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Microscopic structure factor of liquid hydrogen by neutron-diffraction measurements
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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.

DOI: 10.1103/PhysRevB.71.014205 PACS nunier61.12—q, 67.20+k, 61.20.Ja

[. INTRODUCTION with the precision that would be desirable, for example, to
build a reliable dynamic theory. This is a consequence of
Hydrogen isotopes, neofiHe above the superfluid tran- several experimental problems.

sition, and®He above the Fermi temperature are representa- Two microscopic tools give access to the structural prop-

tive of the class of quantum Boltzmann liquids, while super-erties of liquids: x rays, which are sensitive to the electron
fluid “He is a good example of a Bose liquid and cétte is  clouds of the atomic or molecular samples, and thermal neu-
the prototype of a Fermi liquid. Boltzmann liquids are char-trons, which can probe directly the positions and motions of
acterized by rather large quantum effects, which show up i,li_he nuclei. Due to the recent advan_ce of synchrotron radlz_i-
the noncommutative character of the center of mass momeflon sources, even small cross-sectional samples can be in-
tum and position operators, even though the individuality of/€Stigated with some success. However, as the hydrogen

the single particlegeither atomic, for the case of helium and molecule carries only two electrons, the structural determi-
neon, or molecular, for the case of the hydrogessetained. nation using x rays does not appear an easy task, also be-

While the weak quantum properties of neon can be relorocause of the presence of the molecular form factor, which

duced rath el ) toti ; depresses the scattering cross section in the high-momentum
uced ratner accurately using an asymptotic expar@a, transfer region. Neutron-diffraction experiments are difficult,
Wigner-Kirkwood, starting from a classical reference

m - . too, because of the presence of large contributions from both
system, a similar perturbative approach does not hold forig|astic and incoherent scattering, for which the experiment

the hydrogen isotopes, nor for liquitHe above theh  gata should be corrected. As far as inelastic effects are con-
transition? In addition, the low critical temperature 6He cerned, apart from the presence of the intramolecular energy
(T¢=5.2 K) makes its liquid interval rather narrow. Thus, the |evels that might be excited at the expense of the incident
hydrogen isotopes represent the most relevant example ofrgeutron energy, their importance is determined by the ratio
Boltzmann quantum liquid and an experimental benchmarlbetween the neutron and the nuclear mass, which makes the
for the Boltzmann liquid theories. It is worthwhile to men- standard correction technigemadequate in the hydrogen
tion that the microscopic dynamics of such a quantum liquidcase. Due to its double nuclear mass, deuterium appears to be
is still an open problem in physi2é and that the structural more suitable for a neutron investigation. In fact, diffraction
information is a fundamental ingredient of any dynamicexperiments on B have been shown to be feasible, even
theory® though the first reliable data are relatively recent.

A precise knowledge of the structural and dynamic prop- The overwhelming ratio between the incoherent and co-
erties of hydrogen is even more desirable if one considers itherent neutron-scattering cross section of the protons is the
growing importance as a proposed energy carrier for a nodther main problem in a neutron-diffraction study of the
too far future of our planet. As a matter of fact, even thoughstructure of liquid hydrogen, since the intermolecular re-
the liquid phase of hydrogen is not the best candidate to storsponse, which carries the structural information, is overpow-
energy, from a purely energetic-balance point of view, nev-ered by a large intramolecular contribution coming from the
ertheless, it can be foreseen that it will likely constitute ansingle-molecule structure and dynamics. Thus, even the
important intermediate stage in the next hydrogen-economgmallest instrumental instability would contribute to mask
society. However, in spite of its apparent simplicity, thethe sought-for intermolecular structure. In fact, a successful
structure factorS(k) of liquid hydrogen is not yet known attempt to obtain structural information on liquid hydrogen
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was carried out measuring differential quantities, such as thiems. For example, using small energy neutrons, the avail-
thermodynamic derivatives @&k).!* The smaller amount of ablek range does not allow one to use an internal calibration
incoherent scattering makes neutron diffraction easier oprocedure(S(k)=1 in the highk limit) and this imposes the
deuterium. However, the knowledge of the deuterium strucneed of relying on an external intensity calibratigypically,

ture factor is not readily transferred to hydrogen because od vanadium sampleln addition, the limited size of the in-
the different role played by quantum effeéfs. cident neutron momenturfik, produces a ratidk;/k, (i.e.,

At the typical temperatures of the liquid phase, if thermalbetween the scattered and incident wave vector, respedtively
equilibrium is achieved, then practically all hydrogen mol- farther from unity than in a standard diffraction experiment.
ecules belong to the paraspecies. Since the moleculdrhis makes the static approximation totally useless for these
neutron-scattering cross sections are different for the paraxperimental conditions and implies a substantial correction
and orthospecies, it is important to be sure that the equilibto the measured data. It is worthwhile to observe that, in
rium composition is reached before starting the measuresrder to calculate this correction, a model for the inelastic
ment. As the spontaneous conversion from ortho- to parahyscattering law is needéd The authors of Ref. 19 have prop-
drogen is rather sloW and depends on the shape anderly accounted for all these problems. However, the reported
composition of the container, it is always convenient toresults appear, to some extent, influenced by the theoretical
speed up the conversion rate by adding a suitable catalyst. inodel used in the analysis procedure.
this way, one makes sure that the sample composition is For the sake of completeness, it is interesting to mention
stable in time and, in addition, the calculation of the intramo-that the method of integrating the dynamic structure factor at
lecular features are simplifie(practically, only the lowest constantk was recently applied by Pratest al. to x-ray
rotational stateJ=0, is populated Therefore, all neutron scattering data obtained in a synchrotron-radiation inelastic
experimental work is actually done on parahydrogen. experiment® The reported data are not much extended,in

Various methods have been suggested to overcome thmarely exceeding the main peak position $k) and with
experimental problems that hinder a structure determinatiorather large error bars. However, different from Ref. 14, the
in liquid parahydrogen. On the one side, pulsed neutrormain peak is found to be consistent with the quantum-
time-of-flight (TOF) diffraction could be used. By this tech- mechanical PIMC simulations carried out by the same
nique, keeping the scattering angle small enough, it is posauthors’® The same experimental team reported the results
sible, at least in principle, to make the inelastic effects smf an x-ray-diffraction measurement, too, with much smaller
small that they can be dealt with as small correctibhaw-  error bars and still a good agreement with their quantum-
ever, this technique is limited by the present overall stabilitymechanical simulatior®.
of the available instrumentation operating at a pulsed- As each experimental method has advantages and disad-
neutron sourcé! Another possibility is to rely on the intrin-  vantages, it is highly desirable that the information originat-
sically more stable instrumentation of a reactor neutroring from the various experimental techniques be critically
source. However, in this case, the need of reaching a largeompared in order to increase, as much as possible, the de-
scattering angle to cover a sufficiently extendedinge im-  gree of confidence in the results. With this in mind, we report
plies the emergence of large inelastic effects that influencéhe results of a neutron-diffraction experiment on liquid
the measured cross section. parahydrogerip-'H,), in various thermodynamic conditions,

Alternatively, Bermejoet al!* resolved to determine the carried out on a standard liquids diffractometer at a reactor
structure factor of liquid hydrogen using the results of asource. The present results will be compared to the available
neutron-inelastic-scattering experiment and the sum rule thaixperimental data, as well as with our own PIMC simula-
relates the static and dynamic structure facfors tions, carried out at the same densities and temperatures. In

Sec. Il, we will discuss the details of the present experiment,
+oo while Sec. Il will be devoted to describe the data analysis.
S(k) :J doSk o). (1)  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.
The results, though qualitatively reasonable, do not appear to
be fully convincing'® In fact, the measured structure factor
is at variance with path integral Monte Car¢PIMC) simu-
lations and the main peak &k) turns out rather high, close The measurements were performed using the D4C diffrac-
to the value of 2.85, which marKaccording to the Hansen- tometer at the Institut Laue-LangevifiLL, Grenoble,
Verlet criterion’®) the onset of the freezing transition for a Francg with an incident wavelength,=0.6933 A. Four
classical Lennard-Jones liquiél. thermodynamic states of liquid parahydrogen were investi-

A different route was recently exploited by Dawidowski gated and will be referred to, in the following, by the labels
et al1® who used low-energy neutrons from a reactor sourcaiven in the first column of Table |. After performing the
to perform a diffraction experiment. By this technique, theusual runs(i.e., vanadium calibration, empty cryostat, and
incident neutron energy is so small that it cannot excite thempty cel), hydrogen was condensed into a vanadium cylin-
first rotational transition of molecular hydrogen. Thus, thedrical containe6 mm internal diameter, 0.2 mm wall thick-
incoherent scattering power of the sample is greatlyness cooled in an Orange ILL cryostat. At the bottom of the
reduced>1° However, even this technique bears its prob-container, out of the neutron beam, we had inserted some

II. EXPERIMENT
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TABLE I. Thermodynamic conditions of the measured parahy-=29.9 bay, after subtraction of the instrument background
drogen liquid samples. The densities have been derived using thend container scattering properly corrected for attenuation.
equation of state in Ref. 21. The values$§0) are obtained from \We point out that the size of the statistical error is smaller

the thermodynamic compressibilities. than the symbols.
. The shape of the measured cross section does not look
No. T (K) p (ban n (nm~) S(0) familiar for a molecular liquid. However, this is what one

would expect, qualitatively, for liquid parahydrogen on a re-

; i;f&; izj(i; 25232 2'8223 actor neutron source. In fact, the diffraction spectrum is
' ' ' ‘ dominated by theself molecular part, which is produced by

3 20.11) 16.41) 21.784) 0.0941) the intramolecular structuref. Fig. 1 of Ref. 1). In addi-

4 18.61) 16.21) 22.2a3) 0.0791) tion, the finite energy of the incident neutron imposes kine-

matic restrictions, which, in turn, produce the decay ob-
owder of a paramagnetic cataly&r,05 on an AbO, sub- served at high-momentum transfer. Tdistinct contribution,
P P 9 23 8 containing the required information on the intermolecular

stratg in order to speed up the conversion from ortho- to : : .
parahydrogen. The concentration of the two species Wagtructure factor, appears as a tiny undulatlon superlm_posed
monitored by looking at the low-momentum transfer portion(inztge_lmmh larger intramolecular structure in the region
of the diffraction patterA! After 24 h of conversion time, the '
stability of the lowk signal confirmed that the sample had
reached the fcher_mal equilibrium concentration, calculated to IIl. DATA ANALYSIS
be 99.96% rich in parahydrogen. For each thermodynamic
state, several measurements, in repeated runs, were carriedThe intermolecular structure can be expressed in terms of
out to check the overall stability of the experimental setup, aither the center-of-mass or the site-site structure factor.
well as of the sample. The overall temperature stability wag'hese two quantities are directly related to each éfthier
much better than 0.1 K. However, according to the sensothe free-rotation approximation that will be used below for
characteristics, we assumed an error of 0.1 K in the temperdaydrogen. We chose to express our results in terms of the
ture reading. A similar protocol was adopted for the pressureenter of mas§(k) for consistency with previous results and
reading, assuming an absolute error of 0.1 bar with a predor ease of comparison with the PIMC simulation, where the
sure stability much better than this amount. Densities wereenter-of-mass structure is the natural output. The data treat-
determined by the equation of state of Ref. 21. ment needed to extract the structure factor requires the cal-
In order to properly subtract the background and containeculation of theself part of the molecular double-differential
scattering, we made an additional measurement, withouteutron cross section of parahydrogen. This can be done us-
changing the experimental setup, filling the container with ang the Young and KoppélYK) theory?® Here, the hydrogen
small amount of gaseoue. The density of the gas was molecules are modeled as a set of noninteracting particles
chosen such as to match the attenuation of parahydrogeyossessing their relevant internal degrees of freedom. Thus,
with the absorption power ofHe. The details of the proce- each molecule is considered separately, and the intramolecu-
dure can be found in Ref. 22. We used the vald@) lar roto-vibrational modes and spin correlations are explicitly
=43.4 barn for the molecular hydrogen-scattering cross sedaken into account. The vibrational modes are considered
tion at the incident-neutron wavelengthin Fig. 1, we show harmonic, and the rotations are free. This model applies to
the measured intensity for state (=17.1 K and p  our case because, as long as the system is in the fluid phase,

6000
5000 - FIG. 1. Diffraction intensity from liquid
g parahydrogen atT=17.1 K and p=29.9 bar.
S 4000 What in the figure appears as a bold line is com-
g 7] posed, instead, by the ensemble of the experi-
« mental points and their error ba(sf the order of
S 3000 4 0.199. The tiny structure in the regiork
B =2 A lis the signature of the main peak of the
$ intermolecular structure factd®k). The dashed
@ 2000 - line is the calculated self-molecular part, the
8 dash-dotted line represents the Monte Carlo cal-
1000 - culation of multiple scattering, and the dotted line
is the fitted background. The thin solid line is the
sum of the three terms.
0 L}
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the anisotropic components of the intermolecular potentiatiency and size effect of detectors and samjddel SE).
have negligible effect®-22 Moreover, at low temperatures, The dist term represents the intermolecular structural re-
only the ground vibrational and rotational states are popusponse, which is multiplied by its relevant Paalman-Pifigs
lated and, using thermal neutrons, no vibrational transition isttenuation coefficient. For parahydrogen, thstinct cross
allowed. Within the applicability limits of this model, a rig- section can be written &

orous calculation of the double-differential neutron cross

section is possible. However, since the YK model neglects (E) = u(k)[S(K) - 1] (3)
intermolecular interactions, it is known to be inadequate to dQ/ gist '

describe the center-of-mass dynamic structure factor . )
S.eifk, w) in dense hydrogen. where u(k) is the molecular form factéf and S(k) is the

We have show# that a modified Young and Koppel unknown center-of-mass structure factor. o
(MYK) model can be defined that allows, in a mean-field- " Ed- (2), B(K) represents a background term, which in-
framework approximation, to extend its applicability range¢ludes the calculated multiple-scattering contribution as well
to the dense fluid phase of interacting molecules. It is welPS & possible residual background modeled by an even poly-
known that for hydrogen, due to quantum effects, the averfomial ink, P(k?). Equation(2) was fitted to the corrected
age center-of-mass kinetic energy is different from the claséxperimental data shown in Fig. 1, usiAgand the coeffi-
sical vaIue(Ek>:§kBT and depends on densiTo account C|ents_ of P(k?) as free parameters. As the model function
for this property we used an effective temperatifia; contalnsS(k), which represents our final goal,_ we removed
=41 K, as measured in a neutron—inelastic—scatteringirom the fit range an intervadyi, <k<knay that is expected
experiment® in the width of the Gaussian that describes thet0 be affected by the presence of the structure factor. Thus,
dynamic structure factor of the molecular centers of mass. We used only those data points where an independent knowl-
The vibrational-rotational coupling too can be accounted foredge ofS(k) is available. In the lovk region, we assumed a
in an effective way, using the experimental values for theconstant value foSkk) determined by the isothermal com-
rotovibrational energie¥ The self portion of the double- pressibility. In other words, we approximated, in H§),
differential neutron cross section, calculated with the MYK S(k)=S(0) for the data points belonging to the interval O
model, can be integrated, for each scattering amglever ~ <Kk<Kpy;,. For the data points &=k, we approximated
the energies of the scattered neutrons. The result, properf{€ structure factor by its higkiimit value (i.e., we assumed
normalized as described below and corrected for attenuatiof(k) =1).
detector efficiency, and for finite-size effects of sample and A third-order polynomialP(k?) was found sufficient to
detectors, is represented by the dashed line in Fig. 1. describe the backgroundotted line in Fig. 1 that, as ex-

A thorough analysis of the measured cross section, in thpected, turned out quite smaller than the multiple-scattering
region ofk=5 A%, shows a slight variance of the peak po- intensity, confirming that the latter was calculated with good
sition with respect to the MYK calculation in all the mea- accuracy. The goodness and stability of the fit was also ana-
sured spectra. This cannot be attributed to the calibration dfzed as a function ok, with ki, kept at 0.5 A*. A good
the instrumenk scale, as it was checked by the position of stability could be obtained fok.,, in the range 4-5 AL
the tiny Bragg peaks of the empty container. Therefore, wélhe results from the PIMC simulation confirm that, in this
are forced to attribute this slight variance to the not-perfectegion,S(k) is already sufficiently close to 1 so that the co-
adequacy of the MYK model in accounting for teelfterm  herent term could be safely neglected with respect to the
of the parahydrogen cross section in the liquid state. average size of the experimental errors.

With respect to the MYK calculation, we observe an extra A final comment should be devoted to the calculation of
intensity in the measured data. The similarity in shape bethe intramolecular contribution. As we have already men-
tween the measured pattern and the calculated intramoleculdoned, the MYK model does not give a quantitatively pre-
cross section indicates the presence of a rather unstructuretse description of theself cross section of parahydrogen,
background, which is expected to be mostly due to multipleeven though its accuracy turns out to be rather good. In our
scattering. In order to properly subtract this unwanted conease, we find that the maximum position of the calculated
tribution, we performed a Monte Carlo simulation of the self-contribution does not coincidéy a mere=0.15 A™%)
multiple scattering, using as input the calculated MYK crosswith the experimental determination. In order to circumvent
section. As expected, we obtained a smooth functiofk,of the problem and to produce a theoretical calculation closer to
also reported in Fig. 1dash-dotted ling At this point, the the experimental data, we decided to allow a slight variation
main ingredients were available and we could proceed tof the equilibrium distance between the two protons in the
determine the intermolecular center-of-mass structure factoMYK model. By this expedient, allowing for a slightly
A model function was built according to higher value for the intramolecular distante4 % higher

than the free-molecule gas value in the ground stRe,
attSE do =0.741 A we were able to obtain a small change in the
lexd 0) :AKE) +As,sc(k)<ﬁ) + B(k)] (2)  position of the maximum, with a clear positive effect on the
self dist quality of the fit. It is important to stress that even the inclu-
whereA is an overall normalization parameter. Téelfterm  sion of the effects of intramolecular potential anharmonicity,
is the result from the MYK calculation, attenuated by thewould not allow for such a correction. In fact, a calculation
self-absorption(label att) and corrected for detector effi- based on the Morse potential would only increase the equi-
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FIG. 2. Measured intermoleculécenter-of-magsstructure fac- 1.0
tor of liquid parahydrogen af=17.1 K and p=29.9 bar (open 1'0 ] ' ' ' ' 3 ]
circles with error bans The value forS(k=0), shown as a black dot, -] ( )_.
is given in Table I. 0.5 7 3 ]
0.0 1 Q0p00 0002008 $¢
librium distance by=1.2 %. Thus, the small variation &, -0.5 ]
used in the present calculation, should be only regarded as a -1.0 T T T T
0 1 2 3 4 5

heuristic way of improving the quality of the fit, still using
the simple MYK model and a low-power polynomiB(k?) k(A"

to account for the residual backgrouftaf. Fig. 1).
Following the procedure just outlined, we were able to FIG. 3. Comparison between the measured intermolecular

determine the center-of-mass structure factor of liquid(center-of-mass structure factor of liquid parahydrogefopen
parahydrogen. This is achieved by subtracting from the datéircles and the PIMC simulation resultéull lines). The graphs are
the fittedB(k) and the calculated self-part, obtaining the in- Shown as a function of decreasing densityp to bottom. The
termolecular term{do/dQ)g. As the molecular form factor Plack dots ak=0 are taken from Table I.

u(k) is known2 the final result forS(k) can be easily derived = ,
using Eq.(3). The quantityS(k)—1 is shown in Fig. 2 in the sical limit) to P=4, 8, 16, 32, and 64 in order to check for thg
range ofk between 0 and 5 &. The data show a peak value cOnvergence of results to the_ correct qqantum-mechamcal
of 2.17 for S(k). Then, an undulation is observed with a limit.®8 The center-of-mass radial distribution functigfr),
simulated with the SG potential, is displayed in Fig. 4 for

broad maximum between 3.5 and 4*AThe shown error P=16 andP=32 in order to show th lity of th
bars account for both the statistical uncertainties of the ext _ —° andr=sz 1n order {o show Ihe quality ot the conver-

perimental data and the estimated systematic errors intrdlence to the quantum mechanical limit. The results For
duced by the choice ok, in the fitting procedure. The e
black dot atk=0 represents the compressibility limit, ob-

tained from the thermodynamic d&aThe same data treat- 0.8
ment was carried out for the other thermodynamic states 961
obtaining structure factors similar to that of Fig. 2 and shown 0.4

in Fig. 3. 0.2
T 00 /\\//\v
S 02 \/
IV. THE PIMC SIMULATIONS 04
A set of PIMC simulations was carried out at the same ¢
temperatures and densities listed in Table I. ThWET** simu- 08
lations were accomplished using both the isotropic compo-
. . . . '1.0 1 1 L) 1 T Ll T
nent of the phenomenological pair potential derived by Nor- 0 2 4 6 8 10 12 14
man et al3® (NWB) and the semi-empirical isotropic pair )

potential derived by Silvera and Goldnfar{SG). Both po-

tentials are reliable, with the NWB being more oriented to-  F|G. 4. PIMC results for center of maggr) of liquid parahy-
ward the pair interactions and the SG taking into account, ifirogen as a function of the Trotter number. The graph shows the
an effective way, the many-body interactions. The PIMCsuperposition of the results with=16 (doty and P=32 (line) for
simulations were implemented using the primitive the thermodynamic point 1, using the SG potential. P32 and
algorithn?” and varying theTrotter numberfrom P=1 (clas-  P=64 results are indistinguishable, even numerically.
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=32 andP=64 are almost indistinguishable, even at the nu- 1.5 y T A T y T
merical level. . 3
Only slight differences are obtained if the NWB potential 1.04 £ ]

is used. For example, witR=32, the peak of(r) 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 pressufp=-9 bay, the one with the SG
potential produces a positive val(g=6 bayp that, however,

is still lower than the true experimental val(ef. Table )).3° e ' —T
The center-of-mass radial distribution function produced
by the PIMC simulations is limited to intermolecular dis- 1
tances smaller than some maximum vaRjg,,, determined
by half the shortest edge-length of the simulation ffbAt . :
the investigated densities, we obtaRy,.~13.6 A. How- 3 4 5
ever, in order to calculate the structure factr,) has to be K(A")
extrapolated smoothly tovalues high enough to avoid trun-
cation effects in the Fourier transform FIG. 5. Comparison between the present experimental determi-
4 - nation for state AT=17.1 K andn=22.95 nm?3, full squares with
_ 4mn : error bar and the data obtained from Ref. 19=15.2 K andn
Sk=1+ k fo dr r sin(knht(r), ) =22.71 nm?, open circles The line represents the present PIMC

simulation results. The value kt0 (large black dotis from Table
whereh(r)=g(r)-1. l.
A simple and well-established procedure of extrapolating

g(r) beyondRy., is the recipe by Verlet; who suggests to  case, the agreement between simulation and experiment was
approximate the asymptotic behaviorfgf) using a damped extremely good. In the present case, an overall quantitative
oscillatory function of the following form: agreement with simulation is also found, although the

. resent experiment appears to be much more difficult and the

h(r) ~ (Ag/r)exp(—r/rg)sin(r/ry). ®) ggreementpof a Iesserr)%uality.

The parametergy, ro, andr, were obtained by fitting the It is interesting to compare the present structural informa-
functional form(5) to the simulation results, starting from tion to the results of the neutron-diffraction experiment by
the third zero ofh(r), i.e., atr=6 A. In this way, we could Dawidowski et al® To this aim, we report, in Fig. 5 the
eliminate spurious oscillations i&(Kk). The structure factors present data for state(T=17.1 K andn=22.95 nm?) with

thus obtained are compared with the experimental results ifeir determination aff=15.2 K andn=22.70 nm® We
Sec. V. point out that in Ref. 19 only temperature and pressure were

given and the density was calculated by us using the equa-
V. DISCUSSION tion of state in Ref. 21. _ _ o .
From a careful analysis of Fig. 5, it is interesting to ob-
The structure-factor data of parahydrogen, obtained fronserve that, in spite of the difficulties of both experiments and
the present experiment according to the procedure describebe different techniqueéve remind that the authors of Ref.
in Sec. lll, have been compared to the results of the PIMCL9 used a much lower incident neutron energy which implies
simulations outlined in Sec. IV. As we have already dis-a totally different data analysis procedyréne two sets of
cussed, we found no relevant difference in using the twalata are consistent on an absolute scale. In the region of the
intermolecular potentials, namely, SG and NWB. In the fol-main peak, the experimental determination by Dawidowski
lowing, we will show the results for the Silvera and Goldmanet all® gives a higher value for the structure factor with
potential. We remind that the simulation conditions were therespect to the present data which, in turn, are higher than the
same of the experiment, i.e., imposing the same temperatur@MC results. In the region of the minimum around 3'A
and densities as the ones reported in Table I. As shown ithe data of Ref. 19 are closer than ours to the simulation
Fig. 3, the agreement is rather good, although the experimemtata. By contrast, our experimental data are much closer to
tal data appear consistently higher than the simulation resulthe simulation in the lovk region and along the rising edge
in the region of the main peak and up+48.5 A1, At lower  of Sk). It is difficult to attribute these variations to the

k, the data agree well with the PIMC results. slightly different thermodynamic conditions, even though the
We have checked the dependence of the main peak heighitfference in density is=1 % and that, in the temperature, is
on the fit procedure used to extrapolafe). We found no =12 %. At any rate, by comparing the present simulation

substantial variation of the maximum &k) with either results to previous oné§,carried out atT=15.7 K andn

changing the fit range for E@5) or using different damped =22.8 nm?3, we tend to exclude this possibility.

oscillating functions. Another interesting comparison can be carried out at the
A corresponding investigation had previously been carriedevel of the density derivative &(k) at constant temperature

out on liquid deuterium, in similar thermodynamic condi- (Fig. 6), using the present data and another independent ex-

tions and using the NWB intermolecular potentfaln that  perimental determination carried out at the neutron-pulsed
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FIG. 6. Density derivative, at constant temperature, of the inter-

molecular structure factor. Comparison between the present experi- FIG. 7. Temperature derivative, at constant density, of the inter-

mental determinatiofopen circles, obtained from the data labeled 1 molecular structure factor. Comparison between the present experi-

and 2 in Table ) and the results from Ref. 11ull square$. The line  mental determinatiofopen circles, obtained from the data of states

represents the present PIMC simulation results obtained using th@and 4, corrected using the density derivative shown in Bign@l

SG potential. The value &=0 (full circle) is obtained from the the results from Ref. 1ifull squares. The line represents the

experimental compressibilities. present PIMC simulation results, using the SG potential, and ob-
tained using the same procedure as for the experiment data. The

source ISIS(U.K.).1! The present resultéexperiment and value at k:O (full circle) is obtained from the experimental

PIMC simulation have been obtained from states 1 and 2compressibilities.

listed in Table I. The two sets of data are consistent with each

other, even though some quantitative differences emerge. lifie errors on the density derivatifef. Eq.(6)]. We note that

the same figure, the line represents the present simulatidghe PIMC results quantitatively reproduce the experimental

results. shape. We observe that both the experimental data and the
Looking at Fig. 6, we observe that the previously néted PIMC simulation are consistent with the thermodynamic in-

variance in the lowk region of the density derivative &(k) formation derived from the compressibilifjarge black dot

is now counterbalanced by the present experimental resultgt k=0).

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 derivativeStk), in VI. CONCLUSIONS

the region below 1.8 A In fact, by comparing the simula- . .

tion regsults to the weighted average of the two independent We_ have report_ed on the results .Of a neut_ron-dlffractlon

experimental results we would obtain a good agreement witﬁXpe”menft by w]tuchl_wg dhave (r)]b:jamed th%:ntelrmolecu:?r

PIMC simulation results. Thus, it might be suggested that th?r::?;rtgéfeecag:)(r:orﬂrribﬂ%n t[c))atﬁe icialot?:r?r;g h;s birgﬁ CSa(TCL-J

two experiments were affected by errors of different ongmIlated using an improved mod@YK ) for the self part of the

and that their average is likely to describe the true behav.loedynamic-scattering cross section and subtracted from the

of S(k) at constant density. As the experiments were not cargata' The same MYK model has been used to compute, by

ried out on an isochore, we used the data of states 2 and peans of a Monte Carlo simulation, the multiple-scattering

. component. This contribution also has been subtracted from
corresponding to the same pressure. Thus, the temperatutre

derivative was derived using the following expression, both e measured cross section, and we were able to determine
) 9 ) g exp ' the intermoleculatdistinct) term that carries the information
for the experimental and PIMC data:

on the center-of-mass structure factor of liquid parahydro-
ds Su(k) = Sy(k) ds\ (n,-n, gen. The present results have been compared to the available
(ﬁ) = “1.-1. ) \an)\7, -1,/ (6) determinations, in similar thermodynamic conditions, pub-
n 402 T2 lished in the literature and with our own PIMC simulation
The result is depicted in Fig. 7, where the present experimentsults. The comparison, as far as the experimental data are
and simulations are represented by open circles and a contencerned, is satisfactory, especially considering the diffi-
nous line, respectively. In the same figure, we also reportedulty of the experiments. Neither set of data appears to be in
the data from another independent measuremégul full agreement with the PIMC results, with the present deter-
squaresthat had been obtained from the experiment of Refmination closer to the simulation results in the low-
11. The two sets of experimental data results are consistentomentum region up to the first peak, and the data of Ref.
with each other, although the present ones are affected 9 more consistent with the PIMC results in the region of the
larger uncertainties because of the extra contribution fronminimum around 3 Al
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The density derivative of the structure factor obtainedis a positive indication of the increasing accuracy of the ex-
from the present data has been also compared to previogerimental techniques, but calls for a further improvement of
results obtained from a pulsed neutron-diffraction experithe neutron-diffraction techniques to definitely solve the
ment. Also in this case, the comparison between the experproblem of an accurate determination of the static structure
mental results is quantitatively satisfactory. The previouslyfactor of molecular hydrogen in the liquid state. This remains
observed! variance between the experiment and simulationa long-standing objective in physics of liquid matter, whose
noted in the lowk region of the density derivative &(k), fundamental and applicative involvements are self-evident
comes out reversed in the present results and is likely to beowadays.
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- The skillful technical assistance of Pierre Pallg@LL,
perature derivative 08k) confirm the previous determina- Grenoble, Frangds gratefully acknowledged. This work has
tion and agree with the PIMC simulation. been partially supported by the Istituto di Fisica della Mate-

The overall convergence between the various experimerria (Italy) and by the Ente Cassa di Risparmio di Firenze
tal determinations o8(k), obtained by the different groups, (Project Firenze-Hydrolab
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