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Zusammenfassung

Neue Softwaretools fur die Entwicklung von Neutronenstreui nstrumenten
flr zuktnftige Neutronenquel len

Neutronenstreuung ist eine wichtige Technik zur Untersuchung von Struktur, Dynamik und
magnetischen Eigenschaften kondensierter Materie.

Aufgrund der recht komplizierten Konstruktion und der hohen Kosten fur moderne
Neutronenstreu-Instrumente kann ein gewohnlicher trial and error Ansatz zu geféhrlich sein. Die
Moglichkeit, die Parameter des Instruments abzuschédtzen, und eine a-priori-Analyse seiner
Leistungsfahigkeit erlaubt, ziemlich kostspielige Fehler zu vermeiden und die Konstruktion
dahingehend zu verbessern, dass die héchstmdgliche Leistung erzielt wird. Eine Moglichkeit fir
solche Abschatzungen und Leistungstests sind numerische Simulationsmethoden. Einen speziellen
Bedarf daflir gab es durch die jahrelangen Aktivitdten am Projekt der Européische Spallationsguelle
(ESS), initilert Mitte der neunziger Jahre. Das VITESS Programm ist am Hahn-Meitner-Institut
Berlin seit 1998 entwickelt worden, insbesondere fir Monte-Carlo-Simulationen von zeitlich
strukturierten Neutronenstrahlen, (wie sie von Spallationsquellen erzeugt werden).

Monte-Carlo-Simulationen  von  Neutronenstreu-Experimenten  erfordern  weitere
Entwicklungen zur Analyse der Leistungsfahigkeit von Instrumenten und ihrer Komponenten, auch
wenn sie an kontinuierlichen Quellen - Reaktoren mit konstanter Leistung -installiert werden.

Entsprechend dieser Anforderung wurden vier neue Module (“Bender”, “Rotierendes Feld”,
“Drabkin Resonator” and “Gradienten-Flipper”) erfolgreich geschrieben, debuggt und getestet, was
die Simulation der Leistungsfahigkeit von neutronenoptischen Komponenten und Instrumenten zur
Streuung polarisierter Neutronen wie Spin-Echo-Instrumenten, Resonatoren und Flippern erlaubt.
Die Simulation des Gravitationseffektes wurde ebenfalls erfolgreich eingebaut und getestet. Diese
neuen Module bieten breite Simulationsmoglichkeiten von neuen Neutronenstreu-Instrumenten und
sind inzwischen auch von anderen Programmbenutzern verwendet worden.

Vier Hauptsimulationen sind in dieser Arbeit durchgefihrt worden :

1. Der konvergierende Bender fur das hochauflésende Spin-Echo-Spektrometer fir die ESS
wurde simuliert und optimiert. Es wurden Bedingungen fir die Geometrie und das
beschichtende Material gefunden, die die gewlinschten Anforderungen erftllen.

2. Das neue Kleinwinkel-Spektrometer VSANS und sein Strahlrohr mit dem multi-spektralen
Extraktionssystem wurden optimiert. Die Simulationen habe gezeigt, dass ein divergenter
Neutronenleiter als primére Kollimation und das multiple Strahl-Fokussierungssystem
(Viel-Loch-System) als letzte Kollimation die beste Wahl sind. Als minimaler Wert des
Streuvektors wurde Qmin = 0.0033 ... 0.00067 A™ fiir einen Wellenlangenbereich von 3 bis
15 A bestimmt.

3. Die dritte Aufgabe war es, das Neutronen-Resonanz-Spin-Echo (NRSE) Spektrometer
ZETA, das am Ingtitut Laue-Langevin in Grenoble gebaut wurde, zu simulieren und die
korrekte Arbeitsweise der neuen Module zu Uberprifen.

4. Der neue Typ eines Neutronen-Spin-Echo-Instruments mit dinnen magnetischen Folien
(TMF) und mit rotierendem magnetischen Feld (RMF), vorgeschlagen von A. loffe, ist
erfolgreich simuliert worden. Die Simulationen zeigten die hervorragende L eitungsfahigkeit
eines solchen TMF RMF Spektrometers sowie einige nitzliche und wichtige
Anwendungsmoglichkeiten: ,, Spin Echo Resolved Grazing Incidence Scattering® (SERGIS),
»Spin Echo Small Angle Neutron Scattering” (SESANS) und ,,Modulation of Intensity for
Zero Effort-downstream” (MIEZE). Die Stabilitat der Spektrometer wurde bestimmt.



Abstract

New software tools for simulations of new instruments for the future
neutron sources

Neutron scattering is an important technique for investigating the structure, dynamic and
magnetic properties of condensed matters.

Because of a rather complicate construction and high cost of modern neutron scattering
instruments, a usual trial and errors approach can be too risky. Therefore, a possibility to estimate
parameters of the instrument and to a-priori analyse its performance alows not only to avoid quite
costly mistakes, but also to improve the construction of the instrument thus achieving its best
performance. A possibility for such estimations and performance tests is provided by numerical
simulation methods. A special request was generated by many years activities around the European
Spallation Source (ESS) project initiated in mid of 90". The VITESS software package has been
developed at Hahn-Meitner-Institute Berlin since 1998, particularly for purposes of Monte Carlo
simulations with time-structured neutron beams (as they are generated by spallation sources).

However, Monte Carlo simulations of neutron scattering experiments also require further
developments for the analysis of performance of instruments and/or their components to be installed
at continuous sources (steady power reactors) as well.

Following this request, four new modules (“Bender”, “Rotating field”, “Drabkin resonator”
and “Gradient flipper”) were successfully written, debugged and tested allowing for simulations of
performance of neutron optical components and polarised neutron scattering instruments such as
neutron spin echo spectrometers, resonators and flippers. Simulation of gravity effect was
successfully included and tested in the VITESS too. These new modules provide wide opportunities
for simulations of new neutron scattering instruments and have been using now by other users.

Four main simulation tasks are considered in this thesis.

1. The convergent bender for the high-resolution spin echo spectrometer at the ESS was
simulated and optimised. Requirements for the geometry and coating material were found to
achieve the demanded characteristics.

2. The new small angle scattering spectrometer VSANS and its beam line with the multi-
spectrum extraction system were optimised. The simulations proved that the best choice is a
divergent guide as the primary collimation and the multiple beam focussing system (multiple
pinhole system) as the final collimation. Minimum value of the scattering vector was evaluated:
Qmin = 0.0033 ... 0.00067 A for wavelength range A = 3 ... 15 A respectively.

3. The third task was to simulate the neutron resonance spin-echo (NRSE) spectrometer
ZETA, which was built at Institute Laue-Langevin, Grenoble, and to check correct operation of the
new modules.

4. The new kind of aneutron spin echo spectrometer with thin magnetic foils (TMF) and
with rotating magnetic fields (RMF) proposed by A. loffe was successfully simulated. These
simulations proved the perfect performance of such aTMF RMF spectrometer as well as some
useful and important applications: Spin Echo Resolved Grazing Incidence Scattering (SERGIS),
Spin Echo Small Angle Neutron Scattering (SESANS) and Modulation of Intensity for Zero Effort-
downstream MIEZE. The robustness of the spectrometer was evaluated.
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Chapter 1

I ntr oduction

Neutron scattering plays important roles in investigations of new materials. It
provides significant and important information about position, motion of atoms and
magnetic properties of solids and liquids. Neutron beams have unique properties. for
example sengitivity to light elements, that can be impossible for the other kinds of
beams, for example, x-ray beams. To perform these investigations, new neutron
sources and instruments for scattering have been constructed and built.

Design and construction of new neutron scattering instruments is a challenging
task in general. There are several main steps, which have to be performed:

New idea of ainstrument;

Simple analytical calculations according to the general physical laws,

More detailed check of the new ideg;

More complicated analytical calculations for finding the resolution of an
instrument —if it is possible;

Monte Carlo simulations of a new instrument for finding the performance
and resolution. Making the task more easily: simulations of some
significant parts of a spectrometer might be made at first, later the
simulations of the full instrument can be made applying conditions which
are quite close to the real conditions.

~oOpNRE

o

If Step 4 cannot be completed, then simulations have to be made instead of
analytical calculations.

The neutron is a particle without electrical charge, but possess a non-zero
magnetic moment. According to quantum mechanics, a neutron beam can be treated
dually: as an ensemble of classical particles or as a wave. The treatment of a neutron
as an ensemble of classical particles gives the possibility to apply the laws of
classical mechanic to describe the motion of the neutron. The same applies to
polarised neutron beams: then the neutron spin is considered precessing classically in
amagnetic field like the spinning top. However, there is exception: the Stern-Gerlach
effect cannot be treated classically. In a spectrometer the neutron behaves like a
classical particle, but in a sample quantum mechanic laws have to be taken into
account. All these treatments give possibilities to apply the Monte Carlo method for a
simulation of new instruments.



The VITESS software package for the simulation of neutron scattering
instruments is under development in Hahn-Meitner-Institute, Berlin since 1998
[1,2,3]. Parts of this software package are presented in the thesis. The concept, the
main features and the use of the program are described with a survey of the existing
modules. Particular emphasis is given to modules that are used to simulate polarised
neutron and optical components, such as “Bender”, “Rotating field”, “Drabkin
resonator” and “ Gradient flipper”. These modules have been written by the author of
this thesis. The author also included ssmulations of the gravity effect in the VITESS
software package, especially in modules (like “spacewindow”), where it is critically
necessary.

There are four main simulation tasks, which are considered in this thesis:

1) Polarised convergent benders;

2) The beam line and collimation system of the new small angle scattering
machine VSANS at Hahn-Meitner-Institute Berlin;

3) The neutron resonance spin echo machine ZETA at the Institute Laue-
Langevin, France [4] with comparison to the experimental data;

4) A new spin echo technique with rotating magnetic field and its applications;

The Soller type collimators [5] with supermirror coating [6] may be used to
polarise of neutron beams. In the case of pulsed neutron sources, the disadvantage of
such devices is a high level of gamma and fast neutron background. In order to
increase a neutron flux, the collimator can be made convergent. Generally, benders
[5,7] make it possible to suppress the fast neutron and gamma background
completely. The combination of a bender and a convergent Soller collimator
(convergent or focusing bender) [8,9] can be proposed for polarisation of the neutron
beam for future neutron spin-echo spectrometers at the cold source of the European
gpallation source (ESS) [10, 84]. Simulations and optimisation of convergent benders
as neutron polarisers for NSE spectrometers are presented.

A new neutron hall has been built at the Hahn-Meitner-Institute Berlin for
initially three instruments: a new diffractometer called EXED (Extreme Environment
Diffractometer) [11], a new SANS instrument called VSANS [12] and the existing
Spin-Echo instrument SPAN [13]. The new beam line will serve three instruments
and the existing reflectometer V6 [14] in the guide hall. The acceptance from both
moderators of the multi-spectral beam extraction system [15] is explored. The
simulations and optimisation of the new beam line for VSANS machine by Monte-
Carlo simulations are presented as well as the “divergent guide-multi aperture”
collimation system.

The neutron spin-echo (NSE) method, proposed by F. Mezei in 1972 [16], that
Is the most powerful tool of high-resolution neutron spectroscopy, is known in two
versions:. with the permanent magnetic field areas (or classical neutron spin echo
[17]) and time dependent magnetic fields separated by a field free area (or neutron



resonance spin echo [18]). A simulations and comparison with experimental data are
performed for the recently built NRSE spectrometer ZETA at Institute Laue-
Langevin, Grenoble France [4].

The new version of a neutron spin echo spectrometer that makes use of spin
flippers consisting of thin magnetic foils with an in-plane rotating magnetic field
vector was proposed by Dr. A. loffe (FZ-Juelich Germany) [19]. Monte Carlo
simulations are shown the perfect performance of the neutron spin echo spectrometer
built with such flippers. Some important applications of this NSE technique, like Spin
Echo Resolved Grazing Incidence Scattering (SERGIS) [20], Spin Echo Small Angle
Neutron Scattering (SESANS) [21], Modulation of Intensity for Zero Effort-
downstream MIEZE [22] are simulated as well as the robustness of the spectrometer.
Requirements for thin magnetic foils are estimated. This approach can be considered
as an alternative to the present-day neutron spin echo (NSE) and neutron resonance
spin echo (NRSE) techniques.
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Chapter 2
About neutrons and neutron scattering

2.1 Propertiesand production of neutrons

The neutron, discovered by James Chadwick in 1932, is a sub-atomic
elementary particle with zero charge but finite magnetic moment. Hence interaction
of the neutron with matter is either nuclear with the nuclel of the sample, or magnetic,
with the magnetic moments of the sample atoms. The basic quantities are given in
table 2.1. In comparison with other elementary particles neutron is described by the
absence of practically of all electrical properties. electrical charge, electrical dipole
momentum and electrical polarisability.

Mass 1.67492 10* kg

Spin % h (h —Plank constant)
Decay lifetime 887 + 2 seconds

Radius 0.7 fm

Magnetic moment -9.64917010%" JT™*

Table 2.1 Basic neutron properties.

It was soon understood after its discovery that the neutron is a very special,
very useful particle that could provide unique and vauable insights into material
properties. As sub-atomic particle, neutrons behave both as a particle and a wave.
Due to the absence of electrical charge, neutrons penetrate deep into materias
contrary to x-ray radiation. Neutrons interact with atoms via nuclear rather than
electrical forces. Nuclear forces are very short range-of the order of a few fermis (1
fermi is 10™ m). If there are unpaired electrons in the material, neutrons can interact
by a second way: a dipole-dipole interaction between the magnetic moment of an
unpaired electron and the magnetic moment of a neutron.

The neutron n is an unstable particle. It decays into an electron e, a proton p

and an antineutrino, :

n-e+p+u,
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The decay lifetime is given in Table 2.1. Free neutrons can be produced by
various nuclear reactions, nuclear fission and spallation processes.

Fission of the uranium isotope 235 by slow neutron capture has been the
mostly frequently reaction as a neutron source as well as the Plutonium isotope 239
[86]:

n+U* _ two_ fragments+ 2.5n" + 200MeV

When a slow neutron interacts with a nucleus of the uranium-235 isotope, the
nucleus has a certain likelihood to splitting into two fragments. The nuclear  fission
process releases energy and 2.5 neutrons on average i.e. for one fission 2 new
neutrons, for other fission 3 new neutrons are produced. This reaction can be made
self-sustaining and produce fast neutrons so that these neutrons can initiate further
fission processes in the surrounding uranium nuclei, leading to a chain reaction. The
reaction produces more neutrons per fission than needed to sustain this process. In
this case in average 1.5 neutrons were obtained from one reaction, the rest neutron
should be used to initiate a next reaction. For some isotopes (U*®), the neutrons have
to be thermalised before they initiate another fission process. These reactions have
been realised in nuclear reactors. One of the main problems of present neutron
sources is significant energy emission during the fission so complicated cooling
systems are required for high-power nuclear reactors. The spectral distribution of the
fisson neutrons can be described quite well by a Maxwell distribution with a
characteristic energy of 1.29 MeV [80].

The reaction, which was used for a first neutron source is the interaction of
Beryllium with a-particles (He"). James Chadwick at Cambridge used this reaction
when discovering the neutron, but very penetrating radiation was earlier observed by
Bothe and Becker in 1930. But only after two years Chadwick found that this
radiation is neutrons;

Be’ + He' - C” +n'+5.7MeV or (a, n)

This reaction can explain that neutrons have to be nuclear constituents and
electrically neutral neutrons cannot change the charge of nucleus. The neutrons
possess mass and so they do change the nuclear mass. After the discovery of the
neutron the reason, why nuclear masses, which are measured in units of the proton
mass, are amost twice as high as nuclear charges, measured in units of the electron
charge, became understandable. The part of neutrons is very significant, it is more
than the half of all visible matter in the universe.

There are some other reactions such as (a, n), (a, 2n), (a, pn), (p, n), (d, n)
and (), n) that are available for producing neutron beams as well, for example:
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B"+He' - N“+n' or (a,n)

The spallation process is a nuclear reaction where high-energy particles hit
target nuclel of heavy elements [10, 84]. These high-energy particles have to have
energy more than 100-200 MeV depending on the target material. The highly excited
target nuclei evaporate up to 30 fast neutrons. The De Broglie wavelength of particles
must be shorter than the linear dimensions of the nucleus. Collisions can aso take
place with individual nuclides inside the nucleus.

The De Broglie wavelength Apg of a particle is given by:

h_h _ h?
p mv 2mE

Apg = (2.1)

where h — Plank constant, m — mass of a particle, E — energy of a particle, p=mv —
momentum of a particle with the velocity v. So the motion of any particle with
momentum p can be described by a wave process with the wavelength Apg. This
hypothesis was successfully confirmed by diffraction of electrons by lattices of
mono-crystals; for example, American physicists Davisson and Germer using a
Nickel-single crystal in 1927 [81].

Spallation processes can occur in every nucleus, athough the neutron yield
increases with nuclear mass. This is a significant advantage of spallation neutron
sources compared nuclear fission reactors, where only a few thermally fissionable
isotopes are available as is the cooling system of a target, where less energy is
deposited per created free neutron. Nuclear fission reactions produce approximately
six times more energy during the generation of each neutron. Particle accelerators
and/or synchrotrons have been used to generate intense high-energy proton pulses
directed at a target material with heavy nuclei. Examples of such sources are: ISIS in
Rutherford Laboratory [82], IPNS in Argonne National Laboratory [83] and the
future European Spallation Source (ESS) [10, 84].

After emission neutrons have energies of several MeV and can be
transformed to thermal neutrons (energy around 0.025 eV) by collisions with light
atoms [42]. This process can be called thermalisation (or cooling down) of neutrons
and performed by specia devices called moderators. Such cooling can be done by
bringing the neutrons into thermal equilibrium with the material of a moderator. This
material has to have a significant scattering cross section, for example, water or liquid
hydrogen. After a few tens of collisions in the material, the energies of the neutrons
become comparable to those of the moderator atoms. Thus, a moderator emits
thermal neutrons from the surface with a spectrum of energies around an average
value, which is determined by the moderator temperature. After cooling down in a
moderator, neutrons are guided through beam lines to areas, which contain special
equipment and neutron detectors. neutron spectrometers. Neutron instrumentation
will be presented and explained later.
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2.2 \Wave properties of neutrons

Despite the application of the De Broglie formula (2.1) to any particles, the
diffraction processes can be only relevant for micro-particles, for example, electrons,
neutrons, protons and etc. If the De Broglie wavelength of a particle is comparable
with sizes of the objects, the diffraction process will take place. For particles with
significant mass, the De Broglie wavelength is very small in comparison to any
object. Only for micro particles such as neutron, protons and etc, the De Broglie
wavelength can be comparable with the distances between the atoms of a crystal
lattice. For example, if a particle with mass 0.001 kg moves with velocity 1 m/s, the
De Broglie wavelength is very small: A=0.7x10*® cm. So diffraction can take place
on objects with sizes of approximately 10% cm. But such objects cannot be easily
observed: the atom size is already 10 cm. Wavelength properties play an important
role for every small particle, so “diffraction of a particle at a dit” is relevant. The
diffraction process means that a particle has well defined initial momentum p, before
passing a dit. After passing of the dlit with size d, some deviation of the momentum
Apx (projection of the momentum p on the axis 0X, see figure 2.1) will take place
corresponding to an uncertainty of the momentum of the particle according the
uncertainty principle (see later).

1(X) $ X
B \
1}
) 0
Po _\: :
T
Py
i
Px P

Fig. 2.1 Diffraction of a particle with initial momentum pg at a slit [87]. Note,
that a particle has wave properties according De Broglie equation (2.1). The
De Broglie wavelength Apg of a particle has to be comparable to the size of
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. A
the slit d i.e. snﬁ:%_ The angle B is directed to the point of the first

minimum of the diffraction process. But to obtain such a distribution 1(x)
experimentally, a lot of particles have to pass the slit. For the next minima of
Aos.
d
be easily recognized for sound in air (wavelength AL cm). For diffraction of
light, special conditions are required: very small hole/holes or special devices
such as diffraction gratings. But for the diffraction of x-rays (wavelength A=10"
7...10° cm) or thermal neutrons (wavelength A = 1-20 A, 1 A = 10" m),
crystal lattices are required to observe this diffraction experimentally. Similar
effect holds the name “Fraunhofer diffraction on a slit” for light as well.

the diffraction process: SINB, =N—= where n=2, 3, ... This diffraction can

So, if a particle has wave properties, coordinate x and projection of the
momentum py cannot be defined precisely (or accurately) together after passing the
dit. The deviation of the momentum Apy (size of the first diffraction maximum) can
be evaluated according:

: A 2h
Apy =2py :ZPSH,BZZD%:F (2.2)

where h — Plank constant, other parameters-see figure 2.1.

The uncertainty principle is a fundamental principle, which was formulated by
Helsenberg in 1927. The product of the deviation of a coordinate and the respective
projection of the momentum is greater than Plank’ s constant h:

AXAp,, = h (2.3)

The same applies for the other projections of the coordinate and momentum:
AyAp, 2h and AzAp, =h. This principle tells us that the coordinate and the
projection of the momentum cannot be defined accurately together i.e. if the
deviation of the x-coordinate:AXx =0, the deviation of the projection of the
momentum becomes infinity: AP, — o for micro-world.

Let consider a example [87]: an electron which moves with velocity v=10’
m/s and the deviation of the velocity is 0.1% or Avy, = 10* m/s. So deviation of the

coordinate AX can be evaluated according to the uncertainty principle (2.3) and AX >
10* cm. This is much more than the size of an atom (1=10® cm), so the electron
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position cannot be defined accurately inside an atom. However this deviation is much
smaller than the size of areal instrument, for example a beam with collimating dlitsin
an electronic microscope. So in the “macro world” deviation of the coordinate is not
very important and we can use classical mechanics equations to describe the motion
of electrons in electron beams. In genera projections of velocities and spatial
coordinates can be defined quite accurately in case of significant volumes and
particles with significant masses: “macro-world”. The laws of classical physics, for
example, Newton Laws and motion equations, describe this case (see chapter 3).

The same formalism is applied successfully for neutron beams. Let us
consider a neutron which moves with velocity v=10% m/s. This is the velocity of
thermal neutron beams with a De Broglie wavelength A=4 A

3956.0346 _ 395.60346
v(m/s) v(cm/ ms)

Jos(A) = (2.4)

This formula is widely used in the VITESS software package to convert
wavelengths and velocities of neutrons. The typical sizes of collimators of neutron
instruments, considered later, is between 1 mm and 3 cm. The De Broglie wavelength
for thermal neutrons (1-20 A, 1 A = 10" m) is much smaller, so NO significant
diffraction of neutrons on collimators will take place. The neutron instrument can be
treated as “macro-world”, but it is not true for crystal lattices (usual samples in
neutron spectrometers), where quantum mechanical process such as the diffraction
will take place. The same applies for multi aperture collimation systems as well.

It should be noted, if the velocity of a particle v is quite significant; the
theory of relativity has to be taken into account (c — velocity of light), but for
currently used neutron sources and beams, it is not relevant:

h mv
Apg =—; Where p= - (2.5)
Y 1-

ON‘ <

As was mentioned before, thermal neutrons have a De Broglie Apg
wavelength comparable to interatomic distances of crystal lattices and energies
comparable to the collective vibration energies in condensed matter. So thermal
neutrons have been successfully used to investigate structure and dynamics of
condensed matter. In 1994, the Nobel Prize for physics was awarded to Shull and
Brockhouse [85]. In this Nobel lecture was told: “showing where are atoms and what
atoms do”.
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To describe neutron scattering in asampleit is quite useful to work in terms
of the so-called neutron wave vector k, which has magnitude k=21vA, where A is the
De Broglie wavelength of a neutron. This vector points along the neutron’ s trajectory.
So the vector k and the velocity vector v are collinear and related:

LI 2.6
o (2.6)

where h — Plank constant and m — mass of the neutron.

In case of elastic scattering, the wave vector is conserved in magnitude, but its
direction always changes in a sample. In case of inelastic scattering, the neutron
either loses energy or gains energy during the interaction: the magnitude of the wave
vector changes always, but the direction may or may not change.

The scattering of a neutron can be described in terms of the cross section. The
cross sections g, measured in barns (1 barn is 10%* square cm) is equivalent to the
effective area presented by the nucleus:

ls=1,0 (2.7)

where |s— number of scattering events per second (neutrons/sec) ; o — incident
neutron flux in neutrons/cm?/sec ; o'~ cross section in cn.

If a neutron hits the effective area of the nucleus, it is scattered isotropically
or with similar probability in any direction. Thisis can be explained so: the extension
of the nuclear potential istiny compared with the wavelength of a neutron. Thisis not
true for x-rays, because electron clouds around an atom are comparable with
wavelength of the x-rays.

If neutrons are scattered by matter, we need to add up the scattering from each
of the individual nuclei. This is a difficult quantum-mechanical task and needs
advanced calculations: analyzing of scattering from each of the individual nuclei and
summarizing. But in some cases, it can be simplified significantly. The first example
Is elastic coherent scattering in which neutron waves interact with the whole sample
such that scattering waves from different nuclei interfere with each other and can be
used to explore the equilibrium structure of the sample. Inelastic coherent scattering
gives information about collective motions of the atoms.

William and Lawrence Bragg discovered diffraction in 1912, which received
name “Bragg's law”. This law can be understood in terms of the path-length
difference between waves scattered from neighboring planes of atoms, see figure 2.3.
The interference occurs between neighboring planes if the path-length difference is
egual to the wavelength A of the incident radiation (electrons, neutrons, x-rays) or
multiples of A, i.e. nA, where n=1, 2, 3, ... In this case, the neutron beam has to be
treated as wave: distances between atoms are comparable with the incident
wavelength. Neutron waves (or other) will effectively reflect from the crystal planes,
if:
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nA=2dsiné (2.8)

where 6 - incident angle, d - distance between planes, A - wavelength of reflected
radiation, n=1, 2, 3 ... If n=1, the primary scattering occurs, but high-order Bragg
peaks are observerable for other values n as well. To obtain Bragg diffraction, the
crystal has to be rotated until all parameters satisfy equation (2.8) and a Bragg peak
will be obtained. From this equation one can find that De Broglie wavelength of the
incident radiation must be comparable with the distances between scattering planes
for reasonable value of sine of incident angle 8. So the diffraction of neutrons cannot
be obtained in the “macro-world” and so observed. The intensity of the obtained peak
Is proportional to the square of the density of atoms in the scattering planes, presented
in figure 2.3.

Neutrons, which emerge from the moderator, have to be reduced to a
monochromatic beam for a large number of neutron experiments. This can be done
by a large single crystal with very good reflection such as germanium, pyrolytic
graphite or copper. The wavelength of reflected neutrons A can be controlled by
changing the scattering angle 6, n or d (changing of particular set of scattering
planes). The reflected beam of neutrons (which satisfies the Bragg's law) will be used
later in a neutron spectrometer. Bragg diffraction of neutrons has been used
successfully to investigate the crystal structure of existing and new materials as well.

Incident beam Reflected beam

Scattering plane 1

Scattering plane 2

Scattering plane 3
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Fig. 2.2 Bragg’s diffraction of neutrons, electrons or x-rays. The incident
beam should be non-monochromatic to simplify the satisfaction of all
parameters in Bragg law (2.8) during the experiments but in general a
monochromatic beam is acceptable as well.

2.3 General scheme of a neutron experiment, detection of neutrons

The combination of low flux (in comparison to x-rays sources) and weak
interaction means that no common or generic instrument can be designed to explore
all aspects of neutron scattering. Instead a number of instruments are available
dedicate of a particular task of neutron scattering. The general scheme of a neutron
experiment is presented in figure 2.3. To calibrate a neutron instrument a sample with
sample environment has to be removed or standard sample (with well-known
scattering properties) can be installed to find the resolution of a neutron instrument.
The neutrons, which are not scattered in a sample, but are passed and reached a
detector can be called “direct neutron beam” and for small angle neutron experiments
the percentage of such neutrons reaches roughly 80%. For small angle neutron
scattering, neutrons from the “direct neutron beam” are treated as background and
have to be removed from the detection by a specia device called “beam stop”. The
VITESS software package has been written to simulate neutron scattering
instruments starting immediately after moderators as well as some other parts of
spectrometers.

NS I\/I_,PBCA@_,A_,D

NS — Neutron source, for example, a nuclear reactor or a spallation neutron source

M —Maoderator for thermalisation of fast neutrons

P — Polariser

BC — Preparation of a neutron beam, for example, monochromator, velocity selector,
collimation systems and/or neutron guides.

S — Sample — object being studied in an experiment

A — Analyser




20

D — Detector or detectors with optional beam stop

Fig. 2.3 General scheme of a neutron experiment [42]. Main parts of neutron
spectrometer. Before and/or after sample, magnetic field volumes can be
installed for a Neutron Spin Echo machine. Some of the elements are
optional, for example a polariser or analyser. Neutron source and moderator
are modeled according presented characteristics, i.e. total flux, wavelength
band, divergences, time structure, sizes and etc.

Neutrons have no electrical charge, so to detect them intermediate nuclear
reactions have to be used. These reactions generate protons, y-rays or a-particles. The
three examples of such reactions [42]:

n'+He® - p'+T3+0.765MeV or (n,pT)

nm+Li° - He*+T>+478MeV  or (n,aT)
n+B° - He'+Li" +y+231IMeV or (nay)

Products of the first reaction can produce ionization in helium gas detectors
or generate light pulses in scintillation counters for the last two reactions. Neutron
detectors can be modified to register the location at which the neutron arrived. Such
detectors are called: “Position sensitive detectors’ or shortly PSD detectors. A special
group of neutron detectors called “fission chambers’ uses neutron capture induced
fission of elements such as U?**, Np?®” and Pu”*. These detectors can be used for
monitoring neutron beams in any place mainly for testing purposes. Most of the
neutrons, impinging on the chamber are not absorbed and pass through.
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Chapter 3

Application of method Monte Carlo for neutron scattering: VITESS
softwar e package

3.1 Introduction

Six years ago, F. Mezei organised the development of a new software package
for ssimulations of neutron scattering instruments. It has been written at Hahn-
Meitner-Institute (HMI) Berlin. It has to be well suited to simulate and check existing
and new instruments at pulsed sources to support the instrumentation tasks for the
planned European Spallation Source (ESS) [10]. This program was named *‘Virtual
Instrumentation Tool for the ESS — VITESS. VITESS describes a motion of a
neutron as the classical particle in the real 3-D space, excluding a sample, where
neutrons have to be treated as wave.

A first version was presented [1] and in 2001 the second version was rel eased
[23]. In the second version, polarisation of the neutrons and the calculation of
absolute flux values were included; the program received an improved graphical user
interface (GUI), see screenshot in figure 3.1. The package is available from the
Internet site [24] and is free of charge under GNU license. The package supports
different operational systems. Windows/DOS, Unix (SunOS. versions from 5.6,
OSF1 V4.0) and Linux (kernel versions from 2.0.35). One of the main advantages of
VITESS software package is that sophisticated algorithms and modules for the
polarised neutron technique have been included. Some of these modules are
presented in this thesis.

After the first release of VITESS 1.0, the package was intensively devel oped.
There are many spectrometers on pulsed and continuous sources were simulated:
backscattering instruments [25], neutrons spin echo (NSE) instruments [26], neutron
resonance spin echo instruments, see chapters 6 and 7, reflectometers [27], powder
diffractometers [28], small angle neutron scattering instruments [29], etc. Triple axis
spectrometers (TAS) have been simulated in comparison with other packages [30].

A new kind of neutron spin echo spectrometer with rotating fields was
successfully simulated and is presented in this thesis. With the current version 2.5 —
released in April 2004 - full instruments with most existing samples and devices,
which are used in neutron scattering, can be checked and simulated.

Two new modules for simulating the “Resonator Drabkin” [31] and “Gradient
flipper” [32] are also included in VITESS 2.5. These devices were successfully
simulated and results were compared with the analytical calculations.

VITESS modules successfully passed the tests and comparison with analytical
calculations where it is possible.
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Fig. 3.1 Graphical user interface of VITESS software package, version 2.5.
Example of simulations of neutron spin echo machine IN11 ZETA at the
Institute Laue-Langevin, France, successfully performed by G. Zsigmond HMI
[26].

3.2 Main features of VITESS softwar e package

The main concept of VITESS is that a user can run a simulation without
writing any software or using any other languages. Executable programs are
controlled by parameters. each component of an instrument (guide, chopper,
detector, etc.) is modeled by a special module. Every module can be run at the ALL
supported platforms. The simulation of a component is described by parameters and
sometimes by a parameter file or files. These data can be given to VITESS via a
graphical user interface (GUI) and GUI will generate a executable script with
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modules. Alternatively, executable script can be written in any text editor. For
simulation of afull instrument, alot of modules have to be used. One module can be
applied several times in a simulation. But during simulations, they all run
independently.

The first and very important module ‘source’ generates neutrons of certain
initial properties. The neutron beam input and output represent an optionally large
number of neutron trgectories each of which is described by 12 main coordinates in
the following order: time of flight (TOF), wavelength, probability weight, Cartesian
coordinates. (X y 2), directions. (cosa cosf cosy), 3-component representation of
the spin: (S1 S S) [2]. A neutron propagates according the classical equations of
motion:

SOOI ¢ | i
r=ry+V,t+ >
V =V, +gt;
F:(x,y,z),

V=V [{cosa,cosf,cos y)
where I,r, - current and initial positions respectively; V,V, - current and initial
m
velocities respectively; t — current time; 9 = 9-8? and directed to the center of
earth.

The 12 coordinates per neutron trajectory are consecutively written to or read
from a binary file in double precision form. Some other additional parameters like
neutron ID number are aso included for ray-tracing purposes.

An aperture window can be installed immediately or at the some distance
after the source, it is called ‘propagation window’, see figure 3.2. This window can
have some inclination relative to the source. Thisis very useful for simulations of real
beam extracting systems. moderator-instrument. There are two moderators can be
defined in the source module for simulations the multi-spectra extraction system [15].
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Fig. 3.2 Neutron source and propagation window.

Now the new values are delivered to the following module that calculates the
propagation of this package to its end and so on. In a mathematical approach, each
package, which is defined by random choices, represents a random event — in
VITESS it is called a trgjectory. The whole set of trgectories in a simulation is the
random sample.

Each module saves a block of 10000 trajectories (value 10000 can be changed
by a user) in order to transfer the data to the next module. To avoid a need of large
memories for intermediate results, the second module is started immediately after the
data are transferred. The same is valid for all other modules in the simulation. In
principle, all modules may run at the time in simulations. This is the concept of
piping, which is suitable for DOS (WINDOWS) and UNIX (Linux) operations
systems [33].

Simulations can be divided into two or more parts at any point of the
instrument. As an example, the primary part of the spectrometer can be simulated
only once and all data are saved in abinary file instead of delivering them to the next
module. This file is treated as a “virtua source”. Now the second part of the
spectrometer reads the binary file as input and simulations can be continued with a
virtual source. This second part needs by far less time than the first part. If the
instrument parameters variations of interest are only in the second part, this approach
can save a lot of computing time. But this trick can be useful, if time of simulations
of the second part is quite short in comparison with the first part of an instrument.

In the source module, a count rate is calculated for each trgjectory depending
on wavelength, number of trgectories, etc. This count rate can be changed by
reflections, absorption inside material, etc. If atrgjectory does not hit any component
or the count rate is below the ‘minimal weight’, it is deleted from the simulations: the
neutron is died. A user has to choose the ‘Minimal weight'. The sum of all
trajectories gives the “neutron current” calculated after each module. The user hasto
calculate flux values at moderators himself or measureit.



25

Apart from the properties already described (position, time of flight, direction,
and count rate), a spin-state (in 3-dimensional representation) is generated for each
trajectory and the spin-orientation is calculated during its flight through the
instrument. Several modules have been written to simulate instruments with polarised
neutrons, i.e. modules for polarisers, static and dynamic precession fields, flippers
and polarimeters.

Every trgectory is identified by a parameter, which is called ID. This gives
possibilities for ray tracing of trgjectories. For all trgectories, whose ID is found in
an input file, all parameters at beginning and end of each module are written to files.
Alternatively, the module ‘writeout’ can be used to see the whole data set, transferred
from one module to the following. In the last versions, some tools were included to
make the creation of input data much easier and/or to process output data. Ray tracing
can be useful for checking the acceptance of a moderator-instrument beam extraction
system. Acceptance means which part of the neutron flux is accepted by a first
component of a spectrometer, usually by a neutron guide. This is usually depended
from the wavelength of neutrons.

3.2.1Modulesin VITESS

There are two kinds of modules in the VITESS software package. The first
type simulates hardware devices of neutron spectrometers. The second type is used to
visualise, and/or to evaluate or write data.

3.2.2 Modulesfor simulating hardware

VITESS modules can simulate a lot of devices used in a neutron scattering
instrument. These are basic components like source, guide, windows (or apertures),
choppers, detectors, several samples and numerous modules for polarised neutron
technique. Figure 3.3 gives afull list of modules.

Some of the modules can be used to simulate optical devices, these are
‘supermirror-ensembl€e’, ‘bender’, and ‘guide’. The module ‘eliptic mirror’ simulates
an dliptically shaped surface. Modules for simulating polarised neutron beams are
also available now.
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Sources Reactor SPSS LPSS
Space + Space window or multipleW grid
Windows beamstop indows
Choppers Disk Fermi str. Fermi cur Vel.select
Monochr/ Flat Focus Foc.user
Analys.
Modules 3He-Pol. Coil Flip. Prec.field Resonat.
f. Polaris. : : Drabkin

SMir-Pol. Grad.Flip. Rot. field

Elastic + Inelastic Powder SANS
Samples isotropic

Sngl.crys. S(Q) Reflecto.
Guide Bender SM- elliptic Collimat. Detector
Ensemble mirror

Fig. 3.3 VITESS modules for simulating hardware.

3.2.3 Modulesfor monitoring and special modules

There are several modules available for monitoring of the intensity as a
function of one or two parameters. Such parameter can be wavelength, time,
divergence into one direction etc. These modules are just compressing data by a
binning procedure. The number of bins and their size have to be given by the user.
The polarisation as a function of any parameter at the chosen direction can be
calculated by a specia kind of monitor modules. Such a system is called a “neutron
polarimeter” or in our case “ideal polarimeter”. Additionally, there are two modules
available to do a bit of data evaluation: ‘Eval_elast’ and ‘Eval_inelast’. They
calculate intensity as a function of a parameter that is not directly used in the
simulation, e.g. the d-spacing for diffraction. The module ‘visualise® shows the
trgectories hitting a plane during the run. This module is very useful for testing
instrument geometry and correctness of simulations.

The module ‘writeout” writes the full data set into afile. This has also been
used for a ray-tracing option. The ‘frame’ module changes the co-ordinate system of
the trgjectories. Mirroring, trandlation, rotation or combination of them can be
performed. Thisis effectively a change in the instrument (in the opposite direction). It
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can be used to simulate components that are different from the geometry assumed in
the module, e.g. benders curved to the right instead of curved to the left (as realized
in the bender module). But this module has to be used carefully. The changing of all
coordinates will change a configuration of the spectrometer with neutron trgectories,
but not ONLY neutron trgectories. So framing CANNOT be used as “some kind of
ideal elastic neutron scatter”.

3.3 Module“Bender”

The module “Bender” is similar to the module “Guide” using the bender
option. The main difference is that the 'bended guide' consists of severa straight parts
that form a polygon section. In contrast, the bender surfaces are cylinder surfaces (see
figure 3.2), but straight planes are also possible. This module also simulates
converging or diverging bender-polariser with the possibility of enabling or disabling
the polarisation of neutrons. The 2-D visualisation of surfaces to check the layout of
the bender and to trace the neutron pathsis included. Only the first 10000 trajectories
will be visualised. Also the device for visualisation can be chosen: display, file or
both of them. If device is display, you will see avisualisation at a screen. If deviceis
file, a postscript file will be generated and can be visualised later. Additionally there
Is a possibility to have spacing inside the bender: bender walls have thicknessin cm.
A cross talk between channels is treated as well as absorption inside the channels or
in the materia dividing the channels. Several hundred surfaces (300) can be defined.
Positions at the beginning and at the end as well as the curvature can be defined for
each plane. This information is saved in a file. With this concept, a broad variety of
benders can be ssimulated — normal benders as well as polarising benders and solid-
state benders; channels may have converging or diverging channels or spacing in the
beginning or at the end. But even an extraction system with plane mirrors and couple
moderators has been simulated by means of the “Bender” module. This extraction
system was simulated by means of the “Sm_ensemble” module too. No significant
difference has been found. Figure 3.4 shows an example of bender surface
visualisation.

3.3.1 Simulation parameters

The full list of parameters (options) can be found in the appendix |. The effect
of gravity is considered in this module, if no cylindrical surfaces of the bender are
used. Neutrons with a probability/current less than the 'minimal weight' are taken out
of the ssimulation. The roughness of a reflecting surface of a bender is included too.
The abutment loss feature rejects neutrons, which have got reflection near the edges
(exit) of the bender [34]. If the last path of a neutron (before the exit plane) is smaller
than a given value, such a trgjectory is rejected. The user can choose this value or
disable the option. The polarisation of neutrons may be enabled or disabled. For each
spin direction (spin up or spin down), the user has put individual reflectivity files for
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left, right and top/bottom planes of the bender, totally six files (This can not be
actually for top and bottom planes, but it is possible) too. If polarisation is included,
neutrons, which have the other quantisation direction, are rejected.

Bender Surfaces Visualisation WITH crosstalk between chonnels

Fig. 3.4 Visualisation of a bender channels.

3.3.2 Bender geometry characteristics
The genera geometry of a bender is defined by the four main parameters:

a) Entrance height (along vertical axis 02).
b) Exit height (along vertical axis 0Z).

¢) Length of the bender - L.

d) Radius of curvature - R..
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The angle £ defines the angle of the declination of the exit surface relative to

the entrance surface of the bender; so the bender axisisapart of acircle. The angle 8
is calculated by the formula:

- L
B = R (3.1)

If the radius of curvature isinputted as zero in the module, the central axis of
the bender is a straight line and so the angle Sis zero too. Such a bender has no
curvature.

The parameters that describe the arrangement of vertical surfacesin the
horizontal plane (XY - plane) are read from a parameter file, which has the name —
“surfacefile’.

3.3.3 Surfacefile

The entrance and exit position of each surface and its radius have to be given in
a surface file. All benders that can be described in that way might be simulated. The
surface file has to be written by the user and to put in with the option -u. The surface
file contains rows and THREE columns. Each row describes the respective surface of
a bender and consists of three columns. displacement at the entrance surface,
displacement at the exit surface, radius of curvature. An example of the surface file
with eleven surfacesis presented in the table 3.1.

-10.0 | -5.0 | 2000.0
-8.0 |-4.0 |2000.0
-6.0 |-3.0 |2000.0
-4.0 |-2.0 |2000.0
-20 |-1.0 |2000.0
0.0 |00 2000.0
20 |10 2000.0
40 |20 2000.0
6.0 |30 2000.0
80 |40 2000.0
10.0 |5.0 2000.0

Table 3.1 Example of the surface file. This bender is visualised in figure 3.4.
All values are cm.

For a positive value of the radius of curvature the arch will have a concave
shape, see figure 3.4 as example. If the radius of curvature of a surface is given as
zero, astraight line (planes) will be used instead, so no curvature exists. Thisis useful
for smulations of Soller collimators. If a negative value of the radius of curvature is
given, the arch will have a convex shape. Such features give the possibilities for
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simulating many types of benders and collimators! The module cal culates the number
of linesin the surface file automatically.

3.3.4 Reflectivity files

The reflectivity files describe the reflection properties of the coating. The files,
which describe the reflectivity can be found in the VITESS directory FILES [24]:

a) mirrO.dat: absorbing coating (no reflectivity)

b) mirrladat: Ni coating (By; = 0.099138 degree for wavelength 1 A or m=1)
c) mirrlb.dat: Byiss coating (B = 0.11456 degree for wavelength 1 A)

d) mirr2.dat: super-mirror coating (26y; or m=2)

€) mirr2linear.dat: supermirror coating,

The reflectivity file contains the probability of reflection in dependence of the
incident angle for neutrons with a wavelength of 1 A. Each row contains 10 data
points and covers 0.01 degree, i.e. each point gives the probability average over an
angular interval of 0.001 degree (the second row covers 0.01-0.02 degree and so on.).
The number of data points may vary between 1 and 1000. If the end of file is reached
(e.g. only 52 values are given) the probability to reflect 1 A neutrons for higher
angles is set to zero or no reflectivity. If no reflectivity file is given as an input or
mirrO.dat file is given, the guide operates in total absorption mode, i.e. each neutron
hitting a guide wall is lost or transmitted in the next channel (depending on mode).
The reflectivity values have to be obtained experimentally or by anaytica
calculations.

The reflectivity file mirrladat which is describes natural nickel (Ni) is
presented:

0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99
0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99
0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99
0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99
0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99
0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99
0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99
0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99
0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99
0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.00
0.0
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3.3.5 Information file, visualisation and absor ption materials between
bender channels

The information file is generated after the run of simulations and contains full
information about the bender geometry. This information can be useful, if the bender
will be built. For simulations, it is not necessary.

The visualisation of the bender, which is described in the above-mentioned file
(see table 3.1), is given in figure 3.4. The other parameters of the bender: length is 2
m, radius of curvature is 20 m, and thickness of surfaces is neglected. During
simulations, the neutron flight paths will appear. After first reflection, the color of the
neutron path changes, so this gives the possibility to check absence of a background
of fast neutrons and/or "straight line of sight" gamma rays. For UNIX operation
systems such as Linux, SunOS, Solaris, OSF1 the PGPLOT graphic library is used.
For Windows operation system the PGPLOT [35] and G2 [36] graphics libraries are
used together. In chapter 4, a visuaisation of a bender with neutron paths is
presented.

Some absorption materials were included in the module Bender. It allows to
use them without looking for material properties. These materials have to be used
between bender channels to prevent cross talk of neutrons between channels.

a) Read datafrom afile, which has created by a user
b) Gd: Gadolinium

¢) Cd: Cadmium

d) B10

e) Eu

f) Si: Silicon.

g) Vacuum, no attenuation, not suitable for bender

For gadolinium, cadmium, B* and Eu the wavelength range has to be between
0.3 and 28 A in the source module or virtual source. The wavelength range should not
be broad after any kind of a monochromatisation system. For Silicon the wavelength
range has to be between 1 and 20 A in the source module or virtual source.
Otherwise, the simulation process will be canceled automatically with error
messages. Thomas Krist, HMI gave these data. The transmission Trans is calculated
by the formula:

Trans=e ™™ (3.2)
where 1 is characteristic of amaterial and depends on the wavelength of a neutron. D
is the distance, which is passed in this material by a neutron.
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3.4 Module*Rotating field”

A special module developed for the VITESS software package allows to
perform Monte Carlo ssmulations of the neutron spin behavior in time-dependent
magnetic fields — rotating fields, see figure 3.5. The first version of the module was
included in VITESS 2.3. In this module the rotating magnetic field region is
considered to consist of a number of layers with stepwise change of the magnetic
field direction and/or magnitude. The thickness of these layers has to be selected to
be sufficiently small to consider the magnetic field as stationary on the time scale of
neutron propagation through any individual layer, see figure 3.6. This is can be done
experimentally: for the first ssmulation, we have to choose N layers; for the second
simulation 2*N layers have to given. Then, both results are compared. If no
significant differences were found, the initial number of layers N is acceptable for
such conditions.

Using the equation of spin motion in the stationary magnetic field, the
subroutine consequently calculates the components of the neutron spin after
propagation through the n-th thin layer and uses these components as input for the
calculations to be performed for the (n +1)-th layer. Saying by other words, we are
performing the numerical integration of the Bloch equation (6.2). The magnetic field
rotates around one axis. OX or OY or OZ. A permanent magnetic field can be added
to the rotating field. This is useful for ssmulations of radio frequency (RF) flippers
and thus for neutron resonance spin echo (NRSE) instruments. A random magnetic
field can be added too. Rotating magnetic field can be excluded from simulations so
only permanent magnetic field components will be considered for the precession.
This can be useful for ssimulations of a classical neutron spin echo machine or a
combination of the NSE and NRSE spectrometers.

The spin precessions are treated classically i.e. this module only rotates the
spin vectors belonging to trgjectories, which pass through the rectangular geometry
according the applied magnetic field. No attenuation of the neutron count rate is
considered during the flight.
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Fig. 3.5 Rotating and permanent magnetic fields configuration. Small green
arrow is direction of rotation of a magnetic field.
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Fig. 3.6 Dividing the precession volume into a number of layers. Blue arrows
are current directions of a rotating magnetic field. Dependence of the final
spin position on the number of slices N.

The BOOTSTRAP [37; chapters 6, 7] option can be activated. In this case the
precession volume is divided for two parts. For the first part the frequency of a
rotating field and all permanent components are chosen as input dates. For the second
part all these parameters are become negative: multipled by -1.0 value. Negative
frequency means the opposite direction of rotation of arotating magnetic field.
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ROTATING FIELD WITH PERMANENT MAGNETIC FIELD

FORMULAS OF ROTATION: AROUND AXIS 0X

X=Xo (3.3)
Y = Yp + FiddValue*sin(2* (T + TOF) + BeginPhase) (3.4
Z = Zy + FiddValue* cos(2* (T + TOF) + BeginPhase) (3.5)

FORMULAS OF ROTATION: AROUND AXIS QY

X= Xo + FieldValue*sin(2* (T + TOF) + BeginPhase) (3.6)
Y=Y, (3.7)
Z = Zy + FiddValue* cos(2* (T + TOF) + BeginPhase) (3.8)

FORMULAS OF ROTATION: AROUND AXIS0Z

X = Xo + FieldValue* cos(2* (T + TOF) + BeginPhase) (3.9
Y = Yy + FiddValue* sin(2* (T + TOF) + BeginPhase) (3.10)
Z=12Z, (3.11)

where T islocal time, X,, Yo, Zy are the components of the permanent magnetic field,
Q isangular frequency, FieldValue is strength (amplitude) of the rotating magnetic
field, TOF istime of flight of neutron from preceding modules for phase of a rotating
field. If TOF is equal zero, the magnetic field is directed vertically upwards for the
rotation about the axis 0X, when NEUTRON HAS LEFT THE MODERATOR
SURFACE and the rotation of the magnetic field and neutron time of flight are NOT
SYNHRONISED and such a case cannot be suitable for the Resonance Spin Echo
simulation.

The amplitude FieldValue can have five types of distributions:

a) Normal_ran: Norma randomisation of amplitude during the domains
changing.

b) Uniform_ran: Uniform randomisation of amplitude during the domains
changing.

¢) Normal: Normal distribution of FieldValue with the amplitude FieldValue.

d) Uniform: Permanent value FieldValue.

e) From file: Distribution is read from afile, which a user has created.
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The last possibility is very useful for ssimulating a realistic magnetic field, for
example a magnetic field of a solenoid. The frequency of rotation and the
components of the permanent magnetic fields can be randomised. The calculated
amplitude of the rotating field can be found in the VITESS output window and will
be used as the parameter "amplitude of the rotating magnetic field". Randomisation
means that, new random value (for example “Amplitude of the rotating field”) will be
generated randomly after passing in a next layer.

This module has been successfully used for simulations of the performance of
realistic rotating magnetic fields of neutron spin echo spectrometers (NSE-RMF) and
its applications for inelastic neutron scattering. The final redlisation has been
included in VITESS version 2.5. See the appendix | for the full list of options for the
module.

3.5 New features of Vitess 2.5: modules“ Drabkin resonator” and
“Gradient flipper”

This version 2.5 contains two new modules to simulate instruments with
polarised neutrons: “Drabkin resonator” [31] and “Gradient flipper” [32, 38]. See the
appendix | for the full list of options for the modules. The general concept of these
modules is the same as in the module “Rotating field”.
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Fig. 3.7 Drabkin resonator. General scheme.

The first module ‘Drabkin resonator’ can be used to simulate a Drabkin
resonator system. This system has to have two magnetic fields, see figure 3.7. The
main field is a periodical magnetic field with permanent amplitude or with some
amplitude distribution. The permanent magnetic field has to be added into the
periodic magnetic field. This field is called “guide magnetic field” and has to be
oriented perpendicular to the periodical magnetic field. If we apply these two fields,
we will receive a flipper, which works in a narrow wavelength range. This can be
explained by the resonance condition of a spin as well as in a radio-frequency (RF)
flipper, see chapter 6.

The amplitude distribution of the periodical field can have a gauss or sinus
law. This gives the possibility to improve the final polarisation distribution P,(A) of
neutrons, which was flipped: remove the high harmonics, see figure 3.8. The full
width on the half height of the received peak depends on the number of periods of the
periodical magnetic field. The incoming neutron beam should contain some
wavelength range. No monochromator should be installed before the resonator. A
random magnetic field can be added also to simulate real magnetic field
configurations. In this module, the spin precessions are treated classically i.e. this
module only rotates the spin vectors belonging to trajectories, which pass through the
rectangular geometry. No attenuation of the neutron flux is considered during the
flight.

An example of simulations of the “Drabkin resonator” is given at the figure 3.8.
The initia polarization is Px=0, Py=0, P;=1.

This flipper has the following parameters:

Dimensions of the field volume are X=20 cm (length), Y=10 cm and Z=10 cm.
Number of periodsis 100 or 200 layers.

The amplitude of the periodical magnetic field is 1.33 Oe for uniform amplitude
distribution.

The amplitude of the periodical magnetic field is 2.1 Oe for sinus amplitude
distribution.

The guide magnetic field is 170 Oe for both cases.

The resonance wavelength isaround 4 A.
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Fig. 3.8 Simulations of the “Drabkin resonator” for two kinds of amplitude
distribution of the periodical magnetic field: final distribution P,(A). Initial
polarisation of a incident beam is P,=1. Final polarisation is —1 only for the
resonance wavelength =4 A.

The module ‘gradient flipper’ [32] simulates a flipper, in which the spin
follows a magnetic field adiabatically. In this way it is possible to flip neutrons of a
“white” beam, for example in atime of flight instrument. This module simulates spin

precessions in the magnetic field of a special kind, see figure 3.9. This flipper was
described in ref. [38].
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Fig. 3.9 Gradient flipper: field configurations. Initial spin position is parallel to
the axis OZ and directed vertically upward.

Thefirst part of such afield is a rotating magnetic field. The amplitude of this
field has to be changed by sinus function with a semi-period, which is equal to the
appropriate dimensions of the rotating field volume. The magnetic field has to be
rotated around the axis OX or OY or OZ. The axis OX has the direction of the
neutron flight. A permanent value of the amplitude can be given too. The second part
of the general field is a guide magnetic field. The spin precessions are treated
classically, i.e. this module only rotates the spin vectors belonging to traectories
which pass through the rectangular geometry. A random magnetic field can be
added. No attenuation of the neutron beam is considered during the flight.

The formulas, which describe the rotating fields are the same as for the
module ‘Rotating Field’, see formulas (3.3)...(3.11). But for a gradient flipper, the
amplitude FieldValue of the rotating magnetic field has to have sinus law with semi-
period - appropriate dimensions of the magnetic field volume. A permanent
amplitude FieldValue is not acceptable for a gradient flipper, but included in the
module for debugging purposes. The guide magnetic field can have three types of
distribution:

a) Cosine law: with semi-period - appropriate dimensions of the magnetic field
volume, acceptable for a gradient flipper;

b) Linear law: with period - appropriate dimensions of the rotating field volume,
best solution and realised for a gradient flipper;

c) Permanent law, not acceptable for a gradient flipper;
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An example of simulations of the gradient flipper is given at the figure 3.10.
The initia polarization is Px=0, Py=0, P,=1. This flipper has the following
parameters [38]:
Dimensions of the field volume are X=10 cm, Y =10 cm and Z=10 cm.
Number of layersin each direction is 1000 .
The amplitude of the rotating magnetic field is 15 Oe.
The law of changing isasinuslaw and field rotates about the axis 0Z.
The rotation frequency is 288723.6 Hz.
The guide magnetic field changes linearly.
The initial value of the guide magnetic field is 84 Oe, the final valueis 114 Oe.
As can be seen in figure 3.10, this flipper works very efficiently from a

wavelength of 5A. This is can be explained by an adiabatic rotation of a spin in such
magnetic field configuration.
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Fig. 3.10. Flipping of a polarised neutron beam by the gradient flipper: final
distribution P,(A). Initial polarisation of an incident beam is P,=1.
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2.6 Summary

In this chapter | described a genera introduction in the VITESS software
package. There are four significant modules available now: “Bender”, “Rotating
field”, “Drabkin resonator” and “Gradient flipper”. The author developed these
modules individually. | aso participated in development of such modules:

1) Module “guide”.

2) Module “grid”.

3) Module “dlliptical mirror”.

4) Module “visualisation”

5) Option for simulating gravity for whole VITESS.

All these modules have been tested and used for different kinds of
simulations. Some of them are presented in thisthesis.
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Chapter 4

Simulations of neutron-optics devices

4.1 Neutron guides and benders

A neutron guide is atube with a squared or circular cross section. The tube can
be straight or curved (see figure 4.1).

z
lg exit
¥ v X I height
Fpu
exit width

curvature (x-y plane)

Fig. 4.1 Neutron guide, general example.

There are other kinds of combinations of tubes that can be constructed. The
walls of a neutron guide have to be reflecting for neutrons at least for a desirable
wavel ength range of a neutron beam. E. Fermi made the basic invention in 1946. He
found that neutrons could reflect from solid materials, they were caled neutron
mirrors. In 1960 B. Alefield built the first neutron guide. Each reflecting material is
described by an important parameter: the critical angle [39]. The critical angle y, is

the maximal angle, for which neutrons can still be fully reflected from a material.

The critical angle is defined by the refraction coefficient n of a material versus
vacuum:
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cosy. =n. (4.1)
The critical angle is quite small for cold and therma neutrons and so
siny = yfor the y<15°

Ve =1-n’, (4.2)

For an ideal mirror surface, the reflection coefficient is 1, for angles less than
the critical angle and for other anglesit can be calculated by the formula[40].

R={(n2 —cos’(y))Y? —sin y} |

(n2 _ COSZ(y))l/Z + Sin y (43)
For small anglesy it can be rewritten as:
2
|- )"
- {14_ (1_ ycz / y2)1/2 (44)

The critical angle of amaterial is calculated by the formula[41]:

Ve =/H/N7a°- (4.5)

where 4 - wavelength in A, a - coherent amplitude of scattering in A, N — nuclear
.3
density in A of material. This formula can be obtained from energy conservation

law, when neutron is entering into the medium from vacuum [42]:
mV;y/2=mV?/2+U. (4.6)

Where Vo — velocity of neutron in vacuum, m — mass of neutron, V — velocity of
neutron in medium and U potentional energy of neutron in a medium (h — Planck
constant):

_2m’
om

U

Na, (4.7)

Refraction coefficient n defined similar asin optic:

-V
v, (4.8)
There are a severa basic reflection materials available. They can be found in
table 4.1. The critical angle of natural Ni usually is accepted as basic characteristic

and called “m=1". Recently the supermirrors were developed and developing still
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today. They have 2 to 5 times a critical angle of usual Ni. If the critical angle of a
supermirror is 0.0034 rad., we can call it “m=2".

Material Critical angle y, [rad] for 1 A
Glass 0.0011

Cu 0.0014

Ni (natural) 0.0017 (“m=1")

Ni>® 0.0020

Table 4.1 Basic reflecting materials [39].

Neutron guides or benders can polarise a neutron beam by reflection, if the
medium is magnetised in a given direction. The refraction coefficients n* and n” are
different for each neutron with parallel and anti-parallel spin orientations (spin-up
and spin-down) [42]:

n* =1-(NA*/2m)(a, +Cu), (4.9)

n~ =1-(NA*/2m)(a, - Cp), (4.10)

where are) - wavelength in A, a_- coherent amplitude of scattering in A, N —

-3
nuclear density in A of material, C=0.265x10"?cm/p g (L g- Boron magneton), W -
magnetic moment of the atom.

So applying the magnetic field to a mirror, we will have two different
reflections, depending on the spin orientation. The parameters can be chosen in such
away that one refraction coefficient is comparable with supermirror m=2 and second
refraction coefficient is comparable with m=0.5 [43]. In other words, after reflection
we will have a polarised neutron beam or neutron polariser. But the intensity of the
neutron beam will be decreased by a factor of 2. There are alot of different materials
available today for polarisation with the first refraction coefficient m>2 and the
second refraction coefficient m < 0.5 [38, 44].

The reflecting neutron guides are often used to shift the effective source of an
instrument to a distance away from the moderator. Such movement can allow the
instrument to be situated in a region with low background. To decrease the
background of fast neutrons and gamma rays a curved neutron guide has to be used at
pulsed neutron sources. It is used to prevent the so-called “direct line of sight”.

The angular divergence of neutrons at the exit of a guide is determined by the
critical angle and is not dependent on the angular divergence of neutrons at the
entrance of the neutron guide. The neutron guide can accept only a quite narrow
range of angles and wavelength. At the exit a neutron guide delivers a significant
percentage of neutrons. For example a straight neutron guide with a length of 100 m
can deliver around 40% of all accepted neutron beam.
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A curved neutron guide with a= 3 cm and a characteristic wavelength of 10 A
has a radius of curvature R = 200 m and must be at least 3.5 m long to prevent “direct
line of sight” and guides with shorter characteristic wavelength have to be even
longer [5]. Time of flight (TOF) instruments have to be short to avoid the frame-
overlap problems.

The neutrons in the each pulse begin their flight to a detector at practically the
same time: within a small fraction of milliseconds. But they all have different
energies or velocities, as time passes they spread out along the course, reaching the
same distance from the moderator at different times after departure. So fast neutrons
from a current pulse can reach a detector in the same time as slow neutrons from the
previous pulse: wavelengths of neutrons can be mixed during the analysis. Such
effect is called “Frame overlap”. Frame overlap problems are actually for a time of
flight spectrometer with significant length at pulsed neutron sources with a high
frequency of impul ses.

One of way of overcoming this length problem is to use a beam bender [45],
which is effect an array of short narrow curved guides.

The neutron bender is a curved multislit neutron guide, see figure 4.2. Using
natural nickel coated bender with aradius of curvature of 25 m, the slit width is of an
order of 1 mm, over alength of about 45 cm it is possible to remove fast neutrons and
y-rays from the neutron beam [5]. Beam benders of alength of 1 m or even less have
been designed and built to move the detector out of the line of the direct beam.
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Fig. 4.2 Bender, general scheme.

The neutron bender, which will be considered is similar to the one used in the
LOQ spectrometer at the I1SIS spallation neutron source (RAL, UK) [46]. Asfor a
guide, the effective source position for angular collimation is moved to the exit of the
bender. The length of the natural nickel coated bender is 60 cm with a 3.1x6.1 cm’
cross section. The dlit width equals 0.9 mm. The number of ditsis 31. The radius of
curvature is 25 m. The characteristic wavelength of channel for such a bender is5 A.

The characteristic angle y for each bender channel is defined as the angle
between a line of sight and the channel axis at the beginning or end of the line of
sight [41]. The approximation for a characteristic wavelength A", which corresponds
to this characteristic angle y is:

2d
/]*:—R

Na,

T

(4.11)

where R is the bender radius of curvature in cm, d — channel width in cm, a_-
. -3
coherent amplitude of scattering of bender wallsin A, N — nuclear density in A for
bender walls coating material.

Neutrons with wavelength 4 <A are transmitted only by single or multiple
(garland) reflections on the concave surface of the bender channel, whereas those
with wavelength 41> are transmitted by zigzag from both the concave and the
convex surfaces. The bender transmittance thus decreases towards shorter A, since the
smaller y° values mean that neutrons can only emerge from the guide at smaller solid
angle near the concave surface. A further consequence is that the spatial distribution
of the neutron at the bender exit is asymmetric at A=A, and that this asymmetry
rapidly increases as A decreases [41, 47].

An analogous effect can be obtained with a curved neutron guide. Its total
length, however, must be much larger than that of the bender. In our calculations we
use a 10.1 m curved neutron guide with a radius of curvature of 1400 m. Its cross
section is constant and equal to 2x2 cm?. The characteristic wavelength is 3.1 A for
natural nickel coating.
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Benders or the curved neutron guides allow to suppress completely the fast
neutron and gamma backgrounds from reactors or spallation neutron sources.

A comparison of transmission coefficients of the neutron bender with natural
nickel coating and supermirror coating (m=2, y, =0.00344 (A)) and a natural nickel-

coated neutron guide is shown in figure 4.3. It is seen that the best results are
obtained for the bender with a supermirror coating but only for short wavelengths.
The supermirror coated neutron guide is not included in the comparison because of a
high cost of such a device. However, to make the comparison more straightforward, it
Is assumed that all neutron optic elements have a natural nickel coating. The
reflectivity coefficient is equal to 0.98 for optic devices used in our calculations,
which is comparable to the values obtained experimentally [48].
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Fig. 4.3 Line 1 (dots) — transmission of the supermirror bender (m=2). Line 2
(dashed) — transmission of the natural nickel-coated guide. Line 3 — transmission of
the bender with a natural nickel coating [55].

4.2 Convergent bender-polariser

Single-channel and multi-channel bent neutron guides are used at the modern
neutron sources to create neutron beams practically for al types of instruments [39].
Focusing Soller type collimators are also used to optimise neutron beams [5]. Guides
and Soller collimators can be used to polarise the neutron beam. Soller collimators
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consist of a number of beam channels separated and defined by absorbing sheets.
They can consist of either parallel or converging channels. Collimation in both the
horizontal and vertical direction can be achieved by using two such collimators, one
after the other, with their collimating planes oriented 90° to one another. Techniques
exist for producing extremely thin (<20um) flat absorbing planes for such
collimators.

Unfortunately, each device has besides advantages some disadvantages. For
example, a convergent Soller collimator does not prevent fast neutron background,
but gives a significant neutron flux gain compared to normal Soller collimators.
Benders give a well polarised beam and fully suppress background of fast neutrons
and gamma rays, but do not give significant neutron flux gain, especially for benders
with characteristic wavelength larger than 5 A [5, 7]. So it is necessary to combine
both devices to improve polarisation, neutron flux and to reduce background. Such a
device we call “convergent” or “focusing bender” [8, 9]. The general view of a
convergent bender isgivenin figure 4.4.

Normal (classical) and convergent benders during the ssmulations are shown
in the figures 4.5 and 4.6. After areflection, the colour of neutron path is changed.
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Fig. 4.4 Convergent bender.
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Fig. 4.6 Convergent bender during simulations with neutron flight paths.

First ssimulations and practical realisation of the focusing benders were made
for the DNS instrument (polarisation analysis for diffuse neutron scattering) at FZ-
Juelich [8, 9]. Benders for polarisation of the neutron beams are produced at the
Hahn-Meitner-Institute, Berlin [49]. A convergent bender can be proposed for a high
resol ution neutron spin echo spectrometer at the European Spallation Source (ESS) as
polariser and possibly as analyser [50]. The optimisation of the convergent bender
was performed by using the “ figure of merit” for the wavelength band 3 A < A < 25
A which is much wider than the band 3.3 A <A < 5.5 A simulated for DNS machine.
Thus, we significantly extended the wavelength band in the optimisation for the NSE
spectrometer at ESS. Also, VITESS simulations of the polarisation efficiency of
neutron beam at the exit of the bender were included.

4.3 Simulation and optimisation of convergent benders

The simulations were performed by using the module bender of the VITESS
software package. The optimisation of a convergent bender as a neutron polariser is
performed by calculating its , figure of merit“. For optimisation, we chose the 1*P? as
“figure of merit“, where| isthe intensity of neutrons at the exit of the bender and P is
the polarisation of the neutron beam also at the bender exit. This “figure of merit” is
based on the optimisation of the flipping ratio, P /P" | on an instrument, where P™"
(P is polarisation measured at the detector with the spin flipper on (off) [51, 52].

In the calculation of the “figure of merit”, the intensity of the neutron source
was homogeneous for all wavelengths. According to the technical project of the high
resolution NSE spectrometer, the neutron beam extraction consists of two parts. The
first part is a neutron guide with a cross section of 6 cm x 6 cm, a length of 13.5 m
and a m=3 supermirror coating (natural nickel coating m=1). The second part is a
bender or reflection polariser of 60 cm length. A wavelength band A\ of 6 to 9 A
within arange 3 A < A < 25 A is selected by a disc chopper placed at a distance of 6
to 6.5 m from the source [50]. For simulations we chose a moderator-guide distance
of 6.5 m and a moderator size of 12x12 cm. The moderator and the guide were
situated in axial symmetry.

For a good transmission of neutrons with short wavelengths the characteristic
wavelength of the bender channels must be at least 3 A. The geometrical
characteristics of benders, which were considered, are given in the table 4.2. The
thickness of the bender surface is 0.03 cm in all cases. Surface reflectivity
characteristics were the following: m=3 supermirror for spin-up reflectivity and
m=0.25 for spin-down reflectivity.
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Number | Curvature radius | Length of | Channel width | Channel width
of for all channels | bender | attheentrance | at the exit
bender [cm] [cm] [cm] [cm]
1 500 — 4000 60 0.2 0.1
2 500 — 4000 60 0.2 0.15
3 500 — 4000 60 0.2 0.2
4 500 — 4000 60 0.15 0.15
5 500 — 4000 60 0.15 0.1

Table 4.2 Geometrical data of the simulated benders. The radius of curvature
was changed in steps of 500 cm.

The first task was to choose the radius of curvature. The characteristic
wavelength for channels with widths 0.15-0.2 cm and curvature radius 1500 cm have
the range 2.77 - 3.2 A for supermirror m=3. Then the “direct line of sight* length is
within the range 42 - 48 cm. A decreasing radius of curvature worsens the
transmission of the bender, but an increasing radius increases the length of “direct
line of sight. As an optimum we found a bender with a radius of curvature of 1500
cm which completely suppresses the background of fast neutrons and has a good
transmission for wavelengths larger than 3 A.

The second task was to choose the bender with the best “figure of merit* from
table 4.2 with a radius of curvature of 1500 cm. The wavelength dependence of the
“figure of merit* is shown in figure 4.7. So we concluded that the optimal bender
configuration is the bender No 2 of table 4.2.

As next step in the optimisation we considered two types of coatings. First:
spin-up reflectivity of m=3 and spin-down reflectivity of m=0.1; second: spin-up
reflectivity of m=3 and spin-down reflectivity m=0.25. The degree of polarisation of
the neutron beam at the exit of the guide-bender system as a function of wavelength
is shown in figure 4.8. It is necessary to have for most applications a neutron beam
with a degree of polarisation of more than 90% for all wavelengths. So we conclude
that spin-down reflectivity must be less than m=0.25 for a good degree of
polarization for the whole wavelength band. Similar benders may be used as
analysers before (usual or positive sensitive) detectors of neutron spin echo
spectrometers.
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Fig. 4.7 The wavelength dependence of the ,figure of merit* for benders from
table 4.2 with a radius of curvature of 1500 cm.
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Fig. 4.8 The wavelength dependence of the degree of polarisation of the
neutron beam at the exit of the bender-polariser.

The important characteristic of a neutron bender is the flux profile at the exit. It
is shown in figure 4.9 for a normal bender (number 3 of table 4.2). Thisis applied for
the whole wavelength band and for different distances between the bender exit and a
positive sensitive detector. Figure 4.10 shows the same profile, but for a convergent
bender (number 2 of table 4.2). From this figure it is can be found that optimal
neutron flux is formed at the distance 60 cm from bender.

A second important characteristic is the angular diver gence distribution of the
neutron beam at the exit of the bender. Unfortunately, a convergent bender increases
the divergence in horizontal direction, see figures 4.11 and 4.12. In verticd
divergence, there is no such effect. It is understandable, because our convergent
bender only compresses in the horizontal plane. So compromises should be found
between intensity and divergence during the consideration of convergent guides and
benders. It is especialy important for small angle neutron scattering (SANS)
Instruments.

DISTANCE BETWEEN BENDER

2,5x10° 1

2,0x10° |

1,5x10° -

1,0x10° 4

NEUTRON FLUX, au.

5,0x10° |

EXIT AND DETECTOR

abez —u=— Distance -
;"?! Ty | —e— Distance-

/ \ —a— Distance-

—v— Distance -
—e— Distance -
‘\\ —<«— Distance -
—*— Distance -

Om
40 cm
60 cm
1m
2m
3m
4m

0,0
-15

OFFSET FROM CENTER OF EXIT OF BENDER IN HORIZONTAL

Fig. 4.9 Neutron flux profile for bender 3 of table 4.2.

DIRECTION, CM (0 - CENTER)




NEUTRON FLUX, a.u.

NEUTRON FLUX, a.u.

-5,0x10°

4,5x10° ]
4,0x10° ]
3,5x10° ]
3,0x10° ]
2,5x10° ]
2,0x10° ]
1,5x10° i
1,0x10° ]
5,0x10° ]

0,0 S

DISTANCE BETWEEN BENDER
EXIT AND DETECTOR
—=s—Digance-0m

—e— Digance-40cm
—a—Digance - 60 cm
—v—Digance-1m
—e—Digance-2m
—<—Digance-3m
—x—Digance-4m

T T T T T T T T T T T T T
-15 -10 -5 0 5 10 15

OFFSET FROM CENTER OF EXIT OF BENDER IN HORIZONTAL

Fig. 4.10 Neutron flux profile for bender 2 of table 4.2.

4x10"

3x10"

7

2x10° +

1x10”

DIRECTION, CM (0 - CENTER)

—u=— Bender 3
—e— Bender 2
b
A
Fow

ANGLE, DEGREE

55



Fig. 4.11 Vertical divergence for the bender 2 and 3 of table 4.2.
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4.4 Summary

Convergent benders will be proposed as neutron polariser and a possible
analyser for the high resolution neutron spin echo spectrometer at the European
Spallation Source (ESS). We found an optimal configuration of the bender using I* P?
as ,figure of merit“. To achieve a good polarisation of the beam (>90%) for the
whole required wavelength band (3...26 A), it will be necessary to use a coating with
spin-up reflectivity m=3 and spin-down reflectivity less than m=0.1.
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Chapter 5

Simulations of new SANS instrument VSANS with grid collimation

5.1 Introduction

A new neutron guide hall has been built at the Hahn-Meitner-Institute Berlin
for three instruments. a new diffractometer called EXED (Extreme Environment
Diffractometer) [11], a new small angle scattering instrument called VSANS [12] and
the existing spin-echo instrument SPAN [13]. In this chapter | will consider
simulations and analysis of the VSANS beam line and the collimation system of this
instrument.

The main goals of thiswork are:
1. Checking of the correct work of the new ideas behind this instrument;
2. Simulations and analysis of the multi-spectral beam extraction system;

3. Optimisation and analysis of the primary collimation system for the new
VSANS instrument;

4. Anaytical analysis of the fina multiple beam collimation system and
comparison with a classical pinhole collimation system;

5. Checking of the performance of the collimation system using Monte Carlo
simulations;

6. Finding the robustness of the spectrometer;

Small angle neutron scattering (SANS) [53] is finding applications in an
increasing number of subjects. physics, chemistry, biology and applied science. This
method investigates structures of a size between and overlapping (for example
viruses) those studied by usua crystallography, electron microscopy and provided
information not available by other methods. Small angle scattering is achieved by
using long wavelength neutrons and relative small scattering angles. Space (or beam
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hall sizes) limitations and considerations of budget and instrument geometry often
limit and significant condition for constructing new small angle scattering machine.
To investigate possible design options, Monte Carlo simulations were performed to

calculate the performance of a new SANS instrument.

5.2 Simulations of the multi-spectral beam extraction system

The gspecial feature of the new beam line is the multi-spectral beam extraction
system [15], which will give the possibility to use neutrons from both moderators:
cold and thermal. Prof. F. Mezei proposed redlisation of the multi-spectral beam
extraction for the ESS is based on using a supermirror plate (m=3) deposited on a
thin, transparent silicon substrate which acts as a wavelength dependent switch
between the cold and thermal neutrons. After the extraction system, a beam splitter is
installed, which divides the guides into two paths. one to the new diffractometer
EXED and oneto SPAN, VSANS and the reflectometer V6. The principal scheme of
the beam hall is given in figure 5.1. The size of the thermal moderator is 60x60 cm?
and the center of the moderator is situated at the origin of the axis OY. The diameter
of the cold moderator is 15 cm and center is shitted 11 cm relative to the origin (See
figure 5.1, axis Y). Wavelength band for simulations was chosen between 1...20 A.

10 | |
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Fig. 5.1 The principal scheme of the new beam lines. Data received from
Prof. F. Mezei [54].

The acceptance of neutrons from both moderators is given in figure 5.2.
Acceptance means that only neutrons are counted, which can pass through the
extraction system. This applies for wavelength range 1...20 A. As was said in the
previous chapter, neutrons which are accepted are transported later on without
significant losses. In figures 5.1 and 5.2 it is clearly shown that the sizes of the real
moderators are sufficient to avoid neutron losses in the moderators-extraction
system. In figure 5.3 the neutron traectories through the extraction system are
visualised. Figure 5.4 shows the count rate at the differents part of the VSANS beam
line. One can find that mainly neutrons from cold moderator are passing into the
VSANS and SPAN beam lines. This is very suitable for a small angle scattering
machine, because such a type of instrument needs mainly cold neutrons for achiving
minimum value of wave vector transfer Qmin, see explanations later.
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Fig. 5.2 The acceptance of the “multi-spectral” extraction system in both
directions. The diameter of the cold moderator is 15 cm and center is shitted
11 cm relative to the origin in the right side. The size of the thermal moderator
is 60x60 cm?. The thermal moderator is centered.
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=* PGPLOT Window 2

Bender Surfaces VWisualisation WITH crosstalk between channels

1 ; Red Line — Device Axis

Fig. 5.3 Visualisation of neutron paths in the beam extraction system. The
yellow lines show trajectories after the first reflection, the neutrons fly from the
left to the right emerging from the thermal (lower part) and the cold (upper
part) moderator.
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Fig. 5.4 The count rate at the moderator surface, exit of the extraction system
and exit of the splitter for the VSANS beam line. Neutron count rate at the exit
of the extraction system proves the efficient performance of the presented
beam extraction system: sum of two Maxwell distributions.

5.3 Simulations and optimisation of the primary collimation of
VSANS beam line

The VSANS beam line consists of seven main paths:
1. Multi-spectral beam extraction system;
2. Splitter with a cross section of 6x10 cm?;

3. Bender of 80 cm length with cross section 4x4 cn;
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4. Guide with a cross section 4x4 cm? at the entrance and 8x8 cm? at the exit
with length 15m;

5. Multi-aperture convergent collimation system with alength of 12 m;
6. Sample and sample environment;
7. Positive sensitive detector at a distance of 12 m from the sample;

The VSANS spectrometer needs mainly cold neutrons (wavelength above 4.5
A) and will be served by the cold moderator mainly. After the splitter a bender is
installed. The bender has the following geometrical parameters. length - 80 cm,
radius of curvature - 15 m, thickness of each channel - 1 mm, thickness of each plate
- 0.1 mm, number of channels - 40. The coating of the walls is a supermirror with
supermirror m=2 (note: m=1 - natural nickel). The characteristic wavelength of a
channel of such a bender is 3.4 A. The main goals of benders are to suppress the fast
neutrons and gamma rays and to shift the neutron beam by 3 degrees. The value of 3
degreeis naturally restricted by the sizes of the beam hall and performed the avoid an
interference of the VSANS beam with other beams. The collimation system of the
VSANS spectrometer has an unusual structure. It contains two elements: divergent
guide and a number of grids. The main goa of the divergent guide is a primary
collimation of the neutron beam. Then, a multi pinhole collimation (set of grids) is
installed. Thisis a secondary collimation, which allows to decrease the divergence of
the neutron beam further.

As we noted, after the bender a guide is installed. This guide is 15 m long due
to restriction of the guide hall sizes and has an inlet cross-section of 4x4 cm?® and an
outlet cross-section of 8x8 cm?. At the first step, it is necessary to choose the optimal
geometry of the guide. For the simulations, five geometric configurations were
chosen:

1- astraight guide (cross section is not changing, only for comparison) of 15m
length;

2- astraight guide of 10 m length and a divergent guide of 5 m length;
3- astraight guide of 7.5 m length and a divergent guide of 7.5 m length;
4- astraight guide of 5 m length and a divergent guide of 10 m length;

5- adivergent guide of 15 m length;
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Natural nickel was chosen as the coating for all guides. Supermirror coated
neutron guides are not included in the comparison because of a high divergence of
the neutron beam at the exit of such guides and significant costs. Convergent guides
should not be considered due to increasing divergence at the exit of such guides or
benders. Straight guide is not influence on divergence of a neutron beam during
transportation. The vertical and horizontal divergences at the exit of the last guide are
presented in figures 5.5 and 5.6.
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Fig. 5.5. The beam intensity as a function of the horizontal divergence at the
exit of the guide for all wavelength band: 1...20 A.
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Fig. 5.6. The vertical divergence at the exit of guide for all wavelength band:
1...20 A,

So, the optimal guide is a divergent guide of 15 m length. A comparison of the
divergence at the exit of the bender and at the exit of the guide also shows that the
divergent guide performs a good smoothing of oscillations of the count rate. It is
shown in the figure 5.7. This is showing effective work of the primary collimation
system. It must be noted that maximal divergences at the exit of the divergent guide
are approximately +1 degree for the horizontal plane and £1.2 degree for the vertical
plane due to gravitation influence. These data will be taken into analytical
calculations later on.

As next step, the wavelength distribution of the count rate at the exit of the
guide of the five systems was explored. In this case, also only the divergent guide
givesagaininintensity. It is presented in figure 5.8.
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Fig. 5.8. The count rate at the exit of the guide.

5.4 Final collimation system — multi-apertur e pinhole collimator

A classical small angle scattering instrument usually contains pinhole
collimation. This consists of two single apertures. a first near the virtual source, for
example at the exit of neutron guide (bender), a second directly before the sample.
An example of such an instrument is given in figure 5.9, smulations and a detailed
analysis of this instrument was considered in ref. [55]. This instrument was designed
according to the recommendations presented in ref. [5]. The first section is a straight
guide with a length of 0.5 m and a cross section of 3.1 x 6.1 cm’. The distance from
the moderator plane to the entrance of the neutron guide is determined by the size of
the existing biological shielding around the reactor. The neutron guide “sees’ a
moderator surface area of 30 x 33 cn (full size of a moderator is 40 x 40 cn). The
next element is the bender described in this chapter. At the exit of the bender thereis
a 3 cm diameter pinhole collimator and at 15 m from the collimator thereisa 1 cm
diameter pinhole collimator. Immediately behind the second collimator there is a
sample with a diameter of 1 cm. The position sensitive detector (PSD) with an outer
diameter of 80 cm isinstaled at 15 m from the sample. The collimators, the sample
and the detector are axially symmetric to the neutron beam. The diameters of the
pinhole collimators are chosen on the basis of simulations to alow Qmin =

100107 A* for wavel ength 10 A. Qmin is caled “wave vector transfer” and defined
as Q = k; — ks where k; — wave vector of the incident neutrons and ks that of the
scattered neutrons. This vector aso has name “scattering vector”. For elastic
scattering of neutrons with a given wavelength A (in A or nm) through a scattering
angle a (in radians), the wave-vector transfer is given by formula (5.1). The
approximation is valid for small angles: a<15 degree only.

an .
Q=78|n(0'/2)=2770'//1 (5.1)

It can be seen that small values of Q can be achieved by using large values of A
as well as by using small values of a. If the parameters A and a are independent and
there are no wavelength-dependent elements (neutron guide) or angle-dependent
monochromatic elements, the Q resolution can be calculated as

/2

AQ/Q= [(Aa/a)2 +(A/1//1)2]1 (5.2)
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For aclassical angular pinhole collimation, an optimum choice for the aperture
sizesfor agiven resolution is [56]
D, =D,L,/(L, +L,) (5.3
where D; and D, are the diameters of the first and the second aperture resp., L,
Is the distance between the first aperture and the second aperture, L, is the distance
between the sample and the detector.
For a given resolution, magnitude of Q and total length L=L,+L,, the count rate
Is maximal for [57]:
L.=L, and D,=2*D, (54)

The desirable features for a SANS instrument contain a large wave-vector
range extending to the lowest values of Q, good resolution, low background, high
neutron flux at the sample and availability of long wavelength neutrons. All these
factors should be considered for constructing a new SANS machine. It should be
noted, that in VSANS case the total length of the SANS instrument is restricted.

< MODERATOR PLANE 31lcm
1 collimator
<—] F : 6.1 cm
5m 05m 2 collimator
0.6 m
15m
R=25m
SAMPLE PLANE
MODERATOR SIZE 40 x 40 cm 15m
1 COLLIMATOR DIAMETER - 3cm
2 COLLIMATOR DIAMETER - 1cm
SAMPLE DIAMETER -1 cm DETECTOR PLANE

Fig. 5.9 Example of a SANS instrument with classical pinhole collimation [55].

The figure 5.10 shows simulations of the presented instrument: direct beam at a
PSD detector. This instrument has two main disadvantages: very significant losses of
neutron flux by the collimation, especially for long wavelengths and falling of long
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wavelength neutrons due to gravity. This falling is increasing a minimum value of
wave vector transfer Qmin. It can be found by analysing the figure 5.10. The
significant advantage of the given instrument is a low background due to using the
bender before the pinhole collimation system. One can found, that this instrument
does not satisfy the conditions (5.3) and (5.4) fully, but only partly: distance first
collimator-second collimator is equal to the distance sample-detector, i.e. L,=L,, but
diameters of collimators have relation 3:1 instead 2:1 as required by the formula
(5.4). So count rate will be decreased in comparison with the optimum choice. But if
sample diameter will be increased, diameter of direct beam will be increased
significantly at a PSD detector.
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Fig. 5.10. The direct neutron beam at the detector. The diameter of
the small circle is 8 cm and the diameter of the big circle — is 80 cm.

[55]

So, the present instrument is not an optimal choice for VSANS machine. All
presented conditions must be taken into account, especially for a pinhole collimation

System.
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The proposed collimation system for VSANS will have a “multi
converging apertures’ structure(5, 58], seefigure 5.11.
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\
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\
| — < >
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Channels, where neutrons
Are moving

=/ yrids Space between channels

Fig. 5.11 Multi pinhole collimation system.

If N single-aperture systems are arranged to produce beams which intersect the
sample at dightly different angles, and if these beams all focus to the same point an
the detector, the resolution will be practically the same as in a single aperture pinhole
collimation system [59, 60]. Multiple aperture grids, all-converging to the same point
at the detector (center point), increase the intensity significantly. Intermediate beam
grids are required to prevent crossing over from one imaginary channel to another.
This effect will be called “cross talk of neutrons’ later on. The number of
intermediate grids has to be reasonable for preventing the cross talk between
channels.

The sizes of each hole in the first and the last grid are 0.3 cm and 0.15 cm
respectively. The number of holes in each grid is 21x21=441. The distance between
holes is 0.085cm for the first grid. The maximal divergences before the first grid are
assumed to be 1 degree in horizontal direction and 1.2 degree in vertical direction as
received before.

The number of intermediate grids, their positions and holes sizes can be
evaluated by analytical calculations: recurrent formulas:
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_ 204.0-0.085* AbsPos,,

RIPo
S 3.7 + 2400* Div,,

AbsPos,,, = AbsPos,, + RIPos,,,,, (5.5)

‘3_ 6 15( 2400 - AbsPosner 33 1#
. 2400
Div_. =

e AbsPos,,,

where Div,,, is the divergence after the previous grid. Div,, Is divergence
before the previous grid. AbsPos, is the absolute position of the current grid.

AbsPos,, is the absolute position of the previous grid. RIPos,,, is the relative
position of the grid. These formulas can be obtained from a simple geometrical
treatment. The initial values for calculations. Div,, = 0.0209 radians, AbsPos,,=
0.0;

In the appendix I, the Fortran program can be found for the calculation of
table 5.1.

Special module “grid“ has been written for simulations of VSANS machine.
This module simulates free propagation of neutrons to a rectangular or circular grid
with or without gravity. After passage some distance (given by a user) neutrons hit
the grid plane. If neutron hits between holes, such trgjectory is rejected. Otherwise
neutron trajectories pass a grid. Some materials, full list see in the description of the
module bender, can be chosen as general material of agrid.

The transmission Trans s calculated by the formula[5]:

Trans = e™#® (5.6)

where wis characteristic of amaterial and depends on the wavelength of a neutron. D
Is the distance, which is passed in this material by a neutron trajectory.

After simulating this collimation system, we have obtained the direct beam at
the PSD detector, see figure 5.12. The gravity was disabled for this example, mainly
for testing. The size of the direct beam is quite small: 0.6 x 0.6 cn?. But for aredlistic
comparison, the gravity must be activated during the simulations and the size of the
direct beam in the vertical direction will be increased and the spot will drop down,
especialy for long wavelength neutrons (>10 A).
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Nunber Rel ati ve Di ver gence Di vergence Absol ut e
of grid position r eal cal cul at ed posi tion
1 3.7876 0. 0209 0.0777 3.7876
2 3.7816 0. 0209 0. 0381 7.5692
3 3. 7757 0. 0209 0. 0249 11. 3449
4 3.7697 0.0183 0. 0183 15. 1146
5 4. 2479 0. 0140 0. 0140 19. 3625
6 5.4294 0. 0106 0. 0106 24,7918
7 6. 9315 0. 0080 0. 0080 31.7233
8 8. 8364 0. 0059 0. 0059 40. 5597
9 11. 2439 0. 0043 0. 0043 51. 8036
10 14. 2736 0. 0030 0. 0030 66. 0772
11 18. 0655 0. 0021 0. 0021 84. 1427
12 22.7783 0. 0013 0. 0013 106. 9210
13 28. 5838 0. 0007 0. 0007 135. 5048
14 35. 6550 0. 0002 0. 0002 171. 1598
15 44,1448 - 0. 0001 - 0. 0001 215. 3045
16 54. 1539 - 0. 0004 - 0. 0004 269. 4584
17 65. 6853 - 0. 0006 - 0. 0006 335. 1437
18 78.5879 - 0. 0008 - 0. 0008 413. 7316
19 92. 4980 - 0. 0009 - 0. 0009 506. 2296
20 106. 7954 - 0. 0010 - 0. 0010 613. 0250
21 120. 5974 -0.0011 -0.0011 733. 6224
22 132. 8188 -0. 0012 -0.0012 866. 4411
23 142. 3085 -0. 0012 -0.0012 1008. 7496
24 148. 0508 -0. 0012 -0. 0012 1156. 8004

Table 5.1. Position of grids and divergences. Negative divergence means
changing the velocity direction relative axis of a channel in the grid system.

NEUTRON EBE?
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Fig. 5.12 Direct beam at a PSD detector without gravity for multi pinhole
collimation system.

As we can see, the size of the direct beam is much smaller compared with the
pinhole collimation system of the SANS instrument, presented above. This proves the
advantage of a multi pinhole collimation system. The other advantage of a multi
pinhole collimation is the significant gain in neutron flux for the same size of the
direct beam at a PSD detector; in our case it is 0.6x0.6 cnm? without the effect of
gravity. This can be shown by a comparison of two instruments. the first is the
described VSANS instrument and the second is a SANS instrument with standard
pinhole collimation. The standard pinhole collimation has to have collimators with
sizes 0.3x0.3 cm? and 0.015x0.015 cm® respectively. It is mean only one central
channel has taken into account. The distance between collimatorsis the same — 12 m.
There are two main characteristics that have to be investigated: the neutron flux at the
sample and the size of the direct beam at a PSD detector (or the wave vector transfer
Qmin). The sizes of a direct beam at a PSD detector are the same for both machines:
0.6x0.6 cn? as well asresolution. But flux on a sample at least in four hundred times
smaller for the standard pinhole collimators machine!

So, it can be found, that if the size of direct beam is decreased, then the flux is
decreased too. But a compromise must be found for SANS instruments. In our
example, the multi-pinhole collimation system is quite good decision for reducing the
sizes of direct beam for a significant sample size 4x4 cm?.

If gravity is activated for simulations (what is always the case in redlity), the
direct beam drops. The distribution of count rate at the PSD detector in vertical
direction is presented in figure 5.13. This figure shows also the robustness of the
VSANS grid system. Robustness means that the instrument works, even if the grids
are installed with some deviations from the ideal grid positions. Of course, this will
happen in real life, so the question of robustness of the VSANS machine is very
important. The black lines represent the count rate distribution for an ideal system,
I.e. distances and sizes of grid were taken from the table 5.1. The red line represents
the same distribution, but with a random relative changing of the distances between
the grids with 5%. As can be seen, the presented grid system is a quite robust
installation.
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Ideal system
—— The distance between grids is changed within 5%
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Fig. 5.13 Count rate in vertical direction at the PSD detector.

The robustness of the spectrometer for count rate, depending on the wavelength
has also been explored. Neutrons with different wavelength have a different velocity,
SO some neutrons can be lost under the influence of gravity. There are two figures
5.14 and 5.15 showing this distribution. Figure 5.14 has a linear (normal) scaling for
the vertical axis, whereas figure 5.15 has a logarithmic scaling. It can be found that
this system is a quite robust setup for the neutron flux too.
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Fig. 5.14 Count rate at the sample in linear scaling.
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Fig. 5.15 Count rate at the sample in logarithmic scaling.
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The vertical and horizontal divergences at the sample are strongly connected
with the resolution of the VSANS spectrometer. The vertical and horizontal
divergences for the whole wavelength band are given in figure 5.16. The effect of
gravity isthe reason for the non-symmetrical shape of the vertical divergence.

100000

Horizontal divergence
10000+ — Vertical divergence

10004

Neutron count rate

100

A
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-0.40 -0.35 -0.30 -0.25 -0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20
Angle, degree

Fig. 5.16 The intensity as a function of vertical and horizontal divergence at
the exit of the grid system for the whole wavelength band for a sample sizes
4x4cm?,

The last and most important step is the evaluation of the wave-vector transfer
Qmin. According to figure 5.13 and equation (5.1), Qmin = 0.0033 ... 0.00067 A™
for wavelength range A = 3 ... 15 A respectively (compared with Qmin = 0.001 A™
for wavelength 10 A for the previously proposed SANS instrument). Maximal value
10 A was chosen, because no cold moderator has been installed for the previously
proposed SANS instrument. This is much better in comparison with the previous
SANS instrument. Qmax is defined by the outer size of the PSD detector or
additionally installed detectors.
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5.5 Summary

The smulations show that the neutron flux distribution in the exit of the
extraction system is very well suited for the given instruments. We found that sizes of
moderators match to the ssmulated effective moderator (acceptance) of the original
extraction system. We have checked and optimised the primary collimation for the
planned VSANS instrument. The divergent guide performs an optimal smoothing of
the beam divergence after the bender. The performance of the final collimations
system (system grids) has been confirmed using Monte Carlo ssmulations. No cross
talks between channels have been found. This multiple beam focusing system is a
guite robust setup and provides enhanced intensity at the sample of size 4x4 cm? and
a quite smal Qmin= 0.0033 ... 0.00067 A™ for a total short length of final
collimation system: (12+12m) compared with Qmin = 0.001 A™ for the previously
proposed SANS instrument. But for some applications, a pinhole collimator can be
installed too. Special module grid has been written for simulations of VSANS
instrument by the author of this thesis.
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Chapter 6

Neutron Spin Echo method, classical and resonance spin echo:
simulations of Neutron Resonance Spin Echo spectrometer ZETA

6.1 Introduction

Nearly 60 years ago Halpern and Johnson published their article [61] on
neutron interaction potentials. They showed that changes in energy and momentum of
a neutron scattering of a sample contain information about magnetic and nuclear
structure and dynamics of the target. Although it was appreciated that explicit use of
the neutron spin as a further experimental parameter would provide a powerful
additional probe of magnetic system.

The neutron is a spin Y% particle; hence the cross section for scattering from a
sample with a preferred axis will in general depend on the relative orientation of the
axis and the neutron spin [62]. This dependence can be quite strong such that the
cross section is significant only for one incident spin state. If the incoming beam is
polarised, measurement of the cross section as a function of the incident beam
polarisation gives additional information on a preferred-axis system.

All precession properties can be described in a classical treatment. Neutron
precession can most easily be visualised through a classical treatment. The main
reason for thisis the fact, that the quantum mechanical treatment by introducing Pauli
spin matrices into the Schoedinger equation is effectively a classical treatment if one
considers the origin of those matrices. An exception to thisis the Stern-Gerlach effect
must be excluded from classical treatments [63]. In this work we will only discuss
cases without strong magnetic field gradients and consequently the neutron
precession is treated classically in all smulations.
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6.2 Precession of the spin in a magnetic field

The spin of the neutron is S=1/2. The projection of a spin on the chosen

direction can have two values: -1/2 and +1/2. The beam of neutronsis polarised if the

N, =N

value P= m IS not equal zero [62]. The value P is called degree of
polarisation of abeam. N, isthe number of neutrons with spin projection +1/2 and N.
IS the number of neutrons with spin projection —1/2 in a beam. If P=1, the beam is
fully polarised, if P=0, the beam is non-polarised. The polarised neutron beam can be
obtained by using materials where the reflection coefficient depends on the direction
of the neutron spin. Polarisers and analysers select a particular neutron spin state or a
particular direction for the neutron magnetic moment.

The precession of a neutron spin and magnetic moment of neutrons is
considered similar to the precession of a spinning top. Classical mechanics shows that
atorque exerted on a magnetic moment py by a magnetic field H inclined at an angle
O relative to the magnetic moment causes the magnetic moment of the neutron to
precess about the direction of the field with a frequency w,- the Larmor frequency.
Thisisgivenin figure6.1.

H — magnetic field

Z A

Mn<O0

Neutron spin

- grigle of inclination

Fig. 6.1 Precession of a neutron spin around the magnetic field H and
directions of precession for different signs of Wy,
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The Larmor frequency of precession w, does not depend on the angle of
inclination © and defines only by time, when the magnetic field is applied into a
neutron spin. The angle a = w.t is the total precession angle of the neutron spins
after agiven timet. The magnetic moment Wy is related to the angular moment L :

Hn=YL (6.1)

wherevyis called the “gyromagnetic ratio” of the neutron. An applied magnetic field

tries to align the magnetic moment. It exerts a torque and, if the field is homogenous,

it does not exert a force on the magnetic moment. The resulting equation in this case
IS

&= ixd]=[ixa] (62)

where -y H =w, and y/21= -2916.4 Hz/Oe. This equation is an equation of motion
for the neutron spin in a magnetic field and was invented by Bloch [64]. The
gyromagnetic ratio of a neutron is negeative.

So, if the direction of the magnetic moment py of a neutron and a vector of
magnetic field H are not parallel to each other, we will have the precession around
the magnetic field with constant Larmor frequency w, for any angle 6; between H and
HUn. Seefigure 6.2.

a=at (6.3)

AH




84

Fig. 6.2 Precession angle a does not depends from the angle 6.

A magnetic guide field must be applied for the conservation of the polarisation
of a neutron beam. Otherwise, the beam polarisation will be lost due to the magnetic
earth field (0.7 Oe) and aso some random magnetic fields from iron elements of a
spectrometer. Usually the guide field starts after the polariser and is created by
solenoids or permanent magnets. Thisis given in figure 6.3.

TR

v vy VY VVYYVYYVYYVYY

n

Fig. 6.3 Guide magnetic field H is applied.

If the direction of the magnetic field H is changed instantaneously or very
quickly, the neutron spin sis practically not changed too. This effect can be explained
by solving equation (6.2), assuming that the Larmor frequency w, is much smaller
than the angular velocity of the variation of the magnetic field w, i.e. w>>wy. Thisis
shown in figure 6.4.
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Fig. 6.4 Instantaneous or sudden change of the direction of the magnetic field
H.

If the direction of the magnetic field changes quite slowly, neutron spins
follow the direction of the magnetic field. Slowly changing means, that the Larmor
frequency w, is much large than the angular velocity of the variation of the magnetic
field w, i.e. w<< wy. Thisiscalled adiabatic transition and is shown at the figure 6.5.

Direction of flight

H — magnetic field

A o

8 é/d%fﬁ/y.

Fig. 6.5 The polarisation follows the direction of the magnetic field
adiabatically for slowly varying magnetic field H.

Let us take an example [42] a flight path of length L = 80 cm and consider that
the direction of the magnetic field H and spin s are changed by 172. The frequency w
IS given by:

Ww=—=—X—=—[}——, (6.4)

where v - velocity of the neutron, A - wavelength of the neutron in A. For wavelength
A = 55 A, we have w=1412 s*. The Larmor frequency w, is equal to w for a
magnetic field 0.08 Oe. This value of magnetic field is much smaller than even the
magnetic earth field, so quite weak magnetic fields can satisfy the condition of
adiabaticity for thermal/cold neutrons and can influence the polarisation of neutron
beams. This fact proves that the use of magnetic guide fields for polarised neutron
beams is obligatory.
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6.3 Neutron spin flipper —Mezei flipper

This flipper was invented by F. Mezei [17]. There are two coils with
perpendicular windings create a sharp change from atransversal guide field direction
to atransversal perpendicular field direction in a well-defined region. Guide magnetic
field is necessary to avoid depolarisation by the magnetic earth field and other
undefined stray fields. The neutron spin enters and exits the coils non-adiabatically:
without changing its direction. The outer coil is used to cancel the guide field, which
presents at the flipper volume. Inside the inner coil, which provides a transverse flip
field perpendicular to the guide field, the neutron spin precess around the resulting
field axis. This flipper can also work as a /2 flipper. The application of this flipper
as a flipper for monochromatic neutrons is illustrated in figure 6.6. If polychromatic
beam will apply, spin direction distributed inside a cone as result of precession in a
guide magnetic field after exit of a flipper. Also important, that in this flipper, sudden
change of a magnetic field is realised, so neutron spin is not affected.

Transverse magnetic field
Direction of flight

[ A A
A A
Guidefield Guidefield
| o >
—O0—> QO
S- before S -after

New position  Old position

NO guidefield, only transverse
field inside aflipper
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Fig. 6.6 Application of Mezei coil as a flipper for monochromatic neutrons.

Disadvantages of this sort of flipper include that it requires the guide field
compensation coil and procedure of determining the appropriate flip
current/wavelength relationship for applying for a time of flight instrument. Also this
flipper requires having material in the beam so additional scattering effects could take
place.

6.4 Neutron spin echo, general principal

The neutron spin echo method is devoted to the investigation of inelastic,
guasielastic and even elastic neutron scattering. However this method is principally
different from traditional scattering technique. Usually an inelastic neutron
experiment is performed by analysis of the neutron energy in the incoming beam and
analysis of the energy after scattering by a sample. The smaller the energy change
was, the better the neutron speed had to be defined. As the neutron come form a
reactor with an approximately Maxwell distribution, an infinitely good energy
resolution can be achieved only at the expense of infinitely low count rate of neutron
beam at a sample.

In 1972 F. Mezeal discovered the method of Neutron Spin Echo (NSE) [16]. As
we will see in the following this method decouples the energy resolution from
intensity losses. In the neutron spin echo technique, the difference in energy of
incoming neutrons and scattered neutrons is measured by analysing the Larmor
precession of neutron spins: “Larmor clock”. The general layout of a neutron spin
echo instrument is presented in figure 6.7. The man parts of the spin echo
spectrometer consist of two magnetic field regions with permanent field. The
orientation of magnetic field vectors in each region must have different directions. In
reality, it is quite difficult to realise such magnetic fields by usual solenoids even with
correction coils as in the middle this would create a zero field point where the beam
gets easily depolarised [17]. Spin flippers can be used to avoid the orientation of
magnetic fields, which is shown in the figure [17, 42]. The T-flipper can reverses the
precession plane around.
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Direction of
flight

Fig. 6.7 General layout of a neutron spin echo spectrometer.

A polarised neutron beam propagates with average velocity v along axis OY,
the magnetic guide field H and the polarisation of the incident beam are parallel to
axis OZ. At the point A, the polarisation of the beam is changed and becomes parallel
to the axis OX. This is can be done by a Mezei 172 spin-flipper for example. The
neutron spins start to precess around the magnetic field H; and axis OZ. The angle of
Larmor precession ¢ at the distance L for velocity v from the point A is:

LH,
Vv

p=y

(6.5)

Thisangle is proportional to thefield integral I [17]:

e =[H,ds (6.6)
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where H; is a vector of magnetic field, s is a vector of flight path. For an axial
trajectory, field integral is H;L and does not depend from the velocity magnitude of a
neutron.

The beam polarisation after distance | in the magnetic field H; is given by the
cosine of the angle ¢ averaged over the velocity distribution f(v). The incoming
neutron beam is usually monochromatised by a velocity selector [65] and has +10%
deviation around the chosen middle wavelength of a velocity selector.

P, =(cos¢) = I f() co{ y”%l)dv (6.7)

This formula [17] shows the behaviour of the polarisation of a non-
monochromatic beam after passing a region with magnetic field. Increasing the
distance I, the Larmor precession of spins becomes more and more dephased for
different velocities. So value P, becomes more and more close to zero. The analytical
approach shows, that we will have oscillations with degraded amplitude for a neutron
beam with quite small monochromatisation: £5...10%, see figure 6.7. The period of
the oscillations is defined by the average velocity of the neutrons in the beam. So the
velocity or wavelength of the neutrons can be measured by Larmor presession. The
first field H, performs coding operation of an incident beam. The second field H, is
used for the compensation of the dephasing effect due to non-monochromatic
incident neutron beam: decoding operation. The direction of precession is changed at
the point B to the opposite direction. The neutron magnetic field H, must be changed
instantly at point B. The total precession angle at point Cis:

H1|1 B H2|2
v

P=Pps ~Pac =V (6.8)

where |, and |, are lengths of the magnetic field regions H; and H, along the axis OY ..
So the total precession angle is proportional to the difference between the field
integralsin the each field.

If H,l, =H,l,, thetotal precession angle will be ¢ = 0 for ALL wavelengths
of the neutrons and P,=1. At the point C, the neutron beam is fully polarised again in
the idea situation. The amplitude of P, can be caled spin echo amplitude and
designated as Pyse. The sample isinstalled at the point B. If we will change H, or I,
and measure P,, the signal, called neutron spin echo signal, will be obtained.

If sample changes the velocity and/or direction of neutrons (inelastic and
glastic scattering), the spin echo signal will be degraded and/or neutron spin echo
signal will be shifted. This is the main idea for analysing neutron scattering by
neutron spin echo technique. The neutron time of flight is measured by the angle of




90

precession in the classical neutron spin echo machine. If only the direction of
scattered neutrons is changed, it is called “Larmor labelling of angle”. The sensitivity
and so the energy resolution of the spin echo method depends from the angle of
Larmor precession ¢ (see equation (6.5)) and proportional to the field integral (see
eguation (6.6)). Magnitudes of afield integral and a wavelength of incident neutrons
have to be increased for improving the energy and scattering resolutions of the spin
echo method.

The genera condition for obtaining a spin echo can be described as, final angle
of precession at the point C must be same INDEPENDENT of the velocity of
neutrons. It is not necessary that total precession angle ¢ isaways zero. Analytically

it is can be written as[17]:
0¢
_r =0
2 9

It is quite difficultly to build a system, which is shown at the figure 6.7. Below
after the sample, a neutron 172 spin flipper can be installed [17, 42]. This flipper must
be adjusted for the incident or scattered wavelength. In this case, the change of
direction of the magnetic field H, is not required.

The biggest advantage of NSE technique is that it decouples
monochromatisation from energy resolution or we do not need very high
monochromatisation of an incident neutron beam. The same applies for scattering
vector resolution: we do not need very high collimation of an incident neutron beam.
But in the last case a NSE spectrometer has to be modified alittle bit, see figure 7.10.
This NSE system is easily realised and many spin echo machines have built with two
big solenoids and additional correction coils (for example Fresnel coils [66]) for
improving uniformity of magnetic fields. The technical aspects of building the spin
echo machine significantly have been discussed in the literature, for example, a new
spin echo machine [67, 68, 69] for the new neutron source SNS in the United States
[70].

6.5 Radio frequency spin flipper

The radio frequency or resonance flipper is a flipper with two perpendicular
magnetic fields: a radio frequency (RF) field and a permanent field, see figure 6.8.
The radio frequency field can be presented as two rotating magnetic fields on two
different rotational directions with the same amplitude. Effectively only one rotating
field plus a static magnetic field affect the neutron spin [71]. There for only these two
fields are considered for the classical precession of neutron spins.

The amplitude of the rotating field has to be calculated according to the Teflip
condition (perform a half turning) using the formula

_Tv
Brofied = E (6.10)
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where v - velocity of neutron, d — thickness of flipper in the X-direction, y -
gyromagnetic ratio. Due to the periodicity of the rotation, other B,s amplitudes could
be accepted:

_nmw
Brotiaa = W (6.11)

wheren=1, 3,5, ....

The second condition, which is called “resonance condition”, is[72]:

_ a‘rotating

H permanent ‘V‘ (6.12)

where Wyoaing 1S angular frequency, Hpemanent 1S @mplitude of static magnetic field.
This condition can be obtained by making a transform to a system rotating about the
axis OZ. The result shows, that the effect of the rotation of the coordinate system isto

a‘rotati ng

change the resulting field only by the additive the term . Finally the form of

the Bloch equation is obtained. One can found, that for correct operation of such
flipper, the direction of rotation and direction of the permanent magnetic field are

—

a

rotating

related: the vector has to be equal (0, O, -B,). If any of the direction were

chosen incorrectly, the flipper is not operating correctly.

Static field H

] AN

RF field -l —> Two counter rotating fields
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Fig. 6.8 Model of a resonance spin flipper.

This flipper was described in ref. [4, 74]. The figure 6.10 represents a motion
of the magnetic field in a RF flipper. The figure 6.11 represents a motion of the
neutron spin in the flipper. Initial polarisation of the neutron beam is P, = 1. Final
polarisation is P, = -1. Other components of the polarisation are zero. These figures
can be obtained either by analytical calculation or by trgectories tracing with the
module “rotating field” of VITESS software package. The parameters of the flipper,
which has been used:

Dimension in the X direction —3 cm

DimensionintheY direction — 14 cm

Dimension in the Z direction — 5.5 cm

Number of layers in each direction — 99 (see how module “rotating field” works in
chapter 3)

Permanent magnetic field — 100 Oe, antiparallel to the axis OZ

Amplitude of rotating field — 9.62 Oe

Angular frequency — 291640 Hz

Resonance wavelength according the equation (6.10) - 2.35 A

These data are satisfied the both resonance condition (6.10) and (6.12).

S. Klimko provided these parameters from neutron resonance spin echo
instrument ZETA built by him [4]. The dependence of the polarisation of neutron
beam after the flipper on the wavelength (or velocity) shown in figure 6.9. The
periodical character of flipping can be explained by an additional revolution with
period 21 of rotating in the flipper: 1t 31 51, ... So, this flipper can be used for
flipping of some discrete set of wavelengths.

This flipper was successfully built, tested and simulated.
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Fig. 6.9. Monte Carlo simulations: wavelength dependence of the polarisation
at the exit of an RF flipper.

The figure 6.10 shows the motion of the magnetic field components Hy Hy and
Hz in a RF flipper. As was discussed before, this is representing a sum of two fields:
permanent and rotating fields. During the flipping, the rotating field will make
several revolutions.

The figure 6.11 shows the motion of the neutron spin components Py, Py and
P, in a RF flipper. The module of spin remains the same — 1 during the revolutions.
Several revolutions are required for full spin flipping. The shapeis spiral.

Both figures are received for the resonance wavelength - 2.35 A.
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Fig. 6.10 The motion of the magnetic field components during neutron
passage through the flipper.

Pz

0.008 -0.008

Fig. 6.11 The motion or evolution of the neutron spin in the flipper. Initial point
Si=(0,0,1) and final point S=(0,0,-1).
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6.6 Simulations of Neutron Resonance Spin Echo spectrometer ZETA

The neutron resonance spin echo (NRSE) method was invented by Golub and
Gaehler [18]. One main problem with building the spin echo machineisto create and
support the relative strong and permanent/uniform magnetic fields over a significant
volume. With the NRSE method, the long static magnetic fields are replaced by two
resonance spin flippers [18, 37, 74]. This is can be explained by choosing a rotating
frame reference. In this frame the neutron seems not to precess in the solenoids which
means it sees zero field. But in the originally low field region it will rotate, which
indicates the presence of a strong field. The small field in our static flipper will
appear to rotate. We need a well localised strong magnetic fields to the neutron beam,
and inside a smaller coil perpendicular both to the neutron beam and to the strong
field. This configuration can be realised by a radio frequency flipper.

The simplest neutron resonance spin echo instrument consists of four
resonance flippers. two flippers in the first arm before the sample and two flippers in
the second arm after a sample. This is shown in figure 6.12. Velocity selector and
polarizer have to be installed after the neutron source providing a polarised and
monochromatic beam. Between flippers in each arm, no magnetic fields (even the
magnetic earth field), i.e. this volume has to be shielded. All rotating fields have to be
synchronised. One generator should be used as a power supply for ALL flippers.

Neutron tragjectories

Scattered neutron
trajectory
1% RF flipper 2" RF flipper \ 3" RF flipper 4" RF flipper
® Suc ® S @ Suc @ Sae
SANPLE
Velocity\\\ ] | —
L — Analyser
oo TN L L A ( () [Tpae
<4+—P <+—P
_ ) U >
Firstarm Second arm

Fig. 6.12 General neutron resonance spin echo spectrometer (NRSE).
Between RF flippers in the each arm, there is no magnetic field as well as in
the sample area.
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The first two RF flippers are performing the same task, as a solenoid in a
classical spin echo spectrometer. After passage through a solenoid, the precession
angle of the neutron spin is given by formula (6.5). For NRSE after first arm, the
precession angleis given by:

D, D,

¢NRSE = 2J'Bpermanent 7 = za)rotating 7 (613)

where Boermanent 1S Stétic field in the RF flippers, D; is distance between flippers (not
centres of the flippers), v is velocity of neutron, coaing 1S angular frequency of
rotating magnetic field or a RF field.

Effective field integral |-z can be calculated as.

I FE = 2a)rotating Dl (614)

With this method, the time of flight between resonance flippers is measured by
the number of revolutions of the rotating magnetic field. All NSE formalism can be
applied to NRSE method. The stability of frequency and the homogeneity of the
permanent and rotating magnetic fields are essential, but these conditions apply per
volume, which is much smaller for NRSE in comparison with the arms in a classical
spin echo machine. To satisfy the spin echo focussing condition, the direction of the
rotating and permanent magnetic fields have to be changed in the second arm of the
NRSE spectrometer. The neutron spin echo focussing does not depends on the initial
phase of rotating field at the first (and so other flippers) flipper [74]. If al rotating
fields are synchronised, any initia phase will be compensated. The distance D, or
distance D, can be changed to measure the spin echo signal. This fact can be obtained
either analytically or by Monte Carlo simulations.

In first case, al incident neutrons have times of flight are zero (or constant
value) but different velocities (some distribution) immediately before entering in the
first arm of a NRSE or NSE spectrometer. Then polarisation distribution (depending
from the velocity or wavelength) should be analysed after the first arm or at a sample:
sinusoidal function has to be received. In second case, al incident neutrons have
some distribution of times flight as well as velocities. If the same sinusoidal function
Is obtained again, the spin echo arm operates correctly and spin echo focussing effect
will take place [73]. This approach is very useful for checking the correct operating
of a new spin echo machine and can be done by VITESS software package easily.

The precession angle (and hence field integral or resolution) can be doubled by
using a bootstrap technique [37]. The direction of rotating field is changed in the
second and third flippers of each arm. The same applies for the direction of
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permanent field. An analytical approach shows, that the precession angle of a
bootstrap NRSE spectrometer is given by:

L L
¢Bootstrap—NRSE = 4J'Bpermanent ; = 4'a)rotating ; (615)

So the frequency of the NSE signal from a bootstrap NRSE machine will be doubled.
The bootstrap NRSE technique can be doubled too, so the angle ¢Boot5trap_NRSE IS

increased by two times again, however there are practical limits. The first and second
arm of the NRSE bootstrap spectrometer is shown at the figure 6.13.

1% RF flipper 2™ RF flipper 3 RFflipper 4™ RF flipper
X s (®) s (© s= ) sae
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D,

N
— %

First arm
1% RF flipper 2™ RF flipper 3 RF flipper 4™ RF flipper
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Fig. 6.13 First and second arm of an NRSE bootstrap spectrometer

The bootstrap NRSE spectrometer ZETA [4], which is considered for Monte
Carlo simulations, has 8 flippers, 4 flippers in the each arm. Each flipper has
parameters:

Dimension in the X direction —3 cm

DimensionintheY direction — 14 cm

Dimension in the Z direction — 5.5 cm

Number of layers in each direction — 99 (see how module “rotating field” works in
chapter 3)

Permanent magnetic field — 246.09 Oe, antiparallel of the axis OZ

Amplitude of rotating field — 9.62 Oe

Rotation frequency —717700 Hz

Resonance wavel ength according the equation (6.10) - 2.35 A

No sample — only direct beam

The distance between flippers is 57.5 cm. The incoming wavelength band is
2.35 ... 2.352 A. The divergence of the source is 0.58 degrees in the vertical and
horizontal planes. The polarisation of the incoming beam is 54% and 87.4%. The spin
echo signal is presented in figure 6.14. Distance between flippers in the second arm
changes with step 0.01 cm. Polarised monitors are suggested as ideal. The amplitude
of spin echo signal is oscillated due to the beating.

The second example has the same parameters except incoming wavelength
band: 2.29 ... 2.43 A. In this case, we will have a decreasing of the amplitude of the
spin echo signal due to quite wide velocity or energy range of incident neutrons, see
figure 6.15.

The periodicity of the damped oscillation is determined by the average
wavelength and the envelope is the Fourier transform of the incoming wavelength
distribution.

These dates are fitted quite well into the origina measurements presented in
ref. [4].
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Fig. 6.14 NSE signal for the incoming wavelength band 2.35 ... 2.352 A.

1.0

0.8

0.6

0.4

0.2

0.0

Polarisation

-0.2

-0.4

-0.6

-0.8

-1.0

Initial polarisation 54%
Initial polarisation 87.4%

=

575 576 57.7 578 579 58.0 581 582 583 584 585 586 587 588 589 59.0

Distance between flippers in the second arm, D2, cm

Initial polarisation 54%
Initial polarisation 87.4%

|

v |

575 576 57.7 578 579 58.0 581 582 583 584 585 586 587 588 589 59.0

Distance between flippers in the second arm, D2, cm

Fig. 6.15 NSE signal for the incoming wavelength band 2.29 ... 2.43 A.
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6.7 Summary

We have described the genera principles of precession, neutron spin flippers
and spin echo technique and simulated them. Neutron Spin Echo spectrometer
measures the time of flight difference of a neutron in the each arm by the “Larmor
clock”. The scattering of a neutron in a sample leads into change either wavelength or
wave vector. New values (after scattering) of the wavelength and wave vector are
connected with the time of flight in the second arm of a NSE spectrometer. There are
two main options for realisation of a spin echo machine: classical and resonance spin
echo. In the next chapter, we will consider ssmulation of a new spin echo technique
with thin magnetic foils and rotating magnetic field. This new technique is very
similar of neutron resonance spin echo machine, but looks simpler for understanding
and realisation.
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Chapter 7

Simulations of Spin Echo spectrometer swith rotating magnetic fields

7.1 Introduction

General principles and Monte Carlo simulations of a new spin echo
spectrometer with thin magnetic foils (TMF) and rotating magnetic fields (RMF) are
described in this chapter. Dr. A. loffe, FZ-Juelich, Germany, suggested the idea of
new technique [19]. Author of this thesis made the software development and
simulations in collaboration with Dr. A. loffe [73]. The new technique is similar to
neutron resonance spin echo (NRSE) technique but has some simplifications and can
be easily understood. All the NSE and NRSE formalism and applications could be
applied for a new spectrometer.

7.2 Thin magnetic film flippers

Consider a thin magnetic foil where the magnetic field vector B rotates with
some angular frequency win the plane of the foil, see figure 7.1.

Fig. 7.1 The spin flipper with the rotating magnetic field. Rotation of the
neutron spin vector is performed by Larmor precession of the neutron spin by
the angle rraround the magnetic field vector B, as (6.3) equation is required.
The angle a is an initial phase of the rotating magnetic field. Initial position of
the neutron spin is directed vertically upward (parallel to the axis Z).
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When the neutron with initial polarisation along z-axis enters such a foil, the
neutron spin vector s precesses around an instant position of the vector B. The
precession angle ¢ is defined by the Larmor frequency «, and the time of the
propagation t of the neutron through the foil:

¢ =cwt=)Bd/v (7.0

where d is the foil thickness; v is the neutron velocity; y is the gyromagnetic
ratio and B is the amplitude of the rotating magnetic field.

If parameters are chosen in such away that ¢ = 7ror 377or 57z.. then, when
leaving the foil the neutron spin vector, makes the angle 2a with z-axis. This
approach can be called: “Larmor clock or labeling” [73].

It should be noted, that such aflipper can be adjusted and will work only for a
single wavelength (flipper for a monochromatic neutron beam). For other
wavel engths, the efficiency of the flipper will decrease. Figure 7.2 shows this effect:
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Fig. 7.2 The simulation of the thin magnetic field spin flipper with the rotating
magnetic field. Amplitude of rotating magnetic field is 3391.19 Oe, frequency
Is 50 kHz, initial phase a=30 degree. Thickness of the foil is 0.001 cm, the
number of layers is 40 along the direction of propagation. The flipper has
been adjusted for a wavelength A=20A. The expected spin components for
this wavelength: Sy=0.866, S;=0.5 for the instant magnetic field.
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To obtain the mirror reflection of the neutron spin relative to the magnetic field
vector B, this field should not be rotate during the time t =d/v (d is thickness of the
flipper, v is neutron velocity) of the neutron propagation through the flipper, i.e. ¢
>>¢s where @ is the angle of rotation of a magnetic field and ¢ is a precession
angle. So the spin has to see an “instant magnetic field” theoreticaly.

This condition can also be considered as analytical approach for the adiabatic
evolution of the neutron spin in atime-dependent magnetic field. Then the probability
for the neutron spin to follow the magnetic field direction is[72]:

sinz(;T\/1+ kz)

k)=1-
w(k) e

(7.2)

where k = a). /ax is the adiabaticity factor, where «y is Larmor frequency and ks is
frequency of magnetic field rotating. The adiabatic evolution needs k>>1;
practically, the adiabatic limit is already approached for k = 4 [72]. It was obtained by
analytical solving of the Bloch equation for a rotating magnetic field. Because the
Larmor precession angleis equal to 7z one can receive:

ds< 8. (7.3)

where fg = 27 is the frequency of the magnetic field rotation. To realise this
requirement for a quite high frequency fg, a spin flipper has to be quite thin.

A rotating magnetic field can be obtained in a foil by two driving
electromagnetic fields that are applied in the orthogonal directions sine and cosine or
sine (cosine) shifted in phase by w2 [73]. Thisisgiven in figure 7.3. Special foils (for
example produced from metal-glass) are required for amplification of the amplitude
of the rotating magnetic field inside afoil [73].
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Fig. 7.3 General scheme for producing the rotating magnetic field in a folil.

7.3 Propagation through the pair of TMF flippers with rotating
magnetic fields. Neutron Spin Echo machine with TMF flippers

Consider the propagation of a neutron through a pair of TMF flippers separated
by a region without any magnetic fields of length L, see figure 7.4. The position of
the spin vector of the outgoing neutron only depends on the phase difference of
rotating magnetic fields in the each flipper, shown by two subsequent “Larmor
clocks’, but not on the arrival time. After passage through the first foil the precession
angle of a spin is 2a, where angle « is initial phase of the rotating field, which is
connected with arrival time of a neutron. After passage of the second foil the
precession angle of the spinis 2(at-a), so the total precession angle ¢:

¢ =2ad /v (7.4)
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where w- is frequency of a magnetic field rotation; v — velocity of a neutron; L —
distance between foils.
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Fig. 7.4 Pair of thin magnetic field flippers. Demonstration of the
independence of the total precession angle ¢ (see formula (7.4)) from the
arrival time of flight of a neutron at the first flipper foil or the initial phase a of
the rotating magnetic field.

This completely coincides with the result obtained in [19, 74] and is the basis
of the operation of any spin-echo spectrometer: the spin rotation angle only depends
on the time of the neutron passage through an arm of a spin echo spectrometer:
between 1v2-flippers of the classical neutron spin echo spectrometer (NSE), between
radio frequency (RF) flippers of the neutron resonance spin echo spectrometer
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(NRSE) or between the thin magnetic foils spin flippers of the neutron spin echo
spectrometer in the present case. The angle of Larmor precession for the classical
spin echo is given by (see chapter 6):

a L

(7.5)

¢c| assical

where a_is Larmor frequency; v isthe velocity of a neutron; L isthe size of a
magnetic field volume for the axis OX.

The system of thin magnetic field flippers can replace a volume with static
magnetic field provided by a long solenoid. One of the main problem of the classical
neutron spin echo spectrometer with solenoids is the uniformity of the magnetic field
over a significant volume. From this point of view, a system with two rotating fields
looks more simple for realisation.

The neutron velocity vis coded by the total precession angle @ (@Peassca — fOr a
classical spin echo machine). The beam polarisation at the sample is a sinusoidal
function of the neutron wavelength A, and beam is completely depolarised:

P, =< cos¢ >= j f () cos(2al /v)dv (7.6)

where f(V) is distribution of incident velocity spectrum. For classical spin echo see
analogous formula (6.7)

The neutron spin echo principle is to apply a decoding operation to such beam.
This decoding operation is essentially the time inversion and is practically achieved
either by the change of the field direction (classical neutron spin echo) or the change
of the sense of the radio-frequency field rotation (neutron resonance spin echo). Asiit
was mentioned above, the suggested neutron spin echo spectrometer is in a way
analogous to a neutron resonance spin echo spectrometer, in that it contains a second
arm (after a sample) with the opposite rotating directions of magnetic fields. Then the
final position of the spin vector relative to the z-axis is:

L L
=20 -2 7.7
T =20 2 (7.7

where Av is the change of the neutron velocity v at the sample. As it follows from the
equation (7.1), changing the distance between foils in the arm after (of before) a
sample, one can change aia Over a rather wide range, thus providing a sinusoidal
modulation of the outgoing neutron beam, which is called NSE signal.
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7.4 Monte Carlo simulations. Application to neutron scattering
instrumentation

All the following Monte Carlo ssimulations were performed by the module

“rotating field” of the VITESS simulation package, however upgraded by the module
“rotating field” allowing for calculation of components of the spin vector after its
propagation through the area with a rotating magnetic field vector B (Figure 7.5).

Initial
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Spin flipper
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Spin flipper
F2 Za

Spin flipper
F3

Spin flipper
F4

Sample

Final
polarisation
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Fig. 7.5 General layout of the neutron spin echo spectrometer consisting of
two pairs of the thin magnetic foils flippers with rotating fields.
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Fig. 7.6 NSE signal obtained for f = 50 kHz and L; = L, = 1 m. Neutron
wavelength Aq = 20 A (AAAg = 20%).

The foils' thickness d = 0.001 cm and the field magnitude B = 3392 Oe are
selected to satisfy the spin flip condition ¢ = 77 only for the central wavelength Aq =
20 A. The result of the simulations of the spin-echo signal P, = f(L,-L,) show the
well-known spin-echo signal [17, 66] of a high quality, see figure 7.6.

As it was already mentioned above, the novel NSE technique described here is
essentially a variant of the NRSE technique, however instead of the RF-flippers one
uses the thin magnetic fields flippers, where magnetic field vector B rotates with
frequency win the foil plane. One should note, that the product 2l plays the role of
the field integral in the NSE technique, thus defining the NSE signal modulation
frequency and, indeed, the energy and scattering resolutions of this method.

Certainly, the thin magnetic foils to be used are not ideal, for example, it is
may have thickness deviations within a few percent. Monte Carlo simulations carried
out for the NSE signal (see Figure 7.7) show that random deviations of thickness
within 5% from the nomina one results in an insignificant degradation of the
amplitude of the NSE signal, thus demonstrating the good robustness of such a NSE
spectrometer.
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Fig. 7.7 Degradation of the NSE signal (open circles) for random deviations
within 5% of the foil thickness for all four TMF spin flippers in the NSE
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spectrometer (Figure 7.5). The solid circles correspond to the ideal NSE
signal (Figure 7.6).

This novel NSE technique can be applied in all cases, when the use of Larmor
precession devices may result in an improvement either in energy or scattering vector
resolution of neutron scattering instruments, particularly for an improvement in the
resolution of triple-axis spectrometers [76, 77, 78] or neutron reflectometers [14, 20].
As an example, the sensitivity of the TMF spin flipper NSE setup to inelastic
scattering on a sample is illustrated in figure 7.8. Flippers are inclined to underline
only sensitivity into energy changing of a NSE spectrometer in case if energy
changing on a sample 4E is depended from the scattering vector Q linearly [17]. As
one can see, the energy resolution isincreasing up to afew pev.

TMF RMF flippers

sample
>
L L
tl=L t, = L —m—AE=0
Voo v+Av —e—AE = 5 peV

—A— AE = 10 peV
—v— AE = 15 peV

4/>/

b
LY

Fig. 7.8 NSE setup for inelastic scattering. The shift of NSE signal
corresponding to the energy exchange 4 =4v on the sample. The v is the
neutron velocity, Av is velocity changing of a neutron on the sample. Monte
Carlo simulations were carried out for TMF spin flippers (f = 250 kHz)
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separated by L; = 1 m and inclined to the neutron beam by 45 degree.
Energy of incident neutrons is E = 15 meV (wavelength A=2.3 A).

7.5 Spin Echo Small Angle Neutron Scattering (SESANS) instrument

The Larmor labelling of scattering angles opens possibilities for the
development of new neutron scattering instrumentation, when the scattering vector
resolution is decoupled from the collimation of the incident beam.

One application of the rotating magnetic fields (RMF) NSE technique is the so-
called Spin Echo Resolved Grazing Incidence Scattering (SERGIS) [20] or a similar
technique the so-called Spin Echo Small Angle Neutron Scattering (SESANS) [21].
The main difference of the SERGIS technique is strong collimation of an incident
neutron beam in one direction (vertical or horizontal), but for the SESANS technique
no strong collimation is required in both directions. In both cases a sample is placed
in the RMF NSE spectrometer as it is shown in figure 7.9. Because of the scattering
(in this case elastic. without changing of a velocity magnitude) at the sample the
neutron path lengths L and L between flippers in the first and second arms of an
instrument are different, see figure 7.9.

TMF RMF flippers

M R detector
sample

a 3

>

<«—> <«—>
L L
L L'
tl = — t2 :V—
Fig. 7.9 SESANS or SERGIS (collimation only in the horizontal direction)
configurations. The angle «a is an angle of a foil inclination. The angle £ is

angle of scattering in a sample. It is assumed only elastic scattering without
the energy changing. The v is the velocity of a neutron.
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Fig. 7.10 One (first or second) arm of the SESANS instrument in the case of a
classical spin echo setup and a TMF RMF spin echo. The red arrow is a
neutron path. Two TMF RMF flippers can be installed instead a magnetic field
region, but these flippers and the static magnetic field cannot be used
together! The precession angle ¢ can be calculated by the formula (7.1)
multiplying by the additional factor (1/sin(a)).

The NSE signal can be recorded by the change of distance L. This sample
works as ideal elastic scatter (velocity and count rate are not changed) for small
deviation angles 5. 0.01 degree and 0.005 degree. The result of Monte Carlo
simulations of corresponding experiment is shown in figures 7.11 and 7.12. NSE
signals corresponding to small beam deviations £ in the horizontal plane are well
resolved in spite of the use of the practically uncollimated, + 1°, incident neutron
beam! We can see a direct proportion between shifting of spin echo signa and
deviation angle S changing. This can be explained by following: position of the spin
(polarisation) after the propagation through a magnetic field region (see figure 7.10)
or after two flippers depends on angles S and a. The total precession angle after
passage via an arm can be evaluated analytically [20]:

L m_A
=w — = )BL—"
¢ L B h

= ABL(1+ Scota +...)
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So, the cotangent of angle a gives possibilities to increase total precession
angle ¢ even for small values of the deviation angle S. The total precession angle ¢
Is connected with the effective field integral and hence scattering vector resolution of
an instrument.

The phase of NSE signal shifting depends from the angle of inclination of
foils: a (see figures 7.9 and 7.10) and also from the scattering angle. If small value of
the angle a is chosen, the phase is increasing and resolution of a spectrometer is
improving. Figures 7.11 and 7.12 shows this effect: for the angle a=45° the phase of
a spin echo signal is changed smaller than for the angle a=15°. So for improving the
resolution, the both sizes of foils have to be increased for SESANS spectrometer or
only one size for SERGIS machine. But frequencies of all NSE signals are not
changed for the only elastic scattering. The example of the real SERGIS experiment
has performed in Hahn-Meitner-Institute, Berlin [79].

—— Spin echo signal - no sample

—— Spin echo signal - deviation angle=-0.01 degree
14 - - - Spin echo signal - deviation angle=0.01 degree
—— Spin echo signal - deviation angle=-0.005 degree
- - - Spin echo signal - deviation angle=0.005 degree
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Fig. 7.11 Shift of the NSE signals caused by the deviation angles 3=+0.01°
and [(=+0.005° of a practically uncollimated (+ 1°) neutron beam in horizontal
plane for the RMF flipper's driving frequency of fg=50kHz, the distance
between foils in the first arm is L=1m and the inclination angle of all foils is
a=15°. Thickness of all flippers is 0.0025 cm. Incident wavelength band is
3.98 ... 4.02A



113

——— Spin echo signal - no sample

1.4+ —— Spin echo signal - angle=-0.01 degree
———————— Spin echo signal - angle=0.01 degree
1.2 Spin echo signal - angle=-0.005 degree
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Fig. 7.12 Shift of the NSE signals caused by the deviation angles /=+0.01°
and £=+0.005° of a practically uncollimated (x 1°) neutron beam in horizontal
plane for the RMF flipper's driving frequency of fg=50kHz, the distance
between foils in the first arm is L=1m and the inclination angle of all foils is
a=45°. Thickness of all flippers is 0.0025 cm. Incident wavelength band is
3.98 ... 4.02A.

Consider an idea elastic sample, where only some percentage of a neutron
beam are scattered (the velocity angle in a horizontal plane is deviated). Other
neutrons are passed without any changing of trgjectories. But velocity magnitudes of
al neutrons are fixed. Figure 7.13 illustrates spin echo signals for the three kinds of
sample:

1) All neutron are scattered.
2) Only 10% of neutrons are scattered, other are passed | ater.
3) 50% of neutrons are scattered, other are passed later.

One can found that the shifting of NSE signals is occurred. Amplitude of the
NSE signal for the last sample 3) is degraded a little bit. This can be explained by
summarizing of two sinusoidal functions with different (quite close with each other)
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phases, but with same frequencies and amplitudes. Of course, after summarizing, the
normalization has to be performed.
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Fig. 7.13 Shift with amplitude degradation of the NSE signals caused by the
deviation angles of a practically uncollimated (£ 1°) neutron beam in
horizontal plane for three kinds of samples, described before. The inclination
angle of all foils is a=15°. Thickness of all flippers is 0.0025 cm. The deviation
angle is £=0.01°. Incident wavelength band is 3.98 ... 4.02 A.

The similar simulations were performed with a incident neutron beam, which is
quite close into the real situation: wavelength band is chosen between 3.6 ... 4.4 A
with Maxwell distribution (T=300K) and initial polarisation is 87.5%. The results are
given in figure 7.14. Such wavelength band +10 % around the central wavelength 4 A
can be formed for example by a monochromator. One can found that the spin echo
signals are modulated by a dumped function and the amplitude of the all spin echo
signals (the maximal value) is practically equal to the initial polarisation: 0.84. But
the shifting of the neutron spin echo signals in the horizontal direction still can be
recognized. Period of the all spin echo signalsis not changed.
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Fig. 7.14 Shift with amplitude degradation of the NSE signals caused by the
deviation angles of a practically uncollimated (£ 1°) neutron beam in
horizontal plane for three kinds of samples, described before. The inclination
angle of all foils is a=15°. Thickness of all flippers is 0.0025 cm. The deviation
angle is £=0.01°.

7.6 Modulation of Intensity for Zero Effort-downstream (MIEZE
instrument.

Another possible application of RMF NSE technique is the quasi el astic neutron
scattering, particularly the realisation of the MIEZE (Modulation of Intensity for Zero
Effort-downstream) method [22]. The scattering is quasielastic, if relative velocity
change of a neutron is assumed to be small compared with initial velocity: Vsina =
Vinitia + 0V and 0V<<Viia.

In this case (Figure 7.15) two RMF spin flippers are driven by slightly
different frequencies, f; and f,, respectively. As it was shown in [22], if they satisfy
the condition of the time focusing:

f1|—1 = (fz - fl)LZ (7.8)
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The intensity at the detector does not depend on the wavelength of the incident beam,
but beats in time with the frequency Af = f; - f,, so that the instrument may operate
with a practically non-monochromatic incident neutron beam. The intensity at the

detector is modulated (beating) with frequency Af. Any quasielastic scattering at the
sample leads to a decrease of amplitude of sinusoidal function at a detector.
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Fig. 7.15 General layout of a MIEZE instrument. The red arrow is initial
position of neutron spin.

The result of Monte Carlo simulations of the performance of such set up is
shown in figure 7.16. Here RMF spin turners’ driving frequencies are f; = 50 kHz and
f, = 51 kHz and an incident neutron beam with ANA = 20% has been assumed. The
focusing effect is observed for L, /L; = 50 asit is given by equation (7.8). The time
period of oscillationsis 1 msand it corresponds to the difference in frequency Af = f,
-f, = 1 kHz. The measure of the quasielastic scattering is the modulation depth of the
intensity oscillations: one may see even for such a modest choice of frequency of the
field rotation, the quasielastic scattering with the Lorentz [42] width AE of about 1
HeV isdetectable. Thefirst red line —no sample.
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Fig. 7.16 MIEZE instrument simulations: red line — no sample, other lines a
guasielastic sample with the Loretzian model [42].

7.7 Bootstrap configuration

From the examples of applications given in the previous section, it become
clear that in order to achieve a high resolution, in both time and angular, of the RMF
NSE spectrometer one should increase the effective field integral 2al.. Because of
eventual geometrical constraints on the length of the spectrometer, it can only be
achieved by the increasing of the frequency of the magnetic field rotation, that
however is also a subject of technical limitations.

On the other hand, because the RMF NSE spectrometer is topologically
similar to the NRSE spectrometer, it is not surprising that they have similar
properties. One of the most remarkable features of the NRSE spectrometer is the
possibility to use the bootstrap method [37]. In the case of RMF NSE, this method
can be easily realised using two adjacent spin flippers with opposite senses of the
magnetic field rotation, see figure 7.17. Let the incident neutron beam be polarised
aong axis Z and let the neutron enter the flipper 1 to see vector B, at an angle a.
When this neutron leaves the flipper 1 it is an angle 2a with axis Z. However,
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entering the second flipper it sees the vector B, at an angle -a with axis Z, so that the
angle between the spin vector and B, is 3a. Asthe result of the precession it is mirror
reflected about B, and |leaves the flipper 2 at an angle -4a with axis Z. Thus, the
rotation angle of the spin vector of the outgoing neutron will be doubled with respect
to the case of propagation through the single flipper only, which effectively means a
doubling of the rotation frequency. Obvioudy, the third similar flipper will
effectively result in tripling the rotation frequency and, generally, N such flippers will
provide the effective rotation field frequency of 2Nw. Thus the effective field integral
and so the resolution will be N-fold increased, from 2aL to 2NalL. The arrangement
of 10 flippers driven by a current with f = 100 kHz will provide an effective field
integral corresponding to f = 1 MHz: it is extremely complicated to achieve such a
high frequency of the field by the brutal force approach.

/Flipper 2

Fig. 7.17 The bootstrap configuration consist of two closely placed spin
flippers with magnetic fields rotating in opposite direction. Open arrows are
neutron spin positions. Black arrows are rotating magnetic fields.

Flipper 1
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Fig. 7.18 Bootstrap: simulated NSE signal for three instruments.

Results of Monte Carlo simulations of the performance of a RMF NSE
spectrometer with the bootstrap flipper configuration are presented in figure 7.18.
One can see, that the frequency of the NSE signal, i.e. the senditivity of the
spectrometer, is increased proportionally to the number of flippers in the bootstrap
configuration, as it is expected from the analytical considerations above. Generally,
the N-fold bootstrap configuration results in the N-fold increase of the total
precession angle ¢. So effective field integra and so the resolution of the
spectrometer can be improved dramatically: in N times.
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7.8 Summary

A new spin echo technique with thin foils and rotating fields has been
described. This NSE spectrometer prototype was successfully simulated and looks
like quite perspective for future spin echo spectrometers. It can be added to the triple
axis machines as spin echo option. We have confirmed robustness of the new
spectrometers and presented Monte Carlo ssimulations of some useful applications:
SESANS (SERGIS), MIEZE and Inelastic scattering. Bootstrap option can be used
for improving resolution of the spectrometer. This option also was successfully
simulated.
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Chapter 8

Resume

In this thesis, Monte Carlo simulations of neutron scattering spectrometers
showed themselves as a flexible and powerful tool for investigation the performance
and resolution of the instrument. Additionally simulations were used to confirm new
ideas of an instrument.

Monte Carlo simulations were performed by the VITESS software package. As
was told by G. Zsigmond (former leader of the VITESS group), the VITESS software
package is “some kind” of the neutron instrument. But it is important to understand,
that Monte Carlo simulations cannot substitute fully analytical calculations and
thinking.

VITESS software package has been developed in Hahn-Meitner-Institute
Berlin in cooperation with other institutes such as Paul Scherrer Institute, Switzerland
and Institute Laue-Langevin, France. New four modules such as “Bender”, “Rotating
field”, “Drabkin resonator” and “Gradient flipper” were written, tested and now ready
for using by other users as well as other modules. Simple examples of simulations of
the resonator Drabkin and gradient flipper are presented to show the perfect work of
these modules.

Module “Bender” is used to simulate and optimise the convergent (or
focussing) bender, which is proposed as the neutron polariser or analyser for the
high-resolution neutron spin echo spectrometer at the European Spallation Source.
Requirement for the geometry and coating material were successfully found as well
as other important characteristics of the bender. We have used a coating material with
spin-up reflectivity m=3 and spin-down reflectivity less than m=0.1 to obtain a good
polarisation (more than 90%) for whole required wavelength band (A = 3 ... 26 A).

There are different modules used for simulations and optimisaltion of the new
small angle scattering spectrometer VSANS, which is building in Hahn-Meitner-
Institute, Berlin. The very important part of the VSANS machine are collimators. The
simulations and optimisation showed that, the best choice is divergent guide as the
primary collimation and the multiple beam focussing system (multiple pinhole
system) as the final collimation. Minimum value of the scattering vector evaluated:
Qmin = 0.0033 ... 0.00067 A™ for wavelength range A = 3 ... 15 A respectively.
Final collimation system is quite robust setup.

The second part of the thesis was devoted to Neutron Spin Echo (NSE)
technique, which was originaly proposed by Prof. F. Mezei in 1972. Neutron
Resonance Spin Echo (NRSE) technique, invented by R. Golub and R. Gaehler are
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also shortly described. The recently build NRSE spectrometer ZETA in institute
Laue-Langevin France was simulated successfully by the special written module
“Rotating field” and some other additional modules such as source and polarisation
monitors.

The new realisation of a spin echo spectrometer proposed by Dr A. loffe, FZ-
Juelich is successfully simulated by the VITESS module “Rotating field”. This
spectrometer consists of four thin magnetic foils with rotating magnetic fields. Monte
Carlo ssmulations showed that this spectrometer is a quite robust setup to the 5% foil
variation thickness. Some important applications such as SESANS, MIEZE and
inelastic scattering are simulated to confirm the successful operation to as well as
bootstrap option of this spectrometer.

VITESS software package will develop in future together with other packages
as MCSTAS and RESTRAX and is open for new internal and external users free of
charge for simulations and contributions.
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Chapter 9

Appendix I.

Options for VITESS modules, which are described in the main text, are
presented. It can be useful in a case of practical using the VITESS software package.
Please note, that “number of domains’ here means “number of layers’ in the main
text.

1. Module “BENDER”.

Parameter Unit Description Comr.“a”d
option

[EC r:;r]ance hexght Size of the bender entrance (in z-direction) -h

[ECX r;]t] herght Size of the bender exit (in z-direction) -H
Thickness of the material that separates two

Substrate width  neighbouring channels, usually the small part of

[cm] neutrons passing in the next channel through this
material

Length Length of the bender g

[cm]

Spin up: Reflectivity file for the coating of the bender on the

left, right, inner side (left), on the outer side (right) and on the -i, -m, -k

top/bottom plane  top and bottom plane for spin up neutrons

Spin down: Reflectivity file for the coating of the bender on the

left, right, inner side (left), on the outer side (right) and on the -1, -M, -K

top/bottom plane  top and bottom plane for spin down neutrons

File which contains the entrance and exit positions_ |
of the channel borders and their radius

Surface waviness 'Waviness of the inner guide surface, i.e. deviations .
[deg] from a perfectly plane surface

Abutment loss Neutrons that hit the surface close to one of the a
length ends of the guide (< length) are rejected

Surfacefile



Visualisation

Device

Polarisation

Non-reflected
neutrons

Test of bender
geometry

Number of axis for
Spin quantisation

Information file

Radius of
curvature

Absorption
materia in the
channel

Transmission file
of bender channel

Yes: picture of neutron paths will be presented on
the given device during the smulations -
No: no pictureis presented

Choose the device for the graphic visualisation: 1-
display, 2-file, 3-both of them

Y es. splitting into spin up and spin down and using
different reflectivity files which depends on the
spin stete. -
No: no polarisation is considered, spin-up
reflectivity files used for all neutrons

Vaue 0 (No): neutrons, which are not reflected, are
absorbed.
Value 1 (Yes): neutrons, which were not reflected,

y

0]

P

are transmitted with the attenuation according the g

absorption material (see options -z and -w);
neutrons, which transmitted through the extreme
surfaces of the bender (left and right), are absorbed.

If activated (value 1), the test of the bender
geometry is carried, otherwise is not carried. Thisis

useful for a bender with non-standard geometry. If —t

you have received a warning message, please
contact with the author of the module by e-mail:
manochine@hmi.de

This feature uses with polarising neutrons. If spin
of neutron is parallel (or antiparallel) of the axis OX
or OY or 0Z, this value has to be O or 1 or 2
accordingly. The default valueis 0 (axis 0X), so the
guide magnetic field has to be paralleled to the axis
OX

Name of file, which contains some information
about the geometry of the bender

Radius of curvature of the base circle-axis of the
bender (if zero - bender axisis straight line), useful -
for ssimulations of Soller collimators

The absorption coefficient of the material inside of
a bender channel. Active, if neutrons can be
transmitted between channels of the bender: Option

—g1
File, which is characterised the transmission of the
material inside a bender channel. Active, if options

V

A

R
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First absorption
material

Transmission file
of left side of
channel

Second absorption
material

Transmission file
of right side of
channel

—gisl=>-gland-cis0=>-c0.

Absorption materia in the inner (left) side of the
channel; See from the bender entrance - left side.

Active, if neutrons are transmitted between

channels: Option -g1

File, which is characterised the transmission of
material on the left side of channel, see from the

entrance. Active, if options-gis1=>-gl and -z is

0=>-z0

Absorption material on the outer (right) side of the
channel; See from the bender entrance - right side.

Active, if neutrons are transmitted between

channels: Option -g1

File, which is characterised the transmission of
material in the right side of the channel, see from
the entrance. Active, if options-gis1=>-gl and —
wis0=>-w0

2. Module“ROTATING FIELD".

Parameter
Unit
Dimensions of
field volume
xX,Y,Z

[cm]

Position main
XY, Z

[cm]

Offset horiz.
[deg]

Output X,Y,Z

" Command
Description :
option
Dimension of the common precession
-X,-Y, -V
volume X,Y,Z
Centre position of the field volume -k, -l, -m

Horizontal (around vertical axis) rotation
angle of the magnetic field volume. This is —i
useful for the simulations of NRSE and/or
SESANS instruments

O

Position of the output frame (in the input -p, -, -S

125



[cm]
Number of

domainsin the X

direction
Number of

domainsintheY

direction
Number of

domainsintheZ

direction
Rotating field

around given axis

Strength of
magnetic field
[Oe]
Frequency of
rotating

[HZ]

Begin Phase
[degree]

File with
distribution

Deviation of
amplitude [%]

Amplitude
distribution

Deviation of
frequency [%]

Frequency
distribution

TOF from
preceding
modules

Permanent

frame).

Number of domainsin the X direction (flight C
direction)

Number of domainsin the Y direction -D
Number of domainsin the Z direction -E
Choose rotating field around of the axis OX |, ,
or OY or OZ, values 0, 1, 2 respective

Strength (Amplitude) of the rotating d
magnetic field

Rotation frequency of the magnetic field -W
Initial phase for rotation -Z

Name of afile, which is described the
amplitude of the rotating field distribution

Deviation (or sigma for normal distribution)

of the amplitude of the rotating magnetic -a
field

Distribution of the amplitude of the rotating
magnetic field

{Normal_ran Uniform_ran Normal Uniform
From file} {01234}

Deviation of the rotation frequency of the
magnetic field
Distribution of random values: the frequency

of the rotating magnetic field -V
{Normal Uniform} {0 1}

Vaue 1 — using the time of flight (TOF)
from preceding modules for the rotating field N
phase; Value 0 - No => TOF = 0 for ALL
neutrons

Components X, Y, Z of the permanent -, -A, -K
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magnetic field magnetic field, which can be added to the
components X, Y components of the rotating magnetic field
and Z (projection on a respective axis)
[Oe]
Additional
random magnetic Amplitude of the additional random
field magnetic field «
[O€]
Output intermediate results of simulations
Output results (spin and total magnetic field during the-S
flight) in afile{yesno} {1 0}

Output file: Name of the file for output results - spin 0
polarisation components

Output file: Name of the file for output results - total N
magnetic field magnetic field components

Bootstrap option  Activate the bootstrap option -T

Calculating of the amplitude of the rotating
field according the given wavelength (Calc.
wavelength) and dimension of the common -x
field X (depth) values O (no), 1 (yes) to
obtain the Teflipping condition.
Wavelength for the calculation of conditions
Calc. wavelength for the T=flipping. This option works with the -W
option -x together

Rotating field
calculation

3. Module“DRABKIN RESONATOR”.

Parameter . Command
. Description .
Unit option

Dimensions of field : : .
Dimension of the common precession

volume X,Y,Z volume XY .Z -X,-Y, -V
[cm]
Position main X, Y. Centre position of the field volume. -k, -I, -m

[cm]
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Output X,Y,Z Position of the output frame (in the input s
[cm] frame). P, T
Number of domains [ Number of domainsin the X direction C
in the X direction (flight direction)
Number of domains Number of domainsintheY direction  -D
inthe 'Y direction
Number O.f domal S Number of domainsin the Z direction -E
in the Z direction

. : Periodical field is paralleled to the axis
Periodical field OX, OY or OZ, values 0,1 or 2 -M

parallel to the axis respectively

Strength of MAONEC gy ength (Amplitude) of the periodical .

field N
[O€] magnetic field

. : The laws of changing of the amplitude of
Eﬁgr??'r?allgsd the periodica magnetic field: uniform -v

ging (0), sinus (1), gauss (2)
Deviation of Deviation of the amplitude of the a
amplitude [%] periodical magnetic field
Amplitude Distribution of random values. amplitude
di stﬁbution of the periodical magnetic field: normal -e
(0), uniform (1)

Sigmafor gauss Sigmafor a gauss distribution of the X
distr. [O€] amplitude of the periodical magnetic field
rI:]ern:]igecnt or gf?ﬁg Components X, Y, Z of the permanent
Coarﬁ e x.y (quide) magnetic field, which can be |\
and P ’ added to the components of the periodical ' "~
[O€] magnetic field (projection in the axis).

Additiona  random Amplitude of the additional random
magnetic field [Og]  magnetic field g

Output intermediate  results  of

Output results simulations: spin and total magnetic field -S

during the flight in the file { yes no} {1 O}
Output file: Name of the file for output results 0
polarisation - Spin components

Output file: magnetic Name of the file for output results - total

field magnetic field components N
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4. Module“GRADIENT FLIPPER”.

Parameter

Unit

Dimensions of the
field volume XY,
Z

[cm]

Position main
X,Y,Z

[cm]

Offset horiz.

[deg]

Output X,Y,Z
[cm]

Number of

domainsin the X
direction

Number of
domainsintheY
direction

Number of
domainsintheZ
direction

Rotating field
around the given
axis

Strength of the
rotating magnetic
field

[Oe]

Frequency of
rotating

[HZ]

_— Command

Description :
option

Dlmensonsof the flipper: X, Y, Z X, - -V
coordinates
Centre position of the flipper -k, -l, -m
Horizontal (around vertical axis) rotation —i
angle of the magnetic field volume.
Position of the output frame (intheinput
frame) P
Number of domainsin the X direction C
(flight direction)
Number of domainsintheY direction -D
Number of domainsin the Z direction -E
Choose rotating field around of the axis OX |, ,
or QY or OZ, values 0, 1, 2 respective
Strength (Amplitude) of the rotating d
magnetic field
Rotation frequency of the rotating field -W



Begin Phase
[degree]

Law of the
amplitude
changing

Deviation of
amplitude [%]

Axis of amplitude
changing

Amplitude
distribution

Deviation of
frequency [%]

Frequency
distribution

TOF from
preceding
modules

Law of changing
of the guide
magnetic field

Amplitude
changing along
axis

Permanent or
initial component
X, Y and Z [O¢]

Amplitude or final
component X, Y
and Z [Og]

Initial phase for the rotating field -Z

Amplitude of the rotating magnetic field
changes by sinus (with semi-period is
appropriate dimensions of the rotating field
volume) law or permanent amplitude

Deviation of amplitude of the rotating
magnetic field

Key Direction for changing of the amplitude

of the rotating field along the given axis OX,
QY or OZ, vaues 0,12 respectively. -y
Actually, if amplitude is changed by sinus
law

Distribution of random values. amplitude of
the rotating magnetic field { Normal -e
Uniform} {0 1}

Deviation of the rotation frequency of the
magnetic field

Distribution of random values. frequency of
the rotating magnetic field {Normal -v
Uniform} {0 1}

Value 1 - using the neutron TOF from
preceding modules for rotating field phase; 0 -n
-No->TOF=0

Laws of the distribution of the guide
magnetic field: cosine law (with semi-period
— appropriate dimensions of the rotating
field volume), linearly or permanently

Key-Direction for the amplitude changing of
the guide field along the given axis OX, OY -t
or OZ, values 0,1,2 respectively. Actualy, if
the cosines law of changing was chosen
Permanent (for cosine and permanent laws)
or initial (for linear law) value of the X, Y or
Z components (projection in the axis 0X,
QY, OZ) of the guide magnetic field

Amplitude (for cosine law) or fina (for

-a

linear law) value of the X,Y,Z component -P -Q -R

(projection in the axis 0X, OY, OZ) of the

I, -A, -K
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guide magnetic field

Additional

random magnetic Amplitude of the additional random

field magnetic field R
[O€]

Output intermediately results of simulations
Output results (spin and total magnetic field during flight) -S
inthefile {yesno} {1 0}

Output file: Name of the file for output results - spin 0
polarisation components
Output file: Name of the file for output results - total N

magnetic field magnetic field components
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Appendix I 1.

The program calculates the number of intermediate grids, their positions, holes
sizes and divergences for new small angle scattering machine VSANS. It iswritten in
FORTRAN language. The results received by the program, are described in chapter
5, seetable 5.1 also.

PROGRAM calcpass

IMPLICIT DOUBLE PRECISION (A-H,0-2)
IMPLICIT INTEGER (I-N)
OPEN(1,FILE="passch.dat")

DIVINIT = 0.0209d0
DIVPR =DIVINIT
XCURR = 0.0d0
XNEW = 0.0d0

DOI1=1,30

XNEW = (204d0-X CURR*0.08500)/(3.7d0+DIV PR*2400d0)
XCURR = XCURR + XNEW

DIVPR = (3.615d0* ((2400.0d0-X CURR)/(2400.0d0))-3.315d0)/(X CURR)
DIVPROLD = DIVPR

KEYOV =0

IF (DIVPR>DIVINIT) THEN
DIV PR=0.0209d0
KEYOV =1

ENDIF

WRITE(*,2) I, XNEW, DIVPR, DIVPROLD, XCURR, KEY OV
WRITE(1,2) I, XNEW, DIVPR, DIVPROLD, XCURR, KEY OV

ENDDO
2 FORMAT(14,4F15.4, 14)

CLOSE(1)
END
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