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Neutron diffraction determination of the thermodynamic derivatives of the microscopic structure
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We have measured, using time-of-flight neutron diffraction, the thermodynamic derivatives of the micro-
scopic structure factor of liquid parahydrogen in the vicinity of the triple point. Experiments have been carried
out on theT=17.1 K isotherm and on the=22.2 nm  isochore so that the thermodynamic derivatives at
constant temperature and density could be evaluated. The hydrogen data have been compared with the corre-
sponding quantities for deuterium and quantitatively significant differences have been observed. Assuming that
hydrogen and deuterium experience the same intermolecular potential, these differences can only be attributed
to the different quantum behaviors of the two molecul&0163-18208)04938-§

[. INTRODUCTION take into account the quantum diffraction effect only. How-
ever, while for liquid deuterium\ g is a sizeable fraction of
Experimental investigations of the microscopic structures, and therefore quantum effects are rather large, in neon
factor of quantum liquids have missed one of the most interA 55 never exceeds/3 and therefore a reduced influence of
esting cases. Following determinations of the structure factoquantum behavior is expected. In fact, a fully quantum-
of helium over a wide range of thermodynamic state pdints mechanical simulation procedure is necessary to reproduce

and liquid neorf,the structure factor of liquid deuterium was the microscopic structure factor of liquid deuteridmhile a
measured both in the vicinity of the triple poifitand close  much simpler quantum correction procedure is sufficient to
to the freezing transition.However, due to the large inco- obtain the microscopic structure of liquid nebm similar
herent neutron scattering cross section of protons, neutrofuantum correction procedure, applied to liquid deuterium, is
diffraction experiments on light hydrogen have so far, to ourshown to diverge at small distances.
knowledge, not been attempted. Thus, it seems that for hydrogen we are facing a situation
There are several reasons to derive experimental informaghere quantum diffraction effects are very important but the
tion on the microscopic structure of hydrogen. The peculialexchange phenomena are expected to be still limited. Such
behavior of a quantum liquid can be considered to arise fromyn jntermediate case is very important because theories and
the delocalization of the particles, due to the spread of itsimulation techniques are much more easily implemented in
wavepacket as measured by the DeBroglie thermal waveghsence of quantum exchange, when the individual mol-
length A pg=h/(27MkgT)"2° Hereh is the Planck’s con-  ecules can be modeled as Boltzmann particles. However, in
stant,kg is the Boltzmann constani is the particle mass, spite of the importance of hydrogen and the interest in its
andT is the temperature. Whehpg becomes sizeable with  microscopic structure, there is a lack of experimental infor-
respect tar (the hard core diameter of the particguantum  mation from both neutron and x-ray scattering.
diffraction effects start to emerge. However, the particles re- There are two main reasons for the lack of neutron dif-
tain their distinguishability and Boltzmann statistics still ap- fraction data. First the ratio, in molecular hydrogen, between
plies. In contrast, at very low temperature, wh&gg be-  the coherent and incoherent scattering cross sections for neu-
comes comparable with the average interparticle disthnce tron scattering is very unfavorable. For molecular hydrogen,
the delocalization is such as to allow the occurrence of exthe incoherent scattering cross section is almost two orders
change effects, and quantum statistics begins to play a rolef magnitude larger than the coherent one. In fact the inco-
The comparison betweehpg, o, andl, for the simplest herent scattering cross section is still relatively small for
quantum liquids is reported in Table I. It appears that inlow-energy neutronsH,<14.5 meV)? that is, for neutrons
helium the exchange quantum effects are always importantvhich are unable to excite the first rotational transition.
In particular, whem\ g /1=1.66, the effect becomes macro- However, neutrons of such a low energy are almost useless
scopic with the appearance of the superfluid phase. For hyte determine the microscopic structure factor.
drogen, the overlap of the wavefunctions of two neighboring The second reason is related to the role played by inelastic
molecules is much smalle\pg /I <1), although the spread scattering effects. The way the inelastic scattering contribu-
of the molecular wave packet exceeds the sizeradt the tions affect the measured diffraction pattern, and how the
triple point. In deuterium and in neon the exchange effecte&xperimental data can be corrected for it, have been the sub-
are even smaller. The value A,z never exceeds the size of ject of much worki®!! This correction is obviously more
o and, to reproduce the experimental data, it is sufficient talifficult for a molecular system than for a monatomic one,
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TABLE I. Evaluation of quantum effects for common quantum liquids. The subscript CP and TP refer to
the critical point and to the triple point, respectively. For helium, TP indicates\tipmint. Apg is the
DeBroglie wavelength defined in Sec. I. The parameterand | represent the hard core diameter of the
particle and the average interparticle distance, respectively.

System Tcp (K) Trp (K) ngp (nM™3) ngp (nM™%) (Apg/a)cp (Aps/o)te (Aps/lcp (Ape/lte

He 5.20 2.18 10.47 21.99 1.50 2.31 0.84 1.66
H, 33.19 13.96 9.00 23.06 0.72 111 0.44 0.94
D, 38.34 18.71 10.44 25.99 0.47 0.68 0.31 0.60
Ne 44.4 24.55 14.31 37.2 0.21 0.29 0.14 0.26

and at the present time no quantitatively reliable method ofjround. In fact, a rough calculatidf,assuming that the in-
subtracting the inelastic scattering from hydrogen containingermolecular(center of magsstructure factor of liquid His
materials is available. Two features related to the effects oimilar to that of B, would predict a coherent modulation of
inelastic scattering on the diffraction spectra are of interesthe order of 4% of the incoherent background. So, the ex-
here. FirSt, their importance increases with the Scatterin@eriment appears to be intrinsica”y difficult. However, the
angle. As a consequence, if for example a neutron diffractiotyation improves if pure parahydrogen is considered. In
experiment is carried out at a reactor source, where the variqact, in this case, due to the decrease of the intramolecular
tion in the exchanged momentuliQ is obtained by chang-  gcattering term at lowQ for parahydrogen, this ratio be-
ing the scattering anglé, the inelasticity appears as a typi- comes 10% in the region of the first structure factor peak and
cal fall-off of t'he mgasured mtensﬂy as a function @f_ the experiment appears feasible with a reasonable accuracy.
Secondly, the inelastic scattering effects are larger for light Based on this premise we have carried out a neutron dif-

mass systems. Since the critical parameter is the ratio b(?- : : L :
. fraction experiment on liqui rahydrogen usin I
tween the mass of the neutron and that of the target particle action experiment o qu d para yd_oge using pu se_d
fleutrons and a low scattering angle diffractometer. In this

the correction procedure first introduced by PlacZekhich g{)aper the results we report represent a real breakthrough in

relies on an expansion in the mass ratio, becomes unmana B . - - . .
. S ’ : e experimental access to the microscopic properties of lig-
able when this ratio is 1/emolecular hydrogen That is the uid hydrogen. In Sec. Il we give a detailed description of the

maximum value for any substance. In addition, if the impor- . e :
. . : . experimental setup. The description of the analysis of the
tant ratio were that relative to the atomic mass in the mol-

ecule, then the mass ratio becomes 1:1 for hydrogen and tiaw data and the extraction of the useful information is de-
Placz’ek expansion is completely unwbrkable scribed in Sec. lll. Finally, in Sec. IV, we discuss the results.

In this case there is an intrinsic advantage in using time-
of-flight (TOF) neutron diffraction for measuring the static

structure factorS(Q) of liquids composed of light mol- Il. EXPERIMENT DESCRIPTION
ecules, which is simply related to the fact that here the scat-
tering angle is kept fixed and the spreadQnis obtained The experiment was carried out on the Small Angle Neu-

from the energy distribution of the incident neutrons. Thetron Diffractometer for Amorphous and Liquid Samples
inelasticity effect is now roughly constant with increas@@g  (SANDALS) of the pulsed neutron source ISI®.K.). A

and nearly zero for low scattering angles, except at @w cylindrical sample containginternal diameter 6 mm, exter-
where the small mass ratio is once again apparent, and thel diameter 6.35 mm, height 80 mymade of vanadium,
inelasticity correction rises noticeably above the laQe was fixed to a copper thermal bypass that was designed to
limit. In principle, the effect could be computed and cor- stay outside the neutron beam. This, in turn, was connected
rected for. However, the calculation depends again, cfititg the cold finger of a closed circuit helium refrigerattor a
cally, on thg masgratiq between the neutron and the mok.pematic drawing see, for example, Ref. Bhe vanadium
ecule and, in addition, it needs to be computed for & very,ntainer was connected with the external gas handling sys-
wide energy distribution of the incident neutrons. tem by means of a 1/16 in. OD stainless steel tube, wrapped

Therefor_e any correction procedure is not fuIIy_ rellat?le’with an electric heater to avoid blockage. Inside the scatter-
but the availability of pulsed neutron sources, and in particu-

lar the possibility of working at small scattering angle, haslcnaaa(lzes”t’ n?;;eo(fjftgeon_elilrog p?rt]hc’)réveer ,:) aﬂ;?::;;e?h:rzg'd
made it possible to greatly reduce the problem of the inelas-f Y on § 3% h2 dS, ¢ hvd
ticity corrections and to perform accurate diffraction experi-0 conversion Irom orthonydrogen 1o paranydrogen.

ments on light fluids: the static structure factor of liquid deu- S @ first operation, we carried out a background run, at
terium has in fact been recently measured to good®°m temperature, with the sample container removed from

accuracy® using this technique. the beam, but with the cryostat in place. Then, the vanadium

Thus the residual difficulty for performing an experiment container(empty was placed in the beam and a second run,
on hydrogen is the unfavorable ratio between the cohereritill at room temperature, was recorded. In this way, we
and the incoherent cross section. Because of this ratio, theould use the empty container to calibrate the detectors effi-
coherent scattering contribution, which carries the informaciency. The cryostat was then cooled down to 17.0 K and a
tion on the intermolecular structure, is expected to becomsecond empty container run was measured.
almost invisible due to the overwhelming incoherent back- Liquid hydrogen was condensed directly into the scatter-
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TABLE II. Details on the thermodynamic conditions of the ex- 30
periment. The estimated error on the temperature is 0.1 K, that or Y
the pressure is 0.1 bar, and that on the densify.@3 nn1 3. 25 /\

\/’\,__ .......................................
State T (K) p (bap n (nm~%) ~al
1 17.1 2.0 22.22 s 1 i
2 17.1 29.9 23.00 g 154
3 20.3 29.9 22.22 g i
4 17.1 16.2 22.61 % 104
5 18.6 15.9 22.19 O
b

ing cell, stabilized aifT=17.1 K, keeping an external pres- 0
sure of ~2 bar. The liquid sample was then subjected to 0 w0 20 s 40
small, rapid, temperature variations so that the induced tur- QA"

bulence led to a continuous and efficient interaction with the

catalyst. The rate of convergence was measured observing FIG. 1. Raw diffraction pattern of liquid parahydrogen before

the low-Q behavior of the scattering cross section. In fact,applying the correction procedures. The main features are of in-

the regionQ—0 of the diffraction cross section of parahy- tramolecular origin, while the intermolecular contribution is hardly

drogen is much lowef0.56 barn/molecule/steradhan the visible in the region of 2 A* (10-12 units on the vertical scale

corresponding cross section for normal hydrogdms.28  The falling down of the spectrum at l0W is characteristic of

barn/molecule/sterad?® Therefore, we could observe, in real parahydrogen and indicates a full conversion of the sample to the

time, the evolution of the sample towards thermodynamicauilibrium composition.

equilibrium. This was reached in a few hours, with an esti-

mated mixture composed of 99.96% of parahydrogen. the intermolecular structure factor appears as a tiny shoulder
Five thermodynamic points were measured in the vicinitythat is located around 10—12 units of the vertical scale of the

of the triple point, in the pressure range between 2 and 3@ross section. Here, we see the advantage of working with

bar. Three points were selected on fhe 17.1 K isotherm  parahydrogen. Had we used normal hydrogen, the Qow-

and three on th@=22.2 nn1 ® isochore. For each thermo- region would have been at the same level, or even higher, of

dynamic point we measured four independent subruns of 50fhe highQ background. Therefore, the intermolecular struc-

1A integrated proton current of ISIS, corresponding to ature would have been superimposed on an intramolecular

total measuring time of-14—16 h. The details of the ex- signal 2-3 times larger than in that case.

perimental conditions are reported in Table Il. The densities To extract the intermolecular information from the in-

of the samples have been derived using Ref. 13. The temramolecular background it is noted that, for a homonuclear

perature stability of the sample was found very good andiiatomic molecule, the measured total cross section can be

within 0.2 K with respect to the set point during the whole expressed ds

experiment. Finally, at the end of the experiment, we carried

out a further calibration run, using a vanadium rod in place

of the scattering cell, in order to avoid any possible problem do
in the following analysis. go ~UQIS(Q)~1]+v(Q)+P(Q), 1)

Ill. DATA ANALYSIS AND RESULTS . .
where S(Q) is the static structure factor of the molecular

The raw data were collected on 14 detector banks, at varieenters of mass and the functionéQ) andv(Q)=v(Q,t
ous scattering angles, distributed between 3.8° and 31.2°0) are molecular form factors which are interpreted as the
We used the standard routine packageas (Ref. 14 to  intermolecularandintramolecularneutron cross sections, re-
correct the raw data for background and container scatteringpectively. The unknown functio(Q) accounts for the
absorption, and multiple scattering. Each spectfome for  inelastic scattering corrections. We point out that writing Eq.
each different scattering anglevas then converted to the (1) implies neglecting completely the orientational correla-
final scattering cross sectidper moleculg and was normal- tions. This is a reasonable assumption for liquid hydrogen, as
ized to absolute units using the vanadium empty can as & is well known that the same assumption is well verified
reference sample. A test calibration procedure, carried outven in the solid phase.
using the vanadium rod sample, gave similar spectra within If a free rigid-rotor model is applied, then the expressions
the experimental errors. In Fig. 1 we show a typical diffrac-for the molecular form factors assume a very simple analyti-
tion pattern of liquid parahydrogen. Most of the features ob-cal form1® However, based on our previous experience with
served in the figure are due to the hydrogen intramoleculadeuterium, we know that this simple model is insufficient
structure. The large decrease of the measured cross sectiornead should be generalized. To first order approximation the
low-Q is peculiar to parahydrogen in the statee0. The molecule can be modeled as a freely rotating harmonic os-
spectral features that carry the information on the intermocillator. In this case, the molecular form factors are also
lecular structure are hardly visible on this scale and are loknown and can be expressed as a sequence of functions ap-
cated in the region 0©~2 A~1. In particular, the peak of proximating the true behavidf. To the lowest order, the
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FIG. 2. Average(over the 14 detector banksf the difference FIG. 3. Average(over the 14 detector banksf the difference
spectrum at constant temperatufie=(17.1 K) and different densi- spectrum at constant densitn£22.2 nni ®) and different tem-
ties (n=23.0 and 22.2 nm®). The noisy regions come out aver- peratures T=20.3 and 17.1 K The noisy region is mainly at high
aged to zerdwithin the error$ while a rather nice picture emerges Q and is averaged to zefwithin the errorg. A rather clear behav-

in the region of 1.5-3.0 AL, ior emerges in the region of 1-37A.

functionsu(Q) andv(Q) are the familiar rigid rotor func- The procedure adopted was to fit a Chebyshev polynomial
tions that are now modulated by a Debye-Waller factor. Foiof a suitable low order to the data. The order was chosen
pure parahydrogen, these are high enough to remove as much as possible any divergence

y o 5 of the scattering at lov®, but sufficiently low that it did not
0(0) 452 ~ AowQ7)sin(QD./2) , ~ remove any of the important intermolecular interference
u(Q)=4ace ex 2 (QD./2) 2) structure at largef. The difference between the data and
this polynomial was then subject to a Fourier transform, and
and any structure at unphysically low values was back trans-
0/ ) = 9( a2 2 2 _ .2 formed to Q space to yield a correction to the polynomial
vTHQ)=2(@conT @inc) +2(Bon~ Ainc) background. Finally the full background, polyn%m)i/al plus

5 Sin(QD,) Fourier transform, was subtracted from the diffraction data to
XGXK—Z)\DwQZ)(Q—D), (3)  vyield the interference differential scattering cross section.
¢ The degree to which this incoherent background subtraction
where A pw=(A/2M w,)*?=0.0044829 nm is the Debye- procedure is effective was assessed by comparing the inter-
Waller wavelengthM is the molecular mass, and, is the  ference functions obtained from different scattering angle
circular frequency of the molecular vibration. The parametetanks of detectors. Good overlap between the banks after
D, represents the average equilibrium distance of the twaubtraction indicated that the procedure had been successful.
nuclei (D,=0.074144 nm The scattering lengths a®e.g, The analysis was then completed, taking advantage of the
= —3.741 fm anda;,.=25.28 fm!’ The sequences converge same standard routines that were used in the case of liquid
rapidly and it is found that their limiting behavior can be water!® to subtract the intramolecular portion from the dif-
well represented by Eq$2) and (3) if the parametera.py  fraction spectrum. The resulting intermolecular contribution,
and D, are substituted with slightly different effective however, still turns out to have too large systematic errors to
parameter$? The effective values used here wekg,, enable a realistic comparison with the available theories.
=0.004517 4 nm an®,=0.073032 nm. However, when we attempted to evaluate the thermodynamic
A similar procedure was successfully used to analyze théerivatives of the structure factor, we were pleased to find a
diffraction data of deuterium® In the present case, however, better agreement among the various spectra. In fact, a raw
the same procedure could not be applied to the present hguperposition of the 14 difference spectra taken at constant
drogen data. In fact, the size of the inelastic scattering cortemperature T=17.1 K) and different densitie$23.0 and
rections, that is expected to be proportional to the total cros82.2 nm 3) reveals that the region around 2~ Acarries a
section, becomes now relevant. In other words, the corredefinitely clear information out of a generalized noise. The
tion termP(Q), that was neglected in the deuterium experi-same is true for the 14 difference spectra taken at constant
ments owing to the small scattering angle configuration, nowdensity (22.2 nm?®) and different temperature®0.3 and
seems to play a relevant role and should be taken explicitht 7.1 K). Basing on these results, we have averaged the 14
into account. In addition, due to the magnitude of the in-difference spectra, taken at constant temperature, obtaining
tramolecular contribution to the scattering cross sectionthe average density-difference that is reported in Fig. 2. In
even small fluctuations in the instrument electronics becom€&ig. 3 we report a similar result for the temperature differ-
now crucial and tend to generate noise that submerges thence at constant density. The resulting error bars are fairly
signal. For these reasons, we decided to use a different prtarge, but the behavior of the two functions appear clear and
cedure that was already successfully tested in the analysis glialitatively similar to that of the corresponding quantities
the diffraction spectra from water and therefore should solvefor deuterium(cf. Fig. 6 of Ref. 3.
in principle, the same class of probleffis. The evaluation of the thermodynamic derivatives was car-
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FIG. 4. Experimental determination of the density derivative, at FIG. 5. Experimental determination of the temperature deriva-
constant temperature, of the intermolecular structure fagtq@)  tive, at constant density, of the intermolecular structure fas¢Qr)
(black dots with error bajsfor liquid parahydrogen at=17.1 Kk  (black dots with error baysfor liquid parahydrogen at =18.7 K
andn=22.61 nm 3. The line is a spline fitting to the data of liquid andn=22.22 nn 3. The line is a spline fitting to the data of liquid
deuterium(cf. Ref. 7 in similar thermodynamic conditions. deuterium(cf. Ref. 7) in similar thermodynamic conditions.

; ; ; : ; _Fig. 4 for the thermodynamic poim=22.6 nm?3andT
ried out in the two points characterized by the pair of ther —17.1K. In Fig. 5 we have reported the temperature deriva-

mOdV”a”l'g coord|nate§n(T)=(22.2 nm®, 18.6 K and . tive, at constant density, for the thermodynamic paint
(_22.6 nm >, 17.1 _K). S_mce the spectra were meas_ured iN_555 a3 andT=18.6 K.

five thermodynamlq pointécf. Table ”)’. we C_OUIq estimate Starting from the lowQ side, it is interesting to observe
both the left z_and rlght thermodynamic dgnvatwes for two that, in Fig. 4, the negative peak appears sharper, while the
thermodynamic points. These were found in good agreemenfising edge, and the whole positive peak, are shifted to lower
within the respective experimental errors. Making use of they yalues than in the case of deuterium. The latter feature is
experimental differences, and of Ed) to remove the mo-  3iso apparent in the temperature derivative of Fig. 5. While
lecular form factor, we were able to obtain the average ofor the first observation we are not able to give a simple,
[dS(Q)/an]y, for the first case. In the second case, we havéntuitive, explanation, the second is consistent with the ex-
obtained the average §pS(Q)/dT],,. The measured ther- pected increase of the quantum effects in hydrogen. In fact,
modynamic derivatives aB(Q) are reported in Figs. 4 and when the data are plotted in reduced unitsQfi.e., as a

5. In both cases we observe that the error bars increase, fiynction of Q* =Qao, where o is the effective molecular
increasing the momentum transfer, and that the data are sigiametey, it can be noted that the rising edge and the posi-
nificant only up to~4 A~!. However, based on the behav- tive peak of the density derivative, and the whole tempera-
ior of the corresponding quantities for deuterium, we mayture derivative, become almost coincident, for the two cases,
safely assume that the thermodynamic derivatives vanish bgrovided that the effective diameter of hydrogen is increased
yond this point. The full lines that are reported in the sameby ~2%.

figures represent the density and temperature derivatives, re- With respect to deuterium, liquid hydrogen is expected to
spectively, of theS(Q) of liquid deuterium, measured in show larger quantum effects. One aspect of the increased
similar thermodynamic conditiongthe reason behind the quantum behavior is the observed increment in the effective
choice of a continuous line is that the experimental errors omolecular size of hydrogen with respect to deuterium. If we
the deuterium data are much smaller than the present errorgasonably assume that the two isotopes experience the same
on parahydrogen intermolecular potential, since that is determined by the same
electronic structure, we note that the observed increase of the
effective molecular size is a signature of the expanded single
particle wave function.

By means of time-of-flight neutron diffraction, we have It would be interesting to compare the present experimen-
measured the thermodynamic derivatives of the structure fagal results with a calculation for the same systems. A suitable
tor of liquid parahydrogen close to the triple point. Due totechnique is presently available and uses a quantum-
the large incoherent background the experimental determinanechanical computer simulation based on the path integral
tion of S(Q) appears noisy and of a limited practical utility. Monte Carlo method. However, this task exceeds the aims of
The density derivative, at constant temperature, is reported ithe present work.

IV. DISCUSSION




11910 M. ZOPPI, M. CELLI, AND A. K. SOPER PRB 58

IH.R. Glyde and E.C. Svensson,NMethods of Experimental Phys- Neumann, Phys. Rev. Leff5, 1779(1995.
ics, edited by D.L. Price and K. Sk (Academic, London, &F. Barocchi, M. Neumann, and M. Zoppi, Phys. Rev3A 4015
1987, Vol. 23 B, Chap. 13 and references therein. (1985.

2L.A. de Graaf and B. Mozer, J. Chem. Phys, 4697 (1971); 9J.A. Young and J.U. Koppel, Phys. Re\35 A603 (1964.
M.C. Bellissent-Funel, U. Buontempo, A. Filabozzi, C. Petrillo, 19G. Placzek, Phys. Re®6, 377 (1952.

and F.P. Ricci, Phys. Rev. B5, 4605(1992. 113.G. Powles, Mol. Phys36, 1161(1978; 36, 1181(1978.
3M. Zoppi, U. Bafile, R. Magli, and A.K. Soper, Phys. Rev4B,  '>M. Zoppi, Physica B183 235(1993.
1000(1993. H.M Roder, G.E. Childs, R.D. McCarty, and P.E. Angerhofer
4E. Guarini, F. Barocchi, R. Magli, U. Bafile, and M.C. Bellissent- (unpublisheg
Funel, J. Phys.: Condens. Matf&r5777(1995. 1 K. Soper, W.S. Howells, and A.C. Hanndunpublishegl
SM. Zoppi, A.K. Soper, R. Magli, F. Barocchi, U. Bafile, and N.W. 153, van KranendonkSolid Hydrogen(Plenum, New York, 1983
Ashcroft, Phys. Rev. B4, 2773(1996. 18y F. Sears, Can. J. Phy44, 1279(1966.
6U. Balucani and M. ZoppiDynamics of the Liquid Stat®xford ~ 1’S.F. Mughabghab, M. Divadeenam, and N.E. Hold&eptron
University Press, Oxford, 1994 Cross SectiongAcademic, New York, 1981

M. Zoppi, U. Bafile, E. Guarini, F. Barocchi, R. Magli, and M. 8A. K. Soper and A. Luzar, J. Chem. Phy, 1320(1992.



