, measurement a of Ref. 2
INS, measurement d of Ref. 2
ND, measurement a of Ref. 14
ND, measurement c of Ref. 14
Present simulation
Present calculation
Present calculation

0.667
0.739
0.764
0.668
0.763
0.688
0.753
0.736
0.667
0.764

0.973
0.974
0.974
0.974
0.974
0.968
0.968
0.961
0.974
0.974

3(b),7,8,9
3(b},7,8,9
3(b),7,8,9,12,13,14
7,8,9
7,8,9
7
7
7, 12,13
7
7

'n*=no and T =k~T/c, with LJ parameters (Ref. 12) o.=0.336 (0.279) nm and c/k~ ——123.2 (36.2) K for argon (neon).
Calculated for a LJ system according to Ref. 13.
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FIG. 9. Reduced peak position co* =co/~ f and peak height

C~*(k,co)=CI(k, co )/CI f(k, co f ) of the longitudinal current
correlation function. Key as in Fig. 8.

proach unity from above and from below, respectively,
both oscillating with the. same period as S(k). For.both
quantities the deviations from the free-gas limit decrease
with decreasing density.

Figure 9 displays the peak position co~ (Ref. 20) and
peak height of C~(k, co), divided by their free-gas values,
denoted by co' =co /co f and CI*(k,co ) =Ci(k, ~ )/
C& f(k, co~ f ), respectively. Note that Sf(k, O) and

Cf f(k, co f ) are proportional to k ', and co~/2 f(k) and

corn f to k.

IV. COMPARISON WITH THEORY

A. Classical system

The Gram-Charlier series expansion of S(k,co) is given
b 3 —6

y

2 d"
H„(x)=( ——,

' )"e" e
dx

(13)

yielding Hp(x) =1, H~(x) =x H2(x) =x —
& H3(x)

=x ——,
' x, and H4(x) =x" 3x + ~ . For a classica—l sys-

tem, all e„with n odd vanish, u =(pM) ', and e„ for
n =0, 2, and 4 are given by

ep(k) =S(k), ez(k) =1—S(k),
(14)

eg(k)= —,
' [S(k)—1]+ [Q (0)—Q (k)],

with

S(k,co) =(2~) ' (uk) 'e " g e„(k)H„(x), (12)
n=0

where x = —,
'

co (uk) and the Hermite polynomials

H„(x) are defined by

Q (k)= J g(r)cos(kz) dr .2 n d y(r)
M dz2

Here we have assumed a pairwise additive interaction po-
tential g(r) If o. nly the self part of S(k,co), S,(k, co), is
considered, Eqs. (12) and (13) hold with

ep(k) = 1, e2(k) =0
(15)

k4 pMQ (0)
k 6k

Numerical values for the parameter k4 (Ref. 21) are given
in Table II. If the series is truncated after the fourth-
order term (e4H&), Eq. (15) gives the first-order deviation
from the free-gas limit in the exact large-k expansion of
S,(k, co) for a classical system. Figure 10 shows e2/ep and
e4/ep, calculated according to the MSA, ' condition
MSA-III (Table III), both for S(k, co) and S,(k, co).

If a system with a continuous pair potential p(r) is con-
sidered, then, as r~0, g(r) becomes asymptotically pro-
portional to exp[ —y(r)]. Benfatto et aI. have shown
that if p(r) decays at large r as a power law y(r)-r
with m &3 then, as r~ao, g(r) 1 becomes asympto—ti-
cally proportional to y(r). Making use o—f these limits,
integration by parts readily shows that the oscillations of
S(k) —1 and Q (k) will decay to zero faster than any
power of 1/k. So, at large k the term of e4/ep containing
Q2(0)k will then dominate, and S(k,co) will approach
Sf(k, co) via S,(k, co).

The quantities given in Fig. 10 together with the MSA
S(k) were used to calculate S(k,co) from Eq. (12), trun-
cated after the n =4 term. bS(k, co), defined by Eq. (11),
from this model is displayed for three k values in Fig. 11.
The qualitative agreement between model (Fig. 11) and ex-
periment (Fig. 6) is satisfactory.

In the following a quantitative comparison is made of
the quantities S(k,O), co~~2(k), co, and C~(k, co ) deter-
mined from experiment, theory, and CMD results. The
CMD simulations were performed for a LJ system at
T' =0.961 and n*=0.736 for a system of 864 particles,
and the system has been followed during 89000 time steps
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FIG. 11. AS(k„co) [defined by Eq. (11)] calculated with the
Gram-Char}ier expansion, truncated after the n =4 term, with
parameters of Fig. 10.
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FIG. 12. S*(k,0) and co~*~2(k) (denoted here as FTHM*) as
a function of k. Ar-III, open circles; CMD, crosses; GC expan-
sion (MSA-III) up to n =4, for S(k, m), solid line, and for
S,(k, co), dash-dotted line. First-order correction to Sf(k,m} for
a LJ system [Eq. (16}],dashed line [for S*(k,o) coincident with
GC expansion], and for a HS system [Eqs. (18) and (19)],dotted
line.

of 6~=0.005 (corresponding to At=0. 01 ps). Figure 12
shows S*(k,0) and co~~q(k). The dashed lines indicate the
first-order corrections of S,(k, ro) to the free-gas limit
(Appendix 8),

S,*(k,0)=1+ ~ krak +O(k ),

cu)g2, (k) =1+—,
' (ln2 —3)k4k +O(k ) .

In Fig. 13 co~ and C~"(k,co~) are displayed. The first-
order corrections (Appendix 8) are given by

ru*, (k)=1——,'krak ~O(k ),

Ct*,(kro ) =1——,
'

k4k 2+O(k 4) .

FIG. 13. C~*(k,co ) and ~* as a function of k. Key as in
Fig. 12.

SHs(k 0) =1+bHs(k~z) +O((k4) (19)

where aHs= —0.449 and bHs=0 328 U»ng d=0.343
nm (Ref. 2) yields gHs(d)=4. 13 and l~ ——0.023 nm for
condition III. The resulting first-order correction is indi-
cated in Fig. 12. From this it is apparent that a represen-
tation of liquid argon by a hard-spheres system, which
was shown to yield qualitatively good description in the

It appears that for k) 3k4 (for this condition k4 ——19.3
nm ), and within the estimated uncertainties, the experi-
mental and CMD results for all four quantities are in
good agreement with the theoretical large-k description.
With decreasing k, the first four terms of the GC expan-
sion are insufficient to yield a quantitative agreement.
Concerning the quantities S*(k,0) and ro&&2(k), this model
underestimates the amplitude of the oscillations, while the
oscillations in C~*(k,u ) given by the model are not in

phase with the experimental and CMD results. Whereas,
with decreasing k, re* both from the experiment and
from CMD oscillates around a curve which has a tenden-

cy to increase and becomes larger than unity (see also Fig.
17 in Ref. 2), co' from the model oscillates around a de-
creasing curve.

Sears pointed out that for a hard-sphere system the
first correction term describing the FWHM of S,(k, cu) at
large k is proportional to k ' [in contrast to the k
correction for a system with a continuous interaction po-
tential, Eq. (16)],

tn, Hs(k) =1+aHs(klz) +O((kiz) ) (18)

where IE ——[m&2nd gHs(d)] ' is the Enskog mean free
path, d the hard-sphere diameter, and gHs(d) the pair
correlation function for hard spheres at contact. Sears
approximated a Hs ——0.27. Recently, de Schepper
et al. derived exact expressions for co&&2 Hs(k), given by
Eq. (18), and for SHs(k, 0),
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region 5 & kd & 15, s fails to describe the larger-k
behavior of S(k,co).

B. Quantum system

P

R
j.0—

0

We now go back to the measured —not symmetrized-
dynamic structure factor S(k,co), as shown in Fig. 5(a),
and study its deviation from the large-k limit SiA(k, co)
[which is, to order A', given by Eq. (7), replacing up by u
of Eq. (8)], displayed in Fig. 5(b).

For a quantum system S(k,co) can also be described by
a GC expansion, ' which yields, if only quantum correc-
tions up to order fi are considered, Eq. (12) with~'

G

x = —,(co —cog) (uk)

ep(k) =S(k), ei(k) = — y(k),k

0.5 -'

40 50 60 70 80

FIG. 14. Peak position co~ of S(k,co), divided by the recoil
frequency co~, as a function of k. Ar-III, open circles; GC ex-
pansion (MSA-III) of S(k,co) [Eq. (20}], solid line; and of
S,(k, co), dash-dotted line; first-order correction to SiA(k, co)

[Eq. (21)), dashed line.

eq(k) = 1 k
2 ki

k3—1 y(k)+ p(k),
1

1 k
e4(k) =—1—

2 ki

2

y(k}

'2

[1+@(k)]+0 (A'),

e3(k) = y(k)+ [I+)M(k)],

(20)

The first-order correction in Eq. (21) is indicated in Fig.
14 by the dashed line.

It is shown that for k & 60 nm ', discrepancies between
the experimental and theoretical results, both in the am-
plitude and the phase of the oscillations, become apparent,
probably as a result of truncating the GC series after the
n =4 term.

V. SUMMARY AND CONCLUSIONS

where

and

y( k) =S(k)—1,
A'ki ——Muv 2,
k3 ——Rp(2pM)' 0 (0)/6,

The peak position of S,(k, co) is then given by

co —cog ——uk~2 —— +O(k )
3 3 -2
4 k

or

COp Q 0~ =1—,k-'+O(k-') .
2Q

(21)

p(k)= —0 (k)/0 (0)+O(A ) .
Numerical values of ki, k3, and k4 for the present condi-
tions are given in Table II.

The peak position, at fixed k, of S(k,co) is denoted by
co&(k). Figure 5(a) already indicated that co& lies in be-
tween co=0 and co~. Experimental results of co~/co~ for
Ar-III are shown in Fig. 14 as a function of k. In this
graph we also display co~ determined for S(k,co) calculat-
ed according to Eq. (20), where p(k) was approximated by
the MSA value for a classical system.

For the self part S,(k, co) y(k) =)u(k) =0, yielding

k3
S,(k,co)=(2m)'~ (uk) 'e " 1+ Hi(x)+O(k )

k

We reported inelastic neutron scattering data of liquid
Ar at pressures of 2, 27, and 40 MPa along the 120-K

isotherm. The eave-number range covered by the experi-
ment was 38 & k & 72 nm ', enabling us to study the tran-
sition of S(k,co) to its free-gas behavior [denoted
Sf(k, co)]. Since an exact large-k expansion of S,(k, co)
exists for a classical system, and since argon may be con-
sidered an "almost classical" system, the main objective of
our study was the comparison between the quasiclassical
approximation, S(k,co), of the experimental S(k,co) and
the theory.

Sears derived a large-k expansion of S,(k, co) for a sys-
tem with a smooth interaction potential. From this we
calculated for a LJ system the leading correction (of order
k ) t'o the free-gas expression of the quantities S,(k,O),

coi~q, (k), co, and Ci, (k, co ) and compared these with
the experimental results. Except for co, the experimental
values oscillate around the theoretical first-order correc-
tion in the whole experimental k range, approaching it
with increasing k. Due to experimental difficulties (see
Sec. II}, some systematic deviations might be present in
the large-co data, which could affect the experimental co

and C((k,co) values. In order to check this, CMD simula-
tions were performed. It appeared that, within the es-
timated uncertainties, the CMD results were in agreement
with the experimental results. From both sets of data it
was shown that at relatively large-k values ( k & 70 nm ')
co approaches the leading correction to the free-gas limit.

For a hard-sphere system the first correction to
Sf(k co} ls proportional to k ' rather than to k . From
the present data we conclude that the large-k behavior of
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S(k,co) in liquid argon cannot be described by the hard-
sphere expressions, this in contrast with H2 gas ' '"' and
liquid sodium. 7' '"' The validity of the hard-sphere ap-
proximation of the H2 gas may be understood by the fact
that the experiments were performed at temperatures [85
and 300 K in Refs. 5 and 25(b), respectively] large com-
pared with the depth of the potential well, which is equal
to e/k~ —36.7 K. Why the hard-sphere description
seems to be valid for liquid sodium and not for liquid ar-
gon, while, in contrast, the repulsive part of the interac-
tion potential of the former is softer, is not yet under-
stood.

The Gram-Charlier expansion of the coherent S(k,co),
truncated after the fourth-order term, and calculated for a
LJ system, gives a qualitatively good description of the
experimental S(k, to) in the examined k range, going over
into quantitative agreement with increasing k. In a future
publication we will compare the present calculations with
experimentally determined S,(k, co) data.

Because of the limited statistical accuracy of the
present data no reliable fits could be obtained of a sum of
three, or more, (extended heat and sound) eigenmodes.

CA

C

L
C3

))I

tt
I(&l1' aP, H. &~Alp'

20x

I

I

l

II

III I

I II

I

II
II

II

boa

(a)

(b)

I

il ~ I( I ) I
f

I I I I llltll II tli )) ) I I II III III I ~l I g I I~I lli Ill&.s, ,ll, ., & .I ~ la I I .I~ ~ I

200
Channel number

ACKNOWLEDGMENTS

It is a pleasure for us to thank I. M. de Schepper, H.
Fredrikze, and P. Verkerk for the many fruitful discus-
sions. We are indebted to B. J. M. Vernooy and A. J. W.
Bouwman for their assistance during the course of the ex-
periments, and to J. C. van Rijs and C. Bruin, who per-
formed the computer molecular-dynamics simulations.
The critical comments on the manuscript by J. J. van Loef
are gratefully acknowledged.

FIG. 16. Correction for parasitic reflections by the PG
monochromator (see text). (a) Vanadium TOF spectrum
summed over all scattering angles after subtraction of inelastic
scattering, error bars; approximated intensity due to neutrons
originating from parasitic PG reflections, and scattered by vana-
dium, continuous line; same, scattered by argon, dashed line. (b)
Normalized Ar TOF spectrum at the scattering angle
y=89.3', error bars; scattering due to parasitic PG reflections,
solid line [the same as the dashed line in la)j.

APPENDIX A: DETAILS OF SOME CORRECTIONS

The inelastic scattering from the vanadium sample was
approximated by the double differential cross section for

50 x

j. 00 200
Channel number

FIG. 15. Correction of the vanadium spectra for inelastic
scattering (see text). TOF spectrum of vanadium at the scatter-
ing angle y=89.3', error bars; calculated inelastic scattering,
solid line.

incoherent one-phonon scattering. ' We used the normal-
ized vibrational density of states Z(co) as determined in
Ref. 2. At each scattering angle, the calculated intensity
was broadened by the proper TOF resolution and normal-
ized in such a way as to accomplish the best fit in the
range from channel number 130 to 220 (see Fig. 15). Sub-
traction of the inelastic scattering resulted in a negative
spectral intensity at the higher channel numbers, which
was corrected for by adding a constant level to the spec-
trum.

The structure in the spectra left after this correction is
due to the, not completely suppressed, parasitic reflections
from the PG monochromator, mainly due to double
Bragg scattering and inelastic scattering. Since this in-
tensity also distorted the argon spectra the latter were
corrected for it in an approximate way. All vanadium
spectra were summed and the intensity from the parasitic
reflections was approximated by the solid line in Fig.
16(a). This intensity was convoluted by a rectangular
function with a width which represented the broadening
by the argon scattering, resulting in the dashed line. The
curve thus obtained was, at each scattering angle, fitted to
the argon spectra in the range from channel number 1 to
40 [an example is given in Fig. 16(b)] and then subtract-
ed.
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APPENDIX 8: LARGE-k BEHAVIOR OF S,(k, co)
FOR A CLASSICAL SYSTEM

Sears has shown for an isotropic classical system with
a smooth and velocity-independent interatomic potential
that the larg-k behavior of the self part of the dynamic
structure factor is given by

or

ro& y2(k)
ct) fyp( k ) =

~1/2, f

1/2

Zp

= 1+—,
' (ln2 —3)k4k +0 (k "),

S,(k, co) =Sf (k, co)[1+k4H4(x)k +0 (k )], (81) (87)

with

kg ——PMQ (0)/6,
H4(x)=x 3x + —,'—, x = —,'co (uk)

u =(PM)

and the free-gas limit Sf(k, co) =(2m) ' (uk) 'e
In this appendix we will derive the leading term that

describes the approach to the free-gas limit of the peak
height and the FWHM of S,(k, co) [co&i2,(k)] and of the
peak position and peak height of Cr, (k, co)
=co S,(k,cp)/k . We will consider the function

S(x)=e " [1+5(x —3x + —,
' )], (82)

—Xwhere e " represents the free-gas limit and 5=(kq/k)
is the small parameter in the expansions below. The four
quantities mentioned will be successively discussed and
the subscript s will be omitted in the remainder of this ap-
pendix.

(i) The peak height is readily given by

[x S(x)]
i

„=0.

2 —xIn the free-gas limit, the peak position of x e " is given
by xp ——l. If we define z =x, then B/Bx =2x 8/Bz, and
z~ =x~ is determined by the solution of

[zs(z)]
i 2 ——0 . (BS)

A Taylor-series expansion around zp ——xp ——1 yields

Bzm
z =zo+5 +0(5 ) .

5=0

Equation (88) together with Eq. (82) gives

5( —z'+6z' ——,z + —', ) —z ~1=0.

(89)

(810)

Differentiating Eq. (810) with respect to 5 and inserting
6=0 and z =zp ——1 yields

as was already obtained by Sears.
(iii) The peak position x~ of x S(x) is determined by

the solution of

S(0)=1+—,5,
yielding [with S(k)=1]

S (k,O)=S(k,O)/Sf(k 0)

=1+ ~k4k +0(k ) . (83)

Equations (89) and (811)give

z~ =zo(1 —5)+0(5 ),
or

(811)

(ii) The half-width at half maximum (HWHM) xr, is
given by S (xh ) = —,

' S(0) or

e '[1+5(z —3z+ —,
' )]= —,

' (1+—,
' 5), (84)

where z=xr, is a function of 5. If we represent the
HWHM of the free-gas limit. by zp then e = —,

' and

zp ——ln2. A Taylor-series expansion of z around zp yields
i

~m
~m=

~m, f Zp

1/2

=1—, krak +0—(k ) . (812)

(813)

(iv) The peak height of Cr(k, ro) is proportional to

z S(z )=z e ™[1+5(z—3z + —,')] .

Using z~ =zp(1 —5)+0(5 ) gives

+0(5') . (85) e =e '[1+zp5+0(5 )]; (814)

Differentiating Eq. (84) with respect to 5 and inserting
5=0, z =zp, and e '= —,

'
yields

z~S(z~ ) =zo(1 —5)(1+5)e '(1 ——,
' 5), (815)

If we furthermore use that, to first order in 6,
5f (z ) =5f(zp ) and zp = 1, then

az

as, ,=zp(zo —3) .

Equations (85) and (86) give

z/zo ——1+(zo —3)5+0 (5 ),

(86)
leading to

Cr(k ~

z S(z )

zoS(zp)
=1——,'k4k +0(k ") . (816)
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