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1 INTRODUCTION

1.1 Purpose of this manuscript

Initially, Monte-Carlo simulations were designed to study nuclear reactions using neutron transport
codes such as MCNP [1]. In the 80's, a number of 'home made' neutron scattering dedicated Monte-
Carlo codes were created, e.g. NISP, MSCATT, to tackle more accurate estimates of neutron fluxes
and scattering processes (e.g. multiple scattering estimates). In the late 90's, more general codes
such as ResTrax [2], Vitess [3], and McStas [4][5] were initiated to allow application to a wider set
of problems. These codes have first been used to design instruments by optimising their geometry
and specification to reach a higher effective intensity or resolution. Then in the last decade, the
notion of 'virtual experiment' — that is the tight coupling of an instrument model with a sample
scattering kernel — has emerged. Even though the mechanics for this methodology is now validated,
most current studies only consider the instrument design, and do not benefit from the advanced
sample models now available in e.g. McStas [6][7][8].

In this manuscript, we present what can be done today using virtual experiments and how such tools
may be used in a near future to analyse neutron measurements with inclusion of most data reduction
and analysis steps in the experiment model. In this respect, all presented results should be
considered as a prospective study, which are probably among the most advanced neutron scattering
virtual experiments that can be currently envisaged.

We shall not present in details the principle of Monte-Carlo neutron scattering simulation [5][6][7]
[9][10], data treatment [11][12][13] and assume these topics are already known to the reader.
However, a quick reminder is presented in Chapter 2, with inclusion of relevant papers at the end on
this manuscript.

We shall demonstrate how we can use the McStas software to perform virtual experiments which
provide invaluable information about the scattering processes in the material, including instrumental
artefacts such as multiple-scattering in the sample volume, wavelength and spatial resolution, etc.
This will be demonstrated in Section 3.1 with an ultra-cold neutron moderator study using a [-*He
cell.

Then, we shall present how it is possible to plan and interpret an inelastic scattering experiment by
making use of molecular dynamics to feed a virtual experiment. This will be presented in Section
3.2 with a measurement of the structure and dynamics of /-In around its first structure peak.

Finally, we shall present a novel methodology to perform Rietveld refinement of a powder structure
[14], which does not make use of analytical approximation, as opposed to conventional Rietveld
refinement which requires to estimate the resolution function [15]. This will be shown in Section
3.3.

For all these topics, we shall discuss the advantages and drawbacks of the Monte-Carlo
methodology compared to other approaches.

1.1 Purpose of this manuscript 3



1.2 Introduction to virtual experiments

1.2.1 Definition

Following [16], a neutron scattering Virtual Experiment is a simulation which:
1. models a complete instrument, including a detailed sample description,
2. provides absolute intensity results that compare with actual measurements, and
3. can be controlled like a real instrument.

The key point in these requirements is certainly the availability of advanced and accurate sample
and neutron optics descriptions. We may summarize mathematically a virtual experiment as a
convolution:

Virtual experiment = Instrument simulation [0 Advanced sample model

Compared with other neutron propagation Monte-Carlo codes, the McStas package [4][5][6][7] has
put much effort in these fields and achieved a significant breakthrough towards effective Virtual
Experiments, for all classes of neutron scattering instruments and materials.

1.2.2 Applications

Once we assume that a virtual experiment is available, it may be used in many ways. The neutron
facilities staff will mainly use this tool in order to upgrade or design new instruments. In this case,
the simulation results will enable to estimate the main instrument characteristics, including
intensity, resolution, signal to noise ratio not only on the integrated neutron beam, but also on a
realistic neutron scattering signal such as diffractograms and inelastic spectra. This approach may
be complemented with pure neutron transport codes such as MCNP [1] in order to study fast
neutrons and gamma background e.g. for shielding design.

Another use of virtual experiments deals with experiment planning. An accurate virtual experiment
model may be used to estimate the feasibility of a real experiment proposal, in order for instance to
estimate if a scattering process in the sample is effectively measurable. An estimate of the
acquisition time may also be obtained at this stage. During an experiment, one may compare the
measured data with the corresponding data from the virtual experiment, in order to understand and
label observed features, for instance to separate the contributions from the sample environment or
parasitic scattering signals such as multiple scattering.

Last but not least, virtual experiments are invaluable for teaching. The embedded model can be

shown without actually travelling to neutron facilities, and help in understanding both how
instruments are built, operated and the type of data which they generate.

1.2 Introduction to virtual experiments 4



1.3 Software used in this study

Before we focus on the specific software used for this study, we present an overview of some
available programs that may be employed for the data analysis, the modelling of neutron scattering
instruments, and the molecular dynamics simulations.

1.3.1 Data analysis

Data analysis computer programs have a unique raison d'étre: to shorten the path from a raw
scientific result to publishable quality data. In order to accomplish this task, the software should be
able to import, view, export, and analyse the data, including the ability to find the best scientific
model to interpret it.

The usual method to analyse data from neutron scattering measurements is to follow a series of
subtractions (e.g. empty sample cell), normalizations (e.g. reference sample, transmission, detector
efficiency), grouping, and variable change, etc. leading to a physically meaningful data set aka
reduced data, on which models can further be tested. These models are derived from e.g. theory and
can usually be parametrized as mathematical functions. The corresponding model parameters,
which are the relevant information for the scientist, are then often found by a fitting procedure.

In the following we list a number of data analysis packages, which main purpose is first to reduce
(correct and transform) the raw data. The recommended packages in the scope of this manuscript
are LAMP and iFit.

* LAMP [13] is the preferred data reduction framework used at the ILL. It can import most
data files produced by neutron scattering instruments and molecular dynamics modelling
software, and provide a set of reduction routines. It has been used to pre-process the liquid
helium datain section 3.1.

e iFit [11][12] is a generic light-weight data analysis package for Matlab, which can import
any data file, apply mathematical operators, visualise, export, fit and optimise multi-
dimensional problems. Most of the data analysis and the figures of this manuscript have
been obtained with iFit.

* FullProf [17] is a powerful software for powder diffraction, Fortran based, which
implements the Rietveld method [14]. This method consists in a parametrisation of the
instrument resolution function [15] and a fit of a physical model using the raw diffractogram
with most reduction steps included analytically in the model. It is based on the
Crystallographic Fortran Module Library (CrysFML). FullProf and CrysFML and used in
the section 3.3.

1.3.2 Neutron scattering instrument simulations

Many Monte-Carlo based software have been written to model neutron scattering instruments. An
instrument description, which consists in geometrical and physical parameters, is given as input.
The result of the modelling is a set of neutron events and distributions. The most widely spread
package is currently McStas.

1.3 Software used in this study b)



* McStas [4][5][9] is a general neutron instrument Monte-Carlo simulation software used by
a wide community. All classes of neutron instruments, including polarized ones, are
supported. Computation is C based, with a separate graphical layer. The software supports
multi-processing and clusters, parameter optimisation, instrument geometry and provides
plotting capability of simulation results. It includes extensive documentation and examples,
a large instrument component library and material data base. Significant effort has been put
into virtual experiments with the developments of numerous sample kernels to model all
types of neutron/matter interaction for many materials. All simulations presented in this
manuscript have been obtained with McStas.

1.3.3 Molecular dynamics

Molecular dynamics (MD) consists in the modelling of atom and molecule movements, as a
function of time, in a simulation box. The result is usually a trajectory file which should be analysed
subsequently. In the scope of this manuscript, we have used VASP and nMoldyn.

* VASP [18][19][20] is an ab-initio plane wave based DFT code for periodic systems. Its
main applications are to perform electronic calculations and quantum mechanical molecular
dynamics from first principle. Such simulations have few tunable parameters (energy
thresholds, pseudo-potential choice, approximation/speed/precision balance).

*  nMoldyn [21][22][23] is a molecular dynamics trajectory analysis software, Python based,
which can import trajectories from most MD codes such as CASTEP, VASP, NAMD and
DL-POLY. Coordinate analysis in real and reciprocal space can be performed to extract
structural and dynamical informations. In this manuscript, we have used nMoldyn to
compute the dynamic structure factor S(g, @) from molecular dynamics simulations.

1.4 Modelling materials

Virtual experiments require that the materials in the neutron beam be known with structural, and
possibly dynamical information.

In principle, once the measured or simulated data has been corrected and transformed to the
momentum/energy reciprocal space, it can be used as a sample model for virtual experiments. In
practice, the main sample kernels supported by McStas are powders, single crystals and all isotropic
materials (liquid, gas, powder, amorphous material), as seen in Table 1.

Other sample models can be used but are much more restrictive as they are analytical. This is for
instance the case of small angle scattering contribution which is modelled using analytical form and
structure factors. In such cases, this information will be obtained from a fit of sample parameters to
the simulated or measured data.

The purpose of the following sections is to detail how the information needed as input to these

sample kernels can be obtained, both from previous experiments and molecular dynamics
simulations.

1.4 Modelling materials 6



Sample kernel | Scattering Material Parameters

Single_crystal |Coherent and incoherent, | Single crystals Lattice, |F%hkl)l, 0,. and
elastic Oos

PowderN Coherent and incoherent, | Powders |F2(hkl)| , 0, and Oy,
elastic

Isotropic_Sqw |Coherent and incoherent, Powders, liquids, gas, |F2(hkl)l or S(g), O, and
elastic amorphous  (polymers, | g,

glass)

Isotropic_Sqw |Coherent and incoherent, |As above Seon(q @), Sine(q, W), Tups Oine
elastic and inelastic and 0.,

SANS kernels |Coherent and incoherent,|Large scale structures| Parameters of the form

elastic

(polymers, solutions, ...)

Table 1: Main sample kernels used to model materials with McStas.

1.4.1 From measurements

factor P(q) and the structure

factor S(‘])’ anc‘ and OZJbS

Data acquired from existing measurements (time-of-flight, triple-axis, small angle, diffractometer,
...) require to carefully correct the raw data to remove any contribution that does not originate from
the sample itself. This includes for instance the following contributions:

* the instrument resolution (in momentum and energy),

* the sample environment scattering (cryostat, furnace, ...),

* the sample container scattering and shape (usually flat or cylindrical cell),

* any additional scattering on materials in the beam other than the sample, for instance
parasitic scattering — phonons and multiple-scattering — on the instrument optics components
such as filters or monochromator mounts,

* the neutron attenuation correction through the sample, known as the secondary extinction or
self shielding,

* the ambient background around the instrument,

* the detector efficiency and parallax effect,

* the measurement normalisation to a reference sample (e.g. vanadium) which mostly corrects
for the detector efficiency on the elastic scattering,

* multiple orders scattering, that is a non ideal monochromaticity of the beam,

1.4 Modelling materials



* the multiple-scattering in the sample.

Except for the multiple-scattering contribution and the instrument resolution function, all of the
above corrections can be performed using linear combinations, usually weighted with the
transmission through the sample and neutron energy dependent factors. The triple-axis spectrometer
measurements data analysis often take into account a full 4-dimensional resolution model, but most
other neutron scattering measurements only consider one dimensional Gaussian functions. The data
reduction can be performed using software such as LAMP [13], Mantid [24], DAVE [25], and
GRASP [26].

After being corrected and reduced, it is usual to transform the data measurement axes (position,
angle, time) into momentum and energy axes, which are used to characterize the sample structure
and dynamics. This transformation is achieved by applying a Jacobian. In some cases, such as in the
Rietveld refinement method [14] for diffraction measurements, part of the data reduction, the
resolution function corrections and the angle to momentum transformation are included in the
fitting procedure which provides the final physical parameters. The reader may refer to [27] for a
detailed presentation of such corrections and transformations.

Once the data has been treated, structural and dynamic information can be extracted: list of lattice
reflections |F?l, structure factor S(g), dynamic structure factor S(q,w), form factor P(g), and any
other information to be used as input. For instance, it is easy to read CIF entries from a past
structural experiment and obtain the list of lattice reflections |F?l. Similarly, most neutron inelastic
scattering time-of-flight measurement can be converted into a dynamic structure factor S(g, w).

1.4.2 From molecular dynamics simulations

Molecular dynamics simulation can provide extensive structural and dynamic information when
existing measurements are not available or satisfactory. A set of atoms and molecules are positioned
in a simulation box. The total energy of the system provides the forces that act between the atoms
and molecules. The equations of motion are then integrated, providing trajectories over time. This
manuscript will certainly not present the complex underlying theory in classical and ab-initio
molecular dynamics codes and we rather encourage the reader to refer to [28] for these aspects. In
the following, we shall simply assume that a trajectory can be obtained for a given material. Many
structural and dynamical analysis can be further performed:

* mean square displacement in order to extract the diffusion coefficient D,

* radial density function g(r), measuring the probability to find neighbours at a given distance
from a central atom,

* structure factor S(g), which is basically the Fourier transform of g(r),
* classical (symmetric) dynamic structure factor S(g, @), which provides both structural and

dynamical information, including for instance coherent scattering from phonons and
incoherent scattering from disorder.

1.4 Modelling materials 8



The dynamic structure factor contains all of this information, and is sufficient to describe most of
the material features measured with neutrons.

In practise, we have extensively used the ab-initio DFT code VASP [18] to model e.g. metallic
liquid systems, and then computed S(g, w) with nMoldyn [21][22][23]. When the inelastic scattering
part is not required, the structure factor S(g) may be computed faster to model e.g. liquid and
powder structures.

2 NEW TOOLS FOR VIRTUAL EXPERIMENTS

In this section, we present recent achievements which may constitute parts of a data analysis
procedure using virtual experiments. These tools have been developed within the last decade,
are published, and freely available for the community [7][9][11][12].

2.1 Scattering kernel for virtual experiments with isotropic density
materials: the liquid Rubidium example

The scattering and moderation of neutrons by an isotropic material can be modelled using the
McStas Isotropic_Sqw component [4][5][9]. In this component, we consider an isotropic medium
illuminated with thermal or cold neutrons. We ignore quantum effects, refraction and primary
extinction, nuclear processes except neutron absorption, and assume no Breit—Wigner resonance in
the incoming neutron energy range. Following Squires [29], we relate the neutron double
differential scattering cross section, that is the measured scattering intensity, to the material total
scattering law S(q,w)
d ? O _ o k

dQdE; 4n k
The double differential cross section describes the number of neutrons scattered per unit solid angle
d2 and per unit final energy dE;. In this equation, 0 is the bound atom scattering cross section [30],
E; E;, ks, k; are the kinetic energies and wavevectors of final and initial states respectively, N= pV is
the number of atoms in the scattering volume V with atomic number density p, Q is the solid angle
and ¢, w are the wavevector and energy transfer at the sample. In practice, the double differential
cross section is a linear combination of the coherent and incoherent parts of the dynamic structure
factor with weighting given by the coherent and incoherent bound scattering cross sections O, and
Oi respectively so that 0 S=0,.,S5.,,+0,,.Si. -
Following Sears [31], we evaluate the total scattering cross section per scattering unit as a function
of the incident neutron energy by integrating the differential scattering cross section over the full
space solid angle and all neutron final energies

k.
Os(Ei):ﬁ”#S(q,w)deEf .

INS(q,0)

Since Q=2m(1—cos0) Withebeing the scattering angle w=FE—E, and ('j:l_{l.—l?f we draw
E/n
E) f f quqwdqdm

where we have defined the wavevector g 1ntegrat10n range between

2.1 Scattering kernel for virtual experiments with isotropic density materials: the liquid Rubidium
example 9



qmm((u):|Ei—lzf|=\/2mn/h2\/fi—\/Ei—hm and qu(m):|l?i+1?f|:\/ 2mn/h2\/fi+\/Ei—h 0

with m, being the neutron mass. The energy dependent total cross section is then computed as

O2200111/5
bs
Gtot(Ei): a7+0—s<Ei)
V2E,/m,
where o2"™* is the absorption cross section for neutrons with velocity 2200 m/s [5] and we

assume no absorption resonance. This quantity allows to determine the total scattered intensity, as
described below.

Obtaining the dynamic structure factor
The dynamic structure factor is usually obtained from a past experiment or a molecular dynamics
simulation, as detailed in section 1.4. It may also be derived from an analytical model. When
obtained from a previous measurement, e€.g. on a neutron time-of-flight spectrometer, a number of
data corrections must be applied in order to extract the scattering law: parallax corrections in case of
complex non-spherical detector geometries, normalisation to a reference sample (e.g. Vanadium
rod), detector efficiency, ksk; ratio, empty cell and cadmium masks subtraction, time to energy
transfer and angle to momentum transfer variable changes. In the case of a molecular dynamics
simulation, the computed dynamic structure factor is the so-called classical limit scattering law
S(q,w) =e ""*T5(q,m) which is symmetric in energy. At high temperatures compared to the
material dynamics energies, the dynamic structure factor coincides with its classical limit.

The condition of detailed balance rules the material modes population at temperature 7 so that
S(q ,—(D)Zefhm/k”TS(q,w) . This expression can be used to symmetrise the energy range. The
resulting scattering law S can then be defined over a momentum range [0,Q,...] and energy range [-

(DVHQX) (}‘)WI(JX] .

Normalisation and moments of the scattering law
The static structure factor can be simply estimated from the scattering law
sla)=)", slq.0)do=[" s(q,0)dw
where we implicitly assume that most of the scattering takes place around the elastic line condition
=0, and that the energy transfer range [W,.., | contribution is negligible [32].
This structure factor S(q), both for coherent and incoherent parts, converges to 1 when g — . An

other normalisation rule for the coherent part, derived from the pair distribution function g(r) for
r=0, can be used to check the absolute value of S(g) [33]

[7q*[s(q)-11dg=["" q*[S(q)~1]dg=—2x"p
The moments of the coherent scattering law can be computed in order to estimate the collective
excitation and harmonic frequencies [34], as detailed in section 3.2.1. In the following, we define
the norm of S on the available dynamic range as

Onx Qs
|S|:f*mmf0 S(q,m)dqd w
Penetration depth and the choice of the energy and momentum transfer

Neutrons entering the material can be transmitted, scattered or absorbed. The transmission
probability for a penetration depth d is expfp%'(E")d . The scattered events represent a fraction

2.1 Scattering kernel for virtual experiments with isotropic density materials: the liquid Rubidium
example 10



o,(Ei)lo,(E;) of the non transmitted neutrons. In view to properly take into account the
secondary absorption in the material, we cast a random number &, in the range [0,1] and determine a
penetration depth along the path as
In ( 1— Ed[ 1— efpa,m (E,)d,m])
ds ( El) =
POy (E)
where d,, is the full path length in the material volume.

In order to select an energy and momentum transfer, we use the scattering law S, assuming it is a
probability density function of the continuous uniform variables g and , describing possible
scattering events in the material. We could select randomly a momentum and energy transfer and
weight the scattering event with the probability S(g,w)/ISI. But in order to orient the choice of the
energy and the momentum transfer towards regions of higher probability in the scattering law (that
is e.g. elastic line, Bragg peaks, phonons, ...), we apply a variance reduction by choosing the energy
and momentum on probability distributions derived from projections of the dynamic structure
factor.

To choose the energy transfer, we build the probability distribution of energy P(w)dw

1 Q.
Pw((’o):|_s|fo C[S(q’(i))dq

We choose a random number &, in the range [0,1] and determine the energy transfer w from the
primitive of P, so that

EUJZJ‘:OW Pw((D ')d o'

Similarly, we define the probability distribution of momentum P, (glw)dg, for the previously
selected energy transfer w, as

P,(qlo)=qS(q,0)/S(q) ,
and we select a random number ¢, in the range [0,1] to determine the momentum transfer ¢ from the
primitive of P, so that

e=[ P,(q'lo)dg’

Finally, the conservation laws (selection rules)

w=E—E, and E]'Zl_{,.—lzf
are checked and the scattering cone is determined with an angle 0 w.r.t. the incoming neutron
direction

cos0=(k; +kj—q’)I2k;k;
When these conditions can not be verified, namely Icos BI>1, a new choice for the energy and the
momentum is made. In the end, the events that can be scattered describe the dynamical range
implied by the selection rules. When the scattering event can be defined, a new penetration depth is
determined and the procedure is iterated until the neutron event exits the material, to account for
multiple scattering.

It must be stressed that in order to properly estimate multiple scattering events for an incident
neutron wavevector k;, the dynamic structure factor must be known up to @u.(w=0)=2k;. This
implies that it is not possible to extract the scattering law from an experiment in view to estimate
the included multiple scattering contribution. The estimate would then only be valid up to g=ki/2.

2.1 Scattering kernel for virtual experiments with isotropic density materials: the liquid Rubidium
example 11



Benchmarking the Isofropic_Sqw component against experiments: liquid Rubidium

The Isotropic_Sqw component for McStas can be used to model the scattering of neutrons in sample
materials, inserted in a realistic instrument description. The data produced by such a model
resembles the one gathered at a real instrument. It does for instance include resolution effects,
neutron multiple-scattering, scattering in the sample environment, self shielding, and geometry

effects.
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Hlustration 1: The liquid rubidium neutron scattering (raw data) with incoming
flux at E, - 4.94 meV showing the simulated total signal from sample (line)

compared with the experimental data (crosses) from Ref. [35]. The sample
environment (dash-dotted line, low intensity) and multiple scattering (dashed line)
simulated contribution are also shown. Data and figure from [7].
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A validation procedure for the component would require to treat the simulated data the same way as
a real experiment. However, this methodology introduces many treatment artefacts associated to the
approximations implied by the treatment steps.

When the raw data and the exact instrument configuration are known, it is possible to directly
compare the simulated data set with the measurements. Unfortunately, few published work include
such raw data in parallel with the treated data. We have identified two such works published
previously: a liquid caesium [36] and a liquid rubidium [35] neutron inelastic scattering study. We
have chosen to validate the Isotropic_Sqw scattering kernel on the rubidium experiment, as it
provides a detailed experimental configuration, as well as extensive raw measurement data.

The Illustration 1, extracted from [7], presents the liquid rubidium raw data measured by Copley
[35], as well as the simulated scattering as a function of acquisition time, for a set of scattering
angles, with an incoming cold neutron energy of 4.94 meV. The simulated data set was obtained
with a simple time-of-flight instrument description using McStas, and a dynamic structure factor
computed from a classical molecular dynamics with 512 Rb atoms above the melting point.

A copy of the publication validating the McStas Isotropic_Sqw component [7], as well as the
comparison of the simulation with the experimental results and the MSCAT code is available at the
end of this manuscript (page 45).

2.2 Data analysis and fitting tools: the iFit framework

In order to be able to treat data sets from many different sources, seamlessly, we have developed a
data treatment framework named iFit [11][12]. The LAMP software [13] could have been used, but
its internal object definition (workspace) does not allow to retain the full content of any data source,
does not provide data agnostic mathematical operators, and its fitting/optimization capabilities are
more limited. As detailed below, iFit goes beyond usual numerical analysis frameworks such as
bare NumPy, Matlab, and IDL, as it propagates metadata information (axes, error bars, links,
history, monitor, ...) thorough all available class methods.

* Data objects: The iData class is a container for any multi-dimensional data set. It has a
limited number of static properties, and a flexible storage area to hold e.g. the file content
structure. In addition, the class supports internal links/shortcuts, which allow to reach any
part of the object, including any specific portion of the storage area and even external
resources (files, distant content), with a user defined name. The class definition provides a
large number of methods which can apply to any data set. These methods include many
mathematical operators. The Signal and Axes links are always defined, and allow e.g. to
properly handle binary operators, especially when the operands do not perfectly overlap, in
which case a re-sampling is automatically performed. The iData objects can be exported to
many different file formats.

* Model objects: The iFunc class can hold a semi-symbolic representation of any multi-
parameter model, of any dimensionality. A mathematical expression is used for the
evaluation of the model. Just as for the data class above, a large number of methods allow to
combine any sequence of data and model objects together, to create more complex models.
One important method is the fit to a data set, which will find optimal parameters to match a
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given data set, for any dimensionality. The fit routine may use any of the 23 optimisers
provided with the framework.

* Data importation: the iFit framework can currently import about 58 different data formats.
The detection of the format is automatic, and the resulting iData data object is standardised,
still retaining the full content of the initial file.

* Libraries: The framework is distributed with a set of file format readers, and many
optimisers. These libraries can be used independently of iFit for inclusion into other
projects. Predefined models are available to create more complex iFunc objects.

For instance, using iFit, a data file, whatever be its content, is imported into an iData object with:
>> a = iData( file )
then the object can be plotted, whatever be its dimensionality, with:
>> plot(a)
An extensive set of mathematical methods can be applied to the data set objects, including
trigonometry, exponentiation and logarithm, convolution, FFT, wavelets, binary operators,
statistics, derivatives and integrals, interpolation, slicing and appending.
Multi-dimensional models can be defined with a semi-symbolic mechanism. For instance,
>> f = iFunc( 'p(1)*x+p(2)")
defines a 1D line. A set of 39 predefined models is provided (Gaussian, Lorentzian, polynomials,
...). The model objects can be manipulated and combined with a large set of mathematical
operators. A Voigt function is simply defined as the convolution of a Gaussian and a Lorentzian:

>> v = convn(gauss, lorz)

A squared Gaussian is defined with the element-wise multiplication (.*) or exponentiation (.*), and
a 2D Gaussian is defined with the matrix orthogonal exponentiation operator (")

>> gauss_squared = gauss.2
>> gauss_2d = gauss”2

Once model and data set objects have been instantiated, they can be used to determine the best
model parameters to match the data set:

>> p = fits(data, model)

A publication presenting the iFit framework [11] is available at the end of this manuscript.
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3 TRENDS FOR VIRTUAL EXPERIMENTS

Once neutron scattering instruments can be simulated, samples can be modelled and optimisation
procedures are available, it is possible to envisage a number of applications to virtual experiments.
Indeed, a virtual experiment produces data which can directly be compared with the actual
experiments. Moreover, the virtual experiment can be used as a model, which, compared to
measurement data, allow to refine instrument and sample parameters.

As a start, we shall present an advanced virtual experiment of a ultra-cold moderator, which
reproduces experimental data, and allows to estimate the ultra-cold neutron production rate at
various beam lines.

The first application of virtual experiment data analysis is to optimise the instrument configuration,
in order to maximise the beam time allocation outcome. The criteria for the optimisation is then a
feature extracted from the simulated detector signal, figuring for instance phonon or Bragg peak
intensities and widths. This allows for instance to support an experiment proposal or a new
instrument configuration design. In principle, this methodology can be used with McStas, but can
be generalised to other simulation codes such as Vitess [3] and MCNP/X [1].

An other application is the analysis of an experiment result without explicit reduction step. In this
way, the real raw measurement is compared directly with the corresponding virtual experiment. The
sample should then include an analytical model inferred from e.g. theory, usually in reciprocal
space and energy. Then, by tuning the model parameters, the simulated data set is matched with the
experiment results in an optimisation loop. We shall demonstrate this approach in the scope of a
powder refinement.

All topics presented below are original work, currently unpublished, and should be considered as
potential paths for data analysis based on virtual experiments.

3.1 Advanced virtual experiment: the moderation of cold neutrons by
liquid 4He to produce ultra-cold neutrons

In this section, we show how a virtual experiment can be used to understand a past experiment, get
more insight on the moderation mechanism, and forecast expected capabilities of existing and
planned experimental set-ups. The schematic representation of this section methodology is shown
as Drawing 1.

Ultra cold neutrons (UCN) are commonly used for fundamental physics studies, such as the
determination of the neutron life-time, its electric dipole moment, or the interaction of the neutron
in the gravitational field. Currently, the best UCN production facility is located at the ILL, and uses
the neutron turbine PF2 (slowing down neutrons by Doppler effect). In view to ease the access to
UCN's, it has been envisaged to produce slow neutrons by transferring the kinetic energy of
incoming 1 meV neutrons to the liquid “He phonon branch.

3.1 Advanced virtual experiment: the moderation of cold neutrons by liquid 4He to produce ultra-
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Drawing 1: Understanding a past experiment by comparison with a virtual experiment.

In the following, we focus on the simulation of a liquid helium cell illuminated with a neutron beam
from a velocity selector.

3.1.1 The dynamic structure factor of /-*He

We have used the dynamic structure factor measured from 3 past experiments [37][38][39], reduced
with LAMP [13]. In all cases, the experimental data is corrected as described in section 1.4.1 above,
and the resulting S(g) is scaled to match the structure factors maximum value measured by Robkoff
and Hallock [40] at 1.7K. The Illustration 2 presents the structure factor S(g) obtained from
experimental data [37] as a function of pressure, at 1.7 K. However, we emphasise a strong
dispersion in the previously published S(g) data as a function of pressure [41][42].

The full scattering law is shown in Illustration 3 at SVP and 25 bar. The incoming free neutron
dispersion w=/"g’/2m is also indicated. The intersection with the single phonon (elementary
excitation) dispersion occurs for @~ 1 meV and g ~ 0.7 A™.

Compared to SVP, the high pressure S(g,w) displays a steeper low-q acoustic dispersion of the
elementary excitation, as well as a weaker intensity, as seen on Illustration 2 for momentum transfer
values g below the roton maximum. The roton intensity is increased with pressure.

Such S(g,w) data sets have been produced for I-*He at pressure SVP, 5, 10, 15, 20 and 25 bar.
Integrating the differential scattering cross section as a function of the incoming neutron energy, we
compute the total scattering cross section shown in Illustration 4. These cross sections for p=SVP,
5,10, 15, and 20 bar and 1 meV neutrons are found to be 19.3, 11.4, 6.6, 4.2 and 3.6 mbarn
respectively with the [39] data set.
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llustration 2: I-*He structure factor S(q) measured on IN5S@ILL, with
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from blue (low) to red (high). The free neutron dispersion is indicated as a black
dashed line.
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Hllustration 4: Total scattering cross section of I-’He computed as a function of the incoming
neutron energy, for p=SVP, 5, 10, 15 and 20 bar, obtained from [39].

3.1.2 The simulation model

We have assembled a [-*He moderator simulation using the McStas neutron scattering ray-tracing
software. The model, as shown in Illustration 5, generates a spatially uniform neutron beam exiting
from the H113 guide at the ILL. The velocity selector is accounted for by applying a triangular
neutron wavelength distribution around its nominal value A. The full wavelength spread was set to
14% below 6.5 A and 8% above. The beam section is reduced to @30 mm after the velocity selector
by mean of a perfect slit model and a flux monitor is located just in front of the He-II UCN target.
The target is modelled as a cylinder with symmetry axis along the incoming beam, internal section
@66 mm and length 20 cm. In this model, no aluminium housing nor reflecting coating is included,
and the vessel is standing in the void. The target is surrounded by 4Ttsolid angle detectors which are
sensitive to the total scattered neutron events, the neutron events below 250 neV (corresponding to a
beryllium coating inside the cell) on the He-II elementary excitation and on the multi-phonon
continuum, and the multiply scattered neutrons below 250 neV. During simulations, the He pressure
and incoming neutron wavelength are varied. The S(g,w) data used by the Isotropic_Sqw
component is that presented in the previous section, and takes into account the density variation
with pressure. The cell temperature is set to T=1 K.
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lllustration 5: Geometric representation of the “He UCN moderator model built with McStas. The
neutron beam enters the velocity selector (on the right side), then passes a circular slit, and enters
the liquid *He vessel (on the left side). Neutron trajectories are shown as black lines, whereas red
circles indicate intersections with model components and scattering locations. The A=8.8 A

incoming neutrons are mostly scattered forward, and exhibit few multiple scattering events.

3.1.3 Simulation results

Using [-*He SVP data [39] at T=1 K, we have simulated the total scattering around the moderator
vessel, for A=8.8 A incoming neutrons (E;=1 meV). The distribution of scattered neutron events is
shown in Illustration 6 as a function of the scattering angle 0 and final neutron energy E;. The total
fraction of scattered neutrons amounts to 0.9% of the incoming A=8.8 A beam. Most neutrons are
scattered below 20° angle and a final energy 0.7-0.8 meV. Other scattered neutrons gradually loose
their energy while their average scattering angle increases. Neutrons with final energies below 40
Mev are scattered mostly at angles between 50° and 70°, accounting for 0.062% of the incoming
neutron flux. For A=5.7 A incoming neutrons (Ei=2.5 meV), the total scattered intensity is maximal,
reaching 8.3 % of the incoming flux, but the proportion of UCN below 40 pev is then only of
0.008% of the incoming beam. With such low scattering efficiency, the beam attenuation (self
shielding) is negligible in all cases.
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Hllustration 6: Simulated distribution of scattered neutrons as a function of scattering angle

O and final energy Ej; for an incoming beam at A=8.8 A (continuous line) and 5.7 A (dotted
line) in a I-?He vessel at SVP. The colour scale on the right indicates the scattered intensity
per 0.0465 [deg.meV] pixel normalised to the incoming flux.

We monitor the scattered neutrons with energies lower than 250 neV as a function of the liquid
pressure and the neutron incident wavelength. In these events, we select those which correspond to
0.6<g<0.7 A and w< 1.38 meV, that is around the intersection of the elementary excitation with
the free neutron dispersion (see Illustration 3). These events are labelled 'single phonon'. Other
moderation processes involving the continuum are labelled as 'multi phonon'. All scattered events
resulting from iterative scattering events in the cell are labelled as 'multiple scattering'.

The UCN production rate for incoming neutrons with wavelength A < 4.5 A is obtained using the
IN5 data measured with A = 3 A [37]. The rest of the UCN experiment measurement range is
obtained using IN6 data measured with A = 3 A [39]. For this data set, the SVP data was scaled up
by 18% in intensity to account for the temperature change and the uncertainty on the maximum
structure peak value S(g), as suggested by [41][42]. Without this rescaling, the SVP data is clearly
underestimated compared to all higher pressure results. As the experiments [37][39] had an energy
resolution larger than that of the UCN production single phonon peak (A=8-10 A), we used higher
energy resolution data measured on IN5 with A = 5 A [38] to simulate the single phonon peak
shape. These simulated data sets, on different wavelength ranges, are merged with iFit.

The simulated UCN production rate is shown in Illustration 7, and a closer view on the range A <
7.5 A, where most UCN are produced through multi-phonon processes, is shown in Illustration 8.
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The sharp peak for A > 7.5 A corresponds to ultra-cold neutron produced by transferring the whole
neutron energy (1 meV) to the elementary excitation in the liquid helium (single-phonon process).

We then extract the integrated intensity for A > 7.5 A as a function of the liquid pressure and
compare it to its nominal value at p=SVP. The same comparison is achieved for the A < 7.5 A
"multi-phonon' range. These results are presented in Table 2 together with the first moment of the
'single phonon' peak A". The multiple scattering contribution remains small at all pressures, around

5% of the multi-phonon process intensity and is only present for A < 6.5 A, as shown in Illustration
8.
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llustration 7: Simulated wavelength resolved UCN production rate for p=SVP, 5, 10, 15 and 20

bar. The [-*He cell illuminated volume is 188 cm’. The lines are guides for the eye. There is no data
correction nor fit in these results.

The multi-phonon estimated fraction depends on the choice for the cut-off wavelength, used as
Ae=7.5 A in Table 2. The Table 3 presents the integrated UCN production fractions from single-
phonon, multi-phonon, and multiple-scattering processes. As seen in Illustration 7, the gap between
the single-phonon and multiple-phonon UCN fractions vanishes when the cell pressure increases.
Changing the cut-off value to Ac=7.0 A to separate the integrals lowers the multi-phonon fraction
by 1-3%, but does not significantly affect other quantities. The simulation results compare well with
the previous experimental results [41], except for the multi-phonon fraction which is found constant
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(close to 1) as a function of the cell pressure. Also, compared to this data, our simulated data set
extends to the incoming thermal wavelength range A <4.5 A, and we can label all neutron
scattering events, and thus separate single and multi-phonon contributions more accurately.
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Hlustration 8: Simulated UCN production per incident CN from multi-phonon processes for
p = SVP,5,10,15 and 20 bar. The multiple scattering contribution at p=SVP is indicated as
an underlying strong red line. The cell illuminated volume is 188 cm’. The lines are guides
for the eye. There is no data correction nor fit in these results. The gap between single and
multiple-phonon contributions is seen reduced above A=7 A with increasing pressure.

Absolute | s-ph A°[A] | s-ph/ m-ph/ mscat/ | s-ph A°[A] | s-ph/ m-ph/

pressure s-ph(svp) |m-ph(svp) | m-ph (exp) [41] s-ph(svp) m-ph(svp)

[bar] (exp) [41] (exp) [41]

SVP |8.96(1) 1 1 0.061(5) |8.92(2) 1 1

5/8.51(1) 0.66(1) 10.95(1) |0.056(4)|8.54(4) 0.68(4) 1.07(3)
10 8.40(1) 0.57(1) |1.01(1) ]0.050(5)|8.39(2) 0.54(6) 1.16(3)
158.34(1) 0.50(1) |1.03(1) |0.051(5)|8.30(2) 0.46(5) 1.19(6)
2018.29(1) 0.38(1) [1.06(3) |0.049(6) |8.26(2) 0.40(3) 1.22(6)

Table 2: Simulated single-phonon peak position A", and UCN production rates for various
pressures relative to the SVP production rate, from single-phonon (s-ph), and multi-phonon (m-ph)
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processes, as well as the multiple-scattering (mscat) proportion in the multi-phonon production.
Experimental data from [41] areindicated in the last three columns.

Absolute pressure s-ph (A > 7.5 A) m-ph (A< 7.54) multi-scat. (A < 7.5A)
[bar] | UCN/n/s 107 UCN/n/s 107 UCN/n/s 10®
SVP|5.94 1.60 1.05
5/3.95 1.53 0.91
103.36 1.63 0.86
15/2.95 1.68 0.90
20/2.27 1.72 0.89

Table 3: Simulated UCN production absolute integrated intensities for various pressures, for the
H113 beam line at the ILL and a 188 cm’ I-*He cell.

From Illustration 7 and Illustration 8, we notice that for high pressure, no clear separation can be
made between single and multiple phonon moderation processes, as in fact the elementary
excitation (maxon) approaches the multi-phonon continuum while the sound velocity increases,
shifting the intersection point of the phonon line with the free neutron dispersion towards higher
energies. Simultaneously, the scattering intensity on S(g, w) significantly drops, resulting in a lower
UCN production rate.

It appears that the UCN production rate is not improved by increasing the liquid pressure and
density. The total scattering cross section for high pressures is lower than that for p=SVP. The best
UCN production rate is achieved with about 3.2 10® UCN/n/A/em’ per A=8.9 A incident neutrons
(see INlustration 7). In practice, the UCN production rate is highly variable around the single-phonon
peak, so that the effective integrated UCN production rate over the monochromatising device
wavelength band for incoming neutrons is smaller than its maximum by a factor e.g. 2 (for a
triangular transmission). We then use as a mean single-phonon UCN production rate 1.6 10
UCN/n/A/cm? for 8.9 A incident neutrons.

3.1.4 UCN production rate estimates for ILL experiments

We now estimate the UCN production rate on a variety of experimental locations at the ILL, using
such a moderator. These estimates can be considered as an upper limit, as additional losses in the
cell UCN extraction system and imperfections of the neutron optics are here neglected.

The “He cell installed at the end of the current H53 guide at the ILL providing a flux of 2.6 10’
n/s/cm*A and monochromated with a SMA=8% velocity selector around A=8.9 +/- 0.35 A, we get a
UCN production rate of 1.9 UCN/s/cm’. An experiment by Baker er al [43] has reported a
production rate around 0.9 UCN/s/cm® in similar conditions. The difference probably arises from
our model, which considers a perfect cell coating, detector efficiency, velocity selector, and flux
distribution.
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Installing an intercalated pyrolytic graphite monochromator with reflectivity 50% at the H172 cold
beam at the ILL for the SuperSUN and GRANIT experiments, we get an incident flux of about 7.
107 n/s/cm? around A=8.9 +/- 0.19 A which generates 4 UCN/s/cm’.

Using the PF1b experimental hutch with an incoming flux estimated to 2.4 10® n/s/cm* (ILL_H113
McStas model provided as an example with the software) from a dA/A=8% velocity selector around
A=8.9 +/- 0.35 A, we get a UCN production rate of 25 UCN/s/cm®.

Now turning to the CryoEDM experiment to be installed on the H523 guide at the ILL, we estimate
from a full H5 guide simulation that the un-polarised beam entering the experiment will be about 2
10° n/s/cm¥A from a SA/A=8% velocity selector around A=8.9 +/- 0.35 A. We then obtain a UCN
production rate of 193 UCN/s/cm® in the ‘He cell. When adding the CryoEDM polariser, we obtain
a UCNO production rate of 29 UCN/s/cm? for an incoming polarised beam flux of 2.8 10® n/s/cm*A
at 8.9 A.

3.2 Experiment planning: the dynamics of liquid indium studied with a
triple axis spectrometer

In this section, we demonstrate how a virtual experiment can be used to support an experiment
proposal, as well as during the acquisition, and for the final data analysis. The schematic
representation of the methodology presented below is shown as Drawing 2.

Virtual Experiment

Proposal
Experiment %
Compare
Virtual Experiment A

Data Analysis

Drawing 2: Using virtual experiments to motivate a proposal, help during
the experiment, and analyse the data.
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3.2.1 The liquid Indium molecular dynamics simulation

The Vienna Ab-initio Simulation Package (VASP) [18] is a density functional theory (DFT) code
[44] using the local density approximation (LDA) [45]. The projector augmented wave potentials
(PAW) [46] with the Ceperley-Alder exchange correlation functional (CA) [47] have been
employed to describe electronic states. For indium, the pseudo-potential energy cut-off is 96 eV.
The software in version 5.2.8 has been used in its molecular dynamics mode, which determines
iteratively the atom positions, and a Brillouin zone sampling around the Gamma point only (for
liquids).
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Illustration 9: The coherent classical dynamic structure factor S(q, @) of liquid indium at T=741K
obtained from ab-initio molecular dynamics simulation. The isothermal ), longitudinal w and
apparent &, sound velocities computed from the S(q, W) are also shown. The notation <'S> is the
n-th moment of the scattering law.

The liquid indium molecular dynamics simulation has been performed using 200 indium atoms in a
17.71 A edge length cube, corresponding to a density p=6.86 g/cm® and an atom density of
00=0.0359 at/A’. This configuration defines the smallest momentum exchange between neutrons
and gold to ¢=21v17.71=0.35 A", and the intrinsic energy resolution to 0.05 meV. The molecular
dynamics simulation was first equilibrated in the (N,V,T) canonical ensemble around T=750 K, for
9 ps (3000 steps of 3 fs). The thermalised atom distribution was then simulated in the (N,V,E)
microcanonical ensemble for a duration up to 36 ps, as 12000 time steps of 3 fs. The temperature
during the trajectory remained in the range T=7414/-29 K. Simulation carried out at lower
temperature and with other pseudo-potentials (PAW GGA PBE) resulted in the formation of crystal
precursors in the liquid, with strong Bragg peaks in the structure factor S(g), as already reported by
Kresse [19]. The diffusion coefficient for this temperature, computed from the mean square
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displacement vs. time, was estimated from the trajectories as D=4.75(4) 10° cm?s. This value is
slightly under estimated when compared to previous data [48].

The dynamic structure factor S(g,w) of indium was obtained from the trajectories by Fourier
transform in space and time, using the nMoldyn/MMTXK software [23], both for the coherent and
incoherent processes, in the so-called classical approximation. The coherent contribution is shown
in Illustration 9. The momentum and energy smoothing filters used in the fast correlation algorithm
were set to 0.05 A' and 1 meV respectively. These quantities define an effective resolution
assigned to the dynamic structure factor. The accuracy on the resulting S(g,w) values for 36 ps
simulation with 12000 iterations is within 10%. The scattering law is computed up to g=10 A" and
wW=4/-150 meV momentum and energy transfer.
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Hllustration 10: The static structure factor S(q) (left) and pair distribution function g(r) (right) of
liquid indium at T=741K obtained from ab-initio molecular dynamics simulation, compared to
experimental data [49][50]. The right inset shows the pair potential U(r) deduced from the pair
distribution function.

The integration of the coherent contribution over the energy axis provides the static structure factor

S(q)=J _S(q,0)do ,
which is shown in Illustration 10. The maximum of the first sharp structure peak is found at g,=2.38
+/- 0.02 A™', and subsequent peaks are found around 4.5 and 6.6 +/- 0.05 A™'. The comparison with
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previous X-ray diffraction results at 770 K [49][50] reveals differences in the shoulder of the first
sharp peak, as well as in the position and amplitude of the further oscillations. However, we notice
that there are significant differences even within experimental results. Also, as we shall mainly
study the structure and dynamics around the first sharp peak, we shall consider in the following that
the simulation result is satisfactory. As stated previously, a stable and realistic molecular dynamics
simulation of liquid indium is particularly difficult to obtain.

From the static coherent structure factor, we can extract the pair distribution function (PDF)
g(r)=1+—— [ q[s(q)~1]sin(qr)dq

27T,
which is shown in Illustration 10 and compared to experimental data [49][50]. The PDF is directly
related to the pair potential U(r)/kgT =- In[g(r)] shown as inset in the figure. The mean distance to
the first neighbour is found at r=3.05 +/- 0.02 A, and the first minimum is found at r,,;,=4.37 +/-
0.02 A. The corresponding coordination number determined from the integration of the radial
distribution function (RDF), 4757 0yg(r), up to r,;, is found as CN=11.8.

From the classical dynamic coherent structure factor, we can compute the collective dispersion and
sound velocities [34]. In the following, we denote <S> the n-th moment of the coherent
scattering law as a function of the momentum

<w"5>=fio 0"S(q,w)dw
As the classical scattering law S is symmetric in energy, the odd moments are null. The zero-th
moment is the structure factor, <S> = S(g). The second moment of the S..,(g,w), which converges
to the squared recoil energy, provides the isothermal dispersion wy(g) and sound velocity

wo(q):\/<m S>_q\/ kgT and CT:UJO(Q> ’

S(q) "\ms(q) q
where m=115 g/mol is the indium atom mass. The ratio of the 4th to 2nd moment provides the

longitudinal dispersion wy(g) and corresponding sound velocity

ola)=| 22 and cfq)="10

However, computing this quantity is subject to strong uncertainties as the simulated dynamic
structure factor is a noisy function. In order to estimate the apparent phonon dispersion, we compute
the maxima y(g) of the longitudinal current correlation function J(q)=w’S(q,w)/q* [51][52],
namely (evaluated on the positive energy range only)

3
®
,(q)= zzzgi and ¢, (q)= Lq(q) :
which are close to w(g) and c/g). These three dispersions are reported as lines in Illustration 9. The
longitudinal and apparent dispersions are above the isothermal one in energy. We then extract the
corresponding sound velocities, as shown in Illustration 11 and find an extrapolated adiabatic value
in the hydrodynamic regime ¢ — 0 as ¢, = 2289 +/- 27 m/s in agreement with previous work [53]

[52][54][55]. The isothermal sound velocity is found as ¢;=1697 +/- 23 m/s.
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Hllustration 11: The sound velocities extracted from the collective dispersions of
liquid indium at T=741K obtained from ab-initio molecular dynamics simulation.
The notation <J'S> is the n-th moment of the scattering law.

3.2.2 The structure and dynamics of /-In measured around the first
sharp peak with the IN22 TAS

Based on a triple-axis spectrometer virtual experiment with the previous dynamic structure factor
S(g,w), an experiment proposal was submitted with estimates of the quasi-elastic contribution
intensity achievable during the requested beam time. On acceptance, we have measured the
dynamic structure factor of liquid indium at T=620 K+/-50 (indium melts at 429 K) in the
momentum transfer g range 1.5 to 3.5 A" and energy transfer wrange -10 to 10 meV.

The thermal triple axis spectrometer IN22 is installed at the end of the super-mirror coated guide
H25 at the ILL. The instrument was used in un-polarised mode, with an incoming constant neutron
wave-vector k=3.84 A" (E=30.56 meV) and a graphite filter to suppress monochromator higher
orders. The monochromator and analyser were focusing multi-slab pyrolytic graphite ensembles
(d=3.355 A). Slits were adjusted before and after the sample to reduce the gauge volume to the
sample size and thus limit the contribution of the scattering from the sample environment.

As the scattering cross sections of indium are low (O.,=2.08 barn, 0;,=0.54 barn) and absorption
cross section is high (0,,=193.5 barn at A=1.78 A), we employed a gas-flow levitation furnace with
laser heating as described in [56] to avoid the use of a sample container that would scatter much
more than the indium sample itself. An argon gas flow was injected from the bottom through a
conical B,C nozzle with central gas channel to levitate the sample about 1 mm above the nozzle.
The sample was melt with a single CO, laser hitting a 4 mm diameter indium ball from the top. The
temperature was continuously monitored with a pyrometer. The total measurement time was two
weeks.
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Hllustration 12: The IN22 thermal triple-axis spectrometer at the ILL, modelled with McStas.
The neutrons exiting the reactor enter the H25 guide (left), then reach the IN22 focusing
monochromator position, the sample above the gas nozzle and furnace cylinder, the
analyser, and finally the detector.

The corresponding instrument description for McStas is shown in Illustration 12. The model
includes all parts from the instrument, the sample itself (liquid sphere with the Isotropic_Sqw
component), and the sample environment (furnace chamber in aluminium, B4C nozzle below the
sample). This instrument description is part of the McStas distribution.

The levitation furnace ensures the lowest sample environment scattering contribution (no materials
around except the B,C nozzle), and a very low chemical reaction in the sample vessel. The nozzle
and sample are positioned at the centre of an aluminium cylindrical vessel, pumped and filled with
high purity argon gas. Indium does not react with argon, but is known to oxidise when exposed to
air [57]. For a k=3.84 A", the mean neutron penetration depth in indium is 1.78/pAG = 1.5 mm.
Thus, an oxidized layer, that may form from argon gas impurities, should only account for a small
fraction of the scattered signal. To our knowledge, this is the first report of an neutron inelastic
scattering experiment making use of a levitation furnace.

During the experiment, we noticed an additional scattering contribution to the expected liquid
indium structure, which first sharp structural peak appeared broadened to higher momentum values.
The virtual experiment, launched in parallel with the acquisition, suggested a measurable scattering
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from the B4,C nozzle below the sample, which would diffract at ¢g=2.44 and 2.63 A", The
background measurement confirmed a structured signal, which is made visible for the very weak
indium scattering.

The experimental data set is corrected by
* the resolution volume Ra(k;) ki/tan 6, with R, being the analyser reflectivity, k; the final
neutron wave-vector and 6, the analyser rotation angle ;
« the detector efficiency approximated as /-e* "¥? with the neutron wavelength A, in [A],
the gas pressure P in [bar] and the tube diameter @in [cm] ;
* the empty furnace (without the sample, but with the nozzle), which is subtracted ;
* the incoherent contribution estimated from the virtual experiment (as it was not measured).

The contribution of the furnace alone, without the B,C nozzle, is not measurable as it falls outside
of the measurement gauge volume.

Using the ResCal/ResLib code available in iFit [11][12] with the Popovici method, we estimate the
momentum instrument resolution to 3Q=0.03 A" (FWHM) for the IN22 configuration used during
the acquisition (fixed k=3.84 A™), as shown in the Illustration 13. The energy resolution is
estimated to OE=1.3 meV on a phonon line (flat dispersion).

IN22 Resolution (Popovici) K=3.84 A"

0.5¢

1.2611

Energy [meV] oE

-0.03 -0.02 -0.01, 0 001 0.02 0.3
Q [A"']5Q =0.035259

Hllustration 13: Transverse momentum and energy resolution
computed for the IN22 spectrometer in the configuration used
during the experiment, computed with iFit/ResLibCal
[11].The dotted ellipse indicates the intersection of the
ellipsoid with the (Q.E) plane.
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Hlustration 14: Structure factor of liquid indium from the experiment
(T=620K, circles), from the virtual experiment (T=741K, squares),
from molecular dynamics (T=741K, dashed) and from previous
studies [53][49] (dash-dot). The incoherent contribution (red) is
scaled to the coherent one (blue) for direct intensity comparison.

The structure factor S(g) computed on the dynamic range acquired during the experiment is shown
in Illustration 14, and compared to previous data. There is a significant dispersion among the
results, just as mentioned earlier in section 3.2.1. The acquired data suffers from the low statistics,
resulting from the very low scattering and the high absorption cross sections. The simulated
incoherent contribution agrees with the molecular dynamics S;..(q). We can measure the effect of
the virtual experiment by comparing the simulated coherent structure factor (blue squares) with the
one extracted from the molecular dynamics modelling (blue dashed line). The global shape of the
structure peak is retained, within the error bars. Compared with previous studies [49][53], the
coherent part of the measurement, obtained after removal of the incoherent and background
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contributions from the total measured signal, exhibits a tail on the larger momentum side, by about
0.1 A" This tail can hardly be associated with a resolution or misalignment of the spectrometer (see
[lustration 13). It may be related to temperature gradients inside the sample, where the heating is
sent from the top laser, but the gas flow below the sample locally cools down the lower part of the
sample. Indeed, crystallised indium precursors would then diffract at g=2.31, 2.54 and 2.73 A The
measured structure peak is also in reasonable agreement with the molecular dynamics result.

We point out that integrated quantities, such as S(g), should in principle extend on a large energy
range around the elastic line, as detailed in sections 2.1 and 3.2.1. In practice, as the acquisition rate
for liquid indium was low due to its very small scattering cross section and large absorption, the
measured energy range was limited. Consecutively, the structure factor obtained from the
integration on the measured dynamic range should be smaller than the one obtained e.g. from X-
rays [49][50]. This approximation due to a limited integration range also stands for other integrated
intensities, such as the scattering law moments <S> used to compute the collective dispersions.
The Illustration 14 also indicates a broader simulated structural peak compared to X-ray
measurements, but this is a consequence of the molecular dynamics (as mentioned in section 3.2.1
and Illustration 10).

We now turn to the inelastic scattering from liquid indium. The Illustration 15 presents the whole
measurements (the upper three surfaces), as well as the corresponding simulated data from the
virtual experiment. The measured coherent contribution (upper surface) is obtained by subtracting
the simulated incoherent and the background measurement from the raw measurement.

In order to evaluate the quality of these data sets, we have extracted the collective dispersion
quantities, as detailed in section 3.2.1. The moments <c/'S> of the scattering law are computed on
the measured dynamic range, as a function of the momentum exchange. The isothermal dispersion

w,(q)=qVkzT/mS(q) can be obtained directly from the inverted structure factor, as the second
moment is the squared recoil energy [34]. However, the integration range is limited by the actual
measurement and the effective second moment is smaller than its nominal value. The resulting
effective isothermal dispersion o, (q)=(w’S) {omey is shown in Illustration 16. Close to the first
sharp structural peak (around g=2.2 A™), the effective isothermal frequency gets closer to the
nominal value, due to the De Gennes narrowing which limits the restricted integration range effect
(the signal is gathered around the first sharp peak and the weight of the non-measured integral [10
meV, ] is reduced). In addition, the longitudinal current frequency is also shown. The simulated
data set appears in good agreement with the theoretical value obtained from the molecular
dynamics. This demonstrates that the virtual experiment does not degrade substantially the
structural and dynamical information from the sample. However, except for the estimate of the
nominal isothermal frequency wy(q) which only depends on S(g), the other measured dispersion
frequencies are larger than the expected ones, probably because the measured structure factor is
itself underestimated (see Illustration 14) and the integration range should be larger.
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Hllustration 15: The measured signal acquired on the
IN22 spectrometer, compared with the simulated virtual
experiment. The data set is decomposed into the coherent,
incoherent, and background signals.
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lllustration 16: The collective dispersions in liquid indium, as
measured (circles) on the IN22 spectrometer and computed from ab-
initio molecular dynamics (dashed lines), and simulated from the
virtual experiment (squares). G, =<WS>/<w'S> is the longitudinal
current dispersion (red). The isothermal dispersion is computed from
both the normalised second frequency moment w=N<w?S>/S( q) (in
blue) and from w. = q \ ksT/mS(q) (in green).

For this study, we have managed to perform a molecular dynamics simulation of liquid indium,
which models are known to crystallise easily [18]. We have demonstrated that the virtual
experiment does not affect significantly the sample structural and dynamical information from the
molecular dynamics, and this is certainly the case as well for real experiments (hopefully). The
proposed experiment was carried out, but as expected the measurement statistics is very low, which
explains why it was never measured with neutron spectrometers before. In addition, we have used
the levitation furnace for inelastic scattering for the first time on a neutron spectrometer, and
demonstrated that a sensible signal can be obtained. The measured first structure peak coincides
with the previous studies, as well as the theoretical S(g) from molecular dynamics. It is possible to
extract the collective dispersions from the inelastic data measurements, and the virtual experiment
indicates that these dispersions are indeed measurable.

3.3 Data analysis with embedded virtual experiment: application to
powder diffraction Rietveld refinement

The powder refinement methodology, on a constant wavelength diffractometer, derives from the
initial technique from H. Rietveld [14]. It consists in a least-square minimization of a model
compared with the actual diffractogram. The model is built from a theoretical diffraction pattern for
a perfect powder, convoluted with a peak shape depending on the characteristics of the beam, the
experimental diffractometer arrangement, and the sample size and shape. In practice, the peak shape
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is derived from a Gaussian or Voigt profile, possibly asymmetric, and the half width H(6) at
diffraction angle @is inferred from the Caglioti formalism [15]:

H’=U tan?0+V tan 0+ W

where U,V and W depend on the horizontal beam collimation and monochromator horizontal
mosaicity. In addition, a background line is added, usually as a polynomial function of & with
adjustable parameters. The perfect powder diffractogram (a set of Dirac peaks corresponding to
reflections on lattice planes) depends on the sample structure, that is e.g. the lattice parameters, the
space group, the atom positions in the cell, the occupancy, charge and thermal factor. Except for the
sample parameters, most other refined parameters are phenomenological. This usually allows to
account for imperfections of the instrument set-up.

In this section, we present a new Rietveld methodology which does not make use of explicit
analytical approximations to model the instrument response. It consists in using a virtual
experiment, with its configuration parameters, as a model compared to a measurement. An
optimisation is then carried-out to determine the parameter set that result in the best match with the
measurement. The schematic representation of this methodology is shown as Drawing 3. As a
consequence, the measurement data set does not need to be reduced as this step is included
intrinsically in the virtual experiment.

Initial

Parameters

Experiment

(Raw) v

X2 —» Optimizer

Virtual Experiment e | (swa \ )

McStas diffractometer
PowderN sample

Final

Parameters

Drawing 3: Using a virtual experiment as a model for fitting a measurement data set.
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3.3.1 The D2B diffractometer at the ILL

The diffractometer D2B is characterised by the very high take-off angle (135 deg) for the
monochromator, which has a relatively large mosaic spread of 20' to compensate for the
corresponding intensity (dA/A) loss. It is 300 mm high, focusing vertically onto about 50 mm; this
large incident vertical divergence is matched by 200 mm high detectors and collimators. A
complete diffraction pattern is obtained after about 100 steps of 0.025 deg in 20, since the 64

detectors are spaced at 2.5 deg intervals. Such scans take typically 30 minutes; they are repeated to
improve statistics.

D2B was designed for work on samples and high resolution of very large d-spacings using
wavelengths of between 2.4 A and 6A. Wavelengths can easily be changed under computer control,
since they are all obtained by a simple rotation within the Ge[hhl] plane. A large graphite filter can
be switched in to provide a very clean beam at 2.4 A, and a cold Be-filter can be used for longer
wavelengths.

The McStas model shown in Illustration 17 reproduces the geometry of the instrument, as installed
at the ILL, and is included in the software distribution. Its main parameters are indicated in Table 4.

Parameter Description

A Wavelength (A)

Powder The powder structure file, with F?(hkl) reflection
list

al, a2, 03 Collimator divergence (arc minutes)

£ Monochromator horizontal mosaicity (arc
minutes)

a,b,c, a,B,y, space group Sample lattice

(x,y,z, Biso, 0CcCupancy, charge, spin); Atom site parameters, i=1-N

Detector angular rotation The detector rotation misalignment

Sample transversal shift The sample lateral misalignment

Table 4: The D2B McStas instrument model parameters.

The monochromator is automatically focused to the sample position, with a curvature radius of 3 m.
Its vertical mosaicity is set to 12 arc minutes.

The sample is modelled with the PowderN component [6] in the McStas instrument, surrounded by
a Vanadium can. As the PowderN component requires a F?(hkl) reflection list, we generate this list
from the structural information by making use of the CrysFML. This converter is included in the
iFit distribution. The structural information can be given as a CIF, ShelX or CFL (FullProf) file.
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Hllustration 17: The D2B diffractometer at the ILL, as modelled with
McStas. The source is at the coordinate frame origin (left side), the
multi-slab curved monochromator is at the end of the HI1 beam tube (in

green), the sample is at the centre of the radial collimator (in blue) in
front of the detector.

Once launched with a powder description, the simulation produces both a full detector image (see
[lustration 18), as well as its radial angular integration diffractogram (see Illustration 20). A
computation of the powder diffractogram typically requires a few seconds.

D2B_BananaPSD_1386669712.th_y McCode 2D monitor I=73158.1 |_err=171.117
N=2.69424e+06 Y0=0.000388948 dY=0.0881062; X0=89.7591 dX=39.4549;

y [m]

20 40 60 80 100 120 140 160
Longitude [deg]

lllustration 18: The D2B detector image, simulated with McStas and a reference powder

Na,Ca;ALF,,. The Debye-Scherrer rings are curved at low and high scattering angles, due

to the detector height, and the peak width increases out of the equatorial plane, due to e.g.

the monochromator curvature. The intensity is shown from blue (low) to red (high).
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3.3.2 The powder refinement strategy

The instrument model with the powder sample takes structural and instrument parameters, and
produces a diffractogram with raw detector counts. It thus behaves as a model function which can
directly be used in a fitting routine to match a measured diffractogram. The default optimisation
criteria is the least-square (but others are also available in 1Fit):

2 1

prE—— > (Signal—Model )’/ Error®

X

where 7 is the number of points in the diffractogram, and p is the number of free parameters to
optimise. In this study, the Signal is the radially integrated diffractogram #50023 (2008) acquired
on D2B, with its full detector coverage, with n=3200 points. The Model is the D2B instrument
McStas description with the parameters listed in Table 4. The sample is a Na,Ca;ALF,s powder. The
Error is the square root of the measured counts. The Model contains 58 parameters, but some are
kept fixed (a,B,y, spins, occupancy and charges), some are constraint from symmetry (b=c=a, Ca
along 'x', Al, Na and F3 along a 3-fold axis, F2 in the 'xy' plane). All free parameters are bound to
limit the search space. A constant background (from the High Flux Reactor at the ILL) and a scaling
factor are added. In the end, p=25 free parameters are optimised. The gradient based optimisers are
not adapted to the virtual experiment model, which is intrinsically noisy from the random numbers
implied by the Monte-Carlo technique. The iFit framework [11] provides a large choice of
optimisation routines, which have been benchmarked for continuous and noisy problems. Among
these, the heuristic particle swarm optimiser [58] was selected as it offers an excellent success ratio
for noisy problems, at the cost of along optimisation procedure.

The collimations and monochromator mosaicity have been left tunable within a short range around
their nominal value, to account for possible imperfections of the instrument. In a similar way, a
sample transversal shift and detector rotation misalignment have been added to the model.

With iFit, the refinement is triggered with the following few commands. First, the real measurement
from D2B is imported with

>> measurement=iData('050023_full.dat');
Then the Rietveld model is assembled from the initial structure and the instrument description:
>> model = rietveld('ILL_D2B.instr', 'Na2Ca3AlI2F14.cfl");
and the refinement is launched with
>> p = fits(measurement, model);
and produces the final refined parameter set p, including the instrument configuration and the fitted

sample structure. In practice, a few additional lines are needed to add restraints (parameter bounds)
and constraints (parameter cross dependencies).
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3.3.3 The refinement results
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Hllustration 19: The X? optimisation during the Rietveld refinement procedure
(left).The right plot shows the distribution of the first 3 varying parameters during
the fit. This display is part of the iFit optimisation framework.

The refinement procedures requires about 2000 model evaluations to converge, as shown in the
criteria evolution during the optimisation. We compute the final weighted profile and experimental
R-factors:

), Z:|Signal—Modelz|/Error2 R = n—p
e Z:‘Signalz‘/Error2 a o Z:Signalz/Error2

R

as R,, = 0.150 and R.,, = 0.038. The Pearson correlation coefficient is found as r=0.891. The final
refined structural parameters are detailed in the Table 5. As seen in the final diffractogram in
[lustration 20, the agreement with the measurement is good, even at low and large diffraction
angles where the peak shapes are well accounted for. We remind that no analytical peak shape nor
explicit convolution is used. Most structural parameters are in agreement with the published
Na,Ca;AlF,, structure [59], within the parameter uncertainties obtained from the parameter space
local curvature analysis with a Monte-Carlo method. The lattice parameter is slightly above the
expected value, but at the same time, the refined incoming neutron wavelength differs from its
nominal value in the opposite direction.
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Parameter Refined value Published value [59]
a=b=c 10.2612 + 0.0012 10.2570
Cal_x, y=0, z=1/4 0.4618 £ 0.0030 0.4667
Cal_Biso 0.4434 £ 0.1595

All_x=y=z 0.2478 £ 0.0094 0.2482
All_Biso 0.4169 £ 0.0646

Nal_x=y=z 0.0831 £ 0.0039 0.0847
Nal_Biso 0.7717 £ 0.0495

F1_x 0.1379 + 0.0033 0.1387
Fl_y 0.3035 £ 0.0029 0.3062
Fl_z 0.1191 £ 0.0012 0.1206
F1_Biso 0.2304 + 0.0245

F2_x=y 0.3624 £ 0.0009 0.3630
F2_z 0.1881 £ 0.0032 0.1873
F2_Biso 0.4820 £ 0.0631

F3_x=y=z 0.4619 £ 0.0023 0.4614
F3_Biso 0.1702 £ 0.0170

Detector offset 0.0616° £ 0.0104° 0
Sample transversal shift 0.96 mm * 0.15 0

al 11.33' £ 3.64' 10'

a2 12.02' £ 0.62' None (slit)
a3 7.26' £ 0.54' 5'

€ 17.78 £ 1.54 20'
Scaling factor 10.58 + 0.36

Background 368.5+8.4

A 1.5961 £ 0.0002 1.6

Table 5: Refined structure of Na,Ca;ALF,, and instrumental parameters from the virtual
experiment powder refinement, compared to the published structure [59]. The parameter
uncertainties are also indicated.
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Hllustration 20: The D2B Na,Ca;ALF, reference powder diffractogram measured, and refined
using the virtual experiment as model. The final weighted profile R-factor is 0.15. Inserts show
selected peaks at low and high diffraction angles.
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The virtual experiment powder refinement is currently much slower than conventional Rietveld
refinement as implemented in e.g. FullProf and CrysFML [17]. However, we have shown that this
new methodology can provide similar results, without making any phenomenological assumption
nor explicit analytical approximation. We thus believe it can efficiently complement conventional
methods.

4 CONCLUSION AND OUTLOOK

We have presented a few usage examples of virtual experiments in view to analyse measurements.
In all cases, the virtual experiment is shown to produce data which compares with that obtained on
real instruments. This is possible when instrument models, as well as sample scattering kernels, are
accurately described to match the real experiment configurations. The diversity of neutron optics
and sample components available in McStas allows such advanced virtual experiments. Then, as
presented in sections 3.1 and 3.2, the virtual experiment can be used to understand measurements,
but also to demonstrate the feasibility of new experiments to motivate new measurements. In all
cases, the virtual experiment produces raw data sets, which include intrinsically all usual
measurements artefacts (resolution, detector, geometry, multiple scattering, transmission and self
shielding, background, ...). The comparison with measurements can then be made on raw data,
without explicit reduction procedure.

Moreover, such virtual experiments can be directly used as model to adjust its parameter to a
measurement, as demonstrated in section 3.3. We shall discuss below the advantages and drawbacks
associated to the use of virtual experiments, as well as the potential future developments of this
technique.

4.1 Limitations of virtual experiment data analysis methodologies

The validity of the data analysis using a neutron scattering virtual experiment is intrinsically bound
to the accuracy of the instrument and sample descriptions. The instrument is usually based upon
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design drawings, from which deriving a McStas model is straightforward. However, neutron
scattering instruments are continuously evolving, and the successive changes may be omitted in the
instrument specifications. In this case, the instrument model will not match the actual instrument. In
addition, instrument models contain ideal elements, as implemented in McStas. But all real
instruments parts are manufactured and assembled within tolerance specifications.

In a conventional reduction/analysis methodology, these imperfections are often handled by
phenomenological parameters. However, in a virtual experiment, all parameters correspond to
explicit geometrical arrangements (distances, rotations, translations, shapes), or physical parameters
— especially for neutron optics and samples. There are few tunable parameters, as most other
quantities are fixed from the design specifications. A similar limitation applies for instance to ab-
initio molecular dynamics, which in principle have no adjustable parameters as opposed to classical
molecular dynamics where the potentials are fully parametrised. In the case of virtual experiments,
it is possible to account for imperfections in the model for instance by including additional tilts,
shifts, misalignments. For instance, the D2B model presented in section 3.3.1 includes a small
offset rotation of the detector, and a sample lateral positioning shift. When the virtual experiment
results do not match the actual measurements, one should then inquire about the sources of
imperfections, and potentially missing components in the model. However, any virtual experiment
should start from a simple model, which complexity is gradually increased to reach a realistic
comparison level with real measurements.

The will to understand a measurement by comparing to the virtual experiment pushes the scientist
to harness all kinds of systematic errors, and in the end benefits to the experiment by a better
understanding of the response of the instrument.

4.2 What can be done to improve the applicability of virtual
experiment data analysis

In order to cope with set-up imperfections, most real instruments require periodic alignment
procedures. In practice, the misalignments still persist, but are often compensated by adjusting
offsets. This refinement strategy corresponds to additional degrees of freedom, which may similarly
be allowed in a virtual experiment. Tuning an ideal model to account for real imperfections takes
time and effort.

In addition, a continuous development of sample kernels is needed, to account for increasing
complexity in measured samples. The PowderN and Isotropic_Sqw scattering kernels can be used to
model most materials. However, these components are perfect whereas real samples contains
impurities, preferred orientations, domains, etc. Just as for the instrument models, the sample
description should allow imperfections. In some cases, minor changes to the existing scattering
kernels can improve the comparison of virtual experiment results with real measurements. But in
many other cases, new in depth developments are required. For instance, McStas does not yet
provide a convincing generic scattering kernel for elastic and inelastic processes in single crystals,
which would also implement multiple scattering.

The computation time needed to evaluate a Monte-Carlo based virtual experiment with convincing
statistics is certainly longer than that for equivalent analytical approaches. The Rietveld virtual
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experiment based refinement example presented in section 3.3 is thousand times slower than a
conventional methodology. A substantial work has thus to be carried out in terms of computational
speed. The McStas models can efficiently run on clusters by making use of parallel processing (with
MPI). The scaling is fully linear with the number of processing units and this has been
benchmarked up to thousand processors. However, using such large high performance computing
tasks always implies a significant time overhead (to e.g. start the tasks, send the software across
nodes, send and receive information over the computing infrastructure). In practice, running on
large clusters can only be envisaged when each computational step takes at least a few seconds,
otherwise the infrastructure overhead becomes preponderant. In the case of a refinement procedure
which uses heuristic optimisers such as the swarm strategy, many iterations are needed to reach
convergence. To be competitive with conventional methods, the computation time of each virtual
experiment iteration should be a fraction of a second, including potential infrastructure overhead.
Using multi-threading has been tried with McStas, but as this is a pure Monte-Carlo code which
accesses shared memory areas to store results, the appearance of dead-locks is unavoidable. An
alternate solution to consider is to generalise the use of GPU cards, by e.g. using OpenCL,
especially within scattering kernels.

4.3 Looking ahead

We believe that the use of virtual experiments for instrument design, experiment planning and
understanding will become usual in the future. This is in particular essential for training of new
users, and gaining knowledge on the capabilities of neutron scattering instruments. This training is
already part of some schools and courses for students, to learn about neutron scattering. In addition,
the use of virtual experiments should be generalised when designing new instruments so that the
expected gains are evaluated not only on e.g. the integrated flux at the sample position, but with
simulated measurements which exhibit elastic and inelastic features on top of instrumental artefacts.

As the computational efficiency of the virtual experiments will gradually be improved, their use
within data analysis procedures will spread. Training on instrument models accuracy should be
proposed, so that users can tune the virtual experiments to real set-ups, and actually make use of
them in realistic comparisons with measurements, on raw data.

Extrapolating the presented Rietveld virtual experiment refinement, we could envisage other
applications. For instance, entering a measured dynamic structure factor, which includes sample
environment contribution, absorption and multiple scattering effects, the virtual experiment set-up
could remove automatically the sample environment and multiple scattering contributions to extract
a reduced data set. However, as mentioned in section 2.1, this procedure can not remove entirely the
multiple-scatering contribution, which would require the knowledge of the dynamic structure factor
on a doubled momentum range. Such an automatic treatment would still represent a breakthrough,
as no generic multiple-scattering removal tool currently exists, and it would account accurately for
the sample environment and absorption effects.

Applications of a data analysis based on virtual experiments could be proposed specifically for

* powder refinement, as presented in this manuscript, but made into a simple tool to use ;
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* inelastic scattering, using e.g. S(q,«w) analytical models or a dynamic structure factor
computed at each iteration from a classical molecular dynamics with adjustable potential
parameters ;

* small angle scattering, with analytical /(g) models ;
» single crystal diffraction structure refinement.

In our view, most of these aspects will certainly be accomplished within a decade, with usable
computational speed.
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