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The center-of-mass structure factor of liquid para hydrogen has been measured, using neutron diffraction, in
four thermodynamic states close to the triple point. Path integral Monte Carlo simulations have been carried
out at the same temperatures and densities. The present experimental data are in reasonable quantitative
agreement with the simulations and closer to these results than previous neutron determinations available in the
literature. The thermodynamic derivatives of the structure factor, from both experiment and simulation, have
been compared to previous measurements obtaining a quantitative consistency.
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I. INTRODUCTION

Hydrogen isotopes, neon,4He above the superfluid tran-
sition, and3He above the Fermi temperature are representa-
tive of the class of quantum Boltzmann liquids, while super-
fluid 4He is a good example of a Bose liquid and cold3He is
the prototype of a Fermi liquid. Boltzmann liquids are char-
acterized by rather large quantum effects, which show up in
the noncommutative character of the center of mass momen-
tum and position operators, even though the individuality of
the single particlesseither atomic, for the case of helium and
neon, or molecular, for the case of the hydrogensd is retained.
While the weak quantum properties of neon can be repro-
duced rather accurately using an asymptotic expansionse.g.,
Wigner-Kirkwoodd, starting from a classical reference
system,1 a similar perturbative approach does not hold for
the hydrogen isotopes, nor for liquid4He above thel
transition.2 In addition, the low critical temperature of4He
sTc=5.2 Kd makes its liquid interval rather narrow. Thus, the
hydrogen isotopes represent the most relevant example of a
Boltzmann quantum liquid and an experimental benchmark
for the Boltzmann liquid theories. It is worthwhile to men-
tion that the microscopic dynamics of such a quantum liquid
is still an open problem in physics3,4 and that the structural
information is a fundamental ingredient of any dynamic
theory.5

A precise knowledge of the structural and dynamic prop-
erties of hydrogen is even more desirable if one considers its
growing importance as a proposed energy carrier for a not
too far future of our planet. As a matter of fact, even though
the liquid phase of hydrogen is not the best candidate to store
energy, from a purely energetic-balance point of view, nev-
ertheless, it can be foreseen that it will likely constitute an
important intermediate stage in the next hydrogen-economy
society. However, in spite of its apparent simplicity, the
structure factorSskd of liquid hydrogen is not yet known

with the precision that would be desirable, for example, to
build a reliable dynamic theory. This is a consequence of
several experimental problems.

Two microscopic tools give access to the structural prop-
erties of liquids: x rays, which are sensitive to the electron
clouds of the atomic or molecular samples, and thermal neu-
trons, which can probe directly the positions and motions of
the nuclei. Due to the recent advance of synchrotron radia-
tion sources, even small cross-sectional samples can be in-
vestigated with some success. However, as the hydrogen
molecule carries only two electrons, the structural determi-
nation using x rays does not appear an easy task, also be-
cause of the presence of the molecular form factor, which
depresses the scattering cross section in the high-momentum
transfer region. Neutron-diffraction experiments are difficult,
too, because of the presence of large contributions from both
inelastic and incoherent scattering, for which the experiment
data should be corrected. As far as inelastic effects are con-
cerned, apart from the presence of the intramolecular energy
levels that might be excited at the expense of the incident
neutron energy, their importance is determined by the ratio
between the neutron and the nuclear mass, which makes the
standard correction techniques6 inadequate in the hydrogen
case. Due to its double nuclear mass, deuterium appears to be
more suitable for a neutron investigation. In fact, diffraction
experiments on D2 have been shown to be feasible, even
though the first reliable data are relatively recent.7–10

The overwhelming ratio between the incoherent and co-
herent neutron-scattering cross section of the protons is the
other main problem in a neutron-diffraction study of the
structure of liquid hydrogen, since the intermolecular re-
sponse, which carries the structural information, is overpow-
ered by a large intramolecular contribution coming from the
single-molecule structure and dynamics. Thus, even the
smallest instrumental instability would contribute to mask
the sought-for intermolecular structure. In fact, a successful
attempt to obtain structural information on liquid hydrogen
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was carried out measuring differential quantities, such as the
thermodynamic derivatives ofSskd.11 The smaller amount of
incoherent scattering makes neutron diffraction easier on
deuterium. However, the knowledge of the deuterium struc-
ture factor is not readily transferred to hydrogen because of
the different role played by quantum effects.12

At the typical temperatures of the liquid phase, if thermal
equilibrium is achieved, then practically all hydrogen mol-
ecules belong to the paraspecies. Since the molecular
neutron-scattering cross sections are different for the para-
and orthospecies, it is important to be sure that the equilib-
rium composition is reached before starting the measure-
ment. As the spontaneous conversion from ortho- to parahy-
drogen is rather slow13 and depends on the shape and
composition of the container, it is always convenient to
speed up the conversion rate by adding a suitable catalyst. In
this way, one makes sure that the sample composition is
stable in time and, in addition, the calculation of the intramo-
lecular features are simplifiedspractically, only the lowest
rotational state,J=0, is populatedd. Therefore, all neutron
experimental work is actually done on parahydrogen.

Various methods have been suggested to overcome the
experimental problems that hinder a structure determination
in liquid parahydrogen. On the one side, pulsed neutron
time-of-flight sTOFd diffraction could be used. By this tech-
nique, keeping the scattering angle small enough, it is pos-
sible, at least in principle, to make the inelastic effects so
small that they can be dealt with as small corrections.7 How-
ever, this technique is limited by the present overall stability
of the available instrumentation operating at a pulsed-
neutron source.11 Another possibility is to rely on the intrin-
sically more stable instrumentation of a reactor neutron
source. However, in this case, the need of reaching a large
scattering angle to cover a sufficiently extendedk range im-
plies the emergence of large inelastic effects that influence
the measured cross section.

Alternatively, Bermejoet al.14 resolved to determine the
structure factor of liquid hydrogen using the results of a
neutron-inelastic-scattering experiment and the sum rule that
relates the static and dynamic structure factors15

Sskd =E
−`

+`

dvSsk,vd. s1d

The results, though qualitatively reasonable, do not appear to
be fully convincing.16 In fact, the measured structure factor
is at variance with path integral Monte Carlo17 sPIMCd simu-
lations and the main peak ofSskd turns out rather high, close
to the value of 2.85, which markssaccording to the Hansen-
Verlet criterion,18d the onset of the freezing transition for a
classical Lennard-Jones liquid.16

A different route was recently exploited by Dawidowski
et al.19 who used low-energy neutrons from a reactor source
to perform a diffraction experiment. By this technique, the
incident neutron energy is so small that it cannot excite the
first rotational transition of molecular hydrogen. Thus, the
incoherent scattering power of the sample is greatly
reduced.15,19 However, even this technique bears its prob-

lems. For example, using small energy neutrons, the avail-
ablek range does not allow one to use an internal calibration
procedure(Sskd=1 in the high-k limit ) and this imposes the
need of relying on an external intensity calibrationstypically,
a vanadium sampled. In addition, the limited size of the in-
cident neutron momentum"k0 produces a ratiok1/k0 si.e.,
between the scattered and incident wave vector, respectivelyd
farther from unity than in a standard diffraction experiment.
This makes the static approximation totally useless for these
experimental conditions and implies a substantial correction
to the measured data. It is worthwhile to observe that, in
order to calculate this correction, a model for the inelastic
scattering law is needed.19 The authors of Ref. 19 have prop-
erly accounted for all these problems. However, the reported
results appear, to some extent, influenced by the theoretical
model used in the analysis procedure.

For the sake of completeness, it is interesting to mention
that the method of integrating the dynamic structure factor at
constantk was recently applied by Pratesiet al. to x-ray
scattering data obtained in a synchrotron-radiation inelastic
experiment.20 The reported data are not much extended ink,
barely exceeding the main peak position ofSskd and with
rather large error bars. However, different from Ref. 14, the
main peak is found to be consistent with the quantum-
mechanical PIMC simulations carried out by the same
authors.20 The same experimental team reported the results
of an x-ray-diffraction measurement, too, with much smaller
error bars and still a good agreement with their quantum-
mechanical simulations.20

As each experimental method has advantages and disad-
vantages, it is highly desirable that the information originat-
ing from the various experimental techniques be critically
compared in order to increase, as much as possible, the de-
gree of confidence in the results. With this in mind, we report
the results of a neutron-diffraction experiment on liquid
parahydrogensp-1H2d, in various thermodynamic conditions,
carried out on a standard liquids diffractometer at a reactor
source. The present results will be compared to the available
experimental data, as well as with our own PIMC simula-
tions, carried out at the same densities and temperatures. In
Sec. II, we will discuss the details of the present experiment,
while Sec. III will be devoted to describe the data analysis.
In Sec. IV the PIMC simulation technique will be outlined
and, in Sec. V, we will compare and discuss the various
results. The conclusions will be drawn in Sec. VI.

II. EXPERIMENT

The measurements were performed using the D4C diffrac-
tometer at the Institut Laue-LangevinsILL, Grenoble,
Franced with an incident wavelengthl0=0.6933 Å. Four
thermodynamic states of liquid parahydrogen were investi-
gated and will be referred to, in the following, by the labels
given in the first column of Table I. After performing the
usual runssi.e., vanadium calibration, empty cryostat, and
empty celld, hydrogen was condensed into a vanadium cylin-
drical containers6 mm internal diameter, 0.2 mm wall thick-
nessd cooled in an Orange ILL cryostat. At the bottom of the
container, out of the neutron beam, we had inserted some
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powder of a paramagnetic catalystsCr2O3 on an Al2O3 sub-
strated in order to speed up the conversion from ortho- to
parahydrogen. The concentration of the two species was
monitored by looking at the low-momentum transfer portion
of the diffraction pattern.11 After 24 h of conversion time, the
stability of the low-k signal confirmed that the sample had
reached the thermal equilibrium concentration, calculated to
be 99.96% rich in parahydrogen. For each thermodynamic
state, several measurements, in repeated runs, were carried
out to check the overall stability of the experimental setup, as
well as of the sample. The overall temperature stability was
much better than 0.1 K. However, according to the sensor
characteristics, we assumed an error of 0.1 K in the tempera-
ture reading. A similar protocol was adopted for the pressure
reading, assuming an absolute error of 0.1 bar with a pres-
sure stability much better than this amount. Densities were
determined by the equation of state of Ref. 21.

In order to properly subtract the background and container
scattering, we made an additional measurement, without
changing the experimental setup, filling the container with a
small amount of gaseous3He. The density of the gas was
chosen such as to match the attenuation of parahydrogen
with the absorption power of3He. The details of the proce-
dure can be found in Ref. 22. We used the valuessl0d
=43.4 barn for the molecular hydrogen-scattering cross sec-
tion at the incident-neutron wavelength.23 In Fig. 1, we show
the measured intensity for state 1sT=17.1 K and p

=29.9 bard, after subtraction of the instrument background
and container scattering properly corrected for attenuation.
We point out that the size of the statistical error is smaller
than the symbols.

The shape of the measured cross section does not look
familiar for a molecular liquid. However, this is what one
would expect, qualitatively, for liquid parahydrogen on a re-
actor neutron source. In fact, the diffraction spectrum is
dominated by theself molecular part, which is produced by
the intramolecular structurescf. Fig. 1 of Ref. 11d. In addi-
tion, the finite energy of the incident neutron imposes kine-
matic restrictions, which, in turn, produce the decay ob-
served at high-momentum transfer. Thedistinctcontribution,
containing the required information on the intermolecular
structure factor, appears as a tiny undulation superimposed
on the much larger intramolecular structure in the regionk
.2 Å−1.

III. DATA ANALYSIS

The intermolecular structure can be expressed in terms of
either the center-of-mass or the site-site structure factor.
These two quantities are directly related to each other24 in
the free-rotation approximation that will be used below for
hydrogen. We chose to express our results in terms of the
center of massSskd for consistency with previous results and
for ease of comparison with the PIMC simulation, where the
center-of-mass structure is the natural output. The data treat-
ment needed to extract the structure factor requires the cal-
culation of theself part of the molecular double-differential
neutron cross section of parahydrogen. This can be done us-
ing the Young and KoppelsYK d theory.25 Here, the hydrogen
molecules are modeled as a set of noninteracting particles
possessing their relevant internal degrees of freedom. Thus,
each molecule is considered separately, and the intramolecu-
lar roto-vibrational modes and spin correlations are explicitly
taken into account. The vibrational modes are considered
harmonic, and the rotations are free. This model applies to
our case because, as long as the system is in the fluid phase,

TABLE I. Thermodynamic conditions of the measured parahy-
drogen liquid samples. The densities have been derived using the
equation of state in Ref. 21. The values ofSs0d are obtained from
the thermodynamic compressibilities.

No. T sKd p sbard n snm−3d Ss0d

1 17.1s1d 29.9s1d 22.95s3d 0.059s1d
2 17.1s1d 16.2s1d 22.60s3d 0.065s1d
3 20.1s1d 16.4s1d 21.78s4d 0.094s1d
4 18.6s1d 16.2s1d 22.20s3d 0.079s1d

FIG. 1. Diffraction intensity from liquid
parahydrogen atT=17.1 K and p=29.9 bar.
What in the figure appears as a bold line is com-
posed, instead, by the ensemble of the experi-
mental points and their error barssof the order of
0.1 %d. The tiny structure in the regionk
.2 Å−1 is the signature of the main peak of the
intermolecular structure factorSskd. The dashed
line is the calculated self-molecular part, the
dash-dotted line represents the Monte Carlo cal-
culation of multiple scattering, and the dotted line
is the fitted background. The thin solid line is the
sum of the three terms.
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the anisotropic components of the intermolecular potential
have negligible effects.26–28 Moreover, at low temperatures,
only the ground vibrational and rotational states are popu-
lated and, using thermal neutrons, no vibrational transition is
allowed. Within the applicability limits of this model, a rig-
orous calculation of the double-differential neutron cross
section is possible. However, since the YK model neglects
intermolecular interactions, it is known to be inadequate to
describe the center-of-mass dynamic structure factor
Sselfsk,vd in dense hydrogen.

We have shown23 that a modified Young and Koppel
sMYK d model can be defined that allows, in a mean-field-
framework approximation, to extend its applicability range
to the dense fluid phase of interacting molecules. It is well
known that for hydrogen, due to quantum effects, the aver-
age center-of-mass kinetic energy is different from the clas-
sical valuekEkl= 3

2kBT and depends on density.29 To account
for this property we used an effective temperaturesTef f
=41 K, as measured in a neutron-inelastic-scattering
experimentd30 in the width of the Gaussian that describes the
dynamic structure factor of the molecular centers of mass.23

The vibrational-rotational coupling too can be accounted for,
in an effective way, using the experimental values for the
rotovibrational energies.31 The self portion of the double-
differential neutron cross section, calculated with the MYK
model, can be integrated, for each scattering angleu, over
the energies of the scattered neutrons. The result, properly
normalized as described below and corrected for attenuation,
detector efficiency, and for finite-size effects of sample and
detectors, is represented by the dashed line in Fig. 1.

A thorough analysis of the measured cross section, in the
region ofk.5 Å−1, shows a slight variance of the peak po-
sition with respect to the MYK calculation in all the mea-
sured spectra. This cannot be attributed to the calibration of
the instrumentk scale, as it was checked by the position of
the tiny Bragg peaks of the empty container. Therefore, we
are forced to attribute this slight variance to the not-perfect
adequacy of the MYK model in accounting for theself term
of the parahydrogen cross section in the liquid state.

With respect to the MYK calculation, we observe an extra
intensity in the measured data. The similarity in shape be-
tween the measured pattern and the calculated intramolecular
cross section indicates the presence of a rather unstructured
background, which is expected to be mostly due to multiple
scattering. In order to properly subtract this unwanted con-
tribution, we performed a Monte Carlo simulation of the
multiple scattering, using as input the calculated MYK cross
section. As expected, we obtained a smooth function ofk,
also reported in Fig. 1sdash-dotted lined. At this point, the
main ingredients were available and we could proceed to
determine the intermolecular center-of-mass structure factor.
A model function was built according to

Iexpsud = AFS ds

dV
D

self

att,SE

+ As,scskdS ds

dV
D

dist
+ BskdG , s2d

whereA is an overall normalization parameter. Theself term
is the result from the MYK calculation, attenuated by the
self-absorptionslabel attd and corrected for detector effi-

ciency and size effect of detectors and sampleslabel SEd.
The dist term represents the intermolecular structural re-
sponse, which is multiplied by its relevant Paalman-Pings32

attenuation coefficient. For parahydrogen, thedistinct cross
section can be written as33

S ds

dV
D

dist
= uskdfSskd − 1g, s3d

where uskd is the molecular form factor33 and Sskd is the
unknown center-of-mass structure factor.

In Eq. s2d, Bskd represents a background term, which in-
cludes the calculated multiple-scattering contribution as well
as a possible residual background modeled by an even poly-
nomial in k, Psk2d. Equations2d was fitted to the corrected
experimental data shown in Fig. 1, usingA and the coeffi-
cients of Psk2d as free parameters. As the model function
containsSskd, which represents our final goal, we removed
from the fit range an intervalkminøkøkmax that is expected
to be affected by the presence of the structure factor. Thus,
we used only those data points where an independent knowl-
edge ofSskd is available. In the low-k region, we assumed a
constant value forSskd determined by the isothermal com-
pressibility. In other words, we approximated, in Eq.s3d,
Sskd=Ss0d for the data points belonging to the interval 0
økøkmin. For the data points atkùkmax, we approximated
the structure factor by its high-k limit value si.e., we assumed
Sskd=1d.

A third-order polynomialPsk2d was found sufficient to
describe the backgroundsdotted line in Fig. 1d that, as ex-
pected, turned out quite smaller than the multiple-scattering
intensity, confirming that the latter was calculated with good
accuracy. The goodness and stability of the fit was also ana-
lyzed as a function ofkmax, with kmin kept at 0.5 Å−1. A good
stability could be obtained forkmax in the range 4–5 Å−1.
The results from the PIMC simulation confirm that, in this
region,Sskd is already sufficiently close to 1 so that the co-
herent term could be safely neglected with respect to the
average size of the experimental errors.

A final comment should be devoted to the calculation of
the intramolecular contribution. As we have already men-
tioned, the MYK model does not give a quantitatively pre-
cise description of theself cross section of parahydrogen,
even though its accuracy turns out to be rather good. In our
case, we find that the maximum position of the calculated
self-contribution does not coincidesby a mere.0.15 Å−1d
with the experimental determination. In order to circumvent
the problem and to produce a theoretical calculation closer to
the experimental data, we decided to allow a slight variation
of the equilibrium distance between the two protons in the
MYK model. By this expedient, allowing for a slightly
higher value for the intramolecular distances.4 % higher
than the free-molecule gas value in the ground state,Re
=0.741 Åd we were able to obtain a small change in the
position of the maximum, with a clear positive effect on the
quality of the fit. It is important to stress that even the inclu-
sion of the effects of intramolecular potential anharmonicity,
would not allow for such a correction. In fact, a calculation
based on the Morse potential would only increase the equi-
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librium distance by.1.2 %. Thus, the small variation ofRe,
used in the present calculation, should be only regarded as a
heuristic way of improving the quality of the fit, still using
the simple MYK model and a low-power polynomialPsk2d
to account for the residual backgroundscf. Fig. 1d.

Following the procedure just outlined, we were able to
determine the center-of-mass structure factor of liquid
parahydrogen. This is achieved by subtracting from the data
the fittedBskd and the calculated self-part, obtaining the in-
termolecular termsds /dVddist. As the molecular form factor
uskd is known,33 the final result forSskd can be easily derived
using Eq.s3d. The quantitySskd−1 is shown in Fig. 2 in the
range ofk between 0 and 5 Å−1. The data show a peak value
of 2.17 for Sskd. Then, an undulation is observed with a
broad maximum between 3.5 and 4 Å−1. The shown error
bars account for both the statistical uncertainties of the ex-
perimental data and the estimated systematic errors intro-
duced by the choice ofkmax in the fitting procedure. The
black dot atk=0 represents the compressibility limit, ob-
tained from the thermodynamic data.21 The same data treat-
ment was carried out for the other thermodynamic states,
obtaining structure factors similar to that of Fig. 2 and shown
in Fig. 3.

IV. THE PIMC SIMULATIONS

A set of PIMC simulations was carried out at the same
temperatures and densities listed in Table I. TheNVT34 simu-
lations were accomplished using both the isotropic compo-
nent of the phenomenological pair potential derived by Nor-
man et al.35 sNWBd and the semi-empirical isotropic pair
potential derived by Silvera and Goldman36 sSGd. Both po-
tentials are reliable, with the NWB being more oriented to-
ward the pair interactions and the SG taking into account, in
an effective way, the many-body interactions. The PIMC
simulations were implemented using the primitive
algorithm37 and varying theTrotter numberfrom P=1 sclas-

sical limitd to P=4, 8, 16, 32, and 64 in order to check for the
convergence of results to the correct quantum-mechanical
limit.38 The center-of-mass radial distribution functiongsrd,
simulated with the SG potential, is displayed in Fig. 4 for
P=16 andP=32 in order to show the quality of the conver-
gence to the quantum mechanical limit. The results forP

FIG. 2. Measured intermolecularscenter-of-massd structure fac-
tor of liquid parahydrogen atT=17.1 K and p=29.9 bar sopen
circles with error barsd. The value forSsk=0d, shown as a black dot,
is given in Table I.

FIG. 3. Comparison between the measured intermolecular
scenter-of-massd structure factor of liquid parahydrogensopen
circlesd and the PIMC simulation resultssfull linesd. The graphs are
shown as a function of decreasing densitystop to bottomd. The
black dots atk=0 are taken from Table I.

FIG. 4. PIMC results for center of massgsrd of liquid parahy-
drogen as a function of the Trotter number. The graph shows the
superposition of the results withP=16 sdotsd and P=32 slined for
the thermodynamic point 1, using the SG potential. TheP=32 and
P=64 results are indistinguishable, even numerically.
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=32 andP=64 are almost indistinguishable, even at the nu-
merical level.

Only slight differences are obtained if the NWB potential
is used. For example, withP=32, the peak ofgsrd of state 1
is only 1.2 % higher than with the SG model. It should be
noted that, while the simulation using the NWB potential
gives a negative pressuresp=−9 bard, the one with the SG
potential produces a positive valuesp=6 bard that, however,
is still lower than the true experimental valuescf. Table Id.39

The center-of-mass radial distribution function produced
by the PIMC simulations is limited to intermolecular dis-
tances smaller than some maximum valueRmax, determined
by half the shortest edge-length of the simulation box.40 At
the investigated densities, we obtainRmax.13.6 Å. How-
ever, in order to calculate the structure factor,gsrd has to be
extrapolated smoothly tor values high enough to avoid trun-
cation effects in the Fourier transform

Sskd = 1 +
4pn

k
E

0

`

dr r sinskrdhsrd, s4d

wherehsrd=gsrd−1.
A simple and well-established procedure of extrapolating

gsrd beyondRmax is the recipe by Verlet,41 who suggests to
approximate the asymptotic behavior ofhsrd using a damped
oscillatory function of the following form:

hsrd , sA0/rdexps− r/r0dsinsr/r1d. s5d

The parametersA0, r0, and r1 were obtained by fitting the
functional form s5d to the simulation results, starting from
the third zero ofhsrd, i.e., atr .6 Å. In this way, we could
eliminate spurious oscillations inSskd. The structure factors
thus obtained are compared with the experimental results in
Sec. V.

V. DISCUSSION

The structure-factor data of parahydrogen, obtained from
the present experiment according to the procedure described
in Sec. III, have been compared to the results of the PIMC
simulations outlined in Sec. IV. As we have already dis-
cussed, we found no relevant difference in using the two
intermolecular potentials, namely, SG and NWB. In the fol-
lowing, we will show the results for the Silvera and Goldman
potential. We remind that the simulation conditions were the
same of the experiment, i.e., imposing the same temperatures
and densities as the ones reported in Table I. As shown in
Fig. 3, the agreement is rather good, although the experimen-
tal data appear consistently higher than the simulation results
in the region of the main peak and up to.3.5 Å−1. At lower
k, the data agree well with the PIMC results.

We have checked the dependence of the main peak height
on the fit procedure used to extrapolategsrd. We found no
substantial variation of the maximum ofSskd with either
changing the fit range for Eq.s5d or using different damped
oscillating functions.

A corresponding investigation had previously been carried
out on liquid deuterium, in similar thermodynamic condi-
tions and using the NWB intermolecular potential.10 In that

case, the agreement between simulation and experiment was
extremely good. In the present case, an overall quantitative
agreement with simulation is also found, although the
present experiment appears to be much more difficult and the
agreement of a lesser quality.

It is interesting to compare the present structural informa-
tion to the results of the neutron-diffraction experiment by
Dawidowski et al.19 To this aim, we report, in Fig. 5 the
present data for state 1sT=17.1 K andn=22.95 nm−3d with
their determination atT=15.2 K and n=22.70 nm−3. We
point out that in Ref. 19 only temperature and pressure were
given and the density was calculated by us using the equa-
tion of state in Ref. 21.

From a careful analysis of Fig. 5, it is interesting to ob-
serve that, in spite of the difficulties of both experiments and
the different techniquesswe remind that the authors of Ref.
19 used a much lower incident neutron energy which implies
a totally different data analysis procedured, the two sets of
data are consistent on an absolute scale. In the region of the
main peak, the experimental determination by Dawidowski
et al.19 gives a higher value for the structure factor with
respect to the present data which, in turn, are higher than the
PIMC results. In the region of the minimum around 3 Å−1,
the data of Ref. 19 are closer than ours to the simulation
data. By contrast, our experimental data are much closer to
the simulation in the low-k region and along the rising edge
of Sskd. It is difficult to attribute these variations to the
slightly different thermodynamic conditions, even though the
difference in density is.1 % and that, in the temperature, is
.12 %. At any rate, by comparing the present simulation
results to previous ones,16 carried out atT=15.7 K andn
=22.8 nm−3, we tend to exclude this possibility.

Another interesting comparison can be carried out at the
level of the density derivative ofSskd at constant temperature
sFig. 6d, using the present data and another independent ex-
perimental determination carried out at the neutron-pulsed

FIG. 5. Comparison between the present experimental determi-
nation for state 1sT=17.1 K andn=22.95 nm−3, full squares with
error barsd and the data obtained from Ref. 19sT=15.2 K andn
=22.71 nm−3, open circlesd. The line represents the present PIMC
simulation results. The value atk=0 slarge black dotd is from Table
I.
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source ISISsU.K.d.11 The present resultssexperiment and
PIMC simulationd have been obtained from states 1 and 2
listed in Table I. The two sets of data are consistent with each
other, even though some quantitative differences emerge. In
the same figure, the line represents the present simulation
results.

Looking at Fig. 6, we observe that the previously noted11

variance in the low-k region of the density derivative ofSskd
is now counterbalanced by the present experimental results.
The PIMC results, which are virtually unchanged passing
from SG to NWB potential, appear to average the two ex-
perimental sets of data for the density derivative ofSskd, in
the region below 1.8 Å−1. In fact, by comparing the simula-
tion results to the weighted average of the two independent
experimental results we would obtain a good agreement with
PIMC simulation results. Thus, it might be suggested that the
two experiments were affected by errors of different origin
and that their average is likely to describe the true behavior.

As a final result, we calculated the temperature derivative
of Sskd at constant density. As the experiments were not car-
ried out on an isochore, we used the data of states 2 and 4,
corresponding to the same pressure. Thus, the temperature
derivative was derived using the following expression, both
for the experimental and PIMC data:

SdS

dT
D

n
= SS4skd − S2skd

T4 − T2
D − SdS

dn
D

T
S n4 − n2

T4 − T2
D . s6d

The result is depicted in Fig. 7, where the present experiment
and simulations are represented by open circles and a conti-
nous line, respectively. In the same figure, we also reported
the data from another independent measurementsfull
squaresd that had been obtained from the experiment of Ref.
11. The two sets of experimental data results are consistent
with each other, although the present ones are affected by
larger uncertainties because of the extra contribution from

the errors on the density derivativefcf. Eq.s6dg. We note that
the PIMC results quantitatively reproduce the experimental
shape. We observe that both the experimental data and the
PIMC simulation are consistent with the thermodynamic in-
formation derived from the compressibilityslarge black dot
at k=0d.

VI. CONCLUSIONS

We have reported on the results of a neutron-diffraction
experiment by which we have obtained the intermolecular
structure factor for liquid parahydrogen. The large self-
intramolecular contribution to the scattering has been calcu-
lated using an improved modelsMYK d for the self part of the
dynamic-scattering cross section and subtracted from the
data. The same MYK model has been used to compute, by
means of a Monte Carlo simulation, the multiple-scattering
component. This contribution also has been subtracted from
the measured cross section, and we were able to determine
the intermolecularsdistinctd term that carries the information
on the center-of-mass structure factor of liquid parahydro-
gen. The present results have been compared to the available
determinations, in similar thermodynamic conditions, pub-
lished in the literature and with our own PIMC simulation
results. The comparison, as far as the experimental data are
concerned, is satisfactory, especially considering the diffi-
culty of the experiments. Neither set of data appears to be in
full agreement with the PIMC results, with the present deter-
mination closer to the simulation results in the low-
momentum region up to the first peak, and the data of Ref.
19 more consistent with the PIMC results in the region of the
minimum around 3 Å−1.

FIG. 6. Density derivative, at constant temperature, of the inter-
molecular structure factor. Comparison between the present experi-
mental determinationsopen circles, obtained from the data labeled 1
and 2 in Table Id and the results from Ref. 11sfull squaresd. The line
represents the present PIMC simulation results obtained using the
SG potential. The value atk=0 sfull circled is obtained from the
experimental compressibilities.

FIG. 7. Temperature derivative, at constant density, of the inter-
molecular structure factor. Comparison between the present experi-
mental determinationsopen circles, obtained from the data of states
2 and 4, corrected using the density derivative shown in Fig. 6d and
the results from Ref. 11sfull squaresd. The line represents the
present PIMC simulation results, using the SG potential, and ob-
tained using the same procedure as for the experiment data. The
value at k=0 sfull circled is obtained from the experimental
compressibilities.
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The density derivative of the structure factor obtained
from the present data has been also compared to previous
results obtained from a pulsed neutron-diffraction experi-
ment. Also in this case, the comparison between the experi-
mental results is quantitatively satisfactory. The previously
observed11 variance between the experiment and simulation,
noted in the low-k region of the density derivative ofSskd,
comes out reversed in the present results and is likely to be
attributed to residual systematic errors, which we were un-
able to eliminate in both experiments. This suggests that the
PIMC simulation is probably giving a correct description of
this part of the distribution. The present results on the tem-
perature derivative ofSskd confirm the previous determina-
tion and agree with the PIMC simulation.

The overall convergence between the various experimen-
tal determinations ofSskd, obtained by the different groups,

is a positive indication of the increasing accuracy of the ex-
perimental techniques, but calls for a further improvement of
the neutron-diffraction techniques to definitely solve the
problem of an accurate determination of the static structure
factor of molecular hydrogen in the liquid state. This remains
a long-standing objective in physics of liquid matter, whose
fundamental and applicative involvements are self-evident
nowadays.
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