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In this study, we report on recent neutron inelastic scattering experiments performed at the Institut Laue-
Langevin (ILL) for H2O and D2O. The measured dynamic structure factors S(q, ω) have been reduced,
normalised and transformed into the S(α, β) formalism, where α and β stand for the unit-less momen-
tum and energy transfers, respectively. The measurements were complemented with molecular dynamics
simulations. After processing with NJOY, new water neutron scattering cross-sections have been generated
for use with e.g. the Monte Carlo N-Particle (MCNP) software in view to improve the accuracy of the nu-
clear facility models. As an example, we present improved accuracy calculations for the safety rod insertion
impact on the criticality factor keff for the ILL high flux research reactor.

Keywords: water; cross-sections; double differential cross-section; neutron; criticality; nuclear reactor;
dynamic structure factor; ENDF/B-VI; MCNP; neutron nuclear data

1. Introduction

One caveat of the neutron cross-section libraries for
reactor physics (ENDF, JEFF, JENDL, etc. ) is the eval-
uation process of the thermal neutron cross-sections in
liquids, especially in hydrogenated liquids. The present
data [1] may actually lead to significant discrepancies be-
tween measurements and calculations when modelling
e.g. thermal neutrons in water (light and heavy). Re-
cent studies based upon international benchmarks [2,3]
highlighted the strong dependency of the reactor calcu-
lation validity on the thermalisation process treatment.
This may be explained by the numerous approximations
used for the evaluation of the thermal cross-sections for
light and heavy water, even when using the most recent
libraries such as JEFF3.2 and ENDF/B-VII.1 [4–6].

The sensibility of the calculation results on the ther-
mal neutron cross-sections is particularly obvious for
heavywater because of theweak absorption and the high
scattering power of deuterium. But, as opposed to light
water, heavy water cannot be considered as a pure inco-
herent scatterer. This phenomenon can thus be observed
when modelling a heavy water moderated reactor such
as the Institut Laue-Langevin (ILL) High Flux Reactor,
Grenoble, France. In this case, the quality of the nuclear
reactor modelling can be estimated by the behaviour of
the multiplication factor, keff , which cannot be repro-
duced in a totally satisfactory way when introducing the

∗Corresponding author. Email: farhi@ill.fr

safety rods (SR) in this reactor with current thermal wa-
ter cross-sections values [7]. Moreover, the sensibility of
the keff assessment on the thermal neutron cross-sections
may also be observed for light water systems [8]. The
consequences on reactor physics and criticality studies
can be significant in such cases. Furthermore, the tabu-
lated values are today only available for a small amount
of temperatures, which strongly limits their use both for
research and industrial applications.

We believe that the libraries accuracy could be en-
hanced by the direct introduction of measured dynamic
structure factors S(q, ω), where q is the neutron mo-
mentum transfer and ω is the neutron energy transfer.
Indeed, until now all evaluations related to thermal
neutron are based upon experiments performed with a
momentum transfer q → 0, like infrared (IR) or Raman
(the ‘frequency spectrum’). The extension on the whole
momentum domain is carried out by approximate laws
[9] which take as input the vibrational density of states
(DOS) of modes and tend to ignore fine structure and
dynamics features in the material. This is actually the
case even for the most recent libraries, the accuracy of
which remains poor for the slowest neutrons [6,10–12].
This approximation is unsatisfactory to us, especially
for liquids such as water.

Most neutron cross-sections available from libraries
are generated by the LEAPR module of NJOY. The

C© 2014 Atomic Energy Society of Japan. All rights reserved.
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LEAPR module of NJOY [1] can handle many scatter-
ing processes in materials. The inelastic scattering terms
are described as a set of vibrational frequencies, which
are fully adapted to non-dispersive modes such as intra-
molecular, vibrational, rotational and quantum lines.
The phonon expansion also considers a set of discrete
oscillators at given frequencies. That is whyLEAPRusu-
ally requires as input the frequency spectrum (DOS) of
the material, which is decomposed as a set of distinct vi-
brational modes. For large momentum values, the short
collision time approximation is used, which models all
materials as incoherent scatterers, basically S(q, ω) is a
Gaussian, shifted by the recoil energy. A diffusive model
can be used to describe a liquid, and usually produces
a quasi-Lorentzian S(q, ω)). The incoherent elastic scat-
tering is computed as a single exponential decay on the
elastic line. Last, the coherent elastic scattering can ac-
count for discrete structural peaks, as found in crystals
and powders, but only makes use of it to compute the to-
tal scattering cross-section (which exhibits Bragg edges).
All of these processes are treated as separate, analyti-
cal methods which add up to provide the total scatter-
ing cross-section. Specific models have been developed
to describe the hydrogen and deuterium cryogenic liq-
uid, used as neutron cold moderators.

We expect that fully taking into account the mea-
surements of the scattering function S(q, ω) may enable
to lower the impact of the extension law approximations
cited above [9] and thus to significantly enhance the
accuracy of the neutron cross-section estimates. For
this reason, we carried out recent neutron inelastic
scattering experiments on neutron spectrometers at the
ILL. Measured dynamic structure factors S(q, ω) for
light and heavy water have been treated, normalised and
transformed in the S(α, β) formalism, where α and β are
relevant for the unit-less momentum and energy trans-
fers, respectively. The measurements were completed
by molecular dynamics (MD) simulations in order to
extend the applicable dynamic range. Thanks to this
formalism, the treated data can be processed by the code
NJOY (directly by the THERMR sub-code) [1] in the
ACER format for instance. It is then possible to run the
Monte Carlo N-Particle (MCNP) software calculations
taking fully into account these experimental data.

We present here the method used to implement mea-
sured thermal neutron cross-sections into MCNP, as
well as a usage example demonstrating the accuracy im-
provement which can be expected from this new data.

2. Structure and dynamics of water: neutron
scattering measurements and molecular dynamics

Following Squires [13], the experimental counterpart
of the scattering law S(q, ω) is the neutron double dif-
ferential scattering cross-section for both coherent and
incoherent processes:

d2σ
d�dE f

= σ

4π
kf
ki
NS(q, ω), (1)

which describes the number of neutrons scattered per
unit solid angle d� and per unit final energy dEf . In
this equation, N = ρV is the number of scattering units
(atoms or molecules) in the scattering volume V with
atomic/molecular number density ρ, Ef , Ei, kf , ki are the
kinetic energies and wave-vectors of the final and ini-
tial states, respectively, σ is the bound atom/molecule
scattering cross-section, � is the solid angle and q, ω

are the wave-vector and energy transfer at the sam-
ple, so that ��q = �ki − �kf and �ω = Ei − Ef . In gen-
eral, the total dynamic structure factor can be writ-
ten as the sum of the coherent and the incoherent (or
self) scattering cross-section contributions, σS(q, ω) =
σcohScoh(q, ω) + σ incS inc(q, ω). In nonmono-atomic liq-
uids, such as water, the coherent Scoh and incoherent S inc

scattering laws are computed from sums of partial con-
tributions Si j , where i and j represent atoms in the ma-
terial, weighted by their respective scattering length bi
and b j .

In the following, we present new neutron scattering
dynamic structure factormeasurements andMD results.
Then, we characterise these results with inferred struc-
tural and dynamical quantities, which we compare with
previous studies. Having validated our results, we merge
experimental and simulated data-sets, in view to com-
bine them with the existing ENDF tables. It is not our
purpose here to develop further the discussion about the
structure of water molecules, nor their dynamical prop-
erties, but only to show how we can use that data to im-
prove the quality of the nuclear databases.

2.1. Neutron scattering measurements
Conversely, the dynamic structure factor can directly

be extracted from the measured scattered intensity on
e.g. an inelastic neutron scattering spectrometer with
large detectors.

In order to extract the total scattering function S,
we have carried out experiments at the ILL, Grenoble,
France. For this purpose, we have used two state-of-the-
art time-of-flight spectrometers, IN4 and IN5, of which
the geometry is shown in Figure 1. The total measure-
ment time was one day per instrument.

The IN4 instrument is a direct geometry crystal neu-
tron time-of-flight spectrometer used for the study of ex-
citations in condensed matter [14]. The incoming neu-
tron beam from the ILL reactor is monochromatised
and pulsed after passing two background choppers, a
pyrolytic graphite double curvature focusing monochro-
mator and a fast Fermi chopper. A radial collimator
around the sample position is used to cut the scatter-
ing from the sample environment. The scattered signal
from the sample is recorded through a vacuum 3 m
flight-path box to avoid parasitic scattering of the trans-
mitted neutrons, covered with a large multi-bank 3He-
filled tube detector up to 120◦ scattering angle. The
incoming neutron wavelength is selected around λ =
1.1 Å, corresponding to a kinetic energy Ei = 67.6 meV.
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Figure 1. Schematic representation of the IN4 (left) and IN5 (right) time-of-flight neutron scattering spectrometers at the ILL,
France, used to measure the dynamic structure factor of water.

The energy resolution on the elastic line ω = 0 is deter-
mined in this configuration from a measurement on a
Vanadium incoherent scatterer reference sample as δω =
1.57 meV (half-width). The accessible dynamic range
measured with this instrument expands up to the energy
transfer ω = 100 meV and the momentum transfer q =
10 Å−1. Additional measurements with λ = 2.2 Å inci-
dent neutron wavelength have been acquired (Ei = 16.9
meV, δω = 0.28 meV half-width).

The IN5 instrument is a direct geometry multi-
chopper neutron time-of-flight spectrometer used to
study low-energy transfer processes as a function of mo-
mentum transfer [15]. The incident cold neutron beam
from a high-intensity guide is pulsed and monochroma-
tised through three counter rotating chopper pairs. An
oscillating radial collimator is used to remove the contri-
bution from the sample environment, while the scattered
intensity from the sample is recorded on a 30 m2 cylin-
drical 3He-filled position sensitive detector mounted 4
m away from the sample inside a vacuum time-of-flight
chamber. The instrument was used with an incident neu-
tronwavelength λ = 2, 5 and 10 Å. The energy resolution
achieved for λ = 2 Å, i.e. Ei=20 meV incident energy
configuration is δω= 0.26 meV (half-width), and the ac-
cessible dynamic range in this configuration extends up
to the energy transfer ω = 160 meV and the momentum
transfer q = 5.6 Å−1. The IN5 instrument benefits from
an excellent signal-to-noise ratio.

The micropore high-purity water samples were in-
serted in an aluminium flat container with thickness 0.05
and 0.25 mm for light and heavy water, respectively, with
an indium wire sealing. Such high-precision contain-
ers are available at the ILL on time-of-flight spectrom-
eters. The container was tilted by 45◦ to minimise self-
shielding effects on the detector image. The sample was
inserted inside a cryo-furnace allowing measurements
from T = 10 K up to 350 K. The light water sample scat-
tering was measured at T = 285, 290, 294, 301, 311 and
323 K. The heavy water sample scattering was measured
at T = 295 and 325 K.

The time-of-flight spectra measured at various an-
gles are further treated in order to obtain the scatter-
ing function S(q, ω) that is characteristic of the proper-
ties of the sample. The LAMP software [16] was used to
read the IN4 and IN5 data-sets for the vanadium refer-
ence, the empty and the water filled sample cell. The data
were normalised to the counting time, calibrated on the
vanadium reference response, corrected for the detector
energy-dependent efficiency, as well as for the sample flat
cell tilted geometry, and finally converted from the ra-
dial angle and time space into the momentum and en-
ergy space representation to obtain the dynamic struc-
ture factor S(q, ω).

No multiple scattering correction was necessary, as
the selected sample cell thickness 0.05 and 0.25 mm is
much smaller than the neutron mean free path in water,
estimated as 1.7 and 17.2 mm for light and heavy water,
respectively, with a neutron incident wavelength λ = 2 Å.
In order to check this assumption, we have simulated the
spectrometer configuration with the templateTOF ex-
ample instrument of the McStas package [17,18]. The
sample was modelled with the Isotropic˙Sqw compo-
nent [19] in a flat, 45◦ tilted geometry surrounded with
an aluminium container. The simulation provides both
the total scattering signal recorded on the spectrome-
ter cylindrical detector, as well as the multiple scattering
contribution. With the chosen cell thickness and exper-
imental configuration, the multiple scattering contribu-
tion is then found smaller than 1% of the total scattering
contribution, both for light and heavy water.

In the temperature range that was scanned dur-
ing the measurement, the dynamic structure factor was
found not to vary more than by a few per cent, so that
wemerged all acquisitions in order to improve the statis-
tical accuracy. This approximation is in agreement with
the previously measured variation of the structure fac-
tor with temperature, which does not exceed 3% between
275 and 348K [20]. The effective temperature is thenT=
307 ± 14 K and T = 310 ± 17 K for light and heavy wa-
ter, respectively.
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The symmetrised dynamic structure factor
S sym(q, ω) is obtained from the dynamic structure
factor S(q, ω) by computing:

S(q, ω) = �ω/kBT
1 − exp(−�ω/kBT)

S sym(q, ω), (2)

which is simplified as S(q, ω)
�ω � kBT−−−−−−−→ exp(�ω/

2kBT)S sym(q, ω) in the so-called classical limit when
the energy of the considered excitations in the liquid
is smaller than the temperature. Our measurements
extend to more than 100 meV in energy transfer, which
is substantially larger than the equilibrium temperature
energy kBT = 25 meV around T = 300 K. Then, the
classical limit does not hold at large energy transfer
values. The ENDF documentation [21] reports compu-
tational accuracy issues for large energy transfer values,
where the classical limit symmetrisation procedure
does not hold, and may result in potentially unstable
results. We thus make use of the afforded-mentioned
extended symmetrisation relation which also holds at
larger energy values.

The dynamic structure factor S(q, ω) satisfies
the detailed balance principle S(q,−ω) = exp(−�ω/

kBT)S(q, ω) [13], whereas the symmetric counterpart
satisfies S sym(q,−ω) = S sym(q, ω).

The two separate measurements, performed using
the IN4 and IN5 spectrometers, were combined using
iFit [22] to obtain an effective scattering function on
the widest possible dynamic range. The merging oper-
ation consists in computing the two IN4 and IN5 exper-
imental data-sets on a common energy and wave-vector
grid by means of a spline interpolant, then take the
mean value of data-sets where they coexist on the grid,
weighted by their respective measurement time, and ac-
tually taking into account the associated Jacobian of the
transformation, so that the actual physical information
is not affected (e.g. structure factors, DOS, etc.). This ex-
perimental symmetrised scattering function S sym(q, ω)
for light and heavy water is shown in the Figure 2. Its
actual energy resolution is estimated as 0.25 meV. The
data-sets are limited by themeasurable dynamical range,
which is determined from the incident neutron energy
and the detector geometry of the spectrometers. As ex-
pected, the light water dynamic structure factor exhibits
a mostly incoherent scattering shape, whereas the heavy
water one shows more pronounced coherent features
at low momentum transfer. An excess scattering inten-
sity shoulder can be seen around 80 and 50 meV en-
ergy transfer in light and heavy water, respectively, cor-
responding to the intra-molecular libration band.

2.2. Molecular dynamics simulations
In order to extend the measured dynamic range, we

performedMD simulations. Two systems were prepared
to perform the MD simulations. The first one consisted

Figure 2. Symmetrised dynamic structure factor S sym(q, ω)
of light (left) and heavy (right) water around 308 K, measured
on the IN4 and IN5 neutron scattering spectrometers at the
ILL. The S(q, ω) contour plot is shown in log10 scale.

in a 50 Å3 box of 3921 TIP3P light water molecules
[23] while in the second one, the mass of the hydrogen
was replaced by the mass of deuterium in order to get
a first approximation of heavy water. MD simulations
were carried out with both systems using the following
protocol.

(1) Minimisation using the conjugate-gradient
method (10,000 steps).

(2) Heating of the system from 0 to 293 K by step
of 20 K. For each temperature step, a 10 ps MD
simulation was performed using NVT ensemble.
The Langevin dynamicsmethodwas used for the
thermostat.

(3) Equilibration of the system at 293 K using a
10 ns MD simulation with NPT ensemble to
keep the temperature at 293 K and the pressure
at 1 bar. The Langevin dynamics method was
used for the thermostat and the Langevin piston
Nose–Hoover method was used for the barostat
[24,25].

(4) Production run at 293K using 10 psMD simula-
tion with NVE ensemble. The MD frames were
saved every 4 fs in order to get data sampled at
high frequencies that could be used for a com-
parison on a large energy scale.

All the MD simulations were performed using peri-
odic boundary conditions with a time step of 1 fs and
all the covalent bonds treated as flexible. The simula-
tions were performed using NAMD 2.7 program [26]
with CHARMM27 force field [27]. The TIP3P potential
is not suitable to study the full water phase diagram [28],
but it is known to model satisfactorily water molecule
structure and dynamics around 25 ◦C and 1 atm [23].
The potential equilibrium molecule configuration cor-
responds with an H–O–H angle of 104.52◦ and an O–H

D
ow

nl
oa

de
d 

by
 [

C
E

A
 C

ad
ar

ac
he

] 
at

 1
3:

59
 1

7 
M

ay
 2

01
5 



848 E. Farhi et al.

Figure 3. A snapshot of the MD simulation box, using
the CHARMM TIP3P potential, showing the 3921 water
molecules with Jmol.

distance of 0.957 Å. The TIP3P potential was made flex-
ible by relaxing the rigid bond constraint in the NAMD
configuration file, so that intra-molecular modes can be
accessed. The simulations were carefully checked, espe-
cially the NVE production run that actually showed a
stable temperature around 290 ± 2 K. This confirmed
that the whole protocol led to an equilibrated system
that could be sampled properly for a production run. A
typical simulation box is shown in Figure 3.

The mean square displacement was computed from
the trajectory, as shown in the Figure 4, using nMoldyn
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Figure 4. The mean square displacement of molecules ex-
tracted from the NAMD TIP3P MD simulation. The insert
shows the system temperature along the trajectory.

Figure 5. Symmetrised dynamic structure factor S sym(q, ω)
of light (left) and heavy (right) water around 293 K, simulated
using NAMD with a TIP3P potential. The S(q, ω) contour
plot is shown in log10 scale.

[29,30]. The corresponding simulated diffusion coeffi-
cient at 290 K was found as 4.1 × 10−5 and 3.5 × 10−5

cm2/s for light and heavy water, respectively, slightly
higher than the reported experimental value as 2.3 ×
10−5 cm2/s in light water at 298 K [31]. The simulated
diffusion coefficient is known to be highly dependent on
the temperature and the potential model used [23,32].
Even though not perfect, we estimate that the TIP3P
potential available in NAMD has sufficient accuracy
to model light and heavy water systems in normal
conditions for this study.

The dynamic structure factor was obtained from
the trajectories by space and time Fourier transforms,
using the nMOLDYN/MMTK software [29,30]. The
momentum and energy smoothing filters used in the
fast correlation algorithm were set to 0.05 Å−1 and
0.1 meV, respectively. These quantities define an effec-
tive resolution assigned to the simulated dynamic struc-
ture factor. This procedure provides independently the
coherent S sym

coh and incoherent S sym
inc contributions of the

symmetrised dynamic structure factor.
In order to compare with our measurements of the

total scattering dynamic structure factor, we then com-
pute an effective simulated total scattering function as
S sym = (σcohS

sym
coh + σ incS

sym
inc )/(σcoh + σ inc), where σcoh

and σ inc are the coherent and incoherent bound atom
scattering cross-sections, respectively.

The resulting dynamic structure factor extends up to
the energy transfer ω = 500 meV and the momentum
transfer q = 40 Å−1, as shown in Figure 5.

2.3. Discussion: structure and dynamics of water
The experimental structure factor S(q) =∫ ∞

−∞ S(q, ω)dω inferred from this data-set for light
and heavy water is shown in Figure 6. Previous experi-
mental results are also reported [20,33].
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Figure 6. Structure factor of light (left) and heavy (right) water, measured on the IN4 and IN5 neutron scattering spectrometers
at the ILL, compared with our MD simulation, and previous data [20,33]. The simulated data (TIP3P) is the sum of the coherent
and incoherent structure factors weighted by the corresponding cross-sections.

The static structure factor can also be computed
from the MD simulations, converting the simulated
classical S sym into S by applying Equation (2). The
measured scattering structure factor is the sum of the
coherent and incoherent scattering contributions. Con-
sequently, the simulated data-set from MD has been
computed as the sum of the coherent and incoherent
structure factors weighted by the corresponding bound
atom cross-sections. The general trend of the structure
factor in our experimental data corresponds with that
already reported [20,34] within 5%, even though with
lower accuracy and local deviations. We conclude that
the structure of water determined from experiments is
well reproduced by our MD simulation, both for light
and heavy water.

The vibrational frequency spectrum (density of
states, vDOS) g(ω) was extracted from the MD results,
as the Fourier transform of the velocity auto-correlation
function [30]. This quantity can be compared with the
measured generalised density of states (gDOS), which is
related to the classical dynamic structure factor by [35]:

lim
q→0

ω2

q2
S sym
inc (q, ω) 	 g(ω). (3)

As the incoherent (self) contribution is predominant
in the light water scattering, due to its high incoherent
scattering cross-section, the estimate of the gDOS from
the total scattering experimental result is representative
of the true DOS. However, in the case of heavy water
including a substantial contribution from the coherent
scattering, the estimate can only be approximate. This is
indeed the case, as shown in Figure 7.

The simulated translational motions peak is found
at 5.6 and 4.7 meV in light and heavy water, respec-
tively. The corresponding peak in our experimental re-
sults is found at 6.7 and 7 meV, respectively. The simu-

lated water librational band is found at 55 and 37 meV
in light and heavy water, respectively, whereas our ex-
perimental results indicate slightly higher energies. Pre-
vious results of the measured DOS in light water are
also reported [36], in good agreement with this study.
In light water, the simulated intra-molecular vibrational
lines from the MD are found at 222 (bending), 416 and
425 meV (stretching). In heavy water, the same lines are
found at 161 (bending), 299 and 308 meV (stretching).
These values are slightly above the Fourier transform
infrared spectroscopy (FT-IR) frequencies reported by
Lappi [37], but below the coarse resolution density of
state bands measured by Toukan [38]. From these re-
sults, we conclude that the MD simulation provides a
realistic estimate of the water dynamics.

Finally, the water MD simulation and the measured
scattering functions were combined using iFit [22], us-
ing the merge procedure detailed above, and are shown
in the Figure 8. The experimental data-set has a lower
statistical accuracy than the one provided by theMD, as
seen from the dispersion of the contour lines in Figure 8,
but they overlay satisfactorily. The final dynamic struc-
ture factor contains coherent and incoherent scattering
contributions, both with elastic and inelastic processes.

This agreement between the experimental and the
simulated dynamical structure factors allows to make
use of the combined data-set as input to compute the
total scattering cross-section, as well as the generation
of ENDF and ACE format files for MCNP.

3. Total cross-sections for water

3.1. Experimental cross-sections
The thermal neutron scattering cross-sections

are used in the nuclear databases in their unit-less
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Figure 7. Vibrational DOS for light (left) and heavy (right) water as obtained from the MD velocity auto-correlation function
(continuous line, vDOS) and from the neutron scattering experiment (approximate generalised density of states, gDOS). The ex-
perimental gDOS estimate for heavy water contains the coherent part, and is thus not exact. Data-sets were re-normalised so that
the libration bands are similar. Previous data from Refs [36,38] are also reported.

representation, which corresponds to a variable change
applied to the dynamic structure factor S(q, ω).

The scattering function S(q, ω) can be transformed
into the usual S(α, β) law by:

S(α, β) = kBT exp
( −�ω

2kBT

)
S(q, ω) 	 kBTS sym(q, ω),

(4)

with the parameters:

α = q2�2

2MkBT
= Ei + E f − 2μ

√
Ei E f

AkBT
, (5)

β = −�ω

kBT
= E f − Ei

kBT
, (6)

Figure 8. Symmetrised dynamic structure factor S sym(q, ω)
of light (left) and heavy (right) water around 300K, combining
MD and experimental data-sets. The S(q, ω) contour plot is
shown in log10 scale.

where μ is the cosine of the scattering angle in the lab,
m is the neutron mass, M is the water molecule mass
and A= M

m . The function S(α, β) is here used in its β-
symmetric form, i.e. S(α, β) = S(α,−β). In this expres-
sion, S(q, ω) is the dynamic structure factor, which is re-
lated to its symmetric counterpart S sym using Equation
(2), shown in Figure 8.

As can be seen, S(α, β) scales explicitly on the tem-
perature T, as well as the (α, β) inverse values, whereas
S sym(q, ω) often changes only close to phase transitions.
This means that, assuming the material is not consid-
ered close to a transition, a single S sym(q, ω) data-set at
a given temperature T may be used to derive the S(α, β)
values in a temperature range around T. As stated previ-
ously, the temperature effect on the water structure fac-
tor is limited to 1–3 per cent in themeasurement temper-
ature range, i.e. 285–325 K. We may then derive, from a
single dynamic structure factor S sym(q, ω) around 300
K, a full set of S(α, β) in the range 285–325 K.

The double differential thermal neutron scattering
cross-section is then given by:

d2σ
d�dE f

(Ei , E f ,�) = σb

4π kBT

√
E f

Ei
e−β/2 S(α, β),

(7)
which is equivalent to Equation (1).

The total thermal neutron scattering cross-section is
obtained by integrating Equation (7), first onμ from−1
to 1 and then on Ef from 0 to +∞. Performing the vari-
able substitution (μ, Ef ) → (α, β), the thermal neutron
scattering cross-section at the temperature T becomes:

σT(E) = AkBT
σb

4E

∫ +∞

−Ei/(kBT)

∫ αmax

αmin

S(α, β)e−β/2 dαdβ,

(8)
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Figure 9. Neutron scattering cross-section of heavy water at 300 K, per D2O molecule. Our results are indicated as dash-dotted
and continuous lines. Previous experimental data (crosses) are obtained from [39,40].

with

αmin =
(√

Ei − √
E f

)2
AkBT

and αmax =
(√

Ei + √
E f

)2
AkBT

.

(9)

This scattering cross-section behaves asymptotically as
kBT/E in the thermal energy range.

The scattering cross-section corresponding to our
experimental S(α, β) is plotted in red in Figure 9 for
heavy water , for neutron energies ranging from 0.2 to
100 meV. The same figure shows the cross-section ob-
tained using the S(α, β) from ENDF/B.VII.1 library
(green curve) and the cross-section corresponding to
the ideal gas approximation (black curve). Experimental
values obtained from previous total cross-section mea-
surements are also depicted: the brown and green crosses
were found in the EXFOR database [39], the first corre-
sponds to EXFOR number 11019002 and the second to
EXFOR number 30283002. The grey circles were found
in Ref. [40].

The shape of the neutron scattering cross-section cal-
culated from our experimental S(α, β) appears to be
in agreement with previous data up to 24 meV inci-

dent neutron energy. Especially, it behaves better than
ENDF/B.VII.1 between 0.5 and 24 meV. The peak
around 3 meV incident neutron energy originates from
the fact that the integration range in Equation (8) then
fully includes the heavy water structure peak, bring-
ing an additional scattering probability on the water
molecule first diffraction sharp peak (see Figure 6).
In light water, the structure factor is mostly incoher-
ent and does not exhibit any marked diffraction peak.
No such local maximum can be seen in the total scat-
tering cross-section (see Figure 10), which is much
smoother.

Above that range, from 24 to 50 meV, our heavy wa-
ter thermal scattering cross-section estimate shows an
excess which may be due to the experimental noise on
highest neutron energy transfer measurements (100–160
meV). This noise, which actually reaches the instrument
background level as seen in Figure 2, and is more pro-
nounced in the experiments using IN4, is amplified by
the e−β/2 factor in Equation (8). Above 50 meV incident
neutron energy, the cross-section decreases quickly as
the integration domain in Equation (8) becomes larger
than the domain where S(α, β) has been measured. In-
deed, the measurement range goes from β = −βEXP

max to
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Figure 10. Neutron scattering cross-section of light water at 300 K, per H2O molecule. Our results are indicated as dash-dotted
and continuous lines. Previous experimental data (crosses, circle) are obtained from [39,40].

βEXP
max = 5.989, and from α = 0 to αEXP

max = 0.8843. The
scattering cross-section can then be obtained with Equa-
tion (8) only for energies Ei such as:

−Ei
kT

≥ −βEXP
max and

(√
Ei + √

E f
)2

AkBT
≤ αEXP

max . (10)

Considering the maximum measured energy trans-
fer, 100 meV on IN4 and 160meV on IN5 (see Figure 2),
we find that the limits of the integral Equation (8) ex-
ceed the measured dynamic range for an incident energy
above 24 meV. This value simply matches the effective
incident neutron energy implied when merging the IN4
and IN5 spectrometer experiments at λ 	 2 Å, i.e. Ei 	
20 meV.

Considering this limitation, it is advisable to extend
experimental S(α, β) in order to obtain the scattering
cross-section on a larger thermal energy domain, as dis-
cussed below.

For light water, the same treatment was performed.
Figure 10 depicts the corresponding scattering cross-
sections with the same colours as in the heavy water
case , for neutron energies ranging from 0.2 to 200 meV.
Here the measured cross-section values were found in
Ref. [40] (grey circle) and in EXFOR database: brown

crosses correspond to EXFOR number 11162003, green
crosses to EXFOR number 21341002 and grey crosses
to EXFOR number 20176002. The cross-section calcu-
lated from our experimental S(α, β) follows quite well
the measured values until about 15 meV, but similarly as
for heavy water it then exhibits an excess intensity before
actually decreasing because of the experimental domain
limitations.

Light water is nearly a pure incoherent scatterer, with
an intense quasi-elastic scattering signal at low q value.
At these momentum values, the experimental data-set,
as seen in Figure 2, is limited to a maximum energy
transfer of 100 meV (from the IN4 experiment), but this
sharp contribution constitutes a major part of the scat-
tering cross-section Equation (8). When taking into ac-
count this restriction, we find out that the integration
range does not allow to compute accurately the cross
section above 16 meV, which corresponds to the IN4
configuration using the incident neutron wavelength λ =
2.2 Å.

3.2. Cross sections from combined experiments
and molecular dynamics

The scattering cross section can be computed from
Equation (8) when using the dynamic structure factor
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obtained from the MD simulation in Figure 5. In this
case, the available dynamic range (α, β) is much larger
than that covered by the experiments.

For heavywater, the cross section calculated from the
SMD(α, β) obtained byMDsimulations is plotted in blue
in Figure 9.

We compute the combined S(α, β) so that the corre-
sponding cross section is equal to the cross section calcu-
lated from SEXP(α, β) until an incident neutron energy
Ec = 24meV and becomes equal to the cross section cal-
culated from SMD(α, β) after Ec. These new S(α, β) val-
ues are obtained on the union of the (α, β) grids from
our MD simulations and experiments. When a point
(α, β) of the new grid is inside the definition domain of
SEXP(α, β) and inside the integration domain needed to
calculate the cross section at 24 meV (which roughly co-
incide and are given by the mean incident neutron en-
ergy used during the experiments), i.e. β ≥ −Ec/(kT)

and (
√
Ec−

√
Ec+βkT)2

AkT ≤ α ≤ (
√
Ec+

√
Ec+βkT)2

AkT , then we take
S(α, β) = SEXP(α, β). In all the other cases, we take
S(α, β) = SMD(α, β). This method guaranties that the
cross section calculated from the new S(α, β) is contin-
uous at E = Ec when switching from the experimental
data only, to the data-set extended with the MD scatter-
ing function.

In Figure 9, we notice that the cross-section calcu-
lated from SMD(α, β) is close to the measured values
until an incident neutron energy of 160 meV. Yet, the
cross-section from ENDF/B.VII.1 S(α, β) is close to the
measured values above 160 meV. Besides, at this en-
ergy, the computed cross-sections from SMD(α, β) and
from ENDF/B.VII.1 are roughly equal. Thus, as our
objective is still to produce a S(α, β) allowing to re-
produce experimental cross-section values, we replace
the S(α, β) value used in the integration domain needed
for the cross-section computation above an incident en-
ergy of 160 meV calculations by the value of the S(α, β)
from ENDF/B.VII.1. The final S(α, β) is an overlay of
our SEXP(α, β) (until an incident neutron energy of 24
meV), of SMD(α, β) (from 24 to 160 meV incident neu-
tron energy) and of the ENDF/B.VII.1 S(α, β) (above
160 meV incident neutron energy). The corresponding
cross-section is plotted in cyan in Figure 9.We can verify
that it follows quite well the experimental cross-section
values at all energies.

For light water, the cross-section obtained from
SMD(α, β) is plotted in blue in Figure 10. The cross-
section calculated with SEXP(α, β) is acceptable until
15 meV (in red). But, above this energy, the MD sim-
ulation does not substantially improve the behaviour of
the cross-section. On the other hand, the cross-section
from ENDF/B.VII.1 describes well the previous mea-
surements of the total scattering above an incident neu-
tron energy of 15 meV. Therefore, we choose our new
function S(α, β) by taking SEXP(α, β) until 15 meV in-
cident neutron energy and S(α, β) from ENDF/B.VII.1
above 15 meV incident neutron energy. Figure 10

depicts the corresponding combined cross-section in
cyan.

The fact that the ENDF/B.VII.1 original data-set ac-
curately describes the light water cross-section is not sur-
prising. Indeed, light water is mostly an incoherent scat-
terer. Moreover, light water does not exhibit strong co-
herent features, such as structural peaks and phonons.
In this respect, all scattering processes considered in
LEAPR [1] are well suited to describe light water.

We would like to stress here that our new scatter-
ing functions S(α, β) data-sets, and the inferred ther-
mal neutron scattering cross-sections, only depend on
the legacy analytical models above 160 meV incident en-
ergy in heavy water, and 15 meV in light water. Below
these values, the full structural and dynamical informa-
tion has been taken into account. The new S(q, ω) dy-
namic structure factor files for light and heavy water will
be distributed with the McStas [17,18] software, and are
available as Supplemental data.

3.3. Neutron scattering data in the ENDF and
ACE format

Having determined the scattering law S(α, β) on a
large domain for light and heavy water, we can produce
an input file for MCNP calculations, in the ACE for-
mat. We make use of the THERMR and ACER mod-
ules of NJOY [1]. THERMR can read the S(α, β) in
an ENDF file [21] and process the corresponding cross-
section and differential cross-section. ACER can then
use THERMR output to produce an ACE file. Our
first step is then to produce the input ENDF file for
THERMR.

The S(α, β) scattering function as shown in Figure 8
corresponds to a whole water molecule, but the ENDF
format requires to provide data for a single atom H or
D. In the heavy water case, we label with a subset D
the quantities corresponding to a deuterium atom, with
the subset O the ones corresponding to an oxygen atom,
andwithout subsets the ones corresponding to thewhole
water molecule. The ENDF manual [21] computes the
thermal neutron double differential scattering cross-
section of the molecule as the sum of separate contribu-
tions per atom, ignoring e.g. the cross oxygen–deuterium
term:

d2σT
d�dE f

(Ei , E f ,�) = 1
4π kBT

√
E f

Ei
e−β/2

× [2σb,DSD(αD, β) + σb,OSO(αO, β)], (11)

with

αD = Ei + E f − 2μ
√
Ei E f

ADkBT
and

αO = Ei + E f − 2μ
√
Ei E f

AOkBT
, (12)
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where AD and AO are, respectively, the masses of deu-
terium and oxygen in neutron mass unit. With σb =
2σb,D + σb,O, the S(α, β) for one deuterium atom is:

SD(αD, β) = σb

2σb,D
S(α, β) − σb,O

2σb,D
SO(αO, β). (13)

We currently only have access to the total scattering
law of the light water molecule. As deuterium is the prin-
cipal scatterer in the heavy water molecule (or hydro-
gen in the light water), we shall consider its contribution
as a perturbation in the total molecule scattering, and
approximate its scattering law SO(αO, β) using available
models in ENDF.We use the free gas law (as inRef. [6]):

SO(αO, β) = 1√
4παO

exp

(
−α2

O + β2

4αO

)
. (14)

The same treatment is applied to light water. As a check
of the procedure, the scattering cross-section of water
is calculated back, adding twice the one of hydrogen
and once the one of oxygen according to Equation (13).
This formalism, which ignores the oxygen–deuterium
cross terms, is clearly inaccurate, but corresponds to
the procedure used in ENDF to compute any material
cross-section from its single atom contributions. In
this study, the cross-term is implicitly included in the
deuterium one. In the case of light water, the hydrogen
contribution is much higher than the other oxygen
and oxygen–hydrogen terms, and the approximation is
fully justified. In heavy water, the deuterium scattering
cross-section remains higher than the oxygen one, and
the approximation may be retained, even though coarse.
The total scattering cross-section is obtained by integra-
tion of Equation (8). The MD simulation can provide
partial scattering laws, e.g. for oxygen in water, so that
we may in the future make use of this information to
extract a better estimate of the hydrogen and deuterium
partial scattering laws, as well as cross-terms, in the
energy domain handled by the MD.

Once the ENDF files for H in H2O, and for D in
D2O, have been constructed, we can run the module
THERMRof NJOY 99.259. The grid in α and β needed
to include the experimental and MD results requires a
fine sampling, beyond the current NJOY memory han-
dling capabilities. We have thus slightly modified NJOY
to make it able to process our large S(α, β) files. The
use of ACER did not raise any particular issue. The new
S(α, β) ACE files for light and heavy water are available
as Supplemental data.

4. Benchmark of the Institut Laue-Langevin reactor

The processed S(α, β) files have been tested on
the MCNP IRPhEP benchmarked model of the ILL
Réacteur à Haut Flux (RHF) [7]. The RHF is dedi-
cated to thermal neutron production for scientific exper-
iments. The reactor is cooled and moderated by heavy

Table 1. IRPhEP benchmark configurations of the RHF
model. Values should be around 0 pcm.

Case Configuration keff Uncertainty C−E
E (pcm)

1 All SR up 0.99817 0.00003 –
2 SR1 down 1.00232 0.00007 415
3 SR2 down 1.00036 0.00007 219
4 SR3 down 1.00055 0.00007 238
5 SR4 down 1.00283 0.00007 466
6 SR5 down 1.00125 0.00007 308
7 SR1 and SR2 down 1.00112 0.00007 295
8 SR1 and SR5 down 1.00143 0.00007 326

water. It has only one fuel element, based upon the Oak
Ridge National Laboratory High Flux Isotope Reactor
(HFIR) design. The RHF MCNP model is based upon
a sub-critical approach with all five SR in different po-
sitions. It uses the ENDF/B-VII.0 library. Its overall er-
ror has been assessed to +234/−231 pcm at 1σ . Table 1
shows the benchmarked configurations. The reference
one (case 1) is defined with the five SR are in the up-
per position, i.e. when the absorbing tube is far from
the fuel element. Then, each SR is individually set in the
down position (cases 2–8) in order to assess their anti-
reactivity. The C−E

E ratio, where C is the calculated crit-
icality factor keff and E the experimental one, in Table 1
shows a large discrepancy when comparing case 1 to
each of cases 2–8. The latter cases are always above the
reference case 1 by hundreds of pcm, most of them be-
ing above 1σ of the model uncertainty. Yet, it remains
less than 3σ ; this highlights clearly the model sensibility
when any absorber is put within the reactor pool.

When the new S(α, β) files are used for deuterium
within heavy water, we get significant changes in the re-
sulting keff and C−E

E , as indicated in Table 2. The differ-
ence between the model and the experimental keff is now
statistically centred around zero, as expected.

Our experimental dynamic structure factor was
found to vary by less than 3% between 285 and 325
K, i.e. 0.07%/K, in agreement with [20]. In addition,
as the S(α, β) law scales mostly linearly with tempera-
ture, the direct temperature variation is 1/300= 0.3%/K.
Consecutively, we may estimate the variation on S(α, β)
from Equation (4) to be at most 0.3–0.4%/K. The to-
tal scattering cross-section Equation (8) logically follows

Table 2. Benchmark configurations of the RHF model with
the new S(α, β) of deuterium in heavy water.

Case Configuration keff Uncertainty C−E
E (pcm)

1 All SR up 1.00319 0.00007 –
2 SR1 down 1.00505 0.00007 30
3 SR2 down 1.00338 0.00007 −132
4 SR3 down 1.00343 0.00007 −129
5 SR4 down 1.00567 0.00007 109
6 SR5 down 1.00465 0.00007 −8
7 SR1 and SR2 down 1.00246 0.00007 −73
8 SR1 and SR5 down 1.00217 0.00007 −101
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the same behaviour. However, in that range, the calcu-
lated temperature variation of the criticality factor keff
for the full IRPhEP benchmark model is found to be
only 10 pcm/K, that is 0.01%/K. We conclude that the
criticality factor sensitivity on the temperature is 30–40
times smaller than that of the thermal neutron scatter-
ing cross-section for water.When propagating the uncer-
tainty on the experimental data, that is 3%, the inferred
uncertainty on keff is found to be at most 95 pcm, which
is smaller than the improvement seen on the benchmark,
and then the intrinsic model uncertainty of 231 pcm [7].

Thus, we can conclude that the use of our improved
S(α, β) cross-sections clearly leads to more accurate re-
sults for the RHF model. Obviously, this does not fully
qualify our new S(α, β) cross-sections. This only shows
that theymay bring a positive impact on theRHFmodel
which is a relevant benchmark because of its pure heavy
water pool. However, we believe that our new method-
ology, which allows to take into account the low-energy
dynamics and the structure of water in the neutron cross-
sections, can benefit to other neutron transport models
and provide a better accuracy.

5. Conclusions

In this paper, we show a way to implement measured
S(α, β) into the ACE format. This is a very promising
solution to improve the thermal neutron cross-section
reliability. The gain in accuracy is mostly restricted to
energies lower than 160 and 15 meV for heavy and light
water, respectively. Extension to higher energy ranges
could be envisaged with further experiments on the ILL
hot neutrons instruments or on spallation sources like
ISIS, SNS, where higher neutron energies are available.
Also, the partial dynamic structure factors of atoms,
obtained from MD, may be used to improve further
the accuracy of the hydrogen and deuterium scattering
cross-sections and differential cross-sections.

Furthermore, we are interested in recording the spec-
tra of themost commonmaterials in the nuclear field like
water, lanthanide nitrate solutions, polyethylene, liquid
deuterium, methane, beryllium, mesitylene, etc. We are
also looking for reproducing the common industrial op-
erating conditions, like those of the pressured water re-
actors (350 ◦C and 150 bar) for example.
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