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Abstract: A cross section model for cold neutron scattering in light water is deve)opbith de-
scribes various molecular motions inherent to hydrogen-bonded wateculesesspecially in terms

of jump- and rotational-diusion processes. Inter- and intra-molecular vibrations are also included
A systematic analysis is performed of a velocity autocorrelation functionnargkzed frequency
distribution and double-flierential and total cross sections. Good agreement with the results of com-
puter molecular dynamics and neutron scattering experiments is found. Aavige of cross section
evaluation for neutron energies from Qu&V to 10 eV and liquid temperatures between the melting
and boiling points is performed. This permits us to generate such low-energyon cross section
libraries as group constants set and scattering law for ultra-cold,ogddy-cold and thermal neutrons.
Together with the libraries for liquitHe, H,, D> and solid and liquid Cli a powerful tool for design

of an advanced low-energy neutron source is now ready for use.
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1 Introduction

Cold (~ 1 meV) and thermal{ 25 meV) neutrons are expected to be useful in studying microscopic
structures and molecular dynamics of various materials such as softs@mtdmatters, bio-molecules,
super-conductors and industrial products. To utilize these neutraralgca spallation neutron source
is being constructed in Japan, USA and Europe. High-enerighel/) neutrons generated from a spal-
lation target must be moderated to thermal and cold neutrons with an optimizexyeypdus material
like light water (H0), liquid H, and solid CH. Hence neutronic properties of such moderators need to
be studied especially in terms of scattering and slowing-down procedsegrésent paper is devoted
in this direction. A cross section model for neutron scattering in liquid wateevslded, which is
applicable to a wide range of incident neutron energy fromu@M (ultra-cold) to 10 eV (epi-thermal)
and all practical temperatures between melting and boiling points.

Another purpose of the present paper is to describe water-molecudenitygin terms of hydrogen-
bonding properties and related various relaxation processes on theutaotegnslations and rotations
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in a wide time scale frore0.001 to~100 ps. A set of characterizing functions such as a velocity auto-
correlation function, an intermediate scattering function and a dynamiciisog law is systemat-
ically calculated. These are necessary for a physical and unified rietatipn of neutron-scattering
and molecular-dynamics results.

In Sec. 2, a brief description is given of the doubl&atential cross section model of light water.
Sec. 3 discusses many cross-section results, both doutdeedtial and total, by comparison with
available experimental results at various practical temperatures. Sedevioied to the generation of
group-constants set and scattering law. Some concluding remarkyandrgiSec. 5.

2 Cross Section Model

The physical properties of liquid water are especially anomalous at low tatopes, for instance, as
is the case with BO showing the maximum density at@, the minimum isothermal compressibility at
46°C, non-Arrhenius behavior of the selffflision codicient, and so on. For this complexity of water,
a theoretical model of water dynamics remains to be developed. On the atiriecent scattering
experiments with light, X-ray and neutron are being characterizing thetsteuand dynamics of
water at the microscopic level. In particular, neutron scattering is appliethdy she translational
and rotational motions of water molecules in the hydrogen-bond network iitalifetime. More
recently, computer molecular-dynamics simulations have served for thertaipn of experimental
results in terms of ffective potentials of water molecule and various transport properties adl liqu
water.

The present paper aims at developing an accurate model of water tvagbed newly available
experimental data and computer simulation results. The main object is twofolth irgerpret sys-
tematically the data in an energy-momentum domain and the results in a space-time, dorddo
generate a cross-section library for design of a low-energy neutnarces. This requires the model
to be capable of quantitative treatment in a wide range of the above-mentionain. At present,
attention is paid to light water (#0) as an incoherent scatter showing individual motions of water
molecule. The following features for molecule dynamics are taken into atcoun

¢ A water molecule is hindered in translational motion by a hydrogen-bond nefeoned in-
termittently with an average residence time having strong temperature dependen

e Translational dtusion and vibration are repeated as a junffudion process [1]. The former
is characterized with the selffflision constant at given temperature, while the latter vibration
is due to an intermolecular motion with bending and stretching modes.

¢ Rotational motions of molecule are consisting of two parts, i.e. a rotatioffabiin process
with a large relaxation (reorientational) time having an Arrhenius behavjpaf@l a hindered
rotation with the librational band centered around 65 meV on account ofrintecular cou-
pling with surrounding molecules.

¢ Intramolecular vibrations with bending, stretching and asymmetric stretchingsrer@ also
included.

e These motions tend to behave as free gases of H and O at a very-shatéilmef, say, 0.001
ps, which is required to reproduce a free-atom cross section forineapal neutron.

All these dynamics are described in an explicit form by a velocity autcetation functiong(t)
and, equivalently, a generalized frequency distribution funcid¢o). Their changes in liquid tem-
perature are involved with translational and rotation&udion codficients, a residence time, a reori-
entational time and so on. Ongét) or D(w) has been constructed, a space-time density correlation
functionGg(r, t) for individual motions can be obtained readily by the Gaussian approximadiso
the analytical Fourier transform @&(r, t) with respect ta yields an intermediate scattering function
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Fig. 1: Behavior oD(w) for water at 293 K.
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Fig. 2. Behavior of 8rs/dsdQ for water at 293

K with Eg = 1.0 meV and = 15° and 60.

Fs(Q,t) = exp[-Q?W(t)/2] whereQ is the momentum transfer &% andW(t) is the width function

as a mean squared displacement of molecule duriByg the numerical Fourier transform &§(Q, t)

with respect ot ranging from~0.001 to~100 ps, various scattering cross sections can be determined:
a scattering law
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a double-diferential cross section
do 1 k
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by the incoherent approximation, an angular distributi¢#) and a total cross sectian(Eg) where
& = wh is the energy transfer argdis the scattering angl&, is the neutron incident energyy andk
are the wavenumbers of incident and scattered neutrons, respectively

3 Molecular Dynamics and Scattering Results

Fig. 1 showsD(w) as a function ot, together with the those by experiment [3] and molecular dy-
namics [4]. The one for H has a dominant component around 60 meV byintderkd rotation of
molecule and a lower-energy component consisting of the translatidfizidn near 0 meV and the
translational stretching and bending vibrations around 6 and 20 meV. fiééo O, however, indi-
cates mainly the motions of center-of-mass in terms of translational stretchdrgpading vibrations.
Intramolecular vibrations with the characteristic energies of 200 and 463areeleyond the energy
range shown. It is also to be noted tigdt) and F(Q, t) are found to be consistent with the recent
molecular-dynamics results [5] at manyffdrent temperatures.
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Fig. 3. The half-width at half maximum for the Fig. 4. Behavior off (9) for water at 293 K with
quasi-elastic scattering in water at 293 K with £/ — 1 meV, 20 meV and 10eV.

Eo =3.2 meV.

Fig. 2 shows &os/dedQ of light water at 293 K ford = 15° and 60 with Eo = 1 meV. They are
composed of two components: a very high and sharp peak by quasi-stzstering due to the jump
and rotational dtusion processes and a relatively broad peak by inelastic up-scattesimgdrom
the de-excitation of intermolecular vibrations and hindered rotations. Withcaedse ir9, the quasi-
elastic peak becomes broad and small to overlap the inelastic peak. Compuétisthe experimental
results [6, 7] for water at 299 K witky = 5, 151 and 304 meV is satisfactorily made.

Fig. 3 shows the half-width at half-maximum for the quasi-elastic peak ofrvat@93 K as a
function of Q°. Also shown is the experimentally-estimated results for the quasi-elastic cempon
extracted from the data [8]. The solid line includes all the dynamics modes thibileroken line with
only the jump dffusion process. Consequently, the latter is relatively similar in saturatiorvioeha
with the experiment. Such an analysis is performed successfully in comparigothose on neutron
scattering at many fferent temperatures [6, 9].

Fig. 4 showsf (0) for the three dierentEy, compared with the experimental results [10, 11]. For
a 10-eV neutron, forward scattering in a free H is significant. On the agnta 1-meV neutron
scatters nearly isotropically though a backward up-scattering is slighttytse¢he de-excitation of
intermolecular vibrations and librations. The result of a thermal neutronatefica mid-behavior
between the above extremes.

4 Group Constant and Scattering Law

As a powerful tool for the design assessment of practical cold nesborces, a set of group con-
stants for liquid water is generated. Light water at 5, 27, 52 antC7ig evaluated by using the cross
section model. The energy range from @4V to 10 eV is divided at equal logarithmic (lethargy)
intervals into 80 groups. The angular distribution of scattering cross geisticepresented by the
Legendre expansion up to a maximum order 3 which is almost adequatefoduetion of forward
scattering in free atoms, H and O, by an epithermal neutron. The weighting fluMaxwellian plus
1/E spectrum with the same temperature as water.
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Fig. 5 shows the group-constant resultsrpfand total absorption cross sectior for water at four
different temperatures. Also shown are the experimental results from BHNI[12] and the ones by
the Nelkin model at 296 K [13]. With an increaseTn up-scattering at lower energies below about
1 meV becomes significant, white, approaches a free atom cross section of 4450 at energies
above about 1 eV. It can be seen from Fig. 5 that there are gooéragrnd with the experiment at
ordinary temperature and essentidfelience iroy between liquid water and molecular gas. It may be
also noted that the calculated average cosirddicates a gradual transition from forward scattering
to uniform one with decreasing, which agrees well with the experimental result [10].

Along with the group constant generation, a data fileSgfQ, w) is created in the ENDB-VI
format. A wide range of momentum and energy transfer is coveed0.11 to 35 A* andfiw = -10
eV (down scattering) to 100 meV (up scattering), which correspoadt0/2Q?/2m/KT) from 0.001
to 100 andB (= hw/KT) from —400 to 4, respectively, whema is the neutron mass ard = 25.24
meV at 293 K. Fig. 6 shows a typical result 8f;s(Q, w) for water at 293 K. At smalleQ, the
intermolecular dynamics inherent to liquid water are significant while, atidpgéne intramolecular
motions and the recoil scattering in free H atom becoffectve.

5 Concluding Remarks

(&) The physical properties of hydrogen-bonded liquid water haveetilhined unsettled especially
from a microscopic viewpoint. Hence a neutron scattering study is planregeteomine directly
Fs(Q,t) by means of a neutron spin echo (NSE) technique [14]. Temperatpendences of
intermolecular modes andftlision processes will probably be observed both for light and heavy
water. Among many variations of NSE spectrometers, the Mieze type would stesoitable for
this experiment, since high experiment#éfi@ency is attainable by very short distance between
water sample and neutron detector: the NSE does not need an enelggenaéter the sample
and instead uses the Larmor precession as an internal measure ohrexgrgy. At present, such
inelastic and quasi-elastic scattering is now being planned using a new Ndieztemneter to be
developed at the C3-1-2-2 beam port of the JRR-3M reactor.



(b) The present cross section model makes possible the systematic itatiiopref neutron-scattering
and molecular-dynamics results ¢(t), D(w), W(t), Gs(r, 1), Fs(Q, 1), Ss(Q, w), Pos/dsdQ, f(6)
ando(Ep). A wide range of usefulness is found for neutron energies from-atild (0.1 ueV)
to epithermal (10 eV) neutron areas and liquid temperatures between melirp#ing points.
Furthermore, a set of group constants for light water at all practical@emyres is generated.
Those for heavy water will soon be ready for use [15]. By the combims of the already-
generated group constants on ligfiiée, H,, D, and CH, and also solid Ckl[16], we may proceed
to the preliminary study of an advanced low-energy neutron source @aadtd, very cold and
cold neutrons.
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