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A new sample component is presented for the Monte Carlo, ray-tracing program, McStas,
which is widely used to simulate neutron scattering instruments. The new component
allows the sample to be described by its material dynamic structure factor, which is sepa-
rated into coherent and incoherent contributions. The effects of absorption and multiple
scattering are treated and results from simulations and previous experiments are com-
pared.

The sample component can also be used to treat any scattering material which may be
close to the sample and therefore contaminates the total, measured signal.
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1. Introduction

Neutron scattering provides a large variety of instruments to probe structure and dynamics of condensed matter. How-
ever, the technique is flux limited, which motivates continuous efforts to improve both the flux and the overall efficiency of
the instruments. Therefore both analytical and numerical methods are used in order to determine optimal instrument
configurations.
. All rights reserved.
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For simple neutron beam configurations, analytical models are available to describe the different neutron optics elements
of the instruments, which modify the characteristics of the beam (e.g. divergence, wavelength spread, spatial and time dis-
tributions). This approach is valid for individual elements such as guides [1,2], choppers [3,4], Fermi choppers [5,6], velocity
selectors [7], monochromators [8–11], and detectors [12–14]. In the case of a limited number of optical elements, the so-
called acceptance diagram theory [2,15,16] may be used, within which the neutron beam distributions are considered to
be homogeneous, triangular or Gaussian. However, real neutron instruments are composed of a large number of optical ele-
ments, and this brings additional complexity by introducing strong correlations between neutron beam parameters like
divergence and position – which is the basis of the acceptance diagram method – but also wavelength and time. The usual
analytical methods, such as phase-space theory, then reach their limit of validity in the description of the resulting effects.

In order to cope with this difficulty, the simulation of neutron spectrometers may be performed using Monte Carlo meth-
ods (for a general review, see Ref. [17]), which are commonly used for the description of microscopic physical processes such
as absorption, scattering or reflection. Integrating these events over the neutron trajectories results in an estimation of mea-
surable quantities characterizing the neutron instrument. Moreover, using importance sampling reduces the computation
time and gives better accuracy. Early implementations of the Monte Carlo method for neutron instruments used home-made
computer programs (see [18,19]) but, more recently, general packages have been designed, providing models for most opti-
cal components of neutron spectrometers. The most widely-used packages are NISP [20], ResTrax [21], McStas [22], Vitess
[23], and IDEAS [24], which allow a wide range of neutron scattering instruments to be simulated. The neutron ray-tracing
Monte Carlo method has been used widely for guide studies [15,25,26], instrument optimisation and design [27–29]. Since
Monte Carlo ray-tracing gives accurate estimates for the flux and resolution, it enables optimum parameter sets for the
instrument to be determined, which is not always possible with classical analytical methods. In addition, as for any instru-
ment, in certain experiment configurations, the experimental signal may be contaminated due to various contributions to
the total signal coming either from the instrument or from the sample such as background, coherent and incoherent scatter-
ing, self-shielding and multiple scattering.

Some of these questions may be tackled directly with Monte Carlo neutron scattering instrument simulations but others
depend intrinsically on the sample. Indeed the experimental signal is the convolution of the instrument response and the signal
due to the interaction between neutrons and the sample (structure and dynamics). Separating instrument and sample contri-
butions requires both to be known in detail. As a consequence, the concept of virtual experiments [30], that is simulations
including accurate models for both instruments and samples, has recently become a logical and important extension of Monte
Carlo neutron scattering instrument simulations. For instance, for the multiple scattering contribution, no experimental meth-
od makes it possible to accurately measure this contribution, even though it can become significant at low q momentum trans-
fers, for example, below the first diffraction maximum in liquids and glasses, where the single scattering coherent signal is weak
in most materials. This is why attempts have been made to reduce the multiple scattering contribution by partitioning the sam-
ple with absorbing layers, as in [31]. However, this is not always applicable thus making the simulation approach very valuable.

Many methods and approximations have been developed to quantify these contributions and, for example, analytical for-
mulae exist that can be applied for correcting multiple scattering [32]. However, these methods remain limited in their capa-
bility to handle strongly cross correlated neutron parameter states, which originate from, e.g. complex instrument and
sample geometry descriptions. A number of previous Monte Carlo codes [33–36] have been designed to evaluate single
and multiple scattering, absorption, self-absorption and transmission factors. However, they are often limited regarding,
e.g. the instrument geometry, the sample environment and shape, or the type of experiment (diffraction, time-of-flight).

This paper presents the component Isotropic_Sqw in the McStas code [22]. It allows the sample scattering function Sðq;xÞ,
where q and x are the wavevector and energy transfers, to be included in a Monte Carlo neutron scattering instrument sim-
ulation. This implies that both elastic and inelastic scattering are taken into account, for the coherent and incoherent pro-
cesses. The object of the study is to demonstrate that complex instrument descriptions can be coupled to sample
simulations in order to produce virtual experiment results that compare with real measurements.

In the next section, the general principle of sample simulations, dedicated to the global simulation of neutron scattering
experiments, is explained. In Section 3 we compare a virtual experiment on liquid Rb with the direct analysis of the corre-
sponding experimental data and we focus on the possibilities for handling multiple scattering in order to demonstrate the
usefulness of such a numerical approach for the analysis of experimental data. While the rubidium work does not reveal a
particular high level of multiple scattering, we regard the work of Copley [31] as a reference in this context. Finally we dis-
cuss the results and give some perspectives of the present work.
2. Sample simulation for virtual neutron scattering experiments

With a view to performing virtual neutron scattering experiments, a new sample component has been developed for the
McStas package [22] in order to simulate neutron scattering from any isotropic material such as liquids, glasses (amorphous
systems), polymers and powders (currently, mono-crystals cannot be handled by this component). The component Isotro-
pic_Sqw treats coherent and incoherent neutron scattering and may be used to model most materials, including sample envi-
ronments with concentric geometries. The method presented here for handling neutron interaction with isotropic materials
is similar in many respects to the earlier MSC [33], Discus [34] and MSCAT [35] methods, but the implementation presented
here is part of a more general treatment of a sample in an instrument.
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In the following, we consider an isotropic medium irradiated with a cold or thermal neutron beam. We ignore the possible
thermal fission events and assume that the incoming neutron energy does not correspond to a Breit–Wigner resonance in the
material. Furthermore, we do not take into account quantum effects in the material, nor refraction and primary extinction.

The justification of using the dynamic structure factor Sðq;xÞ for the description of the scattering events is given by
following Squires [37]. The experimental counterpart of the scattering law Sðq;xÞ is the neutron double differential
scattering cross section for both coherent and incoherent processes:
d2r
dXdEf

¼ r
4p

kf

ki
NSðq;xÞ; ð1Þ
which describes the number of neutrons scattered per unit solid angle dX and per unit final energy dEf . In this equation,
N ¼ qV is the number of atoms in the scattering volume V with atomic number density q; Ef ; Ei; kf ; ki are the kinetic energies
and wavevectors of final and initial states respectively, r is the bound atom scattering cross section, X is the solid angle and
q;x are the wavevector and energy transfer at the sample. In practice, the double differential cross section is a linear com-
bination of the coherent and incoherent parts of the dynamic structure factor as:
rSðq;xÞ ¼ rcohScohðq;xÞ þ rincSincðq;xÞ; ð2Þ
where rcoh (resp. rinc) is the bound atom coherent (resp. incoherent) scattering cross section. Consequently the structure and
dynamics of isotropic samples can be characterised by the quantity rSðq;xÞ, which completely determines the interaction
between neutrons and the sample and therefore can be used as a probability distribution of x-energy and q-momentum
transfers.

We consider a neutron with a given position and incident wavevector ki and energy Ei. In view of computing the inter-
action between a neutron and a material of given volume and shape, the first step consists in determining the propagation
path length in the material by geometrical intersections between the neutron trajectory and the sample volume. Along this
path, the neutron may either interact with atoms of the sample, through absorption or scattering, or be transmitted without
interaction with the material and exit the sample.

The probability of such an interaction is governed by the energy dependent total cross section rtot accounting for both
scattering and absorption, defined as:
rtotðEiÞ ¼ rabsðEiÞ þ rsðEiÞ: ð3Þ
In this expression, the cross sections rabs and rs reflect the effective interaction surface for absorption and scattering respec-
tively between a neutron of energy Ei and an atom of the material.

Therefore, before determining what happens to the neutron, we have to compute the different contributions to the total
cross section, namely rabsðEiÞ and rsðEiÞ. These quantities actually govern the ratio of absorption to scattering in the material
for a given incident energy Ei.

2.1. Cross sections

Except for a few materials with absorption resonances in the cold-thermal energy range, the absorption cross section for
an incoming neutron of velocity v i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Ei=m

p
(in m/s), where m is the neutron mass, is computed as
rabsðEiÞ ¼ r2200
abs

2200ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Ei=m

p ; ð4Þ
where r2200
abs is the absorption cross section for a neutron with v i ¼ 2200 m=s and is obtained from the literature [38].

Following Sears [32], the total scattering cross section for incoming neutrons with initial energy Ei is
rsðEiÞ ¼
Z Z

d2r
dXdEf

dXdEf ¼
Nr
4p

Z Z
kf

ki
Sðq;xÞdXdEf ; ð5Þ
where the integration runs over the entire space and all final neutron energies. As the dynamic structure factor is defined in
the ðq;xÞ space, the integration requires a variable change. Using the momentum conservation law~q ¼~ki �~kf and the solid
angle relation X ¼ 2pð1� cos hÞ, where h is the solid angle opening, we obtain:
rsðEiÞ ¼ N
Z Z rSðq;xÞq

2k2
i

dqdx: ð6Þ
This integration runs over the whole accessible ðq;xÞ dynamical range for each incoming neutron. The dynamic structure
factor needs only to be known for x > 0 (anti-Stokes processes, neutron gains energy), as
Sðq;�xÞ ¼ e�hx=kBT Sðq;xÞ: ð7Þ

This correction will be applied in Section 2.5, and we now consider that x > 0. In practice, the knowledge of the dynamic
structure factor is defined over a limited area with q 2 ½qmin; qmax� and x 2 ½xmin;xmax� which is constrained by the method
for obtaining Sðq;xÞ, i.e. from previous experiments, molecular dynamics simulations, and analytical models. It is desirable
that this area be as large as possible, starting from 0 for both ranges. If we use xmin ! 0, qmin ! 0; �hxmax > 4Ei and qmax > 2ki,
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we completely describe all scattering processes for incoming neutrons with wavevector ki [33]. This means that in order to
correctly estimate the total intensity and multiple scattering, the knowledge of Sðq;xÞmust be wider (at least twice in q, as
stated previously) than the measurable range in the corresponding experiment. As a side effect, a self-consistent iterative
method for finding the true scattering law from the measurement itself is not theoretically feasible, except for providing
crude approximations. However, the measured dynamic structure factor may be used to estimate the multiple scattering
for a further measurement using at least twice longer wavelength neutrons. Extrapolating the scattering law beyond the
accessible measurement range might improve substantially the applicability of the method, but such a discussion is beyond
the scope of this paper.

Consequently, limiting the q integration in Eq. (6) to the maximum momentum transfer for elastic processes 2ki, we write
the total scattering cross section as
rsðEiÞ ’
N

2k2
i

Z 2ki

0
qrSðqÞdq: ð8Þ
Using Eq. (2), it is possible to define similar expressions for the coherent and incoherent terms rcohðEiÞ and rincðEiÞ respec-
tively. These integrated cross sections are usually quite different from the tabulated values [38] since the latter are bound
scattering cross sections.

Once the absorption and scattering cross sections are known, we can compute transmission, absorption and scattering
event probabilities.

2.2. Transmission

The transmission probability follows an exponential decay law accounting for the total cross section. The neutron trajec-
tory intersection with the sample geometry provides the total path length in the sample dexit to the exit. Defining the linear
attenuation lðEiÞ ¼ qrtotðEiÞ, the probability that the neutron event is transmitted along path dexit is e�lðEiÞdexit . Consequently,
we determine if the neutron interacts with the sample by drawing a random number nt in the range [0, 1]. Note that when-
ever we refer to random numbers, a uniform generator is used [39]. In the following, we introduce the neutron Monte-Carlo
statistical weight, which represents the probability of a given neutron event to participate in the total intensity at a given
position in the course of the simulation.

In case of transmission, the neutron leaves the sample. In previous Monte Carlo codes such as MSC [33], DISCUSS [34] and
MSCAT [35], each exiting neutron event is forced to scatter to the detector area in order to improve the sample scattering
simulation statistics and reduce the computing time. This method requires to focus the measurable energy and momentum
transfers for the last scattering event in the sample towards the detectable area, so that the choice of the scattering excitation
actually requires a more complex sampling mechanism from the dynamic structure factor. The corresponding instrument
model is limited to a neutron event source, a sample and a detector. In the current implementation, it is equally possible
to ’force’ neutron events to scatter (and possibly reach the detector) by applying a correction factor p0 ¼ 1� e�lðEiÞdexit to
the neutron statistical weight, in which case there is no need to cast the random number nt for transmission probability.
However, the McStas instrument model is often built from a large sequence of components [22]. Even though the instrument
description starts as well with a neutron event source, more than one sample may be encountered in the course of the neu-
tron propagation and multiple detectors may be positioned anywhere in space, as well as other instrument components (e.g.
filters, mechanical parts, samples, shields, radiation protections). This implies that, in this case, neutron events scattered
from a sample volume should not focus to a single area. Indeed, transmitted events may reach other scattering materials
and it is not desirable to force all neutron events to scatter. In this case, the correction factor p0 is therefore not applied,
and neutron events can be transmitted through the sample volume. The simulation efficiency for the scattering is certainly
lower, but enables much more complex arrangements, such as concentric sample environments, magnets and monochroma-
tor mechanical parts, and neutron filters, to be modelled.

2.3. Scattering and absorption

If the neutron is not transmitted, it may be either absorbed or scattered. In order to avoid loosing neutron events through
absorption, we consider that all interacting neutron events scatter and the neutron statistical weight is multiplied by a factor
p1 ¼
rsðEiÞ
rtotðEiÞ

ð9Þ
to account for the fraction of absorbed neutrons along the path. Additionally, the type of interaction (coherent or incoherent)
is chosen randomly with fractions rcohðEiÞ=rsðEiÞÞ and rincðEiÞ=rsðEiÞ.

Then we select a scattering position along the path, taking into account the secondary extinction and absorption proba-
bility. In this process, the neutron is considered to be a particle or an attenuated wave. The position of the neutron scattering
event along the neutron trajectory length dexit is determined by [19,34]
ds ¼ �
1

lðEiÞ
lnð1� nd½1� e�lðEiÞdexit �Þ; ð10Þ
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where nd is a random number in [0, 1]. This expression takes into account secondary extinction, originating from the
decrease of the beam intensity through the sample (self-shielding).

2.4. Choice of the energy and momentum transfers

Once a scattering position has been assigned, the neutron interacts with a material excitation. Here we turn to the wave
description of the neutron, which interacts with the whole sample volume. The distribution of excitations, which determines
their relative intensity in the scattered beam, is simply the dynamic structure factor – or scattering law – Sðq;xÞ. We build
probability distributions from the scattering law in order to improve the efficiency of the method by favoring the ðq;xÞ
regions with larger Sðq;xÞ values.

The choice of the ðq;xÞ wavevector-energy transfer pair could be done randomly, as in the first event of the second order
scattering evaluation in DISCUS [34], but it is somewhat inefficient except for materials showing a broad quasi-elastic signal.
As the scattering originates from structural peaks and excitations in the material Sðq;xÞ, it is usual [35] to adopt an impor-
tance sampling scheme by focusing the ðq;xÞ choice to areas where the intensity of Sðq;xÞ is high. In practice, this means
that the neutron event should scatter preferably on, for example, Bragg peaks, quasielastic contributions and phonons.

The main idea to implement the scattering from Sðq;xÞ is to cast two consecutive Monte Carlo choices, using probability
distribution built uniformly from the dynamic structure factor. We define first the probability PxðxÞdx as the unweighted
fraction of modes whose energy lies between x and xþ dx
PxðxÞ ¼
R qmax

0 Sðq;xÞdq
jSj ; ð11Þ
where jSj ¼
R R

Sðq;xÞdqdx is the norm of Sðq;xÞ in the available dynamical range q 2 ½qmin; qmax� and x 2 ½xmin;xmax�. The
probability Px is normalised to unity,

Rxmax

xmin
Pxðx0Þdx0 ¼ 1, and is a probability distribution of mode energies in the material.

The energy transfer x for scattering is determined by casting a random number nx 2 ½0;1� and solving the equation
nx ¼
Z x

xmin

Pxðx0Þdx0: ð12Þ
Similarly, in order to focus the wavevector transfer choice, we define the probability distribution of wavevector
Pqðq j xÞdxdq for the selected energy transfer lying between x and xþ dx
Pqðq j xÞ ¼
Sðq;xÞ

SðqÞ ; ð13Þ
from which we choose randomly a wavevector transfer q, knowing the energy transfer x. As for the energy transfer, we cast
a random number nq 2 ½0;1� and determine the corresponding wavevector transfer q which solves the equation
nq ¼
Z q

qmin

Pqðq0 j xÞdq0: ð14Þ
The right members in Eqs. (12) and (14) are monotonically increasing primitives of Px and Pq, which only depend on the
dynamical structure factor S. This procedure ensures that the energy and wavevector choice is performed on a uniform
ðq;xÞ space but statistically focuses scattering events where the scattering function is higher.

Then a selection between energy gain and loss is performed with the detailed balance ratio e��hx=kBT . In the case of Stokes
processes, the neutron can not loose more than its own energy to the sample dynamics, so that �hx < Ei. This condition
breaks the symmetry between up-scattering and down-scattering.

2.5. Solving selection rules and choosing the scattered wavevector

The next step is to check that the conservation laws
�hx ¼ Ei � Ef ¼
�h2

2m
ðk2

i � k2
f Þ; ð15Þ

~q ¼~ki �~kf ð16Þ
can be satisfied. These conditions are closely related to the method for selecting the outgoing wavevector direction.
When the final wavevector has to be computed, the quantities~ki; �hx and q ¼ j~qj are known. We solve the energy conser-

vation law Eq. (15) and we select randomly kf as one of the two roots. The scattering angle h from the initial ki direction is
determined from the momentum conservation law cosðhÞ ¼ ðk2

i þ k2
f � q2Þ=ð2kikf Þ, which defines a scattering cone. We then

choose randomly a direction on the cone. If the selection rules can not be verified (namely j cosðhÞj > 1), a new ðq;xÞ random
choice is performed (see Section 2.4). It might appear inefficient to select the energy and momentum transfers first and check
the selection rules afterwards. However, in practice, the number of iterations to actually scatter on a high probability process
and satisfy these rules is limited, usually below 10. Moreover, as these two steps are simple, the whole process requires a
limited number of computer operations.
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Once the scattering probability and position, the energy and momentum transfers and the neutron momentum after scat-
tering have all been defined, the whole process is iterated until the neutron is transmitted and exits the sample volume.

2.6. Schematic neutron-matter interaction implementation

The processing of the interactions between neutrons and sample can be summarized as follows:

(1) Compute the propagation path length in the material by geometrical intersections between the neutron trajectory and
the sample volume.

(2) Evaluate the total cross section from the integration of the scattering law over the accessible dynamical range.
(3) Use the total cross section to determine the probability of interaction for each neutron along the path length, and

select a scattering position.
(4) Weight neutron interaction with the absorption probability and select the type of interaction (coherent or incoherent).
(5) Select the wavevector and energy transfer from the dynamic structure factor used as a probability distribution. Apply

the detailed balance.
(6) Check whether selection rules can be solved. If they cannot, repeat (5).
(7) Iterate this procedure from step 1 to 6 until the neutron leaves the sample.

The McStas Isotropic_Sqw component implementation requires to provide the coherent and incoherent dynamical struc-
ture factor as two text files containing a matrix of Sðq;xÞ values on specified momentum and energy axes. Additionally,
bound cross sections, temperature, density of material and molecular weight can be specified within the file headers, or gi-
ven as individual parameters to the component. The sample geometry is described from a set of simple shapes (box, cylinder,
sphere), or using a file containing a set of point coordinates to define a closed volume (which may for instance be obtained by
scanning a real sample with a laser probe).

As the component is part of a full instrument description, the incoming neutron beam is obtained from McStas compo-
nents upwards in the instrument description, which usually include a neutron source (pulsed or continuous) and neutron
optics (guides, choppers, monochromators, . . .). Any sample container is treated just as the sample itself, i.e. as a material
surrounding the sample to be studied. This implies the ability of the component to handle embedded geometries as well
as multiple scattering between the container and the sample, which are both implemented in the component code and McS-
tas. The results of the computation are obtained using detector components following the sample component position in the
instrument simulation sequence such as banana shaped monitors recording time and angular histograms (tallies). Some of
these monitors can be made sensitive to, e.g. only multiple scattering, or scattering taking place in the container. Each his-
togram is saved into a single text file. There is no assumption in the component Isotropic_Sqw regarding the following detec-
tor specifications (type, dimensions).

We shall now present an example of virtual experiment using this method, comparing simulated results with actual
experiments.
3. A virtual experiment: liquid Rb on a time-of-flight spectrometer

All classes of instruments have been simulated with McStas and some of these are included as examples in the software
[22]. To date, these simulations have used very simple models to describe samples, for example a vanadium-like constant
incoherent scatterer, elastically scattering powders and a simple inelastic scatterer, but without multiple scattering.

In order to use the sample model presented above, prior knowledge of the dynamic structure factor Sðq;xÞ is required.
Currently, there are three methods to obtain the dynamic structure factor ðq;xÞ matrix required for the sample simulation:

(1) Use an analytical Sðq;xÞ function to generate a matrix with a regular q and x sampling. Results obviously depend on
the analytical models used. This is one of the methods used in Discus [34] and MSCAT [35].

(2) Use previous experimental data, taking into account detector efficiencies, instrument contribution, sample absorption,
empty cell and background subtraction. The resulting dynamical structure factor depends on the quality of the data
analysis. Moreover, the extracted Sðq;xÞ should only be used to simulate experiments on half of its dynamical range
(see comment in Section 2.1).

(3) Compute the dynamic structure factor of the sample from molecular dynamics (MD).

In order to demonstrate the efficiency of the simulation methodology presented above, we have searched for past exper-
iment results published together with estimates of multiple scattering effects. The extensive experiments on l-Rb by Copley
et al. [31,40] and Demmel et al. [41,42] give a complete dynamic structure factor data set, and additionally estimate the mul-
tiple scattering effects using MSCAT [35]. Moreover liquid rubidium is a simple alkali liquid which can be accurately simu-
lated by means of classical [41,43] and ab initio molecular dynamics methods. We have thus chosen the published liquid
rubidium dynamics measurements as a basis for the validation of our code. Complementary virtual experiment results on
other materials will be published separately.
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In the following, we have set up a simple model of an instrument built with a source, a liquid sample and a large
detector.

3.1. Simulation details

The instrument model mimics the beam characteristics of the hybrid time-of-flight spectrometer built at the Argonne
CP-5 reactor [44]. The neutron beam is extracted from a continuous thermal source (T = 300 K), collimated in a vacuum
tube with width and height of 4 cm, and monochromatized to produce a E0 ¼ 4:94 and 33.0 meV incoming energy (we
use here the same notation as in Copley paper, E0 ¼ Ei) with an energy resolution of DE ¼ 0:24 and 1:07 meV full-width
at half maximum (FWHM) respectively. A Fermi Chopper creates a pulse of neutrons with triangular time distribution of
6.4 and 9:5 ls half width for E0 ¼ 4:94 and 33 meV incoming energy respectively. The beam hits the sample at 2.88 m after
being monochromatized. The incoming neutron flux (i.e. the reactor power) at the sample position was adjusted to match
the intensity measurements reported in [44] as 1:5� 104 and 1:7� 104 neutrons/s for E0 ¼ 4:94 and 33.0 meV incoming
neutron energies respectively. An oscillating radial collimator is positioned around the sample chamber in order to remove
most of the furnace aluminum scattering contribution. The detector bank, centered on the sample position, has a radius of
2.5 m, with 205 tubes of height 45 cm covering an angular range from 10� to 120�. Each detector tube is filled with an 3He gas
at 6 bars and a stopping gas. The whole detector produces an angle-time intensity histogram. The simulation model only
considers a single neutron pulse, and thus neglects frame overlap. The c-ray background from the neutron source is ne-
glected, as well as scattering in air and helium gas.

The simulated liquid rubidium sample geometry is as described in [31]. Disks of height and diameter 1.68 cm are stacked,
separated by an infinitely thin absorbing material. The cylindrical assembly is contained in an aluminum can of thickness
0.045 cm. The sample cell total height is larger than the beam size. The sample is placed in an aluminum evacuated tank
of diameter 30 cm, thickness 2 mm. The aluminum container elastic coherent scattering is modelled [45] using measured
structure form factors [46], with constant SincðqÞ ¼ 1 incoherent contribution.

The rubidium sample structure and dynamics are extracted from a classical molecular dynamics (MD) simulation [30].
The inter-atomic interaction is described by the effective two-body potential of Kambayashi and Kahl [47,48], with a core
radius parameter rc ¼ 1:307 Å. This simple potential has been validated for temperatures close to the l-Rb melting point
Tm ¼ 312 K. In this study, we have used 520 rubidium atoms with a number density n ¼ 0:010288 atoms per Å

3
. The system

was first equilibrated at T ¼ 315 K in the (N, V, T) ensemble, and trajectories were then recorded over 50,000 time steps of
Dt ¼ 1 fs in the (N, V, E) microcanonical ensemble. The sound velocity is obtained from the small-q phonon slope at about
c ¼ 1300 m=s and the diffusion coefficient is determined from the molecular dynamics as D ¼ 0:23 Å

2
=ps at T ¼ 315 K, in

agreement with [43].
From the molecular dynamics simulation trajectories, we calculate the liquid rubidium dynamic structure factor Sðq;xÞ

describing the structural and dynamical behaviour of the sample. Sðq;xÞ is computed with the help of the nMoldyn package
[49], which allows us to evaluate separately the coherent and incoherent parts of the dynamic structure factor. We then use
that data as input for the McStas [22] virtual experiment, using the instrument described above.
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Fig. 1. Structure factor of l-Rb near the melting point: neutron scattering experiments [31,50] (circles), X-ray scattering [50] (squares) and MD simulation
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3.2. Results

In order to check the liquid rubidium molecular dynamics model, we first compare in Fig. 1 the static structure factor
SðqÞ ¼

R
Sðq;xÞdx (where integration runs over the largest possible energy range) obtained from Copley measurements

[31,50], X-ray data [50] and from our MD simulation. The simulated data are in good agreement with measurements, both
in amplitude and phase. Around the first sharp peak at q � 1:5 Å simulation data is shifted to slightly lower q-values and is
slightly sharper. This may originate from the limited size of the simulation box, which tends to slightly order the sample and
thus show stronger structure peaks. As a consequence, we should expect in our simulation a stronger and sharper elastic
peak contribution. These structure results are also in good agreement with those of Demmel [42]. This level of agreement
is important to demonstrate since most of the multiple scattering events correspond to elastic scattering processes.

Copley [31] has measured the scattering function of liquid rubidium as a function of the time-of-flight and scattering an-
gle. In order to determine the scattering function S from the measurement, the container and the instrument effects were
subtracted and multiple scattering was estimated using MSCAT [35]. Such a data analysis procedure depends on the analyt-
ical and numerical models used.

In the current virtual experiment, the container and instrument are part of the simulation, and it is thus possible to pro-
duce raw data sets as if measured directly during the experiment, including the scattering from the sample as well as other
contributions arising from the multiple scattering, the instrument geometry and the sample environment. In order to dem-
onstrate how virtual experiments can produce results similar to the experimental ones, we have chosen to show the simu-
lated raw time-of-flight data as a function of the angle, without any additional data analysis.

We have performed two simulations with incoming energies E0 ¼ 4:94 meV and E0 ¼ 33 meV. Each simulation generated
108 initial neutron events and ran for less than 15 min on a single processor machine. The simulation results correspond to
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an equivalent measurement time of the order of 40 h, but the corresponding experimental counting time is not indicated in
[31]. Results of the virtual experiments using single detector tubes are shown in Figs. 2 and 3 and compared to time-of-flight
experimental data from Ref. [31] at selected scattering angles.

It can be seen that both measurements and simulation show identical line shapes, with a sharper elastic line in the case of
the simulation, as expected from the simulated structure factor (Fig. 1). Low angle results for E0 ¼ 4:94 meV incoming energy
clearly present a distinct peak aside the elastic line. This peak, after transforming the time axis into energy transfer, reveals
the liquid rubidium damped phonon in the case of the two lowest detection angles (see Fig. 4). However, this is not the case
for the larger angles, in which case the apparent side peak does not correspond to any coherent single excitation, but orig-
inates from the time distribution transformation into energy bins, and disappears when extracting Sðq;xÞ [31]. The
E0 ¼ 33 meV thermal incident energy results show a quasi-elastic line, slightly asymmetric.

The scattering from the sample container and the evacuated tank has also been simulated and appears as a central sharp
peak, slightly displaced in time due to the cylindrical geometry. The multiple scattering contribution appears as a large qua-
si-elastic line which does not exceed a few percent of the total scattering. All contributions are obtained simultaneously,
without additional scaling.

In order to compare our multiple scattering estimates with previous estimates like MSCAT [35], we have selected in Fig. 4
two representative plots of the scattering function at constant angle. The simulated data is obtained by changing the angle-
time detector into an angle-energy transfer detector. This is achieved by storing at the sample position the energy transfer
value, and access that information when neutrons reach the detector surface. There is no data analysis transformation and
the result is obtained directly from the simulation, and not by treating the angle-time data as one would do from a real
experiment. For the E0 ¼ 4:94 meV configuration, the lowest angle / ¼ 36:6� shows the l-Rb phonon contribution, as well
as the multiple scattering calculation. For the E0 ¼ 33 meV, we present results at scattering angle / ¼ 51�. As in the raw data,
our simulated elastic line is sharper than the measured data. Both the scattering function and the multiple scattering con-
tribution are in good agreement with the experiment and the MSCAT computation [31].
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The sample is found to scatter 7.8% and 10% of the incoming intensity and the multiple scattering represents 5.4% and
4.8% of the scattering intensity at E0 ¼ 4:94 meV and E0 ¼ 33 meV incident energy respectively. The absorption fraction,
including self-shielding, represents 11.1% and 4.5% at E0 ¼ 4:94 meV and E0 ¼ 33 meV incident energy respectively.

We thus conclude that within experimental and simulation uncertainty, the current virtual experiment is in good agree-
ment with Ref. [31].

4. Discussion and perspectives

In this paper, we have presented a new method for the simulation of complete neutron scattering experiments, including
both instrument and sample. The propagation of neutrons through the instrument and the sample uses Monte Carlo
ray-tracing. For interactions between neutrons and the sample, the main kinds of processes are accounted for, such as
absorption, coherent and incoherent scattering, and multiple scattering. The structural and dynamic features of the sample
are described by its dynamic structure factor, which is used to compute the energy and momentum transfers between neu-
trons and sample. Sample environment elements are treated in the same way as the sample. This method generates a sim-
ulated signal of a neutron scattering experiment and gives insight into the influence of the different contributions to the
experimental signal, which are otherwise difficult to evaluate accurately. In a usual neutron scattering measurement, the
empty-cell contribution should be subtracted from the total signal, taking into account the relative absorption ratio between
the cell and the sample itself on the cell geometry. The virtual experiment provides simultaneously in a single computation
all contributions in the detected signal, with their absolute intensities (counts per second) and cross-scattering dependency.
Specifically, the usual empty-cell measurement is not required to extract the sample-only contribution. This is especially
relevant for materials with large absorption cross section, like indium and mercury.

Results of simulated neutron scattering experiments are shown for liquid Rb and compared to previous measurements.
Despite the fact that our virtual experiment is somewhat simpler than the real experiment, simulated results are in very
good agreement with experimental analysis. The simulation model was entirely computed, and results only depend on
the two-body potential, its core radius parameter, the instrument geometry and the measurement time.

In the example presented here, the single scattering, dynamic structure factor is given as input in the virtual experiment
and multiple scattering in the total signal is then evaluated. In the case of real experiments, only the total scattering is known
and programs that treat multiple scattering attempt to extract the single scattering contribution. A logical extension to the
approach developed here will therefore be to implement a self-consistent scheme in which the total signal is given as input,
the multiple scattering is evaluated and then subtracted from the total to give new input signal and the cycle is repeated
until the final, simulated total signal matches the initial, measured total signal. However, as stated before, this process
can in principle only be applied on half of the measured dynamical range, so that the final input signal will approximate
the single scattering, dynamic structure factor.

While treating multiple scattering only requires a simple model instrument, the numerical approach embodied in the vir-
tual experiment allows complex instrument configurations. Since the sample component can be used to describe any scat-
terer, the virtual experiment can include any scattering elements that are in the incident beam or are likely to be irradiated
by the scattered beam. Practically this type of simulation can be used to identify spurious contributions to the total signal,
which may come from a series of scattering events in several elements, for example sample (elastic scattering)-cryostat
(elastic scattering)-sample (inelastic scattering). While cryostats are generally not so problematic, cryomagnets and pressure
cells can involve significant amounts of scattering materials close to the sample position. Such a sample environment may be
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difficult to improve upon, but our simulations would allow the ideal beam characteristics to be determined for a given set of
scattering elements around the sample position.

Finally, we intend to make virtual experiments available to new and established users of neutron scattering facilities in
order to allow them to understand how experiments work and to evaluate if a proposed experiment is feasible. When some
knowledge about the container and/or the sample is available, it is possible to compute accurately their contributions in a
measurement, providing potentially, invaluable help in data analysis.
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