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Abstract. We present software routines for simulating the transport of thermal neutrons through materials relevant for neutron instrumentation.
The elastic interactions in different types of textured polycrystals are modelled and implemented in the routines. Three limit cases of textures
are explicitly considered: powder texture, with uniform distribution of grain orientations, mosaic single crystal texture, with a distribution of
orientations sharply peaked about one direction, and ideal fibre textures. Sharp textures can be modelled as combinations of these three limit
textures. For polycrystals with mild textures, a different method is used. The inelastic scattering is treated in the incoherent approximation,
including multi-phonon terms of arbitrary large order. The routines have been implemented in the McStas software package.
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1. Introduction

The use of neutron diffraction has been growing steadily during the last decades in material science research,
especially because of the possibility to study magnetic structures and the possibility to resolve diffraction peaks at
very high scattering angles, due to its constant form factor and the great penetration of neutron in matter. In reactor-
based neutron sources, neutron diffractometers have been constructed optimized for specific applications: strain
scanners, high-resolution diffractometer, high intensity diffractometer, etc. In these diffractometers, the polychro-
matic beam emerging from the reactor shielding is trimmed to generate a monochromatic beam with very narrow
energy distribution that is then diffracted by the sample. The relative low flux of neutrons impinging on the sample
in these diffractometers, compared to synchrotron or neutron spallation sources, make the signal-to-noise ratio
(SNR) a critical factor in the design of the instrument and their sample environmental system.

Estimating the SNR at the time of designing a neutron scattering instrument is a difficult problem. All interac-
tions between the neutrons and a sample that are not related to the experiment goal lead to an undesired background
that is intrinsic to the sample. A second source of background is originated from the sample and its environment
(that is, from neutrons that interact with the environment devices and perhaps also with the sample). This is a
concern for sample environment, as this is the major source of background.

In general, the chemistry, shape, and texture of cryostats and furnaces can be improved so that the background
that generate impair as less as possible the signal coming from the sample. Cryomagnets and pressure cells, how-
ever, can produce significant amounts of undesired scattering. The multiple scattering that results from the in-
teraction between the sample and the devices of its environment is another source of background that has to be
considered.
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Over the years, methods and approximations have been developed to quantify these effects, as, for instance,
the formulas to correct for the multiple scattering arising from the sample [12]. However, these methods remain
limited in their capability to handle the complex scattering that takes place in sophisticated instruments and sample
environments. The most accurate method for evaluating such contributions would be a Monte Carlo simulation that
consider all aspects of interactions inside and around the sample. However, in Monte Carlo simulations of neutron
instrument optics, one is usually interested in the signal at the detector, and therefore only the interactions that are
relevant to this purpose are included. In contrast, when modelling the background, all neutron interactions may
contribute, so that all of them have to be incorporated in the model. The complexity of estimating the background
is exacerbated by the fact that some interactions depend strongly on the crystallographic texture of the material.

Monte Carlo simulations that help the instrument design would be much more useful if they could provide a
reliable estimate of the SNR, for which the background has to be estimated. Reliable Monte Carlo simulations will
also offer an invaluable help in data analysis for two reasons: (i) the empty-cell measurement, which is usually
used to remove the impact of the environment, might be avoided, reducing beam-time losses; and (ii) they can
help to redesign the geometry, thickness of the sample, container, and cryostat materials, to perform a successful
experiment.

One of the most powerful software packages to simulate neutron optics is McStas [8,16,17], which provide a
set of defined components (source, collimators, monochromators, sample, detector, etc.) that can be arranged in a
prefixed sequence resembling the instrument to be modelled. Despite its wide range of applications, its capabilities
to estimate the background are limited, since all existing components in McStas deal only with coherent scatter-
ing by materials that are either mosaic single crystals or powders. The same happens with other related software
packages: none of them offers routines to deal with textured crystals. Thus, the background has to be evaluated as-
suming that the materials that form the sample environment devices are polycrystals with a uniform distribution of
grain orientations. Nevertheless, in general, these materials are textured polycrystals with a non-trivial distribution
of grain orientations. Hence, the integrated background estimated with the existing software is likely correct, but
its spatial distribution, which is crucial regarding the influence on the SNR, can be grossly erroneous, as we will
see in next section.

The development of routines suitable to estimate the background is not a problem of software development.
There is no general method to deal with the complex neutron scattering that take place in materials other than
mosaic single crystals and powders. Hence, we have to devise methods suitable to deal with textured polycrystals
in Monte Carlo simulations before implementing them in software codes. The purpose of this paper is to summarize
some developments in that direction and its implementation in the McStas software package.

2. Models of interactions and implementation in McStas

All interactions of neutrons with a material can potentially generate background. Thus, ideally, a program to
estimate the background has to model the elastic scattering, both coherent and incoherent, the inelastic scattering,
and the neutron absorption. Incoherent elastic scattering, being isotropic and energy independent, and neutron
absorption, are trivial in comparison with the complexity of the other interactions, and are not included in the new
routines, since they can be considered with existing McStas components.

The problem of the coherent elastic scattering in textured polycrystals, in spite of its complexity, is satisfactorily
solved with the methods described below. The inelastic scattering is the major problem, due to its complexity. In
this work, it is implemented in the incoherent approximation [10], which is good at large momentum transfer and
may be good enough in some cases for polycrystalline materials [10]. However, this approximation gives only
isotropic scattering and thus it suffers from the problems discussed in above, so that we expect that the integrated
inelastic background will likely be well estimated, but the correlated energy-spatial distributions may have large
errors. The modelling of coherent effects in the inelastic scattering by textured polycrystals is beyond the present
capabilities.
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2.1. Coherent elastic scattering

Many of the materials that generate the background in a neutron scattering instrument are textured polycrys-
talline materials whose texture is described by an Orientation Distribution Function (ODF) that gives the fraction
of crystal grains oriented in a given direction [2]. There is no coherence in the scattering of neutrons by different
grains, so that the macroscopic scattering cross section is simply the average over all the orientations, weighted by
the ODF, of the single crystal cross section of a grain [13]. The effect of the grain mosaicity is completely masked
by the effect of texture and therefore negligible. The effect of residual stresses can also be disregarded, since it only
produces small shifts in Bragg peak positions. The coherent elastic scattering cross section can then be written as
an average of the perfect single crystal cross section over all grain orientations, weighted by the ODF, and has the
general form

(
dσcoh
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)
�k,�k′
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∑

�G
|F �G|2� �G

(�k − �k′),

where �G are the vectors of the reciprocal lattice, F �G is the corresponding structure factor, and � �G is a function
that depends on the texture through an average over the ODF, f (R):
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where υ0 is the volume of the lattice cell, R is a rotation, and the integral extends over the set of all rotations, with
the appropriate invariant measure dR. The total cross section is the integral over the solid angle subtended by the
wave vector of the scattered neutron, d��k′ , and it reads

σcoh(�k) =
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The task is to obtain expressions, suitable for use in Monte Carlo codes, for the functions � �G and � �G for general
textures described by f (R), what is extremely difficult. We solve the problem in two ways, one reasonable for
sharp textures and another one suitable for mild textures. More general textures could be separated into a mild and
several sharp components and could be treated with a combination of both methods.

The method for sharp textures consists in modelling them as a combination of three textures, which can be con-
sidered as limiting cases, and for which expressions for � �G and � �G can be derived. The three types of grain dis-
tributions are: (i) uniform distribution of crystal grain orientations, with no preferred orientation (powder texture);
(ii) grain orientation distribution strongly peaked around a single preferred orientation, with deviations described
by a sharp Gaussian function (mosaic single crystal texture); and (iii) grains oriented with one axis pointing along
a specific direction and with uniform distribution of orientations in the perpendicular plane (ideal fibre texture).
For the sake of brevity, here we call these three textures the elementary textures.

Let us see the form of � �G for the elementary textures. There are corresponding expressions for � �G, which we
do not write here. For the powder texture, � �G is given by the well-known expression [13]
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where H(x) is the step function. For mosaic single crystals � �G is also well known, and reads
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where σ 2 is computed in terms of the mosaic distribution and is related to the mosaic spread in the direction of the
neutron propagation (in general, it depends on the wave vector direction).

Finally, for the ideal fibre texture we have

� �G(�k) = (2π)3
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if |G2 − 2k‖G‖| < 2k⊥G⊥ and � �G = 0 otherwise. The subscripts ‖ and ⊥ stand for the components of the vector
parallel and perpendicular to the fibre axis, respectively. The expression of the total cross section for a real fibre
texture has been derived before for the case of a beam propagating along the fibre axis by S. Vogel [15] and by
Sato et al. [11].

The meaning of the above equation is the following. It is assumed that we have chosen an orientation of the
ideal crystal, which defines the reciprocal lattice vectors, and that we also have chosen an orientation of the ideal
fibre texture, defined by its axis. Then the parallel and perpendicular components of the vectors entering the above
formula are completely defined. Figure 1 displays � �G as a function of the wavelength for an Aluminium ideal fibre
with the (001) directions aligned with the fibre axis. The diffraction planes are shown in the legend. Notice that for
the ideal fibre � �G diverges when |G2 − 2k‖G‖| → 2k⊥G⊥, due to the perfect alignment of the crystal along the
fibre axis. The divergence is integrable and disappears when it is convoluted with some distribution, for instance
the wavelength resolution. More realistically, � �G has to be convoluted with a distribution of crystal orientations
sharply peaked about the ideal fibre axis, what defines a mosaicity. The corresponding expression is written in
terms of an integral that depends on two parameters, A and B, which are known functions of G‖, G⊥, k‖, and k⊥.
The integral, in which obviously enters the distribution of crystal orientations about the fibre axis, can be easily
precomputed numerically and stored in a table as a function of A and B. This has not been implemented yet in the
Monte Carlo codes. Notice that the sharp fibre texture may be a model for materials as Highly Oriented Pyrolytic
Graphite.

More complicated sharp textures can be simulated by combining these elementary textures with appropriate
weights. That is, a texture can be described as a fraction of powder texture, plus a fraction of mosaic single crystal
textures in different directions, and a fraction of ideal fibre textures with axes oriented in different directions.

As an example, a Monte Carlo simulation of the elastic scattering by an aluminum foil with an ideal fibre tex-
ture, with axis lying on the foil plane, has been carried out in two ways: 1) by using the scattering cross section
corresponding to an ideal fibre texture; and 2) by modelling the ideal fibre texture as a combination of several mo-
saic single crystal textures, with different single crystals having the appropriate axis oriented along the fibre axis,

Fig. 1. The � �G function for an Aluminium ideal fibre texture (see main text) as a function of the wavelength for a neutron propagating in a
direction perpendicular to the fibre axis (left) and forming a 45° angle with the fibre axis (right).
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Fig. 2. An example of combination of elementary textures to represent a complex texture. Top panel: diffraction pattern in an octagonal detector
system of an aluminium foil with a hypothetical ideal fibre texture. Bottom panel: same, with the texture represented by a distribution of mosaic
single crystals with uniformly random orientations in the perpendicular plane to the aligned axis.

and with the orientation in the perpendicular plane uniformly distributed. In, practice we use a sample of seven
single crystals whose orientations in the perpendicular plane are uniformly distributed each 15°. To have overlap-
ping Bragg peaks, we assign large mosaicity (of a few degrees) to the single crystals, what introduces a systematic
error. Nevertheless, the results are reasonably good. The foil is irradiated with a neutron beam propagating along
the perpendicular direction to the foil (hence, perpendicular to the fibre axis), with a divergence of 0.2° and a wide
Gaussian spectrum centered at 2.02 Å, with a wavelength spread of 1.9 Å FWHW. The scattered neutrons are
collected on a set of position sensitive planar detectors surrounding the sample with an octagonal geometry. The
results are displayed in Fig. 2. The panels of each row show the number of counts collected by the eight detectors,
which are located at angular positions ranging from 180° to 315° from the beam direction, 180° corresponding to
the leftmost panel. The top and bottom panels correspond, respectively, to the exact ideal fibre texture, and to the
ideal fibre texture approximated by the distribution of mosaic single crystal textures. We see a reasonable agree-
ment. Additionally, these simulations constitute a test of the algorithm that implements the scattering by an ideal
fibre texture.

The method of simulating textured materials by combining distributions of the elementary textures is reasonable
only for materials with very sharp textures, which have a few strongly preferred directions. In most cases, however,
materials have mild textures, with preferred directions described by very wide peaks in the ODF, which cover tens
of degrees. For these cases, a more powerful method has been developed [7]. It is based on the expansion of the
ODF in generalized Fourier series, in terms of Wigner functions [2]. The scattering cross section can then be
expressed as a series involving the Fourier coefficient of the ODF [7]. Such explicit expression can be used in
Monte Carlo simulations. The method has been described in detail elsewhere [7], and has been implemented in a
McStas component, called Texture.comp. As input, the component requires three files: one with crystallographic
information, another one with the generalized Fourier coefficients of the ODF, and a third one that provides the
orientation of the reference crystallographic axes with respect to the sample reference frame. Some optimization
tricks, such as precomputing several quantities and using variance reduction techniques, have been implemented
to improve the efficiency, making simulations feasible.

As an example of a McStas simulation using Texture.comp, we performed a simulation of the background gener-
ated by the scattering of a highly collimated neutron beam, with wavelength uniformly distributed between 2.0 Å
and 3.0 Å, from a 18 mm diameter and 3 mm thick hollow cylinder made of the Zr2.5%Nb, with the texture
reported by Malamud et al. [9]. For comparison, we performed also a similar simulation in which the texture is
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replaced by a uniform distribution of grain orientations (a powder). The scattered neutrons are collected in two
banana shaped detectors, located at both sides of the beam axis, which are 4 m high and cover an angular range
from 5° to 170° and from 190° to 355° respect to the beam propagation direction. These banana detectors are lo-
cated at 2 m from the sample center line. Figure 3 displays the results. The left and right panels correspond to each
banana detector. The top and middle panels show the results for the textured material and the powder, respectively.
The bottom panels display the ratio between the signals produced by the textured material and the powder. The
average value of this ratio is 1.02, which means that, as expected, the integrated signals are rather similar. The
spatial distributions are however different: there are points where the signal produced by the textured material is
3.5 times larger than the signal produced by the powder. At those points, the SNR in the case of a container made
from the textured material will be reduced by a factor 3.5 with respect to a container with a uniform distribution of
grain orientations. Correspondingly, there are points at which the ratio is about 0.4, and there the SNR would be
enhanced by a factor 2.5 due to the texture. This means that there would be some angular positions at the detector
where the texture of the container will produce an increase of SNR and some other where will produce a reduction.
The proper selection of the container orientation will then depend on the sample diffraction peak of interest. This
decision has to be taken before setting the experimental setup and shows clearly the need of these new routines to
estimate the background.

2.2. Inelastic scattering

Due to the complexity of the inelastic scattering, it has been treated using the incoherent approximation, which
is good for large momentum transfer [10]. The momentum transfer, however, will not be large in general and thus
systematic errors will be present due to this approximation. In particular, for cubic crystals the scattering in the
incoherent approximation is isotropic. For non-cubic crystals is almost isotropic. Therefore, we expect that the
integrated inelastic background will be well estimated, but the prediction of its spatial distribution might have
important uncertainties due to the ignored coherent effects. The incoherent approximation has the advantage that,
for cubic crystals, it depends only on the phonon density of states (DoS).

The inelastic scattering cross section in the incoherent approximation is computed in terms of the phonon ex-
pansion [6,10], as a sum over the number of phonons, p, emitted or absorbed in the scattering process. The sum
is cut-off to a maximum number of phonons, pmax, which is chosen by the user, which can be arbitrarily large. Its
minimum value is pmax = 1. The multi-phonon terms (p > 1) are computed using either the standard Gaussian
approximation [3] or a saddle point approximation developed in [6], which is more accurate for low p and in the
tails of the energy distribution. The user may choose either approximation. The two and three phonon terms can
be treated exactly, which is advisable.

The total inelastic cross section depends only on the energy of the incoming neutron, and not on its direction
(this is only rigorously true for simple cubic lattices). The contribution of each term of the phonon expansion
to the total cross section are pre-computed as a function of energy and stored in simple tables. In the course of
simulations, the total cross section for a given energy is obtained by interpolation from these tables. If the McStas
kernel selects the inelastic scattering as interaction process, the scattered neutron is sampled as follows. First, the
number of phonons p responsible for the scattering is sampled with a probability proportional to the contribution
of the p-phonon term to the total inelastic cross section. Then, the energy and direction of the scattered neutron
are sampled from the distribution corresponding to the p-phonon term of the phonon expansion, using a simple
rejection method.

The code has been validated by performing many tests. Figure 4 displays the results of a simulation in ideal
conditions, for which the result can be obtained theoretically by a numerical integration independent of the Monte
Carlo simulation. The simulation setting is as follows: a point-like vanadium sample is irradiated with a perfectly
collimated (zero divergence) neutron beam with infinitely narrow cross section, with energy uniformly distributed
between 24.75 meV and 75 meV. As an input, the experimental DoS reported by Sears et al. [14] is used. The
transferred energy distribution function is presented in Fig. 4. The red points are the results of the simulation; the
pink points represent the multi-phonon contribution (two and three phonon scattering) obtained from the simula-
tion. The green lines are the theoretical result. Notice the perfect agreement. We notice also a reasonably good
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Fig. 3. Simulation of the background generated by a hollow cylinder of Zr2.5%Nb with the texture reported in reference [9] (top panels) and
with a uniform distribution of grain orientations (middle panels). In the bottom panels, the ratio between the results of the top and middle panels
is shown.
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Fig. 4. Transferred energy (hν) distribution function after the scattering of a neutron beam by a point like vanadium sample for ideal conditions
(see text for details). Red points are the results of a Monte Carlo simulation and green lines are the theoretical results. The contribution of
multi-phonon scattering is presented in pink.

Fig. 5. Left and middle panels: spatial distribution of neutrons scattered by a vanadium hollow cylinder considering inelastic scattering only.
Right panel: distribution of transferred energy.

agreement with the experimental results displayed in Fig. 2 of Sears et al. [14], especially considering the exper-
imental uncertainties due to instrument resolution, background, multiple scattering, etc., which are absent in the
ideal computation.

Figure 5 displays the results for the inelastic background generated by a hollow vanadium cylinder of 18 mm
diameter and 3 mm thickness, irradiated by a neutron beam with divergence of 0.1° and energy of 13.086 meV
(2.5 Å), with an energy spread of 25 μeV, at a temperature of 294 K. The left panels show the scattered neutron
distribution detected by two banana detectors located at either side of the beam, that are 4 m high and cover
an angular range from 190° to 355° (left panel) and from 5° to 170° (middle panel), measured with respect to
the beam direction (0°) located at a distance of 2 m from the cylinder center line. The right panel shows the
distribution of transferred energy. The shoulder and the long tail for hν > 33 meV are due to multi-phonon and
multiple scattering.

The inelastic scattering in the incoherent approximation may be also simulated with the existing McStas com-
ponent Isotropic_Sqw.comp [4]. However, this requires as an input the whole scattering function as a function of
transferred momentum and transferred energy, in some cases in a wide dynamical range. The scattering function,
moreover, depends on temperature. The new component has the advantage that only requires as an input the phonon
DoS, and can be used for any temperature in any dynamical range, with arbitrarily large number of multi-phonon
terms.

The implementation of these developments as McStas components took advantage of the McStas Union com-
ponent set, developed by M. Berteldsen [1], which separates components that describe physical processes from
components that describe geometry and other aspects of neutron propagation, and automatically deals with mul-
tiple scattering. This way we could concentrate in the physical problem, using all the remaining capabilities of
McStas.
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3. Conclusion

To estimate the background generated at neutron scattering instruments it is necessary to consider the crystallo-
graphic texture of the materials used in the different parts of the instrument and to model the neutron interactions
that take place in them. We have developed a method to take into account the crystallographic texture in Monte
Carlo simulations that is based on modelling the actual texture as a combination of three elementary textures, for
which closed expressions of the elastic coherent cross sections are available. The elementary textures are the pow-
der texture, in which the grain orientations are uniformly distributed; the single crystal texture, in which the grain
orientations are distributed according to a very narrow Gaussian function around a preferred direction; and the
ideal fibre texture, in which the grains are perfectly aligned along one axis and the orientations on the perpendicu-
lar plane are uniformly distributed. This method of combining elementary textures is reasonable only for very sharp
textures, that have a number of strongly preferred orientations besides a basically uniform orientation distribution.
Most textures, however, are smooth, showing wide peaks, tens of degrees wide, around preferred directions. For
these cases, we have developed a more suitable method, based on the generalized Fourier transform of the ODF
[7]. It has been implemented in a McStas component called Texture.comp.

A method to simulate the inelastic scattering has also been implemented in a McStas component, called Incoher-
entPhonon_process.comp. In this case the incoherent approximation was used. Multiple-phonon excitations were
incorporated in the model together with multiple neutron scattering. This new McStas component was validated
for the case of a pointlike Vanadium sample by comparing the energy transferred distribution function predicted
by the simulation with theoretical expressions. As an application of this routine, the spatial and energy distribution
of neutrons scattered by a hollow vanadium cylinder was simulated using this component.

These new McStas components allow estimating the background through Monte Carlo simulations. They will
be used in a near future to estimate the background generated by the walls of clamped pressure cells using the
measurements reported in [5]. We expect they will contribute to the innovative, successful and cost-efficient use of
beam time at the existing and future beamline at ESS and all other facilities.
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