Monte Carlo simulations of neutron scattering instruments
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Abstract

A Monte Carlo simulation is an important computational tool used in many areas
of science and engineering. In our presentation, we will describe how Monte Carlo
techniques can be used for simulating neutron scattering instruments. The basic ideas,
techniques and approximations are presented. Since the construction of a neutron
scattering instrument is very expensive, Monte Carlo software used for design of instruments have to be validated and tested extensively. The McStas software was designed
with these aspects in mind and some of the basic principles of the McStas software
will be discussed. Finally, some future prospects are discussed for using Monte Carlo
simulations in optimizing neutron scattering experiments.

Introduction
Neutron scattering is a powerful tool for characterizing various properties of materials and
many of the techniques employed give characteristics of a material that currently cannot
be obtained with other experimental characterization methods. Neutron scattering is an
expensive technique, however, which is due to the large-scale facility required for generating
the neutrons. On the other hand, the grand challenges facing the scienti c community
in materials science compensate more than well for the large investment. For example,
the ever-increasing demand for better computers has lead to a miniaturization of computer
components down to an atomistic scale consisting of only a few atom layers [1] and the
potential development of superconductors at room temperature would solve a large part
of the current problems with storing and transporting energy. New functional materials
are required and these materials need to be characterized. To meet these requirements
several large-scale facilities are currently upgraded, constructed or planned. See for example
the contributions in this report regarding the upgrade of the neutron source at KFKI in
Budapest [2] and the plans regarding a second target station at ISIS and the European
spallation source (ESS) [3].
Because of its complexity any assistance in the design of a neutron scattering instrument
or in planning and and analyzing experiments is valuable, and in this respect in particular
Monte Carlo simulations have turned out to be useful. A Monte Carlo simulation is a
computational tool for calculating multidimensional integrals that are too complex to be
calculated analytically or by simpler numerical methods. Monte Carlo techniques are used in
many areas of science and engineering, amongst others in the study of molecular liquids [4],
 Paper presented at Workshop on New Opportunities in Single Crystal Spectroscopy with Neutrons,
Balaton (Revfulop), Hungary, April 19-22, 2001
y Present address: Si ra A/S, Fredericiagade 16, DK-1310 Copenhagen K, Denmark

1

Figure 1: A circle segment with unit radius inscribed in a square.
polymer science [5], quantum mechanics [6], materials science [7], and in simulations of
neutron scattering instruments, which is the topic of the present paper. This paper will be
organized as follows: the Monte Carlo technique is introduced; Monte Carlo simulations of
neutron scattering instruments are discussed; software requirements and in particular the
design of the McStas software are discussed; and nally, some future prospects of Monte
Carlo simulations of neutron scattering instruments are discussed.

Monte Carlo simulations: a gentle introduction
The Monte Carlo technique is a computationally demanding tool for calculating multidimensional integrals. Its name Monte Carlo was coined because of the extensive use of random
numbers by Metropolis and Ulam in a paper describing the early work at Los Alamos [8].
The Monte Carlo technique is illustrated by a simple example, namely the calculation of the
value of  [4]. As illustrated in Figure 1, the value of  may be given from the area of a
circle segment with unit radius inscribed in a square as

of circle segment
(1)
 = 4  area
area of square
If two random numbers, (x,y), are generated from an
distribution of random numbers
within the range [0,1] (assuming a unit radius of the circle), each point (or each
) will
be found within the square but only the points ful lling the trivial constraint x2 + y2 < 1 will
even

event

be found within the circle segment. Furthermore, if the procedure is repeated many times,
all the events will cover the unit square evenly if an even distribution of random numbers is
employed. If the number of points found within the circle segment is counted, it is realized
that the relation between the area of the circle segment and the square and consequently
the value of  can be obtained as

counts within the circle segment
(2)
 = 4  number oftotal
number of events
The calculation of the value of  is obviously a constructed example, but it illustrates the
basic idea of a Monte Carlo simulation. The sampling of events has to be repeated many
times (
106 - 109 times) to get any reasonable precision of . Consequently, a Monte Carlo
e.g.
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Figure 2: A sketch of the TAS1 instrument at Ris.
simulation is a computer-demanding, brute-force and not very elegant method to calculate
integrals that we cannot calculate in any other way.
The hit and miss example in the previous paragraph is conceptually
easy to understand and
Rxf
it can be generalized to any integral [4]. An integral I = xi f (x) dx may be rewritten as

I=

Z xf
xi

f (x) !  (x) dx
 (x)

(3)

where  (x) is an arbitrary probability distribution. By performing  trials, where each trial
consists of choosing a random number i from the distribution  (x) in the range (xi ;xf ),
the integral may be rewritten as

X
1
I =  f ((ii)) = h f ((ii)) i
i=1

where the brackets,

(4)

h:::i, represent an average over all trials.

Monte Carlo simulations of neutron scattering instruments
A Monte Carlo simulation of a neutron scattering instrument (see e.g. the TAS1 instrument
in Figure 2) resembles to a large extent the experimental situation. A random state of a
neutron is generated according to a probability distribution de ned by the type of neutron
source. The neutron is traveling from the source towards the detector and each beam
component in turn modi es the state of the neutron. If the neutron is not absorbed or
scattered away, it will eventually reach the detector and its nal state is recorded for further
analysis. To obtain a reasonable representation of the characteristics of the neutron source,
the sampling of random neutron states is carried out repeatedly (normally more than 106
times) until the desired statistics is obtained. Finally, the recorded states are analyzed in
very much the same way as a real experiment, and Monte Carlo simulation of a neutron
scattering instrument may thus be regarded as a virtual experiment.
The state of a neutron has to be represented in some way in the model, and normally
the so-called semi-classical approach is adopted which means that wave mechanics is used
3

to describe the neutron and its interaction with di erent beam components [9, 10]. The
representation of neutron may thus be written as a six-dimensional vector; either as ( , E,
), where is the position vector, E is the energy, and is the traveling direction, or as ( , )
where is the velocity vector. In addition, if polarization experiments are considered [11],
the spin of the neutron, , has to be included. Since the length of the spin vector for a
neutron is 12 , only a two-component representation is required for describing its orientation.
However, a full three-component representation of the spin is preferred since it allows for an
extension to neutron rays. Finally, if we would like to model also time-of- ight experiments,
the traveling time t, for example since emission from the source, has to be stored.
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In a real semi-classical simulation, a neutron is either traveling towards the detector interacting with each component or it has been absorbed or scattered away. This can be
represented by a neutron weight p, which is either 1 if the neutron is still present or 0 if
the neutron is lost. For some beam components, e.g. transmission through lters, re ection
from monochromators, scattering from samples, etc., it is possible to de ne a neutron weight
in the range 0 < p < 1. For example, if the probability for transmission through a lter is
10%, p is multiplied by 0.1 and the neutron continues to the next component with this new
weight. Equivalently, one could allow 10% of the neutron to pass the lter and 90% of the
neutrons would be absorbed, but the usage of the weight p improves the statistics of the
simulation considerably. The resulting state vector describing a neutron is thus

r; v; s; t; p)

(
i.e.

(5)

the position, velocity, spin, time and weight of the neutron.

Software requirements
It is in principle rather easy to write a simple Monte Carlo program in Fortran or C for
simulating for example the TAS1 instrument in Figure 2. However, to write a general
simulation program for various types of neutron scattering instruments and that is used by
a large part of the neutron scattering community, some aspects have to be considered in
detail [12{14]. For example, if the ESS project is realized, the simulation programs used by
the neutron scattering community for designing the instruments will be the programs that
ful l some conditions.

validated



The program has to be
extensively. Since neutron scattering is an expensive
technique, any mistakes in the design of the instruments would be devastating.



The program has to be
. Many di erent kinds of instrument and beam
components are of interest and new types are constructed all the time. It must be easy
for the user to extend the simulation program with additional instruments and beam
components.



The program has to be
. Long simulations are required (normally cpu-hours
to cpu-days), and the simulation program therefore has to be coded in a programming
language that provides an eÆcient executable resulting in fast simulations.

modular

eÆcient
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user-friendly

The program has to be
. It must be straightforward to start to use the
program and the usage should be more or less intuitive. Secondly, it must be easy for
the user to try new ideas, and again it should be straightforward for the user to include
minor changes and extensions in the program.

An important initiative is to de ne a set of standard instrument models for which a Monte
Carlo program can be tested against, where the rst instrument to be included is a canonical triple-axis spectrometer [15]. Such a suite of standard models would certainly be an
important part of the validation procedure for a simulation program, and the initiative is
currently supported by ve Monte Carlo groups.
The data obtained from a simulation of an instument is analyzed to a large extent in the
same way as an experiment. It would therefore be preferred if the same tools could be used
to analyze all simulations carried out with various software as well as all experiments carried
out at various facilities around the world. The NeXus data format [16] provides such an
option and hopefully it will be fully supported in the future.

Design of McStas
The McStas (Monte Carlo Simulation of Triple Axis Spectrometer) software was designed
already from the start with the aspects discussed in the previous section in mind, and a
version 1.0 was released in October 1998 [13, 14, 17]. Already from the start, other groups
were invited to collaborate on the development of components to the software [13], and
McStas is currently used extensively not only at Ris.
A meta-language has been constructed especially designed for the task of modelling neutron
scattering instruments. The physics of each beam component is de ned in a separate le by
using this meta-language. Furthermore, an instrument le consisting of a list of components
and component parameters is also speci ed with the meta-language. Many standard components are available in the McStas software (currently around 50 in version 1.4.2 [17]), but it is
in principle straightforward for users to implement additional components. The most recent
contributions include components for moderators at ESS. It should be noted that all the
physics of a neutron scattering instrument are included in the component and instrument
de nitions and thereby separated from the kernel containing the actual simulation code,
which facilitates for the user to make minor changes and additions. Furthermore, McStas
contains some components that do not correspond to a physical beam component as for
example components for adaptive importance sampling (vide infra) and an interface between
the McStas and VITESS [18] programs.
The instrument as de ned by the meta-language is compiled by using the facilities provided
by FLEX (fast lexical analyzer generator) and a Bison parser generator. The compilation
checks the semantics of the instrument and component de nitions and thus it ensures that
these de nitions are correct. Furthermore, the compilation results in an ANSI-C code which
provides an eÆcient and fast simulation code.
As discussed in the previous section, the validation of a simulation software is of fundamental importance. Simulations comparing McStas and Restrax [19] with experiments have
5

been carried out for the cold-neutron triple-axis spectrometer IN14 at ILL, and very close
agreement was found between the simulations and experiment [20]. In addition, results
from McStas and Restrax have been compared for the new structure powder di ractometer
(SPODI) at FRM-II with good agreement between the two simulation programs [21].
A criterion for the success of a simulation is to what extent it has been used by others than the
original authors. The McStas software has been used extensively for modelling instrument
upgrades at ILL [20, 22, 23], design of instruments at the new facilities FRM-II [21, 24{29],
and SNS [30].

Importance sampling
For some instruments, only very few neutrons reach the detector which gives poor statistics
and the simulation (or the experiment) has to be run for a very long time. In Monte Carlo
simulations, but not in real experiments, the situation can be improved by using importance
sampling.
In a regular Monte Carlo simulation, the neutron events are sampled from a probability
distribution describing the actual neutron source, source ( ; ; ). Since all sampled neutron
corresponds to experimentally equally possible states, the neutrons may be regarded to have
equal weight, w = 1. In a simulation, we can equally well sample the neutrons from any
distribution, any ( ; ; ), but then the weight w has to be modi ed accordingly. Obviously,
it is preferable to sample neutrons more frequently that improve the statistics of the requested
result, where a necessary but in principle not suÆcient condition is that the neutrons reach
the detector. To a priori determine the suitable distribution that optimizes the sampling
is a very diÆcult problem, and requires in principle that the results of the simulation are
known on beforehand. The solution is to use an adaptive procedure where any ( ; ; ) is
modi ed on-the- y during the simulation.

rvs

rvs

rvs

In McStas, adaptive importance sampling can be utilized in two di erent ways by using
virtual components: one way is to use the Source adapt component and the other way is to
use the Source Optimizer and Monitor Optimizer components and both procedures are
described in detail in the McStas manual [14].
It is crucial to at least consider various ways of importance sampling in Monte Carlo
simulations. Otherwise, one may spend the simulation calculating the number zero with
a very high precision, i.e. the neutrons do not reach the detector. Furthermore, one may
actually learn something from the resulting probability distribution, which may provide
information on how the set-up of the experiment or the design of the instrument may be
improved.

Prospects
The information obtained from simulations may be used for several purposes. For example,
the design of a new instrument can be optimized, experiments may planned in detail, and
the simulation data may assist in the analysis of experimental data [31, 32]. Many other
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possibilities exist and here some suggestions of extensions of McStas are listed that more or
less corresponds to to the discussion at the McStas workshop at Ris National Laboratory
in January 2001 [17, 33].



Virtual monitors can be placed in principle at each beam components. If the neutron
states at each component are stored, it would be possible to correlate any unexpected
results with the properties of the neutrons at some component. Consequently, Monte
Carlo simulations can be used to obtain information that is attainable in experiments.
Some support for calculating correlation functions exist in McStas in the components
Monitor nD and PreMonitor nD. Furthermore, if neutron states at a component are
stored, they may be used as a virtual source where a simulation may be restarted.



In some cases it would be useful to group components in a so-called supercomponent. The most trivial example is that the same setup of components for a part of
an instrument is used repeatedly and it would then be appreciated if one can refer
to this part by one entry in the instrument de nition. Another example is if the
position and the relative order of some components are given by an external parameter.
This external parameter would be given as input to the supercomponent, which then
provided the components in the correct order. Other cases that may be treated within
a supercomponent are e.g. to allow for the neutron to interact many times with each
component, to handle splitting of neutron rays, and decoupling shape and funtion of
a sample component.



It would be useful if an instrument parameter could be optimized automatically in a
single simulation. One way to do this would be to modify the neutron state vector as
( , , , t, p, Q), where Q is an instrument parameter. Also the values of Q can be
sampled according to the Monte Carlo procedure, and an optimum value of Q may be
obtained from adaptive importance sampling.

rvs



Currently, the length of a simulation is speci ed by the number of neutron events.
In line with the e orts by R. McGreevy and coworkers in developing software for
using other stopping conditions in experiments (such as the precision for a requested
property), suitable stopping conditions should be investigated by simulations.
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