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Abstract

English

Spin-Echo Modulated Small Angle Neutron Scattering in
Time-of-Flight mode (ToF SEMSANS) is an emerging tech-
nique extending the measurable phase space covered by
neutron scattering. Using inclined magnetic field surfaces,
(very) small angle scattering from a sample can be mapped
into the spin orientation of the neutron as it has been shown
in Spin-Echo Small Angle Neutron Scattering (SESANS).
Taking this technique further we have shown that it is pos-
sible to perform quantitative Dark-Field Imaging, where
the small angle scattering signal of individual areas in a
neutron image can be obtained. This was done by using
triangular shaped magnetic fields to create a spatially mod-
ulated beam after the spin analyser, and mapping the small
angle scattering signal into a dampening of the amplitude
of the beam modulation.
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The first progress we made was to construct the SEM-
SANS instrument at the Reactor Institute Delft, TUDelft,
and resolve the modulation using absorption gratings in
front of a detector without spatial resolution, i.e. a simple
counting detector. Combining this with a virtual copy of
the instrument, built using the Monte Carlo Ray-Tracing
simulation package McStas, we were able to expand our
investigations beyond the instrumental limitations at the
time in order to examine the effect of restoring the Spin-
Echo condition.

The next step in our investigation was to use a position
and time sensitive detector in order to directly record the
spatial modulation for each wavelength in the neutron
pulse. We then successfully recorded neutron images for a
multi-sample set-up where we for each sample extracted
the small angle scattering curve and observed that they
were consistent with the theoretical models.

We thereafter developed a novel method for analysis
of SEMSANS data and used it to show that the spatial
resolution can be improved using the new method and that
it is less computational heavy and hence time consuming.

And lastly we took the instrumental setup a step fur-
ther by ramping the magnetic fields in the triangular coils
in synchronisation with the neutron pulse such that the
modulation period could become constant with neutron
wavelength, which would open up the possibility of using
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absorption gratings to achieve sub detector pixel spatial
resolution even in Time-of-Flight mode, which is required
in order to exploit the most powerful neutron sources.

The combination of our investigations has shown that
SEMSANS can be a technique covering areas of investiga-
tion hitherto unreachable with neutron scattering, poten-
tially providing a powerful new method for investigating
a large range of length scales simultaneously by combining
neutron imaging with (very) small angle scattering inves-
tigations through the use of Spin-Echo induced spatial
modulation.

Danish

Spin-Ekko Moduleret Små-Vinkel Neutron Spredning i
Flyvetids-opsætning (ToF SEMSANS) er en fremvoksende
teknik, som udvider det parameterrum, der kan måles med
neutronspredning. Ved brug af skrå magnetfeldtsoverfla-
der kan man overføre informationen fra spredning i (me-
get) små vinkler, til orienteringen af neutronens spin, sådan
som det er blevet påvist med Spin-Ekko Små-Vinkel Spred-
ning (SESANS). Vi har videreført denne teknik til at vise,
at det er muligt at udføre kvantitativ "Dark-Field-afbild-
ning, hvor man kan måle små-vinkel spredningssignalet
i individuelle områder fra et neutron-billede. Dette blev



x

gjort ved brug af magnetfelter i trekant-formede områ-
der. Dette skabte en rumligt moduleret neutronstråle efter
spin-analysatoren og overfører information fra små-vinkel
spredningsignalet til en dæmpning af amplituden af den
modulerede neutronstråle.

Det første vi gjorde, var at opbygge SEMSANS instru-
mentet på Reactor Institute Delft, TUDelft, og måle stråle-
moduleringen ved hjælp af absorptionsgitre foran en de-
tektor uden rumlig opløsning. Dette blev kombineret med
en virtuel udgave af instrumentet, opbygget ved brug af
Monte-Carlo Ray-Tracing pakken McStas, hvor vi var i
stand til at udvide vores undersøgelser udover de den-
gang instrumentelle begrænsninger, for på den måde at
undersøge effekten af at bibeholde Spin-Ekko betingelsen.

Det næste skridt i vores undersøgelse var at bruge en
på en gang tid- og rum-sensitiv detektor for direkte at
kunne måle den rumlige modulering for hver enkelt bøl-
gelængde i neutronpulsen. Derefter optog vi med succes
neutron-billeder af et multi-prøve set-up, hvor vi uddrog
små-vinkel spredningskurverne for hver enkelt prøve og
observerede deres overensstemmelse med teoretiske mo-
deller.

Derefter udviklede vi en metode til at analysere SEM-
SANS data og brugte den til at vise, at den rumlige opløs-
ning kan forbedres ved brug af denne metode, og at den



xi

kræver mindre regnekraft og derfor er mindre tidskræven-
de.

Til sidst tog vi det instrumentelle set-up et skridt videre
ved at variere de magnetiske felter i de trekantede spoler
synkroniseret med neutronpulsen, således at modulerings-
perioden blev konstant i forhold til bølgelængden. Dette vil
åbne op mulighed for at bruge absorptionsgitre til at opnå
rumlig opløsning bedre en detektorens begræsning selv i
flyvetids-opsætning, hvilket er nødvendigt for at udnytte
de mest kraftfulde neutronkilder.

Kombinationen af vores undersøgelser har vist at SEM-
SANS kan være en teknik, der afdækker undersøgelses-
områder, hidtil uopnåelige med neutronspredning. Dette
kan potentielt levere en ny kraftfuld metode for samtidig
undersøgelse af et bredt interval af længedeskalaer ved
at kombinere neutron-afbilding med måling af spredning
i (meget) små vinkler med Spin-Ekko induceret rumlig
modulering.



Contents

List of Figures xv

1 Introduction 1

1.1 On this text . . . . . . . . . . . . . . . . . . . 4

2 Introduction to Neutron Scattering 7

2.1 Neutron properties and production . . . . . 7
2.2 Scattering . . . . . . . . . . . . . . . . . . . . 10

2.2.1 Wave description of scattering . . . . 11
2.3 Diffraction . . . . . . . . . . . . . . . . . . . 13

2.3.1 Scattering by several nuclei . . . . . 13
2.3.2 Bragg’s Law . . . . . . . . . . . . . . 15

2.4 Small Angle Scattering . . . . . . . . . . . . 16
2.5 Imaging . . . . . . . . . . . . . . . . . . . . . 19

2.5.1 Dark Field Imaging . . . . . . . . . . 21
2.6 Time-of-Flight neutron scattering . . . . . . 22
2.7 Spin-Echo techniques . . . . . . . . . . . . . 23



Contents xiii

2.7.1 Spin-Echo Small Angle Neutron Scat-
tering . . . . . . . . . . . . . . . . . . 26

2.8 Neutron instrumentation . . . . . . . . . . . 30
2.8.1 Choppers . . . . . . . . . . . . . . . . 30
2.8.2 Spin polarisation and spin analysis . 30
2.8.3 Spin rotators/flippers . . . . . . . . 31
2.8.4 Detectors . . . . . . . . . . . . . . . . 34

2.9 Monte-Carlo ray-tracing simulations . . . . 35

3 Publication 1 37
3.1 Abstract . . . . . . . . . . . . . . . . . . . . . 39
3.2 Introduction . . . . . . . . . . . . . . . . . . 40
3.3 Experimental set-up . . . . . . . . . . . . . . 41

3.3.1 Triangular fields . . . . . . . . . . . . 42
3.3.2 Simulations . . . . . . . . . . . . . . 47

3.4 Results . . . . . . . . . . . . . . . . . . . . . 48
3.5 Conclusion . . . . . . . . . . . . . . . . . . . 54

4 Publication 2 59
4.1 Abstract . . . . . . . . . . . . . . . . . . . . . 61
4.2 Introduction . . . . . . . . . . . . . . . . . . 62
4.3 Measurements . . . . . . . . . . . . . . . . . 68
4.4 Results . . . . . . . . . . . . . . . . . . . . . 72
4.5 Conclusion . . . . . . . . . . . . . . . . . . . 74

5 Publication 3 81
5.1 Abstract . . . . . . . . . . . . . . . . . . . . . 83



xiv Contents

5.2 Introduction . . . . . . . . . . . . . . . . . . 83
5.3 Analysis of SEMSANS data . . . . . . . . . 85
5.4 Measurements . . . . . . . . . . . . . . . . . 94
5.5 Results . . . . . . . . . . . . . . . . . . . . . 95
5.6 Conclusion . . . . . . . . . . . . . . . . . . . 99

6 Publication 4 101
6.1 Abstract . . . . . . . . . . . . . . . . . . . . . 102
6.2 Introduction . . . . . . . . . . . . . . . . . . 103
6.3 Measurements . . . . . . . . . . . . . . . . . 108
6.4 Results . . . . . . . . . . . . . . . . . . . . . 110
6.5 Conclusion . . . . . . . . . . . . . . . . . . . 115

7 Final Conclusion 117

Appendix A Publication 5 120

Appendix B Publication 6 136

Appendix C Publication 7 157

Appendix D McStas Code 167
D.1 SEMSANS instrument . . . . . . . . . . . . 167
D.2 Triangular coil component . . . . . . . . . . 173

References 179



List of Figures

2.1 Bragg’s Law and Conventional Small Angle
Neutron Scattering. . . . . . . . . . . . . . . 17

2.2 Radiography and grating interferometry. . 20

2.3 Using a Be filter to calculate wavelength
from ToF. . . . . . . . . . . . . . . . . . . . . 24

2.4 SESANS schematics. . . . . . . . . . . . . . 27

2.5 Chopper, supermirror, and V-coil. . . . . . . 33

2.6 Structure of the McStas package. . . . . . . 36

3.1 SEMSANS set-up with gratings. . . . . . . . 45

3.2 Corresponding wavelengths for different mod-
ulation periods and fields in the triangular
coils. . . . . . . . . . . . . . . . . . . . . . . . 46

3.3 Experimental results for instrument with sin-
gle pixel detector behind absorption grating. 49

3.4 Simulation results for instrument with single
pixel detector behind absorption grating. . 51



xvi List of Figures

3.5 Comparison between experiments and sim-
ulations. . . . . . . . . . . . . . . . . . . . . 55

3.6 Simulation results on Spin-Echo dependency
with simulated spatial resolution. . . . . . . 56

4.1 SEMSANS set-up. . . . . . . . . . . . . . . . 66
4.2 Sample set-up, attenuation image, and DF-

SEMSANS image. . . . . . . . . . . . . . . . 71
4.3 Modulation curves, (V/V0) vs d

SE, and
(ln(V/V0)/l

2/D) vs d

SE . . . . . . . . . . . 75

5.1 Depiction of the modulation for three differ-
ent modulation periods. . . . . . . . . . . . 90

5.2 Calculations of scattering curve "dead spots"
at different detector positions. . . . . . . . . 92

5.3 Images of ROIs averaged along the vertical
direction on the detector. . . . . . . . . . . . 97

5.4 Comparison of relative visibilities depen-
dent on the Spin-Echo length obtained through
sine fitting and modulation curve division. 100

6.1 Ramped field ToF SEMSANS. . . . . . . . . 109
6.2 Spin-Echo induced spatial modulation with-

out and with neutron pulse synchronised
ramped magnetic fields in triangular coils. . 111

6.3 Examples of modulation curves for three dif-
ferent wavelengths. . . . . . . . . . . . . . . 113



List of Figures xvii

6.4 Comparison of the modulation period as a
function of wavelength for constant and for
ramped fields in the triangular coils. . . . . 114





Chapter 1

Introduction

The goal of the work described in this thesis has been to
develop novel neutron scattering instrumentation useful
for the investigation of sample types and/or properties in
ways that have so far not been possible and to improve
or expand the uses of conventional methods. Specifically,
the use of Spin-Echo induced spatial beam modulation in
Time-of-Flight mode has been investigated for (i) measur-
ing (very) Small Angle Scattering possibly from magnetic
samples and/or samples in magnetic sample environment
and (ii) quantitative Dark-Field Imaging.

One of the strengths of using neutrons is their deep
penetration depth, allowing them to probe not just sur-
face properties, but the bulk of large samples and samples
contained in complex sample environment. Moreover, neu-
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trons can interact with light elements that are invisible to
X-rays, and because of the magnetic moment of the neu-
tron, they are sensible to magnetic sample properties. With
contrast matching, where the "neutron-visibility" of differ-
ent sample components can be enhanced, neutrons are a
powerful probe for investigating organic matter in aqueous
solution.

All this makes neutron scattering a well suited probe
for a wide variety of non-destructive investigations of the
structure matter from angstrom up to micrometre length
scales. However, with conventional neutron scattering, the
change in the velocity of a scattered neutron is determined
by very precise measurements of the neutron scattering an-
gles. This is limited by the divergence and the definition of
the neutron beam. To overcome this constraint and thereby
expand the usable range of neutron scattering even further,
techniques using magnetic fields to encode scattering in-
formation into the orientation of the neutron spin, were
first envisioned by Mezei in 1972 [28]. These methods have
since been further developed from the studies of dynamics
to more recently also cover elastic measurements such as
very small angle scattering.

Spin-Echo Small Angle Neutron Scattering (SESANS)
[36], opened up the possibility of measuring (very) small
angle scattering from structures in the micrometre range,
by encoding the small neutron scattering angle into the
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polarisation of the neutron beam, by the use of inclined
field surfaces, such that smaller scattering angles can be
resolved. We have investigated a technique expanding
upon SESANS, where the scattering information is further
mapped from precession angles into an amplitude dampen-
ing of spatially modulated neutron beam. In this Spin-Echo
Modulated Small Angle Neutron Scattering (SEMSANS)
technique all spin manipulation can be performed before
the sample such that depolarising effects from a magnetic
sample and/or magnetic sample environment will not re-
duce the signal by depolarising the beam, which makes
it possible for straight forward investigation of magnetic
structures in the nanometre and micrometre range. Our
technique utilises a pulsed polychromatic neutron beam,
such that all wavelengths are used, and since the length
scale probed scales with the wavelength, the entire (very)
small angle scattering curve can be investigated without
varying parameters in the instrumental set-up. Because
of the way the small angle scattering signal is encoded in
the spatial information we can with our technique extract
small angle scattering signal for individual areas of a neu-
tron neutron image. Such quantitative Dark-Field Imaging
can be used to bridge the gap between small angle scatter-
ing and imaging, measuring both simultaneously, thereby
covering length scales at several orders of magnitude in
one measurement. To decouple the resolution from that
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of the detector, we have sought to keep the spatial mod-
ulation period constant such that an absorption grating
analyser can be used.

1.1 On this text

The following chapter introduces the relevant concepts
in neutron scattering and then specifically presents the
important Spin-Echo techniques. This leads up to the main
part of this thesis, which is based on four articles presented
in Chapters 3 to 6.

Chapter 3: "Investigating Time-of-Flight Spin Echo Mod-
ulation for Small Angle Neutron Scattering through exper-
iments and simulation" describes the first experiments,
where we investigated the instrumental capabilities of
our Spin-Echo Modulated Small Angle Neutron Scattering
(SEMSANS) set-up, measuring the spatially modulated
beam using an absorption grating and a single-pixel time
sensitive detector. Furthermore we build a virtual copy of
the set-up using Monte-Carlo ray tracing software in order
to expand our investigation beyond the limitations of the
real set-up at the time.

In Chapter 4: "Quantitative Neutron Dark-field Imag-
ing through Spin-Echo Interferometry" we take our inves-
tigations further, with the use of a both position and time
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sensitive detector measuring the modulation directly, and
giving us the opportunity to measure small angle scatter-
ing from a multi-sample set-up and compare the results to
reference curves.

Chapter 5: "A Pixel Based Approach for Spatially Re-
solved Analysis of Time-of-Flight Spin-Echo Modulated
Scattering Data" goes into detail with describing the data
analysis of SEMSANS data, where we introduce a novel
approach to the analysis, explaining its strengths and po-
tential drawbacks and comparing it to the conventional
methods.

Chapter 6: "Wavelength-Independent Constant Period
Spin-Echo Modulated Small Angle Neutron Scattering"
describes our pursuit in taking the SEMSANS instrumental
set-up even further using ramped magnetic fields to keep
the modulation period constant for all wavelengths, such
that spatial resolutions higher than the detector limit can
be obtained.

In each of the article-based chapters there are grey boxes
with extra information adding to the article text. Addition-
ally the figures have been altered to fit the common layout
of this thesis and the article citations now refer to a com-
mon reference list. A few words and symbols have been
changed as well so the articles use the same terminology
and nomenclature.
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The first three appendices each contain an article that
has been part of my research but were beyond the scope of
this thesis. The first describing investigations of remanent
magnetisation in hemo-ilmenite and the following two
reporting the results of simulations of instruments at long
pulsed sources in order to optimise the time structure of the
neutron pulse from a spallation source. The last appendix
contains computer code relevant especially to Chapter 3.

This PhD has been a project in collaboration between the
University of Copenhagen, Helmholtz-Zentrum Berlin,
and the European Spallation Source with me being en-
rolled at the KU PhD school and employed for three years
at HZB.



Chapter 2

Introduction to Neutron
Scattering

This chapter introduces the basics principles and the theory
behind using neutrons as a probe for studying structures
with angstrom and nanoscale features.

2.1 Neutron properties and
production

The neutron was discovered in 1932 and it is one on the
most common particles in existence. Together with the
proton it is what makes up the nuclei of mostly all atoms.
It has a rest mass of mN = 1.675 · 10�27 kg, it is charge
neutral and it has a magnetic moment of µ = gµN =
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geh̄/(2mp) = �1.913 · 5.051 · 10�27 J/T, with the direction
of the magnetic moment defined by the neutron’s spin
vector.

Neutrons for scattering can be produced in several
ways. They can be produced by radioactive decays in
laboratory sources, e.g a Radium-Beryllium source. How-
ever, such a source is not powerful enough to produce
the amount of neutrons needed for most scattering stud-
ies, so stronger sources are needed for these purposes.
Experimental reactor sources produce neutrons in high
amounts from controlled nuclear reactions in for example
radioactive uranium. These sources demands a lot of se-
curity measures and maintaining, and facilities producing
neutrons by fission are large with many users and appli-
cations. Another way to produce neutrons at high flux
(neutrons/second/cm2) is through spallation where pro-
tons are accelerated into a dense target wherein highly
excited nuclei are created, subsequently decaying and in
the process sending out a burst of nuclei.

Common for the different neutron production meth-
ods described above is that the resulting neutrons have
too high energies and are unsuited for scattering purposes.
Therefore a moderation of the neutrons is needed. This is
done by surrounding the neutrons with moderating mate-
rial such as water or liquid hydrogen. Within this material
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the neutrons bounce around and are being slowed down
by giving off energy to the atoms in the moderator.

In quantum mechanics particle-wave duality gives a
relationship between the energy, E, and wavelength, l, of
a particle moving with constant velocity. The so-called
de-Broglie wavelength is given by:

l =
h

mNv
, (2.1)

where h = 6.626 · 10�34 Js is the Planck constant and v is
the neutron velocity. The wave number is k = 2p/l and
from this we get the energy (using the energy-momentum
relation E = p2/(2mN) and h̄ = h/(2p)):

E =
h̄2k2

2mN
. (2.2)

So by moderating the neutrons to lower energies we get
neutrons with larger wavelengths. When investigating
matter on length scales in the angstrom and nanometer
range, neutron scattering can be a powerful tool. One
of the reasons for this is that the wavelength of neutrons
moderated at room temperature or lower temperatures is
of the same order as the length scales investigated.
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2.2 Scattering

Waves interact with matter through scattering, and the
basic principle of neutron scattering is that by directing a
neutron beam at a sample and measuring how the neutrons
scatter, knowledge of the inner workings of the sample
can be obtained. In basic neutron scattering, the neutrons
interact with the nuclei of the sample through the strong
nuclear force.

The description of neutron scattering in this chapter is
based on the description in [21].

The magnitude of an incoming neutron beam can be
described by the aforementioned flux, which is the number
of neutrons on a given surface area perpendicular to the
incoming neutron beam within a given time. The flux is
denoted by Y. Neutron scattering works because differ-
ent structures and materials scatter neutrons at different
strength, and this is quantified by the neutron scattering
cross section which can be visualised as the effective area
of the the scattering nuclei ’seen’ by the incoming neutron.
It is given by:

s =
1
Y

(# of neutrons scattered per second) . (2.3)

Knowing the direction of the scattered neutron is essential
to neutron scattering and this is described by the differen-
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tial cross section:

ds

dW
=

1
Y

⇣

# of neutrons scattered
per sec. into solid angle dW

⌘

dW
. (2.4)

In inelastic neutron scatting the incoming and the outgo-
ing neutrons have different energies and it is necessary to
describe the change in energy as well. This is done by the
partial differential cross section:

d2
s

dWdEf
=

1
Y

⇣

# of neutrons scattered per sec. in
dW with energies [Ef ;Ef +dEf ]

⌘

dWdEf
, (2.5)

where Ef is the energy of the outgoing scattered neutron.

2.2.1 Wave description of scattering

The incoming neutron can be described as a plane wave
with wavevector ki:

yi(r) = exp(iki · r) , (2.6)

where the normalisation constant is omitted for simplicity.
From eq. (2.1) we get the speed of the plane wave, and
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from this we get the flux of incoming neutrons:

v =
h̄ki

mN
(2.7)

Yi = |yi|2v = v . (2.8)

The plane wave hits a fixed nucleus at the origin and is
scattered as a spherically symmetrical wave:

y f (r) =
�b
r

exp(ik f r) , (2.9)

where b is the the scattering length, which varies from
isotope to isotope. The density of outgoing neutrons is:

|y f |2 =

✓

b
r

◆2
. (2.10)

The number of outgoing neutrons passing through a small
area, dA, is v|y f |2dA and the solid angle is given by dW =

dA/r2. Now the differential cross section can be written as
(2.11), since the nucleus is assumed to be fixed and there-
fore the neutron wave number (and energy) is preserved:

ds

dW
=

vb2dW
YidW

= b2 . (2.11)
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A single nucleus scatters in all directions, and it therefore
has the total scattering cross-section:

s = 4pb2 . (2.12)

2.3 Diffraction

Neutron diffraction deals with elastic scattering, which de-
scribes the process where the neutron has the same energy
going in to as coming out of the scattering event.

2.3.1 Scattering by several nuclei

In a real experiment, the samples investigated are com-
posed of many nuclei, from which the scattered neutron
waves interact in ways that can be measured and used to
obtain knowledge on the inner structure of the sample.

Consider two identical nuclei at positions rj and rj0 ,
being hit by a incoming plane wave yi(r). the outgoing
wave is then:

y f (r) = �b
✓

yi(rj)

|r � rj|
exp(ik f |r � rj|)+ (2.13)

yi(rj0)

|r � rj0 |
exp(ik f |r � rj0 |)

◆

. (2.14)
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Choosing an origin close to the nuclei, an observer far
away compared to nuclei distance (|r � rj| ⌧ r) so that the
denominators can be considered equal, and using (2.6), we
get:

y f (r) =
�b
r



exp(iki · rj) exp(ik f |r � rj|)+ (2.15)

exp(iki · rj0) exp(ik f |r � rj0 |)
�

. (2.16)

Separating the nuclei co-ordinates into components paral-
lel and perpendicular to r and using Pythagoras’ theorem,
we get |r � rj| =

q

|r � rjk|2 + |rj?|2, where the second
term in the square root can be left out, since it is insignifi-
cant compared to the neutron wavelength. This gives us:

k f |r � rj| = k f · (r � rjk) = k f (r � rj) , (2.17)

where the wavevector k f is parallel to r. The outgoing
wave can now be written as:

y f (r) =
�b
r

exp(ik f · r)


exp(i(ki � k f ) · rj)+ (2.18)

exp(i(ki � k f ) · rj0)

�

. (2.19)
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As in (2.11), we can now calculate the differential cross-
section to be:

ds

dW
= b2| exp(iq · rj) + exp(iq · rj0)|2 (2.20)

= 2b2[1 + cos(q · (rj � rj0))] , (2.21)

where the scattering vector q is defined as:

q ⌘ ki � k f . (2.22)

It can be seen that for some values of q the cosine term
becomes 1, and differential cross section is then four times
larger than for a single nucleus, see (2.11). For other q-
values the differential cross section completely vanishes.
This is the effect of interference between waves from mul-
tiple scatterers. For more than just two scatterers, with
possibly different scattering lengths, the elastic differential
cross-sections is:

ds

dW
=

�

�

�

�

�

Â
j

bj exp(iq · rj)

�

�

�

�

�

2

. (2.23)

2.3.2 Bragg’s Law

Consider a number of nuclei arranged in a periodic struc-
ture. A plane wave hits the structure and in a certain
direction there is constructive interference. The distance
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between the atomic layers is d. The wavelength of the neu-
tron wave is l, and it enters at an angle, q, with respect to
the atomic planes. The neutron ray taking the path where
it is being reflected by the second layer, has a travelled a
distance 2d sin q longer, and if this path length difference
is equal to a whole number, n, of wavelengths, construc-
tive interference will occur [5, 31]. This is the principle of
Bragg’s Law:

nl = 2d sin q (2.24)

What this means is that by measuring a sample consisting
of periodically arranged scatterers and varying q and l you
can find the values that result in constructive interference,
and from this calculate the characteristic distances, d, in
the sample. This is illustrated in Fig. 2.1, top.

2.4 Small Angle Scattering

In small angle scattering we deal with length scales larger
than atomic distances and in such cases the scattering vec-
tor, q, becomes small enough compared to the interatomic
structure size, a, so that the condition

qa ⌧ 2p (2.25)
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is met. Given this, the sum in eq. (2.23) can be transformed
into an integral over the sample volume as scattering from
individual nuclei is indistinguishable. With N nano-sized
objects in the sample, the location of each scatterer can
be expressed by the sum of its location in the nano-sized
object and the location of the object itself: r0 j = rj + RJ [21]:

ds

dW
=

�

�

�

�

Â
J

exp(iq · RJ)

�

�

�

�

2�
�

�

�

Z

V
rb exp(iq · r)dV

�

�

�

�

2

(2.26)

=N
�

�S(q)
�

�

2
�

�

�

�

Z

V
rb exp(iq · r)dV

�

�

�

�

2

. (2.27)

For random dilute systems, the structure factor, S(q), is
equal to one (see also Chapter 4 where the hard-sphere
structure factor has been taken into account). rb is the
scattering length density, defined as the sum of scattering
lengths, b, in a formula unit of the sample material, divided
by the volume of the unit. It can be seen that it is inhomo-
geneities in rb that give rise to small angle scattering. Very
small angle scattering is when the size of the scattering
structures in the sample are so large that the scattering an-
gles becomes so small that they can be difficult to measure
with conventional SANS instruments. Here, the scattering
angles are resolved by having very precise, highly colli-
mated neutrons beams, in order the reduce the uncertainty
of the measured scattering angle (see Fig. 2.1, bottom).
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2.5 Imaging

Basic neutron imaging, called radiography, measures the
attenuation of a neutron beam passing through a sample
with spatial resolution. This provides real-space informa-
tion on the macroscopic structure of the sample [45]. As
the neutrons pass through the sample, the beam is atten-
uated by neutrons being absorbed or scattered such that
transmitted intensity after the sample is reduced compared
to the incident intensity.

I(x, y, E)T = I(x, y, E)I exp


�
Z

µ(x, y, z, E)ds
�

, (2.28)

the neutrons travel along z and for each (x, y) position of
the neutrons passing through the sample, and each energy,
E, of the neutrons, there is an attenuation of the intensity,
the extend of which is governed by the integral of the atten-
uation coefficient over the path of the neutron, s, through
the sample. The total attenuation coefficient, µ, is the sum
of the absorption and scattering coefficients: µ = µA + µS,
and varies between different elements and isotopes. The
spatial resolution of a neutron imaging set-up is gener-
ally in the order of 10 µm-100 µm [25]. An overview of a
radiography set-up is shown in Fig. 2.2, left.
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2.5.1 Dark Field Imaging

In Dark Field Imaging (DFI) the signal from the scattered
neutrons is isolated in order the measure small angle scat-
tering from the sample. This can be done using a grating
interferometer [32, 43], where a diffraction grating "splits"
the neutrons from individually coherent "sources", created
by an absorption grating upstream, into a periodic inter-
ference pattern such that at specific distances from the
grating a spatially modulated beam with a specific period
arises. Since the period is below what neutron detectors
can resolve, this is measured by scanning a third grating
transversely across the neutron beam. See Fig. 2.2, right,
for a depiction of a grating interferometer.

For small angle scattering the scattering angle, qS, can
also be expressed as a position shift perpendicular to the
incoming neutron beam, x, of the scattered neutron at a
distance, LS, further downstream [43]:

qS ⇠ x
LS

. (2.29)

Therefore, the result of small angle scattering will smear
out the modulation of the beam, thereby reducing the mod-
ulation amplitude. By measuring the visibility, V:

V =
Imax � Imin
Imax + Imin

, (2.30)
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and normalising with the empty beam visibility measure-
ment, the recorded signal can be modelled in the same way
as in Spin-Echo Small Angle Scattering (see section 2.4).

The method requires monochromatic neutrons with a
relatively relaxed wavelength resolution of the order of
dl/l ⇠ 10%.

2.6 Time-of-Flight neutron scattering

In neutron scattering it is in general necessary to know
the wavelength of the neutron (which is related to the
neutron speed and energy through eqs. (2.1) and (2.2)).
One way to do this is to use a pulsed neutron source such as
a pulsed spallation source, or to cut the neutron beam of a
continuous source into pulses (see sec. 2.8.1). By measuring
the Time-of-Flight (ToF) it takes a neutron to travel a given
distance, L, one can calculate the neutron wavelength:

tToF = aLl , (2.31)

where a = mN/h = 2.528 ⇥ 10�4 s/m/Å.
This was used to calculate the wavelengths from the

ToF in Chapter 4, where we first inserted a polycrystalline
beryllium filter into the beam. The attenuation due to scat-
tering of neutrons passing through such a filter, where the
crystal planes are randomly oriented, is strongly depen-
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dent on wavelength, as Bragg’s Law, (eq. (2.24)), for a given
atomic plane distance can no longer be fulfilled above a cer-
tain neutron wavelength corresponding to a Bragg angle of
q = 180�. The result is that the filter will have much higher
transmittance for wavelengths above this so-called Bragg
edge. For Beryllium this Bragg edge is located at 3.97 Å,
which is indicated in Fig. 2.3 a, where the measured Inten-
sity vs ToF with the Beryllium filter in the beam is shown.
The time-location of Beryllium Bragg edge was found and
using eqs. (2.1) and (2.31), the wavelength can be calcu-
lated from the ToF data with an unknown time offset. The
obtained wavelength spectrum in Fig. 2.3 b matches well
with a previously recorded reference spectrum of the same
neutron source.

2.7 Spin-Echo techniques

As described in section 2.1, the neutron has a magnetic
moment, with the direction defined by the spin. The idea
of neutron spin-echo techniques is to map scattering infor-
mation into the orientation of these magnetic moments, so
that by measuring the polarisation of the neutron beam one
can obtain knowledge of the structure and/or dynamics of
the probed sample [28, 29].
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Moving through an external magnetic field, the neutron
spin will Larmor precess, and the final precession angle
gained after exiting the field will be proportional to the
magnetic field strength and the time spent in the field by
the neutron:

fI = clBL , (2.32)

where fI is the precession angle, l is the neutron wave-
length, B is the strength of the magnetic field, and c =

4.632 ⇥ 1014 T�1m�2 is the Larmor constant. Having a
second identical magnetic field area with the field in the
opposite direction of the first, will effectively reverse the ef-
fect of the first field and return neutrons of all wavelengths
to their initial spin orientation, thereby achieving the so-
called Spin-Echo. This can also be accomplished by having
the two fields symmetric in the same direction and flipping
the neutrons 180� in between them. If a sample placed
between the fields alters the neutron velocity, the second
field will no longer cancel out the effect of the first, thereby
encoding the velocity change into the neutron spin angle,
making it possible to register very small energy changes
down to neV [30].

Neutron Spin-Echo can be used to measure a wide
range of signals from spectroscopy, as described above,
and quasielastic scattering to small angle scattering and re-
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flectometry. In this thesis the focus will be on the Spin-Echo
techniques used in elastic scattering. Defining a quantisa-
tion direction, z, the neutron spin can be described as either
pointing up or down, and the measured quantity in an ex-
periment is the polarisation, Pz, along z. The polarisation
of a neutron beam, Pz, is defined as the average over all
spin-vectors divided by their modulus, and can be calcu-
lated from measurements of the intensity with initial spin
direction up (I") and initial spin direction down (I#):

P =
I" � I#
I" + I#

. (2.33)

2.7.1 Spin-Echo Small Angle Neutron Scatter-
ing

Spin-Echo Small Angle Neutron Scattering (SESANS) is
a technique where magnetic fields with inclined surfaces
with respect to the optical axis are used to encode scattering
angle into neutron spin precession angle (see Fig. 2.4).

A spin-up polarised neutron beam passing through
both identically shaped precession field regions with fields
in opposite directions at a straight line will regain its orig-
inal polarisation at the exit of the second field, which
means that for un-scattered neutrons the Spin-Echo will be
achieved. However, if a neutron is small angle scattered by
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the sample in between the fields, the neutron spin angle
precession in the second field region will no longer cancel
out the precession in the first field region, because of the
altered trajectory. The resulting polarisation will in this
case be different from the un-scattered neutron, and the
scattering angle will be encoded in the polarisation [13, 36].
The precession angle, f1, of the spin gained by the neutron
passing through the first precession region in Fig. 2.4 is
given by eq. (2.32) assuming a non-divergent beam. The
spin of the neutron scattered by qS from the sample will
gain a precession angle of:

f2 = clBL
sin q0

sin (q0 + qS)
⇠= clBL(1 + qS cot q0) (2.34)

in the second precession region. The component of scatter-
ing vector perpendicular to the optical axis and the direc-
tion of the magnetic field ("up" in Fig. 2.4) is given by:

qz =
2pqS

l

, (2.35)

and the Spin-Echo length, d

SE, which is the length at which
the density correlations in the sample are measured, is
given by [20]:

d

SE =
cl

2BL cot q0
2p

. (2.36)
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With the inclusion of divergence of the neutron beam the
cot q0 factor has to be averaged over the divergence in
the z-direction. The net precession angle, f = f1 � f2

(see Fig. 2.4), is not measured directly, instead the mea-
sured quantity is the polarisation along z normalised by
the empty beam polarisation [37]:

P(dSE) ⌘ Pz(dSE)
P0

= cos f = cos(dSEqz) . (2.37)

In order to model P(dSE) data obtained through a SE-
SANS experiment, we use the SESANS correlation func-
tion, G(dSE), which is the projection along the optical axis
of the density-density autocorrelation function of the sam-
ple (which in turn is proportional to the Fourier Transform
of the intensity measured in conventional SANS) [1]. The
relationship between P and G is given by:

P(dSE) = exp
⇣

St
h

G(dSE)� 1
i⌘

, (2.38)

where, S and t are the macroscopic total scattering cross
section per unit volume and the sample thickness respec-
tively. Examples of data modelled using G can be found
in Chapter 4, as the correlation functions used in SESANS
and SEMSANS are indentical.
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2.8 Neutron instrumentation

This section contains a brief description of the relevant neu-
tron instrumentation components used in the experiments
on which this thesis is based.

2.8.1 Choppers

In order to create and control the ToF of the neutrons chop-
pers are used. Choppers are rotating neutron absorbing
discs with transmitting cut-outs (see Fig. 2.5, left). By ad-
justing the rotation frequency and direction, the chopper
position, the cut-out size and number, the chopper phase
and possibly using multiple choppers, the time structure
of the generated neutron pulse can be tailored to satisfy
the required wavelength-band, time resolution, etc.

2.8.2 Spin polarisation and spin analysis

Our methods for inducing a spatial modulation through
the use of Spin-Echo techniques is based on manipulating
the neutron spin orientation. In order to do this the ini-
tial polarisation of the neutron beam must be known and
controlled.

Neutrons coming from the source of a neutron scatter-
ing facility have their spins randomly oriented, so in order
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to properly control the spin angle the neutrons need to be
polarised so that (most of) the neutrons have their spins
pointing in the same direction to begin with.

Several methods exist to polarise the neutrons. Some
use polarised Helium-3 gas, which has a neutron spin de-
pendent absorption, such that most neutrons with spin in
one direction are absorbed while neutrons with the oppo-
site spin are transmitted [7]. The method chosen for our
experiments was to use supermirror polarisers. A super-
mirror reflects neutrons hitting the mirror at a relative wide
range of wavelengths and incident angles by being com-
posed of multiple atomic layers of different d-spacing (see
eq. 2.24 and Fig. 2.5, middle). By magnetising the material
of the mirror the scattering length density will be highly
different for spin-up neutrons compared to spin-down neu-
tron, thereby polarising the neutrons interacting with the
mirror [11, 19]. When analysing the polarisation of the
neutron beam a second supermirror polariser was used.

2.8.3 Spin rotators/flippers

Being able to control and manipulate the spin direction of
the polarised neutrons is vital in Spin-Echo experiments.
In our set-ups we needed to rotate the spins by p/2 from
the vertical plane is which they were polarised to the hori-
zontal plane in which they precess, and back again to the
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vertical plane at the end of the precession regions before
the neutron polarisation analysis. Furthermore, in some
set-ups we needed to flip the neutron by p, in order to
have magnetic fields regions on each side of the flipper to
be in effectively opposite directions.

In our case we used pairs of adiabatic p/2-rotators,
called Delft V-coils [17, 18, 33]. A V-coil consists on one
side of wires evenly spread in a current screen, whereas
on the other side the wires are packed together closely at
the top and bottom of the coil, thereby creating the name-
giving V-shape of the coil (see Fig. 2.5, right). The result
is a magnetic field rising from zero at one end of the V-
coil to maximum at the current screen end. Placing such a
coil after the polariser with the current screen end facing
downstream, the tail of the polariser field will slowly go to
zero while the perpendicular V-coil field picks up, thereby
rotating the neutrons by p/2. The sign of the V-coil field
will choose wether spin up or spin down neutron are used.
A second V-coil upstream with the current screen perpen-
dicular to the first will start the precession of the neutrons.
Using the V-coil pair as if neutrons were traveling in the
reverse direction, will stop the precession of the neutrons
and rotate them p/2 into the vertical plane of the neutron
analyser. Two V-coils with the current screens facing each
other and the fields anti-parallel will act as a p-flipper for
the neutron spins.
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2.8.4 Detectors

Many different kinds of neutron detection system are used
in neutron scattering. For our fist experiment in Chapter 3
we only measured the ToF of the neutrons using a single
pixel detector consisting of a 3He+Ar gas filled tube across
which a high voltage is applied. A neutron entering the
tube can interact with a gas particle producing a charged
particle that will ionise other atoms in the gas, resulting
in a flow of current between the cathode and anode of the
detector.

For the rest of the measurements presented in this thesis
a detector capable of both spatial and temporal sensitivity
was needed, and for this a currently one of a kind mi-
crochannel plate with detector high speed readout was
used [51, 52]. Such a detector consists of tiny pores each
one acting as an electron multiplier for a charged particle
created by a neutron hitting a material with high neutron
capture cross section (in our case 10B) covering the mi-
crochannel. This provides the spatial resolution since each
channel can be regarded as a single pixel detector.
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2.9 Monte-Carlo ray-tracing
simulations

To support our measurements in Chapter 3 a virtual ver-
sion of the instrumental set-up was created using the Monte-
Carlo neutron ray-tracing simulation software package
McStas [22, 56]. With a neutron instrument consisting of
multiple complicated components, analytical calculations
of the resulting neutron wavelength band, divergence, po-
sition, ToF, polarisation, etc., becomes too complicated. In
McStas neutron rays from a virtual source are propagated
through virtual components, with each component altering
the neutron properties according to the component defini-
tion. At the source, the neutrons are randomly generated
with initial velocities, spin orientations and wavelengths
within chosen limits. With enough neutron rays simulated,
the output from the virtual detector will approximate the
output from a real instrument, though limited by simplifi-
cations in the virtual components descriptions. Such vir-
tual instruments can aid to investigate properties and go
beyond the capabilities of real set-ups. The meta-language
of McStas allows for a straightforward virtual instrument
(and component) design (see appendix D.1), with com-
ponents, such as choppers, spin-rotators, and detectors,
described in the order by which the are reached by neu-
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DiskChopper.comp                c  code  

Source.comp c code

Pol_tria�eld.comp   c  code 

TOF_monitor.comp c code

mcgui, graphical user interface mcplot, visualize histogram outp. mcdisplay, visualize instrument

mcgui is used to assemble an instrument file, which is taken over by the McStas system

The � tool layer�  consists of programs manipulated by the McStas user:

DEFINE INSTRUMENT Example(Param1=1, string Param2="two", ...)

COMPONENT A = Source(Parameters...)
AT (0, 0, 0) ABSOLUTE

COMPONENT B = DiskChopper(Parameters...)
AT (0, 0, 1) RELATIVE A

COMPONENT C = Pol_Triafield(Parameters...)
AT (0, 0, 1) RELATIVE B

AT (0, 0, Param1) RELATIVE PREVIOUS
COMPONENT D = TOF_monitor(Parameters, filename="Tof.dat")

Random
numbers

I/O              Physical
consts.

Component library

�Kernel and runtime c code�
� Instrument file�

The McStas system generates an � ISO C file�  and an executable from instrument file and c codes

The simulation executable produces data output which can be visualised using mcplot and mcdisplay tools

Figure 2.6 Structure of the McStas package. We have worked
in the "tool", "instrument file", and "component" layers for this
project (marked in red). Adapted from [55].

tron coming from the virtual neutron source. The McStas
simulations performed in relation to this thesis include
instrument design by using the available components from
the McStas library with an additional component for tri-
angular magnetic fields created specifically for this project
(see appendix D.2). The deeper layers of the McStas pack-
age, that run the actual simulations based on the user input,
have been used as they are provided by the McStas group
(see Fig. 2.6).



Chapter 3

Investigating Time-of-Flight
Spin Echo Modulation for
Small Angle Neutron Scattering
through Experiments and
Simulation
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The figure layout and the terminology used have been
altered for consistency throughout this thesis.

3.1 Abstract

A Spin-Echo Modulated Small Angle Neutron Scattering
(SEMSANS) instrument in a time-of-flight (TOF) mode will
be able to excel at pulsed neutron sources such as the Euro-
pean Spallation Source (ESS) currently under construction.

In this work we compare experimental data from a TOF
SEMSANS set-up, where a spatial beam modulation of a
white beam is obtained using triangular field coils, with
Monte Carlo ray tracing simulations.

Our experiments and simulations in accordance demon-
strate that a good contrast can be achieved, using a constant
field in the triangular coils. In our set-up only neutrons
with certain wavelengths rotate by a Larmor precession
angle that spatially modulates their polarisation to be coin-
ciding with the period of a grating installed at the detector
position. This is shown by measuring with a broad wave-
length range while scanning the echo condition.
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3.2 Introduction

Spin-Echo SANS (SESANS) is a technique [36, 4, 37, 34]
that has proven to be well suited for investigating struc-
tures with large correlation lengths (up to the µm range).
The de-coupling of beam collimation and structure size res-
olution allows a non-collimated neutron beam and hence
higher intensities than in angular dispersive methods to be
exploited. Magnetic field areas with inclined surfaces with
respect to the neutron beam are used to map wave vector
transfer into beam polarisation values, through manipula-
tion of the neutron spin. The shortcoming of this technique
is that, without complicated magnetic field arrangements,
the signal is destroyed by e.g., ferromagnetic samples and
sample environment with remanent magnetisation. To
overcome this, a technique to use similar magnetic field
areas to spatially modulate the beam and measure SANS
was proposed by Gähler [8]. In this case spin manipulation
and even polarisation analysis can be performed before
the sample. The scattering information is obtained from
analysing the amplitude damping induced by SANS in a
spatially modulated beam which is hence decoupled from
potentially de-polarising effects of the sample and sam-
ple environment. A SEMSANS instrument [2, 48, 47] is
in principle able to measure structures in the same range



3.3 Experimental set-up 41

as SESANS, however, it includes uncomplicated measure-
ments on magnetic samples.

Beam modulation of this kind has first been demon-
strated [2] with a monochromatic set-up and subsequently
the method could be tested successfully recovering SANS
information in a monochromatic [48] as well as in a TOF
SEMSANS measurement [47]. The latter set-up was used
for the measurements in the present work as well.

3.3 Experimental set-up

Experiments were performed at the Reactor Institute Delft
(RID) using main installations of the WESP beam line in-
cluding a double-disk chopper system to create neutron
pulses, super mirror multi-channel neutron polariser and
analyser as well as V-coils (adiabatic p/2 rotators) [17],
guide fields and finally a 3He tube detector capable of the
required time resolution (of 40 µs). Cadmium absorption
gratings of varying periodicity were produced and used in
front of the detector in order to resolve spatial beam mod-
ulation. The schematic layout of the experimental set-up is
shown in detail in Figure 3.1.

The neutron beam is chopped into pulses by the two
chopper discs, who each have two 180� separated openings
and co-rotate at 25 Hz in an optically blind mode [54] pro-
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viding a constant wavelength resolution of about 5% dl/l

at the detector with a chopper detector distance of about
6.22 m. Neutrons in the resulting pulsed beam are fur-
ther downstream vertically polarised (in the y-direction).
A first V-coil pair rotates the neutron spin into the hori-
zontal xz-plane and starts the precession in the precession
field, which together with the triangular fields is in the -y-
direction. By the first V-coil pair the polarisation direction
(+x or -x) can be chosen by changing the direction of the
current in the first coil, which equals a 180� difference in
initial spin orientation. Without current in the isosceles
triangular coils [47], the neutrons would precess in one
direction until they are p-flipped by the middle V-coil pair,
whereafter they rotate ’back’ to their original orientation at
the end of the precession field yielding a Spin-Echo. The
last V-coil pair acts as precession stopper (flip to vertical
and flip back to horizontal orientation) before the neu-
trons reach the analyser, which analyses in the horizontal
x-direction before the neutrons are detected.

3.3.1 Triangular fields

The triangular coils create a field parallel to the precession
field and a neutron passing through such coil with a trajec-
tory parallel to the optical axis will experience extra spin



3.3 Experimental set-up 43

precession dependent on the x-position given by [2]:

f =
2clBix
tan q0

, (3.1)

where c = 4.632 ⇥ 1014 T�1m�2 (the Larmor constant), l is
the wavelength, Bi is the magnetic field in the triangular
coil and q0 is the inclination angle between the leg and the
base of the triangle. The base is aligned in the yz-plane
and in the given set-up q0 = 20�. With L1 (L2) being the
distance from the first (second) triangular coil to the detec-
tor (in our case the position of the absorption gratings) the
fields of these coils (B1 and B2) have to be chosen fulfilling
[3]:

B1L1 = B2L2 . (3.2)

With this condition met for neutrons which travel through
the triangular coils with finite divergence [2], the final pre-
cession angle is a function of the x-position in the detector
(absorption grating) plane only. However, a p-flip is re-
quired in the V-coils between the triangular coils, in order
to assure that B1 and B2 are effectively in opposite direc-
tions with respect to the precession plane. The period of the
spatially sinusoidally modulated beam after the analyser
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is then given by [47]:

z =
p tan q0

cl (B2 � B1)
. (3.3)

The used triangular coils reached fields up to 4.44 mT
which corresponds to achievable modulation periods of
down to 3.34 mm at l = 4 Å when L1 and L2 were 3.24 m
and 1.89 m respectively. See Table 3.2 for corresponding
magnetic field strengths, modulation periods and wave-
lengths used in the experiment.

The modulation periods were measured by placing a
grating at the position given by eq. (3.2), and in such a case
the actual position of a detector behind the grating is not
relevant. In our measurements the detector was placed
20 cm further downstream. The Spin-Echo condition was
scanned using a translation stage to move the middle V-
coil pair responsible for the p-flip. That varies the balance
of precessions experienced before and after the spin flip
and only with the p-flipper in a certain position, is full
echo achieved. Measuring intensity as a function of wave-
length for a range of flipper positions will give maximum
intensity modulation contrast when the beam modulation
period matches that of the grating. The absorbing parts
of the grating were approximately twice as wide as the
transmitting parts which is close to the optimal choice in
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Table 3.2 Corresponding wavelengths for different modulation
periods and fields in the triangular coils. Note that the top row
field values that were used in the experiment fulfil eq. (3.2) so
that the signal "focuses" on the grating. The bottom row value
for the B1 field used in the experiment was 0.03 mT lower than
the theoretical value set by eq. (3.2).

B1 [mT] B2 [mT] z (mm) l [Å]

1.75 3.00 4.50 4.39
7.55 2.62

2.56 4.44 4.50 2.92
7.55 1.74

the trade-off between transmitted intensity and contrast
of the modulation signal, since wider grating openings
(while keeping the grating period the same) will result in
less modulation contrast and narrower grating openings
will result in a stronger loss of intensity. This can be shown
by calculating the Figure-Of-Merit: FOM = I · P2, where I
is the transmitted intensity and the P is the contrast. The
intensity increases linearly as a function of the transmitting
fraction of the grating and is given by: I = I+ + I�, where
the + and � denotes the up and down transmitted inten-
sities respectively with: I± =

R

p/ f
0 (1 ± cos f)df, where

f is the transmitting fraction of the grating. The contrast
is given by: P = I+�I�

I++I� , so we get a maximum FOM at
approximately f = 0.37, which is very close to the ratio
used in our experiment.
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Since the two triangular fields were of different strengths,
it was necessary to compensate for this asymmetry in the
field integral by moving the central V-coil pair with the
translation stage and adjusting the strength of the field in
the second V-coil of the first V-coil pair.

3.3.2 Simulations

The simulations were carried out using McStas 2.0 [56, 16].
A simple source with a flat energy spectrum was used. A
special component describing the triangular field regions
was written for the Monte Carlo simulations described
here. Code for the component and the instrument can be
found in Appendix D and on the McStas website [27]. The
adjustments of the second V-coil [15] to obtain an echo
were simulated by adding to the field strength of the pre-
cession field before the first triangular coil. Choppers and
detector were simulated using the experimental values for
opening angles, size, rotation frequency and time bin size,
so that the virtual instrument was near-identical to the real
one with respect to wavelength resolution. The simulated
fields as well as polariser and analyser were all perfect
with respect to field homogeneity and field boundaries. To
approximate the non-perfect initial polarisation, depolar-
ising effects caused by non-perfect fields and alignments
in the experiment and coarseness of the grating, an initial
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polarisation of 80% for all wavelengths was chosen in the
simulations by comparing them with the experimental re-
sults. It was done by combining simulations with opposite
initial polarisation in the right ratio.

3.4 Results

Figure 3.3 shows an overview of our main experimental
results for different combinations of three triangular field
strengths and three grating/slit periods at the detector po-
sition. The x-axis is the position of the flipper coil (scanned
with movement of the translation stage), the y-axis is the
wavelength of the neutrons (recovered from the TOF at the
detector) and the colour scale corresponds to the attenua-
tion corrected signal, calculated using MC =

I"�I#
I"+I#

, where
I" (I#) is the intensity measured in the detector when the
neutrons exit the first V-coil polarised in the x (-x) direction.
It can be seen in Figure 3.3 that with no current in the trian-
gular coils and/or a single slit in front of the detector, the
attenuation corrected signal is equally strong for all wave-
lengths since this corresponds to a normal TOF Spin-Echo
measurement [30, p. 25]. When a beam modulation and a
grating (or double slit) is introduced in front of the detector
at the "focal point" defined by eq. (3.2), only certain wave-
lengths will still lead to a signal in the detector and will
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produce a modulation as the modulation pattern is shifted
over the corresponding grating by scanning the echo. This
is displayed in Figure 3.3 (e), (f), (i) and (j), where also
a second order signal can be found, since neutrons with
twice the wavelength are spatially modulated with half the
modulation period (eq. (3.3)), which is indeed also a match
in creating modulation in the detector response. This signal
is seen since the transmitting parts of the gratings where
narrower than the absorbing parts.

As shown in Figure 3.4 the simulation results repli-
cate the measurements. Comparisons for selected wave-
lengths are shown in Figure 3.5, and underline a very good
agreement between measurements and simulations. The
selected wavelengths were chosen based on Table 3.2 or
the mean simulated wavelength, 4.56 Å. In Figure 3.3 a),
b), c), d) and h) it can be seen that there is little difference
between these five results since they were at zero field in
the triangular coils and/or with only a single slit in front of
the detector therefore only displaying a normal TOF Spin-
Echo signal. The slight signal difference still present is a
result of differences in the strength of the precession field,
p-flip location and – in the experiment – the adjustments
of the second V-coil.

In Figure 2-3 of Strobl et al. [47] experimental images
and integrated line profiles of a spatially modulated neu-
tron beam are shown both for empty beam and measure-
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ments on a sample. All these figures exhibit an asymmetry
of the beam profile where the modulation amplitude is
dropping from one side of the beam to the other. Figure 3.6
shows simulated outputs of an x-position and TOF sensi-
tive detector in and out of echo. It is evident that when
the Spin-Echo condition is met the resulting signal is sym-
metric and of higher contrast, and the simulation results
suggest that the Spin-Echo not being met is the reason for
the asymmetry found in Fig. 2-3 of Strobl et al. [47], which
we are hence able to understand and explain based on the
presented results. The only difference between the two sim-
ulations in Figure 3.6 is the position of the flipper (middle
V-coil pair).

3.5 Conclusion

Good agreement between simulation and experiment proves
that the simulation model describes the instrument well
and both measurements and simulation are in good agree-
ment with theory. Monte Carlo ray-tracing simulation
counterparts to real instruments helps to decouple the in-
strument signal and the imperfections of it from the one
created by an investigated sample.

The combination of real and virtual investigations of
a SEMSANS instrument has allowed us to gain insightful
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Å

Double slit
7.55 mm period

-1

-0
.50

0.
51

a,
L
am

b
d
a
=

4.
56

Å
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knowledge on the modulation patterns’ dependency on the
field settings. Specifically, the importance of tuning the set-
up to keep the signal in the Spin-Echo condition was found
as an important factor in avoiding asymmetries or other
drawbacks for the instrumental function such as losses of
signal, i.e., as function of TOF modulation amplitudes of
the magnetic fields in the triangular coils in this case. It
has also been shown how SEMSANS experiments can be
performed by combining absorption gratings with a detec-
tor without spatial resolution even in TOF mode, though
the efficiency is reduced by the limited useful wavelength
ranges in such case.

For future TOF SEMSANS experiments, which will be
a powerful tool at high brilliance pulsed spallation sources,
the found importance of keeping the echo condition has sig-
nificant implications especially for cases when absorption
gratings have to be used, because of the spatial detector
resolution being insufficient to resolve the modulation spa-
tially. In order to keep the modulation period constant
for such a measurement to be efficient, it is now obvious
that not only the triangular fields will have to be ramped
corresponding to the pulse, but also a corresponding addi-
tional phase has to be added by an additional ramped field
region.

Such set-ups are considered for use not only as a SANS
instrument but also for spatially resolved SANS investi-
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gations in a quantitative dark-field imaging [48, 47, 46]
mode e.g., at the European Spallation Source [44]. Also
such approaches can be modelled and simulated based on
the presented work.



Chapter 4

Quantitative Neutron
Dark-field Imaging through
Spin-Echo Interferometry
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Introduction to Article

The work presented in the article below is based on ex-
periments performed at the Reactor Institute Delft, The
Netherlands. The experimental work was performed
by Jeroen Plomp, Wim G. Bouwman, Anton S. Tremsin,
Klaus Habicht and myself and was based on previous
work described in Chapter 3. I performed the data re-
duction and analysis, with image filters from Anders
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Kaestner, and created the article figures. Markus Strobl
drafted the article with inputs from myself and the
other authors. The figure layout has been altered for
consistency throughout this thesis.

4.1 Abstract

Neutron dark-field imaging constitutes a seminal progress
in the field of neutron imaging as it combines real space
resolution capability with information provided by one of
the most significant neutron scattering technique, namely
small angle scattering. The success of structural charac-
terisations bridging the gap between macroscopic and mi-
croscopic features has been enabled by the introduction of
grating interferometers so far. The induced interference
pattern, a spatial beam modulation, allows for mapping
of small-angle scattering signals and hence addressing mi-
crostructures beyond direct spatial resolution of the imag-
ing system with high efficiency. However, to date the quan-
tification in the small angle scattering regime is severely
limited by the monochromatic approach. To overcome
such drawback we here introduce an alternative and more
flexible method of interferometric beam modulation util-
ising a spin-echo technique. This novel method facilitates
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straightforward quantitative dark-field neutron imaging,
i.e. the required quantitative microstructural character-
isation combined with real space image resolution. For
the first time quantitative microstructural reciprocal space
information from small angle neutron scattering becomes
available together with macroscopic image information cre-
ating the potential to quantify several orders of magnitude
in structure sizes simultaneously.

4.2 Introduction

The promise of neutron dark-field imaging [46] is to pro-
vide access to structural features from the macroscopic
range probed with image resolution to the microscopic
range in the micrometer and sub-micrometer range and
hence beyond direct spatial resolution of the order of 10
micrometers [57]. This can be provided through the regis-
tration of scatter signals in the (ultra)-small angle neutron
scattering ((U-)SANS) regime which allows to close the
gap between real space and reciprocal space methods. The
corresponding size range is of significant importance to hi-
erarchical structures and when probing real systems, be it
in soft matter, biology or engineering and non-destructive
testing of devices. Accordingly neutron dark-field imaging
with grating interferometers [46], the first corresponding
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method offering an efficiency suitable for the relatively low
phase space density of neutron sources, has experienced
a remarkable impact, especially in engineering [10] and
magnetic structure characterisations [26, 9], strongholds of
neutron applications. The fact that such wealth of results
could be obtained up to now with only qualitative informa-
tion in the scattering regime underlines the outstanding po-
tential as well as the explicit need for quantitative solutions
[43]. Therefore we are introducing a novel interferometer
method for imaging based on neutron spin-echo principles,
that is analogue to the grating interferometry approach,
but, due to its higher flexibility, can provide full quantita-
tive SANS characterisation in the dark-field regime and is
well suited for time-of-flight (ToF) measurements. ToF is
a neutron technique, which requires a pulsed beam and
allows for intrinsic neutron energy resolution and hence
for coverage of a significant scattering range simultane-
ously. Therefore our method will be able to take advantage
of the most powerful new generation of pulsed neutron
sources. However, the present proof-of-principle has been
undertaken at the low-flux thermal neutron source of the
Reactor Institute of Delft Technical University (RID/TUD)
and could be quantified successfully despite of the low
available brightness, which in turn is proving the efficiency
of the method. The principle of interferometric dark-field
imaging with a spatially modulated beam is that scatter-
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ing to small angles will spatially redistribute intensities
between the maxima and minima and hence dampens the
amplitude of the beam modulation. Attenuation and dif-
ferential phase signals can be recorded simultaneously but
are well separated from the dark-field effect as these gen-
erally decrease the mean intensity or shift the modulation
phase, respectively. Hence a systematic study of the ef-
fects on the spatial modulation allows for extracting at-
tenuation, differential phase and the dark-field signal as a
measure of small angle scattering separately. While Talbot
Lau grating interferometers induce a cosine spatial beam
modulation through phase and absorption gratings [32], in
Spin-Echo-Modulation SANS (SEMSANS) such modula-
tion is introduced by interference conditions induced by
spin precession devices for a polarised neutron beam [3, 47].
It has been demonstrated earlier that such an approach can
provide quantitative SANS characterisations in analogy to
the well-established Spin-Echo SANS (SESANS) technique
[35] even in a highly efficient ToF mode [47, 39], and that in
analogy to grating interferometry also a grating analyser
can be utilised when required in order to resolve the beam
modulation [48]. It has in turn been demonstrated that in
principle corresponding quantification is equally possible
with grating interferometric dark-field imaging [43]. How-
ever gratings must be optimised for a single wavelength
[32], a condition, which seems to severely limit straight-
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forward broad application. For the work presented here
a ToF SEMSANS instrument was modified in order to en-
able simultaneous real space image resolution. In contrast
to earlier set-ups the sample position has been moved to
behind the spin analyser and hence closer to the detector.
Together with the beam collimation defined by a narrow
entrance slit into the spin manipulation devices and a ToF
imaging detector [52] this set-up allowed to achieve the
additionally required spatial resolution. However, the new
sample position also enables investigations of magnetic
samples, which might depolarise the beam, as beam po-
larisation is not relevant anymore at that location of the
sample.

The basic set-up depicted schematically in Figure 4.1
consists of a polariser and polarisation analyser, between
which the spin polarised neutrons pass through two key
precession fields which are directed in opposite directions.
These precession field regions have a triangular shape,
which guarantees, that (i) neutrons arriving at the same
point in the detector have experienced the same total spin
rotation and that (ii) this final rotation angle is to a first
approximation a linear and continuous function of the lat-
eral position across the beam on the detector. Hence the
polarisation analyser located downstream of the second
precession field induces a one-dimensional cosine modula-
tion of the beam on the detector. To achieve such regular
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modulation the focusing condition L1B1 = L2B2, where L1

and L2 and B1 and B2 are the distances to the detector and
the field values of the two precession devices, respectively,
has to be satisfied. The period, z, of the modulation can
then be shown to be [3, 47]

z =
p tan q0

cl(B2 � B1)
, (4.1)

with q0 the inclination of the precession field surfaces to
the beam, l the wavelength and c = gnmn/h = 4.632 ·
1014 T�1m�2 with gn and mn the gyromagnetic ratio and
the mass of the neutron and h the Planck constant. Together
with the sample to detector distance LS a spin-echo length
d

SE in analogy to SESANS [35] can be defined to be

d

SE =
cl

2LS(B2 � B1)
p tan q0

=
lLS

z

, (4.2)

and denotes the correlation length probed with the corre-
sponding settings. This establishes not only a complete
analogy with SESANS on the one hand but also to grating
interferometry with respect to the corresponding autocor-
relation length that can be defined accordingly [43]. Both
parameters, the period and the spin echo length are wave-
length dependent with a linear and square dependence,
respectively. Consequently, in a ToF configuration, intrinsi-
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cally varying the wavelength over a certain range, allows
to probe corresponding ranges of correlation lengths, i.e.
structure sizes in the sample in the SANS regime. On the
other hand also the magnetic fields and distances can be
used to tune correlation lengths correspondingly and to
tailor the range to the experimental requirements. This
way the method provides an extensive flexibility which is
required to probe a large range of length scales and which
is lacking in the case of grating interferometers.

4.3 Measurements

For this work a ToF approach was chosen utilising optical
blind pulse shaping choppers providing a wavelength reso-
lution for the given instrument length of about dl/l = 5%
[47]. The thermal source spectrum provided sufficient neu-
tron flux for data recorded for wavelengths from 1.6 Å to
5.25 Å, and hence spin-echo lengths d

SE, i.e. a structure
size range, from about 15 nm to 180 nm could be probed.
This corresponds to distances and magnetic fields set to
L1 = 5 m, L2 = 1.7 m, LS = 0.55 m and B1 = 1.43 mT,
B2 = 4.22 mT. In contrast to conventional grating interfer-
ometry operating in the micrometer range, the correspond-
ing modulation periods from 5.7 mm to 1.6 mm could be
resolved directly by the spatial resolution of the detector
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[52]. However, for smaller modulation periods and longer
spin-echo lengths achieved e.g. with higher magnetic fields
or longer wavelengths, also grating analysers like in the
Talbot Lau interferometer case can be used. This has been
demonstrated earlier for SEMSANS measurements [48].
For the presented case data analysis and image formation
require intense post processing, as the real space image
is superposed by the modulation. On the other hand no
scanning approach like in the case of the utilisation of
grating analysers is required. It can be shown that the rela-
tive modulation visibility with respect to the empty beam
measurement VS/V0, with the visibility being V=(Imax-
Imin)/(Imax+Imin), can be written, again in analogy to the
grating interferometer case [43] and SESANS [3, 35] as

VS(dSE)

V0(dSE)
= exp

⇣

St
h

G(dSE)� 1
i⌘

. (4.3)

Here, S and t represent the scattering power (total scatter-
ing cross section) and the sample thickness, respectively,
while G is the real space correlation function of the scatter-
ing structures or particles [43, 47]. Hence, the normalised
visibility VS/V0 is depending on the spin-echo length and
thus is a direct measure of the scattering power S and real
space correlation function G representing the scattering
structures. Therefore analysing the visibility locally in the
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recorded images allows full structural characterisation in
the SANS range probed in real space for any lateral location
in the sample.

For the measurements we used a sample consisting of
two quartz cuvettes on top of each other (Figure 4.2). The
top cuvette contained a magnetic metal powder (Ferrox-
dure YXF1, BaFe12O19, Yuxiang Magnetic Materials Ind.
CO Ltd) with a probed thickness of 2 mm and an aver-
age grain size of the order of micrometers according to
the producer. The lower cuvette was lying on its side and
contained a solution of spherical polystyrene (PS-DVB) par-
ticles with defined monodispersive diameters of 136 nm in
D2O with a weight concentration of 12.4% and a sample
thickness of 5 mm. Note that the metal pieces (Cd) visi-
ble in the photograph in Figure 4.2a have been removed
after alignment of the sample which they aided. Addition-
ally, the liquid sample displayed a significant meniscus
between the walls of the cuvette, with a correspondingly
reduced effective sample thickness in these areas, which
is clearly represented in the attenuation contrast image
(Figure 4.2b), but also in the dark-field SEMSANS image
(Figure 4.2c). Measurements were performed for spin-up ,
I", and spin-down, I#, neutrons, i.e. two opposite incom-
ing spin polarisations, which corresponds to a modulation
phase shift of p between the two measurements. Hence,
using the sum of the two measurements the attenuation
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contrast image Ia = I" + I# can be extracted straightfor-
wardly (Figure 4.2b). Despite the overlaying beam modula-
tion with wavelength dependent periods, and integrating
over all time bins, i.e. the full utilised neutron spectrum,
an image that can be referred to as a "white beam" radio-
graphy is provided. In addition the two opposite images
in terms of the modulation can be used to calculate an at-
tenuation corrected modulation signal (Figure 4.3 part 1).
Open beam visibilities V0, mainly limited by the polarisa-
tion quality, but also by experimental conditions like e.g.
the detector resolution, have been found to be between 65%
at 1.6 Å and 20% at 5.25 Å in the measurements. Measure-
ment times for each of the two empty beam and sample
measurements were of the order of 3.5 hours and can be
performed much faster e.g. at state-of-the-art spallation
neutron sources with several orders of magnitude higher
pulsed brightness.

4.4 Results

The resulting image data sets were analysed in terms of
the local modulation, in particular their local visibility. For
this purpose a cosine fitting routine has been developed,
which is capable of shifting the area of interest, typically
the width of one period for the shortest utilised wavelength
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(i.e. longest spatial period for a specific measurement) pixel
by pixel over the full image. This way the modulation
parameters can be extracted pixel by pixel as a running
average over the given width, which in turn limits the
spatial resolution achievable with such approach. How-
ever, due to the image blur introduced by the geometry
of the setup, especially by the relatively long sample to
detector distance with respect to a conventional imaging
experiment, the spatial resolution was in any case limited
to about 1 mm. In contrast to that the high pixel resolution
of the detector of 55 micrometer was required to resolve
the beam modulation. The results of corresponding fitting
routines are displayed in the first part of Figure 4.3, while
the second part displays the extracted relative visibility
as a function of the spin-echo length probed by the ToF
approach for several individual but representative image
locations. To achieve quantitative results the latter have
to be corrected by the sample thickness and wavelength
dependence of the total scattering, which leads to the re-
sults in Figure 4.3 part 3 for three areas of interest in the
sample, namely the powder sample (left), a sample-free
area (middle) and the PVC dispersion (right). These fi-
nal curves show good agreement with the complimentary
SESANS measurements and theory curves describing the
structural features of 1 µm and 136 nm for the metallic
powder and the PS dispersion, respectively. The theoreti-
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cal curves were derived with respect to the best fit using
models for highly concentrated spheres (eq. 61 in [1]), tak-
ing into account next neighbour correlations in the case of
the dilution of 12.4% PS in D2O (eq. (23) in [14]) and for
simple random two-phase media (eq. (53) in [1]) as well as
random two-phase media with Hurst exponent based on
eq. (56) in [1] for the powder sample. These are conven-
tional models used to interpret small-angle scattering data,
but adapted to Spin-Echo SANS. Applying these models
to the data (Figure 4.3 part 2,3 ) suggest structure sizes of
around 1 µm, as implied by the manufacturer, for the pow-
der and between 110 nm and 160 nm for the PS particles
with nominal diameters of 136 nm. The total scattering
values deduced are in good agreement with the 12.4 wt.%
concentration of the particles.

4.5 Conclusion

From these seminal results which unambiguously prove
the principle and potential of the method, we conclude
that the presented method not only unlocks the access to
an intermediate size range for structural investigations,
but also bridges an unprecedented size range between the
macroscopic and microscopic scales, which is invaluable
for the investigation of real systems and components as
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−2m−1]

-6
0

-4
0

-2
002040

M
ea
su
re
d
,
ir
on

p
ow

d
er

S
E
S
A
N
S

R
an

d
.
2-
p
h
as
e
m
ed
ia

w
/
H
u
rs
t
ex
p
.

0
25
00

50
00

-1
80-9
00

S
p
in

E
ch
o
L
en
gt
h
,
δ
S
E
,
[Å
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in contrast to homogeneous model samples of materials
required for corresponding microscopic investigations oth-
erwise. These proof-of-principle measurements with low
flux at a thermal source and the limited capacity of the
prototype magnetic set-up allow to extrapolate to an opti-
mised set-up in the sense that at a powerful state-of-the-art
pulsed source of cold neutrons the gap between real space
and Fourier space investigations through scattering can
be closed with a single set-up and even tomographic 3D
structural investigations in this range might prove feasi-
ble. A correspondingly available flux increase of about
3 to 4 orders of magnitude in particular for longer wave-
lengths and magnetic fields tunable to values of about one
order of magnitude higher, together will allow not only
for improved statistics, shorter exposure times and for ex-
tending the covered size range of the SE analyses from
the nanometer into the micrometer range, but also for ex-
tending the real space resolution from the millimetre to
the micrometre range, like it is state of the art at dedicated
instruments. This will pave the way for unprecedented
observations of microstructural evolutions and inhomo-
geneities. The ToF approach, covering orders of magnitude
in size simultaneously also enables kinetic studies of struc-
tural developments as neutrons enable a wide range of
sample environments, applying pressures, temperatures,
fields, strains, and shear like required in many fields of en-



4.5 Conclusion 79

gineering, soft matter and magnetism investigations. The
evolution of magnetic domains, crystallographic grains,
pores and voids as well as precipitates or coagulation and
clustering on the corresponding microscopic length scales
can be studied with simultaneous macroscopic resolution
of process inhomogeneities. Kinetics and structure evo-
lutions can be separated into local ones versus global in
a sample, depending on external parameters and inher-
ent structural features, and hence also studies of complex
assemblies like biological or engineering systems and com-
ponents become feasible in this range.





Chapter 5

A Pixel Based Approach for
Spatially Resolved Analysis of
Time-of-Flight Spin-Echo
Modulated Scattering Data
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Introduction to Article

The work presented in the article below is based on ex-
periments performed at the Reactor Institute Delft, The
Netherlands. The experimental work was performed
by Jeroen Plomp, Wim G. Bouwman, Anton S. Trem-
sin, Klaus Habicht and myself. I was responsible for
performing the data reduction and analysis and creat-
ing the article figures. I drafted the article with inputs
mainly from Markus Strobl and Jeroen Plomp. The fig-
ure layout has been altered for consistency throughout
this thesis.
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5.1 Abstract

Spin-Echo Modulated Small Angle Neutron Scattering with
spatial resolution, i.e. quantitative Spin-Echo Dark Field
Imaging, is an emerging technique combining neutron
imaging with spatially resolved quantitative small angle
scattering information. Earlier reported results were based
on curve fitting of the sinusoidal spatially modulated in-
tensities in order to obtain the scattering signal in the the
modulation amplitude of the spatially modulated beam.
This work compares such sine-fitting approach with a lo-
cal analysis of the relative visibility of the modulation, by
scaling the signal with the open beam measurements.

This allows in contrast to the fitting method a pixel-
wise and hence highly spatially resolved analysis, which
is key for imaging applications. However, this method
comes with potential drawbacks which will be outlined
and discussed in detail.

5.2 Introduction

While Spin-Echo Small Angle Neutron Scattering (SESANS)
[36] is an established neutron small angle scattering tech-
nique extending the range of Small Angle Scattering (SANS)
to very small (VSANS) and ultra small (USANS) angles,
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Spin-Echo Modulated Small Angle Neutron Scattering (SEM-
SANS) has been introduced only recently [8, 2, 3, 48, 47].
SEMSANS can be seen as a variation of SESANS, using less
precession regions and providing the option to place the
sample behind the spin-manipulation region, hence in a
field free region where also magnetic samples can be mea-
sured. In contrast to SESANS, not the final beam polarisa-
tion, but a spatial beam modulation is measured, the damp-
ing of which provides the same information content as a
SESANS polarisation measurement [43]. While for SEM-
SANS a spatially resolved detection is required, it offers on
the other hand the potential for spatially resolved SANS
studies in an imaging configuration, because the sample
can be placed close to the detector and in both techniques
a reasonable beam divergence can be used, allowing for a
useful field of view for imaging. In fact, with the spatially
modulated intensity on the detector, SEMSANS resembles
the highly successful method to measure dark-field images
and differential phase contrast with grating interferometers
in neutron imaging instruments [32, 46]. It has been shown
recently that both methods are equivalent to SESANS in
their capability to measure quantitative small angle scat-
tering [43]. However, the higher flexibility of the magnetic
set-up of SEMSANS in contrast to a grating set-up, which
is optimised for a single wavelength, makes it much more
efficient for quantitative SANS studies with spatial reso-
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lution and in particular in a Time-of-Flight (ToF) mode,
taking advantage of modern pulsed spallation sources. A
particular drawback for Spin-Echo Modulated Dark-Field
imaging (SEM-DF) [49], especially in the very small angle
region, in which it has been demonstrated, is a limitation
in spatial resolution imposed by the analysis of the spatial
modulation with periods up to the mm range. Here we
shall introduce an alternative approach of analysing corre-
sponding ToF data, which decouples the spatial resolution
from the modulation period. A pixel-by-pixel ToF analy-
sis will utilise the full spatial resolution of the set-up and
detector, only limited by scattering functions of different
regions of interest that overlap.

5.3 Analysis of SEMSANS data

SEMSANS uses inclined field surfaces to map neutron
small angle scattering information into the amplitude damp-
ening of a spatially modulated beam [8, 2, 3, 48, 47]. Hor-
izontally polarised neutrons moving (close to) parallel to
the optical axis and passing through a triangular magnetic
field region, with the field direction vertical, will gain a
spin angle due to Larmor precession dependent on the
position of intersection between the neutron path and the
triangular coil. Two triangular coils with fields in opposite
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directions, B1 and B2, are placed at distances L1 and L2

from the detector. With a spin analyser downstream from
the coils, the result will be a spatially modulated intensity
in the horizontal direction at the detector position, which
even with a divergent neutron beam, will have a period of
modulation given by [3]:

z =
p tan q0

cl(B2 � B1)
, (5.1)

with c = 4.632 ⇥ 1014 T�1m�2, l the neutron wavelength
and q0 the inclination angle between the leg and base of
the isosceles triangular face of the two triangular coils. If a
small angle scattering sample is inserted in the beam, it will
cause a dampening of the amplitude of the spatial modula-
tion as the scattering function will redistribute intensities
between the minima and maxima, which can be seen as
a convolution of the modulation function with the scat-
tering function. The Spin-Echo approach also allows for
two measurements with opposite initial spins and hence
opposite modulation phases. Normalising such two mea-
surements with eq. (5.2) to obtain the attenuation corrected
modulation, one can easily remove not only the sample
attenuation contribution to the signal but this also consti-
tutes as an inherent correction for beam imhomogeneities.
When calculating the attenuation corrected modulation,
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MC:

MC =
I" � I#
I" + I#

, (5.2)

The visibility is given by:

V = max(MC) = |min(MC)| (5.3)

and the modulation curve will be centred around MC = 0
with a maximum possible amplitude of 1 (when visibility
is 1). V (V0) is the visibility of the spatially modulated
signal, MC (MC,0), with (without) sample in the beam. The
probed correlation length, or size-parameter, can similar to
SESANS be given as the Spin-Echo length, d

SE, [3] with:

d

SE =
cl

2LS(B2 � B1)
p tan q0

=
lLS

z

, (5.4)

with LS being the sample-detector distance. The normalised
visibility (V/V0) can then be modelled by the SESANS cor-
relation function, G, [36, 20, 1, 43]:

V(dSE)
V0

= exp
n

St
h

G(dSE)� 1
io

, (5.5)

where t is the sample thickness and S is the total scattering
cross section of the sample, which for a two-phase system
is given by: S = l

2 (Dr)2
f (1 � f) x, [1, 42], with Dr being
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the scattering length density contrast, f the volume fraction
of one phase, and x the correlation length perpendicular
to the neutron beam. In order to model our data by the
real space correlation function we normalise by sample
thickness and – since we are doing ToF experiments with a
white beam – by wavelength, such that the data is of the
form:

ln
h

V(dSE)
V0

i

l

2t
= S

h

G
⇣

d

SE
⌘

� 1
i

. (5.6)

Figure 5.1 shows the relationship between the horizon-
tal position on the detector and the modulation signal for
three different wavelengths/periods. With a small angle
scattering sample in the beam the modulation is dampened
by a factor depending on the scattering power of the sam-
ple and the correlation length with respect to the Spin-Echo
length. When using the reported [49] sine curve fitting of
the visibility signal to obtain the scattering information, the
smallest spatial unit that can be analysed, and hence any
direct spatial image resolution, is limited to a minimum
horizontal width of one modulation period. However, it
can be seen that in principle the visibility information can
be extracted from every point in the modulation curve
except at M = 0, when directly dividing the sample mod-
ulation by the open beam modulation. This in contrast



5.3 Analysis of SEMSANS data 89

to the earlier spatial fitting method allows for extracting
visibility values with full pixel resolution, and hence ob-
taining the scattering signal for every pixel analysed. The
quality of the signal is, however, somewhat dependent on
the phase of the modulation and decreases towards phases
with M = 0, where such signal vanishes.

The location of areas with limited or no visibility infor-
mation in such analysis depends on the wavelength and
hence Spin-Echo length. If the spatial resolution is suffi-
ciently good compared to the modulation frequency, the
"dead spot" area (but not their spatial distribution) will
be independent of the modulation period. In principle
the problem of local information gaps can be overcome by
multiple measurements and the use of a phase coil, adjust-
ment of the relationship between fields in precession arms,
change of a p-flipper position, or even movement of the
sample such that the echo is moved horizontally a quarter
of a period. However, this will increase the measuring time.
As the position of information depleted areas in the image
shifts with neutron wavelength, i.e. Spin-Echo length, only
a negligible range will be missing in the scattering curves
derived in each pixel, which will in general not hinder fit-
ting and hence quantification. This is shown in Figure 5.2
where calculated scattering curves in single pixels at differ-
ent detector locations are shown with their "dead spots".
Especially the "dead spots" which are located closest to the
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echo position can be desirable to move, since at this loca-
tion a single "dead spot" covers the largest Spin-Echo range
and therefore might hide features of the scattering curve
(see Figure 5.2 and vertical white lines in Figure 5.3 at ap-
proximately the 200th horizontal detector pixel). However,
the modulation signal is strongest closest to the echo [39],
so moving far away from echo is not advantageous.

We have in our work analysed the same data set using
the sinusoidal curve fitting approach [49] and the pixel-by-
pixel division of visibility, in order to compare the methods
and reveal their strengths and weaknesses. The pixel-by-
pixel division of visibility will decouple the resolution from
the modulation period, however, it will not decrease the
resolution to the pixel size even if the divergence of the neu-
tron beam is ignored. The fundamental limit is the overlap
of scattering functions of different regions of interest. The
size of this overlapping range, or resolution, depends on
the particle sizes, sample-detector distance (LS) and used
neutron wavelength. In the most simple case of a hard
sphere the scattering function is described by:

F(q) =
✓

3
qR

sin (qR)
(qR)2 � cos (qR)

qR

◆2
, (5.7)
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where R is the radius of the particle and

q =

✓

4p

l

◆

sin
✓

q

2

◆

. (5.8)

With q being the scattering angle and x the position on the
detector, x = LS tan (q). If for an arbitrary resolution limit,
a value of 10% of the intensity is taken where the scattering
signal can be neglected, a value for (qR) = 3.1 is found in
eq. (5.7). This will result in an "effective scattering range"
x1 on the detector for a single particle with radius R1,

x1 = 2LS tan
✓

arcsin


3.1l

4px1

�◆

. (5.9)

In practice a resolution s will be defined by the minimal
distance of two regions with different scattering functions,
or different radii, R1 and R2.

s = 2LS tan
✓

arcsin
✓

3.1l

4p

◆✓

R1 + R2
R1R2

◆�◆

. (5.10)

In our case with particles of about R1 = 500 nm and R2 =

80 nm and for a wavelength of 3 Å, a resolution of about
1.2 mm is found, which is significantly smaller than the
modulation period of 3 mm.
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5.4 Measurements

Our measurements were performed at the Reactor Institute
Delft at TUDelft on the SEMSANS setup described in [49],
at a thermal source, where the pulsed beam was created
using two co-rotating choppers in optically blind mode
providing a wavelength resolution of ⇠ 5% dl/l [54].
The triangular field coils were placed at L1 = 5.0 m and
L2 = 1.7 m from the detector, with fields of B1 = 1.43 mT
and B2 = 4.21 mT and inclinations angles of q0 = 20�. Our
sample setup, which consisted of a combination of three dif-
ferent sample types, was placed at LS = 0.55 m in front of
the detector. The supermirror multi-channel polariser was
oriented so that initial polarisation was vertical whereafter
two adiabatic p/2-rotators were used to choose between
spin up or down setting and to rotate the neutron spin into
the horizontal plane. Two vertical precession fields were
used between polariser and analyser to control the neutron
spin and before the analyser a second adiabatic p/2-rotator
pair was used to rotate the neutron spins back to the ver-
tical plane. The supermirror multi-channel analyser was
oriented in this plane, such that effects from the structure
of the analyser (and polariser) would be perpendicular to
the modulation and therefore having no influence on the
observed modulation. The Spin-Echo range covered was
from about 75 Å to 1750 Å.
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Since our proof-of-principle measurements were per-
formed at a low-flux instrument, we examined three dif-
ferent regions of interest (ROIs) covering areas with iron
powder, no small angle scattering sample, and dispersed
polystyrene colloids in D2O respectively. Each ROI corre-
sponds roughly to a detector area of approximately 50 mm2

with a detector-pixel size of 55 ⇥ 55 µm2 [51, 52]. Measure-
ment time for one initial spin direction with or without
samples in the beam was of the order of 3.5 hours, making
the total measurement time approximately 14 hours.

5.5 Results

To improve the quality the obtained images for each Spin-
Echo length the images were first filtered using an inverse
scale space filter [12] to reduce noise and were averaged
over the vertical direction of the ROI, i.e. perpendicular to
the modulation direction, which was horizontal. Obviously
at an instrument with sufficiently high flux and quality of
components the vertical resolution can be as good as the
collimation and detector resolution allow.

Figure 5.3 shows the modulation as a function of Spin-
Echo length and horizontal detector position. The nor-
malised modulation, MC/MC,0, was calculated and as
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shown in Figure 5.3 Part 2 h-j, where white stripes indicate
the positions in time and space with missing information.

As it can be seen in Figure 5.3 h-j the normalised visibil-
ity and the modulation expectedly decreases with increas-
ing Spin-Echo length when there is a small angle scattering
sample present. It can also be seen that for long Spin-Echo
lengths (long wavelengths) there is a drop in statistics due
to the reduced flux of the neutron source at these wave-
lengths. However, having a higher flux and/or a longer
measuring time (possibly in combination with a cold in-
stead of thermal neutron source) will improve statistics and
the accessible range of correlations lengths in this regime.

For each Spin-Echo length (time frame) and ROI the 1D
modulated data vs horizontal detector position was fitted
with a sinusoidal function thereby obtaining the V(dSE)

and V0 information [49] displayed as the "sine fitting"
curves in Figure 5.4, where they are compared to curves
obtained through our novel approach of dividing the mod-
ulation functions directly. Reference curves for the three
sample types (iron powder, no sample, and polystyrene
colloids) are shown as well. In order to obtain the "mod-
ulation curve division" curves of the relative visibility as
a function of Spin-Echo length for a given ROI we aver-
aged first along the vertical detector position, calculated
MC/MC,0, and averaged along the horizontal detector posi-
tion for each time frame. V0 < 0.1 was set as the threshold
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for determining the location of "dead spots". There is a
high level of agreement between the curves from the two
different methods of data analysis, though at long Spin-
Echo lengths our novel approach seems to be more robust
with respect to noisier data and shows better precision and
better correspondence with the reference curves.

5.6 Conclusion

With our novel data analysis approach it was demonstrated
that the ratio of modulation amplitudes measured in each
pixel for spin up and spin down configurations can provide
the most accurate information on the scattering signal, and
most importantly with full pixel resolution of the detector.
Additionally this approach is more straight forward and
less time consuming and computational intense than the
previously used fitting routines. This makes it not only
attractive for quantitative SEM dark-field imaging but also
for conventional measurements of (very) small angle scat-
tering.
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Chapter 6

Wavelength-Independent
Constant Period
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Small Angle Neutron
Scattering
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Introduction to Article

This article is to be submitted. The data reduction and
analysis and the figures have been created by me with
input from Markus Strobl. The text was co-written
by Markus Strobl and me with input from the other
authors.

6.1 Abstract

Spin-Echo Modulated Small Angle Neutron Scattering (SEM-
SANS) in Time-of-Flight (ToF) mode has been shown to be
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a promising technique for measuring (very) small angle
neutron scattering (SANS) signals and performing quan-
titative Dark-Field Imaging (DFI), i.e. SANS with 2D spa-
tial resolution. However, the wavelength dependence of
the modulation period in the ToF Spin-Echo mode has so
far limited the useful modulation periods to those resolv-
able with the limited spatial resolution of the detectors
available. Here we present our results of an approach to
keep the period of the induced modulation constant for
the wavelengths utilised in ToF. This is achieved by ramp-
ing the magnetic fields in the coils responsible for creating
the spatially modulated beam in synchronisation with the
neutron pulse, and hence in dependence of the wavelength
in the set-up at each specific time, in order to keep the
modulation period constant for all wavelengths. Such a
set-up enables to decouple spatial detector resolution from
the resolution of the modulation period by the use of slits
or gratings in analogy to the approach in grating-based
neutron DFI.

6.2 Introduction

SEMSANS has been proven to be possible and a useful
SANS tool for both utilising either a monochromatic beam
[48], or a pulsed neutron beam [47, 39], just as in conven-
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tional SANS [50]. It has also been shown that the method
holds the outstanding potential to measure SANS with
additional spatial resolution on the macroscopic scale of
neutron imaging [49, 38] in analogy to grating based DFI
[43].

In general SESANS and in particular SEMSANS-based
DFI is highly analogous to the grating interferometer based
dark-field method. However, to date the two methods op-
erate at very different ranges of modulation periods and
correspondingly also scattering vector and resolvable size
ranges. For monochromatic SEMSANS just as for grating
interferometry the period of the spatial beam modulation
during an exposure is constant. This allows for analysis of
the modulation utilising a phase-stepping, i.e. scanning,
approach with an absorption grating matching the period
of the modulation in front of the detector [32]. Either the
modulation or the analyser grating is shifted across the
beam and a number of images are recorded over one pe-
riod. This in turn enables periods to be resolved which are
smaller than the detector resolution, like usually done in
DFI with grating interferometers. In SEMSANS the periods
are currently also limited by the magnetic field set-ups, but
in particular the ToF realisation and the spatial detector
resolution constitute the main limitations.

For SEMSANS a polarised neutron beam is laterally
modulated in the detector plane by modulating the po-
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larisation with two triangular field regions [8, 2, 3] with
fields in opposite directions, since the precession angle of
the neutron spin will depend on the horizontal position
of neutron trajectory through the triangular fields. The
modulated polarisation across the beam is turned into an
intensity modulation by the use of a polarisation analyser.

Downstream from the analyser at the detector position
the now spatial modulation has a period given by [8]:

z =
p tan q0

cl (B2 � B1)
, (6.1)

with B1 and B2 being the fields in the triangular coils, q0 the
inclination angle of the triangular coils with respect to the
optical axis, the Larmor constant c = 4.632 ⇥ 1014 T�1m�2,
and l the wavelength. It can be seen that for a constant
angle, q0, and fields, B1 and B2, in the triangular coils, the
period will decrease with increasing wavelength. Hence,
throughout a neutron pulse in a ToF instrument, where
neutrons with higher energy (velocity) and hence shorter
wavelengths arrive at the detector first, the modulation
period is becoming inversely smaller proportional to the
specific ToF of a neutron. The time, t, it takes for a neutron
to travel the distance, L, (from pulse generating choppers
to detector), is, using the de-Broglie equation, given by:
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tTOF = aLl, where a = mN/h = 2.528 ⇥ 10�4 s/m/Å,
and mN is the neutron mass and h is the Planck constant.

As the length scale probed, which is characterised by
the Spin-Echo length, d

SE, is given by:

d

SE =
lLS

z

=
cl

2LS(B2 � B1)
p tan q0

, (6.2)

the probed scale is proportional to the wavelength, and
hence also ToF, squared. This is the case because both the
period, which defines the scattering angle probed, and the
scattering angles, which relate to the scattering structure
sizes, are linearly wavelength dependent.

In SEMSANS the magnetic fields in the two triangu-
lar precession regions and their distances to the detector
have to fulfil the focusing condition B1L1 = B2L2 in or-
der to achieve an optimised modulation in the detector
plane. This condition is wavelength independent, and
hence the method can be exploited efficiently in ToF mode.
In contrast to neutron grating interferometry the set-up is
optimised to a specific wavelength because the induced
phase shift in the phase gratings as well as the fractional
Talbot distance, at which an optimised modulation can
be achieved, are wavelength dependent [53, 32]. There-
fore, although it has been shown that contrast can still be
achieved over a range of a few angstroms [26], the set-up is
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generally not well suited for ToF applications, in particular
with respect to a significant range to be probed efficiently.

When, however, considering to keep the modulation
period constant in a ToF SEMSANS experiment either the
magnetic field in the precession coils or their angular set-up
has to be adapted in synchronisation with the ToF pulses.
Given the frequencies of about 10 Hz to 50 Hz in most
neutron ToF applications and the potential to adapt and
synchronise the magnetic fields remotely by the supplied
electrical currents, such option was chosen over a mechani-
cal adaptation of the angles of the field regions. In order
to keep the modulation period constant, the required field
value of e.g. B1 can easily be calculated by:

B1 = B2
L2
L1

=
1
l

p tan q0L2
cz(L1 � L2)

=
aL
t

p tan q0L2
cz(L1 � L2)

. (6.3)

With this ToF – and hence wavelength – dependence of
the field and (see Fig. 6.1 a) the therefore constant mod-
ulation period, the Spin-Echo length will now scale lin-
early with wavelength and not anymore with the square
of the wavelength as shown in Fig. 6.1 b. The result of
this is that for a given wavelength spectrum the range of
length scales probed will be smaller when keeping the
period constant. This drawback, however, will for the
right purposes be more than compensated by the possi-
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bilities offered. Moreover, the broader Spin-Echo length
range possible with constant fields in the triangular pre-
cession regions is only attainable if the correspondingly
decreasing modulation period is resolvable by the detector
(see Fig. 6.1 c). It can bee seen in Fig. 6.1 that in order to
gain the broader Spin-Echo length range using constant
fields, lower field strength but higher detector resolution
is needed compared to the ramped field set-up, which on
the other hand is limited by the maximum field strength
achievable in the triangular precession coils. While the de-
tector resolution limit concerns the long correlation lengths,
the high field requirement for the constant period case con-
cerns the short spin echo lengths.

6.3 Measurements

The measurements were performed at the Reactor Institute
Delft, TUDelft, The Netherlands. The pulsed beam was
created using a co-rotating optically blind double chopper
set-up [54], with about 5% dl/l at the detector and a pulse
frequency of 50 Hz. The neutrons were polarised and anal-
ysed using multi-channel supermirrors, and the neutron
spin-rotations were controlled using V-coils (Delft p/2-
rotators [18]). The current in the triangular coils was con-
trolled with a pulse generator for each coil with a peak mag-
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netic field of about 3 mT. The data was recorded using a
microchannel plate detector with a pixel size of 55⇥ 55 µm2

and timepix readout [51, 52] with time frame exposure of
48 µs (rebinned into 96 µs).

Measurements with constant magnetic fields in the tri-
angular coils, and therefore wavelength dependent modu-
lation period, were recorded as well for comparison.

6.4 Results

Fig. 6.2 shows the measurements of the spatial modulation
with and without ramped fields as a function of wave-
length. It can be seen that with constant magnetic field
in the triangular precession coils the modulation period
decreases with increasing wavelength. When the magnetic
fields are ramped the period could be stabilised but still
small changes are observed with the current set-up. Fur-
thermore, it can be seen that when ramping the magnetic
fields, the modulation pattern shifts across the detector
surface, since the magnetic field strengths scale with the
distance from coil to detector and therefore the Spin-Echo
position is being moved horizontally across the detector
surface during the neutron pulse. This means that in or-
der to keep the modulation stationary as well as with a
constant period, a third ramped precession field without
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inclined field surface is necessary to compensate for the
difference in field strength between B1 and B2.

In Fig. 6.3 a, b, c examples of the modulation pattern for
three different wavelength are shown for both the ramped
field and the constant field set-up. It can be seen that we
succeeded in reducing the wavelength dependence of the
modulation period significantly. It is kept constant first, in
a range where field differences are large (see Fig. 6.2), but
accuracy in synchronisation was not sufficient for longer
wavelengths, where the sensitivity of period versus field
value increases. As also further illustrated in Fig. 6.4, where
the period is shown as a function of wavelength, the period
still decrease with increasing wavelength above 1.6 Å, in-
dicating that the ramped field in the triangular coils in our
set-up was not sufficiently matched to the requirements of
the neutron pulse. This, however, is a simple limitation of
the available equipment in our proof-of-principle set-up.
With appropriate equipment the synchronisation of the
magnetic fields with the neutron pulse and their accuracy
will not be limited by the response of the power supply
when the induction in the coils are taken into account care-
fully.
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6.5 Conclusion

We have successfully demonstrated with our proof-of-prin-
ciple instrumental set-up that ramping the magnetic field
in the triangular coils of a ToF SEMSANS instrument in syn-
chronisation with ToF neutron pulses, makes it possible to
keep the spatial modulation period constant during the ex-
periment independent of the ToF and neutron wavelength.
This opens up the possibilities for performing quantita-
tive Dark Field Imaging in ToF mode and using a grating
analyser to resolve periods beyond the resolution of the
detector. This will enable to extend the structure size range
amenable by Spin-Echo Modulated Dark Field Imaging
(SEM-DFI) as well as in measuring (very) small angle scat-
tering signals with relaxed collimation and a single pixel
detector behind a grating also in ToF mode. The disadvan-
tage of the approach is as demonstrated the limitations in
the Spin-Echo range compared to the constant field set-up
as long as not limited by detector resolution. However,
this is more than balanced by an extended wavelength and
period range amenable with this technique using a grating
analyser in ToF.





Chapter 7

Final Conclusion

Through our first investigation into Spin-Echo Modulated
Small Angle Neutron Scattering in Time-of-Flight mode
using an absorption grating analyser and a single pixel
detector for resolving the signal, and combining this with
Monte-Carlo ray-tracing simulations, we gained valuable
insight into the magnetic field dependence of the modu-
lation pattern. Especially the importance of keeping the
signal at the Spin-Echo position in order to obtain the high-
est signal quality was established.

After establishing the functionality of our instrument,
we developed upon these initial results, where we were
able to further improve our set-up, and with the addition of
a both spatial and time sensitive detector, we successfully
measured polychromatic quantitative Dark-Field imaging
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on a multi-sample set-up. With this we could extract small
angle scattering information of selected regions of interest
in the obtained images corresponding to different sam-
ples. The extracted information corresponded well with
reference curves, though with our proof-of-principle set-up
at a low-flux thermal source, we were limited to a some-
what narrow Spin-Echo range. The curves were obtained
through multiple sinusoidal curve fittings in order to ob-
tain the visibility values from the modulation pattern. This
method of data analysis is limited to spatial resolutions of
minimum one modulation period.

Therefore we investigated an alternative method for
analysing SEMSANS data, where the relationship between
the attenuation corrected modulation in individual areas
of sub-period size with and without sample was used to
extract the small angle scattering information. Possible
improvements in accuracy over the sine fitting method
was observed and this in combination with the reduction
in complexity and computational demand underlined the
usability of the novel method of analysis. The downside of
having areas without information when the modulation is
close to zero was found to be negligible in most cases.

Finally we were able to ramp the field in triangular
precession regions in synchronisation with the neutron
pulse in order to diminish the wavelength dependence of
the modulation period. With a constant modulation period
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and phase it is possible to go to spatial resolutions beyond
the limit set by the detector by using an absorption grating
to resolve the signal. Moreover, this approach also opens
up the possibility of using a single pixel detector and a
grating to achieve spatial resolution.

All together our investigations of SEMSANS in ToF
mode have shed light on a promising technique bridging
the gap between small angle scattering and imaging, mea-
suring both simultaneously, thereby covering length scales
at several orders of magnitude in one measurement.

At the powerful pulsed neutron sources of the future,
such as the European Spallation Source, our ToF SEMSANS
instrument would be able to excel as an important tool for
investigations of a wide variety of systems.



Appendix A

Experimental evidence for
lamellar magnetism in
hemo-ilmenite by polarized
neutron scattering

The work presented in the article below was the basis of
not only the article but also my PhD midway-project (cor-
responding to my Master’s Thesis).

The article describes the investigation of the magnetic
properties of Hemo-Ilmenite, in order to find an explana-
tion for its anomalous remanent magnetisation, through
the use of polarised neutron diffraction under various ex-
ternal magnetic fields and temperatures on a single crystal
Hemo-Ilmenite sample from southern Norway [6].
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My contribution was being part of the team carrying
out the main neutron scattering experiments, that were
the basis for the work presented. I performed the data
treatment and analysis and created the figures in the article
presenting the data. Furthermore I provided input to the
article text written by Erik Brok. (Note that each inserted
article page is spread across two pages in this text.)
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Fü

r
M

at
er

ia
le

n
un

d
En

er
gi

e
G

m
bH

,D
-1

41
09

Be
rl

in
,G

er
m

an
y

5 D
ep

ar
tm

en
to

fE
ne

rg
y

C
on

ve
rs

io
n

an
d

St
or

ag
e,

Te
ch

ni
ca

lU
ni

ve
rs

ity
of

D
en

m
ar

k,
D

K
-4

00
0

Ro
sk

ild
e,

D
en

m
ar

k
6 J

ül
ic

h
C

en
tr

e
fo

r
N

eu
tro

n
Sc

ie
nc

e
JC

N
S,

Fo
rs

ch
un

gs
ze

nt
ru

m
Jü
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Å
an

d
c

=
14

.0
85

Å
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Appendix B

Simulation of a suite of generic
long-pulse neutron instruments
to optimize the time structure of
the European Spallation Source

This article describes the work behind a study of the possi-
ble neutron source time structures of the European Spalla-
tion Source (ESS) and their impact on the ESS instrument
suite. This work would be an important part of the decision
process for the final time structure. The work was carried
out by the Copenhagen Simulation Task Force Team [23].

My contribution to this article was to simulate a thermal
powder diffractometer using Wavelength Frame Multipli-
cation. In order to investigate the impact of the source



137

time structure (frequency and pulse length) on the instru-
ment performance of a powder diffractometer, the effect
of the instrument’s elliptical guide shape, the wavelength
band, the moderator hot-spot, and the chopper set-up was
investigated and optimised for each source setting. For
this study we simulated 20 settings. More on this can be
found in Appendix C. (Note that each inserted article page
is spread across two pages in this text.)
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Appendix C

Powder Diffractometers at
Long-pulsed Sources

This proceeding article below describes the two powder
diffractometers simulated for the study of the impact of the
source time structure of the European Spallation Source for
a generic instrument suite found in appendix B [40].

My contribution to the article was simulating the ther-
mal powder diffractometer using Wavelength Frame Mul-
tiplication in addition to composing the text. (Note that
each inserted article page is spread across two pages in this
text.)
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Appendix D

McStas Code

This is Monte Carlo Ray-Tracing Simulation code used
in Chapter 3. The code is for use with the McStas 2.0
simulation package [56].

D.1 SEMSANS instrument

The Analyser_ideal component is written by Erik Knud-
sen and works as an (unphysical) ideal analyser of neutron
spin direction. The Pol_pi_2_rotator component is also
written by Erik Knudsen and rotates the neutron spin 90
degrees around a given vector. It is an ideal unphysical
version of a V-coil. The Pol_triafield is witten by me
and is an ideal unphysical triangular field (see section D.2).
The amount of precession a neutron spin would experience
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passing through the field is calculated and applied. More
information can be found in the code for the component.
The position of the two V-coils in the middle responsible
for the 180 degree spin flip can be scanned with the param-
eter flippos. The start orientation of the neutron spin is
controlled with the parameter FLIP where 1 is down and
-1 is up. This parameter works in the first V-coil. Before the
detector a choice of single slit, double slit or grating can be
made by commenting the other options. After the simula-
tion where flippos has been scanned for both FLIP 1 and
-1, the output from the ToF detector can be combined into
e.g. a 2D colorplot of Visibility signal vs ToF (wavelength)
and flippos such as in Fig. 3.3 and 3.4.
Instrument code:

1 /* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
2 * McStas instrument d e f i n i t i o n URL=http ://www. mcstas . org
3 * Written by : Morten S a l e s
4 * Date : 2014
5 * Origin : Copenhagen , Ber l in , D e l f t
6 * Release : McStas 2 . 0
7 * Instrument s i t e : TU D e l f t .
8 * Instrument : Time�of�F l i g h t SEMSANS instrument
9 * with 2 i s o s c e l e s t r i a n g u l a r f i e l d c o i l s

10 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * */
11
12 DEFINE INSTRUMENT Delft_SEMSANS (
13 t r i a c o i l _ d e p t h = 1 .93500 e�01, //Half of the t r i a . c o i l depth (1 r i g h t t r i a . ) [m]
14 t r i a c o i l _ w i d t h = 7 .04282 e�02, //xwidth of t r i a n g u l a r c o i l [m]
15 t r i a c o i l _ h e i g h t = 3 .00000 e�01, //yheight of t r i a n g u l a r c o i l [m]
16 pol_zdepth = 9 .30000 e�01, //Depth of the p o l a r i s e r along z [m]
17 vcoi l_zdepth = 1 .50000 e�01, //Depth along z of the v�c o i l f l i p p e r [m]
18 Guide1_depth = 1 .65000 e�02, //Depth of f i r s t precess ion f i e l d s e c t i o n [m]
19 Guide2_depth = 3 .31500 e�01, //Depth of second precess ion f i e l d s e c t i o n [m]
20 Guide3_depth = 3 .31500 e�01, //Depth of t h i r d precess ion f i e l d s e c t i o n [m]
21 Guide4_depth = 5 .65000 e�02, //Depth of fourth precess ion f i e l d s e c t i o n [m]
22 Bguide = �5.00000e�04, //F i e l d s t re ng t h of precess ion f i e l d [ T ]
23 Bextra = �2.12000e�02, //F i e l d s t r e n t h of e x t r a f i e l d in guide f i e l d 1 [ T ]
24 Bt2 = �4.44000e�03, //F i e l d in f i r s t t r i a n g u l a r c o i l [ T ]



D.1 SEMSANS instrument 169

25 Bt1 = �2.56000e�03, //F i e l d in second t r i a n g u l a r c o i l [ T ]
26 DLambda = 4 .16637 e +00 , //Wavelength spread from source ( h a l f of i t ) [AA]
27 Lambda = 4 .55950 e +00 , //Mean wavelength [AA]
28 f l i p p o s = 3 .10000 e�02, // P o s i t i o n ( r e l . to vcoi l_34_pos ) of pi�f l i p p e r [m]
29 FLIP = 1 .00000 e +00 , //Choose p o l a r i s a t i o n (1 i s down, �1 i s up )
30 chop1_pos = 5 .00000 e�01, // P o s i t i o n of f i r s t chopper [m]
31 chop2_pos = 9 .74000 e�01, // P o s i t i o n of second chopper [m]
32 pol_pos = 1 .90700 e +00 , // P o s i t i o n of p o l a r i s e r [m]
33 analyser_pos = 6 .07200 e +00 , // P o s i t i o n of analyser [m]
34 grating_w = 1.57000 e�03, //Width of t r a n s m i t t i n g part of gra t i ng [m]
35 grat ing_a = 2 .93000 e�03, //Width of absorbing part of gra t i ng [m]
36 s l i t _ 1 _ p o s = 2 .95700 e +00 , // P o s i t i o n of f i r s t s l i t [m]
37 s l i t _ 2 _ p o s = 5 .43700 e +00 , // P o s i t i o n of second s l i t [m]
38 Guide1_pos = 3 .30700 e +00 , // P o s i t i o n of f i r s t precess ion f i e l d [m]
39 Guide2_pos = 3 .71050 e +00 , // P o s i t i o n of second precess ion f i e l d [m]
40 Guide3_pos = 4 .34200 e +00 , // P o s i t i o n of t h i r d precess ion f i e l d [m]
41 Guide4_pos = 5 .06050 e +00 , // P o s i t i o n of fourth precess ion f i e l d [m]
42 vcoi l_12_pos = 3 .15700 e +00 , // P o s i t i o n of f i r s t v�c o i l pa i r [m]
43 vcoi l_34_pos = 4 .19200 e +00 , // P o s i t i o n of second v�c o i l pa i r [m]
44 vcoi l_56_pos = 5 .26700 e +00 , // P o s i t i o n of t h i r d v�c o i l pa i r [m]
45 t r i a c o i l _ 1 _ p o s = 3 .51700 e +00 , // P o s i t i o n of f i r s t t r i a n g u l a r c o i l ( c e n t r e ) [m]
46 t r i a c o i l _ 2 _ p o s = 4 .86700 e +00 , // P o s i t i o n of second t r i a n g u l a r c o i l ( c e n t r e ) [m]
47 grat ing_pos = 6 .75700 e +00 , // P o s i t i o n of gra t ing [m]
48 detec tor_pos = 6 .95700 e +00 , // P o s i t i o n of d e t e c t o r [m]
49 tlow = 2.19052 e +03 , //tmin of d e t e c t o r [mu�s ]
50 thigh = 1 .21474 e +04) //tmax of d e t e c t o r [mu�s ]
51
52 /* The DECLARE s e c t i o n allows us to dec lar e v a r i a b l e s or small */
53 /* f u n c t i o n s in C syntax . These may be used in the whole instrument . */
54 DECLARE
55 %{
56 %}
57
58 /* The INITIALIZE s e c t i o n i s executed when the s imulat ion s t a r t s */
59 /* (C code ) . You may use them as component parameter values . */
60 INITIALIZE
61 %{
62 %}
63 /* Here comes the TRACE sec t ion , where the a c t u a l */
64 /* instrument i s defined as a sequence of components . */
65 TRACE
66
67 COMPONENT Origin = Progress_bar ( )
68 AT( 0 , 0 , 0 ) ABSOLUTE
69
70 // SOURCE
71 COMPONENT source = Source_simple (
72 radius =0 , d i s t = s l i t _ 1 _ p o s , focus_xw=20e�3, focus_yh =20e�3,
73 xwidth = 2e�3, yheight = 2e�3,
74 lambda0 = Lambda , dlambda = DLambda)
75 AT ( 0 , 0 , 0 ) RELATIVE Origin
76
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77 // FIRST
78 COMPONENT chop1 = DiskChopper ( radius =0 .21 , the ta_0 =20 , nu=25 ,
79 n s l i t =2 , phase=�10, i s f i r s t =1)
80 AT ( 0 , 0 , chop1_pos ) RELATIVE Origin
81
82 // Second chopper
83 COMPONENT chop2 = DiskChopper ( radius =0 .21 , the ta_0 =20 , nu=25 ,
84 n s l i t =2 , phase=20�10, i s f i r s t =0)
85 AT ( 0 , 0 , chop2_pos ) RELATIVE Origin
86
87 // POLARISER
88 COMPONENT p o l a r i z e r = Set_pol ( py=1)
89 AT ( 0 , 0 , pol_pos + 0 . 5 * pol_zdepth ) RELATIVE Origin
90
91 // FIRST SLIT
92 COMPONENT s l i t _ 1 = S l i t (
93 xwidth=15e�3, yheight =15e�3)
94 AT ( 0 , 0 , s l i t _ 1 _ p o s ) RELATIVE Origin
95
96 // FIRST V�COIL OF FIRST V�COIL PAIR
97 COMPONENT v c o i l 1 = P o l _ p i _ 2 _ r o t a t o r (
98 xwidth =0 .15 , yheight =0 .15 , zdepth=vcoil_zdepth , rx =0 , ry =0 , rz=FLIP * 1 )
99 AT ( 0 , 0 , vcoi l_12_pos�vcoi l_zdepth ) RELATIVE Origin

100
101 // SECOND V�COIL OF FIRST V�COIL PAIR
102 COMPONENT v c o i l 2 = P o l _ p i _ 2 _ r o t a t o r (
103 xwidth =0 .15 , yheight =0 .15 , zdepth=vcoil_zdepth , rx =0 , ry =1 , rz =0)
104 AT ( 0 , 0 , vcoi l_12_pos ) RELATIVE Origin
105
106 // START GUIDEFIELD 1
107 COMPONENT Guide_f ie ld1 = Pol_s impleBf ie ld ( xwidth = 0 . 4 , yheight = 0 . 4 ,
108 zdepth=Guide1_depth , Bx=0 , By=Bguide+Bextra , Bz=0 ,
109 f i e l d F u n c t i o n =cons t_magnet i c_ f i e ld )
110 AT ( 0 , 0 , Guide1_pos ) RELATIVE Origin
111
112 // STOP GUIDE FIELD 1
113 COMPONENT Guide_f ie ld1_cp = Pol_s impleBf ie ld_s top ( magnet_comp_stop=Guide_f ie ld1 )
114 AT ( 0 , 0 , Guide1_pos+Guide1_depth ) RELATIVE Origin
115
116 // TRIA COIL 1
117 COMPONENT t r i a c o i l _ 1 = P o l _ t r i a f i e l d (
118 xwidth= t r i a c o i l _ w i d t h , yheight= t r i a c o i l _ h e i g h t , zdepth =2* t r i a c o i l _ d e p t h ,
119 B=Bt1 , Bguide=Bguide )
120 AT ( 0 , 0 , t r i a c o i l _ 1 _ p o s�t r i a c o i l _ d e p t h ) RELATIVE Origin
121
122 // START GUIDEFIELD 2
123 COMPONENT Guide_f ie ld2 = Pol_s impleBf ie ld ( xwidth = 0 . 4 , yheight = 0 . 4 ,
124 zdepth=Guide2_depth+f l ippos , Bx=0 , By=Bguide , Bz=0 ,
125 f i e l d F u n c t i o n =cons t_magnet i c_ f i e ld )
126 AT ( 0 , 0 , Guide2_pos ) RELATIVE Origin
127
128 // STOP GUIDE FIELD 2
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129 COMPONENT Guide_f ie ld2_cp = Pol_s impleBf ie ld_s top ( magnet_comp_stop=Guide_f ie ld2 )
130 AT ( 0 , 0 , Guide2_pos+Guide2_depth+ f l i p p o s ) RELATIVE Origin
131
132 // FIRST V�COIL OF SECOND V�COIL PAIR
133 COMPONENT v c o i l 3 = P o l _ p i _ 2 _ r o t a t o r (
134 xwidth =0 .15 , yheight =0 .15 , zdepth=vcoil_zdepth , rx =0 , ry =0 , rz =1)
135 AT ( 0 , 0 , vcoi l_34_pos�vcoi l_zdepth+ f l i p p o s ) RELATIVE Origin
136
137 // SECOND V�COIL OF SECOND V�COIL PAIR
138 COMPONENT v c o i l 4 = P o l _ p i _ 2 _ r o t a t o r (
139 xwidth =0 .15 , yheight =0 .15 , zdepth=vcoil_zdepth , rx =0 , ry =0 , rz =1)
140 AT ( 0 , 0 , vcoi l_34_pos+ f l i p p o s ) RELATIVE Origin
141
142 // START GUIDEFIELD 3
143 COMPONENT Guide_f ie ld3 = Pol_s impleBf ie ld ( xwidth = 0 . 4 , yheight = 0 . 4 ,
144 zdepth=Guide3_depth�f l ippos , Bx=0 , By=Bguide ,
145 Bz=0 , f i e l d F u n c t i o n =cons t_magnet i c_ f i e ld )
146 AT ( 0 , 0 , Guide3_pos+ f l i p p o s ) RELATIVE Origin
147
148 // STOP GUIDE FIELD 3
149 COMPONENT Guide_f ie ld3_cp = Pol_s impleBf ie ld_s top ( magnet_comp_stop=Guide_f ie ld3 )
150 AT ( 0 , 0 , Guide3_pos+Guide3_depth ) RELATIVE Origin
151
152 // START TRIA COIL 2
153 COMPONENT t r i a c o i l _ 2 = P o l _ t r i a f i e l d (
154 xwidth= t r i a c o i l _ w i d t h , yheight= t r i a c o i l _ h e i g h t , zdepth =2* t r i a c o i l _ d e p t h ,
155 B=Bt2 , Bguide=Bguide )
156 AT ( 0 , 0 , t r i a c o i l _ 2 _ p o s�t r i a c o i l _ d e p t h ) RELATIVE Origin
157
158 // START GUIDEFIELD 4
159 COMPONENT Guide_f ie ld4 = Pol_s impleBf ie ld ( xwidth = 0 . 4 , yheight = 0 . 4 ,
160 zdepth=Guide4_depth , Bx=0 , By=Bguide , Bz=0 ,
161 f i e l d F u n c t i o n =cons t_magnet i c_ f i e ld )
162 AT ( 0 , 0 , Guide4_pos ) RELATIVE Origin
163
164 // STOP GUIDE FIELD 4
165 COMPONENT Guide_f ie ld4_cp = Pol_s impleBf ie ld_s top ( magnet_comp_stop=Guide_f ie ld4 )
166 AT ( 0 , 0 , Guide4_pos+Guide4_depth ) RELATIVE Origin
167
168 // FIRST V�COIL OF THIRD V�COIL PAIR
169 COMPONENT v c o i l 5 = P o l _ p i _ 2 _ r o t a t o r (
170 xwidth =0 .15 , yheight =0 .15 , zdepth=vcoil_zdepth , rx =0 , ry =1 , rz =0)
171 AT ( 0 , 0 , vcoi l_56_pos�vcoi l_zdepth ) RELATIVE Origin
172
173 // SECOND V�COIL OF THIRD V�COIL PAIR
174 COMPONENT v c o i l 6 = P o l _ p i _ 2 _ r o t a t o r (
175 xwidth =0 .15 , yheight =0 .15 , zdepth=vcoil_zdepth , rx =0 , ry =0 , rz =1)
176 AT ( 0 , 0 , vcoi l_56_pos ) RELATIVE Origin
177
178 // SECOND SLIT
179 COMPONENT s l i t _ 2 = S l i t (
180 xwidth=15e�3, yheight =15e�3)
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181 AT( 0 , 0 , s l i t _ 2 _ p o s ) RELATIVE Origin
182
183 // ANALYSER
184 COMPONENT analyser=Analyser_ ideal (mx=0 ,my=1 ,mz=0)
185 AT( 0 , 0 , analyser_pos ) RELATIVE Origin
186
187 // THIS IS GRATING
188 COMPONENT G r a t i n g S l i t 1 _ 1 = S l i t ( xwidth=grating_w , yheight =5e�3)
189 AT ( �2.0* grating_w � 2 . 0 * grat ing_a , 0 , grat ing_pos ) RELATIVE Origin
190 GROUP Grating
191
192 COMPONENT G r a t i n g S l i t 1 _ 2 = S l i t ( xwidth=grating_w , yheight =5e�3)
193 AT ( �1.0* grating_w � 1 . 0 * grat ing_a , 0 , grat ing_pos ) RELATIVE Origin
194 GROUP Grating
195
196 COMPONENT G r a t i n g S l i t 1 _ 3 = S l i t ( xwidth=grating_w , yheight =5e�3)
197 AT ( 0 , 0 , grat ing_pos ) RELATIVE Origin
198 GROUP Grating
199
200 COMPONENT G r a t i n g S l i t 1 _ 4 = S l i t ( xwidth=grating_w , yheight =5e�3)
201 AT ( 1 . 0 * grating_w + 1 . 0 * grat ing_a , 0 , grat ing_pos ) RELATIVE Origin
202 GROUP Grating
203
204 COMPONENT G r a t i n g S l i t 1 _ 5 = S l i t ( xwidth=grating_w , yheight =5e�3)
205 AT ( 2 . 0 * grating_w + 2 . 0 * grat ing_a , 0 , grat ing_pos ) RELATIVE Origin
206 GROUP Grating
207
208 /* //THIS IS DOUBLE SLIT
209 COMPONENT G r a t i n g S l i t 2 _ 1 = S l i t ( xwidth=grating_w , yheight =5e�3)
210 AT ( �0.5* grating_w � 0 . 5 * grat ing_a , 0 , grat ing_pos ) RELATIVE Origin
211 GROUP Grating
212
213 COMPONENT G r a t i n g S l i t 2 _ 2 = S l i t ( xwidth=grating_w , yheight =5e�3)
214 AT ( 0 . 5 * grating_w + 0 . 5 * grat ing_a , 0 , grat ing_pos ) RELATIVE Origin
215 GROUP Grating */
216
217 /* //THIS IS SINGLE SLIT
218 COMPONENT G r a t i n g S l i t 3 _ 1 = S l i t ( xwidth=grating_w , yheight =5e�3)
219 AT ( 0 , 0 , grat ing_pos ) RELATIVE Origin */
220
221 // DETECTOR
222 COMPONENT TOF_det = TOF_monitor ( xwidth = 0 . 0 5 , yheight = 0 . 0 5 ,
223 nt =251 , tmin=tlow , tmax=thigh , f i lename=" TOF_det " )
224 AT ( 0 , 0 , detec tor_pos ) RELATIVE Origin
225
226 FINALLY
227 %{
228 %}
229
230 /* The END token marks the instrument d e f i n i t i o n end */
231 END
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D.2 Triangular coil component

Component code:
1 /* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
2 *
3 * McStas , neutron ray�t r a c i n g package
4 * Component : P o l _ t r i a f i e l d
5 * Written by : Morten Sales , based on P o l _ c o n s t B f i e l d by Peter Chr i s t iansen
6 * Date : 2013
7 * Version : $Revision : 0 . 1 $
8 * Origin : Helmholtz�Zentrum B e r l i n
9 * Release : McStas 2 . 0

10 *
11 * Constant magnetic f i e l d in a i s o s c e l e s t r i a n g u l a r c o i l
12 * Rectangular box with constant B f i e l d along y�a x i s ( up ) in a i s o s c e l e s t r i a n g l e .
13 * There i s a guide ( or precess ion ) f i e l d as well .
14 * I t i s along y in the e n t i r e r e c t a n g u l a r box .
15 * A neutron h i t t i n g outs ide the box opening or the box s i d e s i s absorbed .
16 *
17 * __________________
18 * | /\ |
19 * | Bguide/ \Bguide | x
20 * | / \ | ^
21 * | / \ | |
22 * | / B \ | |�����> z
23 * | / and \ |
24 * | / Bguide \ |
25 * | / \ |
26 * |/________________\|
27 *
28 * The angle of the i n c l i n a t i o n of the t r i a n g u l a r f i e l d boundary i s given by
29 * the arc tangent to xwidth / ( 0 . 5 * zdepth )
30 *
31 * This component does NOT take g r a v i t y i n t o account .
32 *
33 * Example : P o l _ t r i a f i e l d ( xwidth = 0 . 1 , yheight = 0 . 1 , zdepth = 0 . 2 , B=1e�3, Bguide = 0 . 0 )
34 *
35 * INPUT PARAMETERS:
36 *
37 * xwidth : Width of opening [m] .
38 * yheight : Height of opening [m] .
39 * zdepth : zdepth of f i e l d [m] .
40 * B : Magnetic f i e l d along y�d i r e c t i o n i n s i d e t r i a n g l e [ T ]
41 * Bguide : Magnetic f i e l d along y�d i r e c t i o n i n s i d e e n t i r e box [ T ]
42 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * */
43
44 DEFINE COMPONENT P o l _ t r i a f i e l d
45 SETTING PARAMETERS( xwidth , yheight , zdepth , B=0 , Bguide =0)
46 OUTPUT PARAMETERS( omegaL , omegaLguide )
47 /* Neutron parameters : ( x , y , z , vx , vy , vz , t , sx , sy , sz , p ) */
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48
49 SHARE
50 %{
51 double I n t e r s e c t W a l l ( double pos , double vel , double wallpos ) {
52 /* Function to c a l c u l a t e where the neutron h i t the wall */
53
54 i f ( ve l ==0)
55 return �1;
56 i f ( vel >0)
57 return ( wallpos�pos ) /vel ;
58 e l s e
59 return (�wallpos�pos ) /vel ;
60 }
61 %}
62
63 DECLARE
64 %{
65 /* Larmor frequency */
66 double omegaL = 0 ;
67 double omegaLguide = 0 ;
68 %}
69
70 INITIALIZE
71 %{
72 double v e l o c i t y = 0 , time = 0 ;
73
74 i f ( ( xwidth <=0) || ( yheight <=0) || ( zdepth <=0) ) {
75 f p r i n t f ( s tderr , " P o l _ f i l t e r : %s : Null or negat ive volume !\n"
76 "ERROR ( xwidth , yheight , zdepth ) . E x i t i n g \n" ,
77 NAME_CURRENT_COMP) ;
78 e x i t ( 1 ) ;
79 }
80 omegaL = �1.832472 e8 * ( B � Bguide ) ; // B and Bguide i s in Tes la
81 omegaLguide = �1.832472 e8 * Bguide ; // Bguide i s in Tes la
82 %}
83
84 TRACE
85 %{
86 double deltaT , deltaTx , deltaTy , sx_in1 , sz_in1 , sx_in2 , sz_in2 ,
87 iz1 , iz2 , denom1 , denom2 , d e l t a T t r i a ;
88
89 PROP_Z0 ;
90 i f ( ! i n s i d e _ r e c t a n g l e ( x , y , xwidth , yheight ) )
91 ABSORB;
92
93 // Time spent in Bguide�f i e l d
94 del taT = zdepth/vz ;
95
96 // This c a l c u l a t e s the i n t e r s e c t i o n s on the xz�plane
97 // between the neutron t r a j e c t o r y and the t r i a n g u l a r f i e l d boundaries
98 // The neutron t r a j e c t o r y i s given by the points
99 // ( x , 0 , 0 ) and ( x+vx , 0 , vz )
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100 // The f i r s t f i e l d boundary i s given by the points
101 // (�xwidth / 2 , 0 , 0 ) and ( xwidth /2 , 0 , zdepth /2)
102 // The second f i e l d boundary i s given by the points
103 // ( xwidth /2 ,0 , zdepth /2) and (�xwidth /2 ,0 , zdepth )
104 // i z 1 and i z 2 are the z�values f o r the i n t e r s e c t i o n
105 denom1 = (�vz ) *((� xwidth /2)�xwidth /2)�(x�(x+vx ) ) *(�zdepth /2) ;
106 i z 1 = ((�x * vz ) *(�zdepth /2)�(�vz ) *(�(�xwidth /2) * zdepth /2) ) /denom1 ;
107 denom2 = (�vz ) * ( xwidth/2�(�xwidth /2) )�(x�(x+vx ) ) * ( zdepth/2�zdepth ) ;
108 i z 2 = ((�x * vz ) * ( zdepth/2�zdepth )�(�vz ) * ( zdepth/2*(�xwidth /2)�xwidth /2* zdepth ) ) /
109 denom2 ;
110 // Time spent in t r i a n g u l a r B�f i e l d
111 d e l t a T t r i a = ( iz2�i z 1 ) /vz ;
112
113 // check t h a t t r a c k goes throgh without h i t t i n g the wal ls
114 i f ( ! i n s i d e _ r e c t a n g l e ( x+vx * deltaT , y+vy * deltaT , xwidth , yheight ) ) {
115
116 // Propagate to the wall and absorb
117 deltaTx = I n t e r s e c t W a l l ( x , vx , xwidth /2) ;
118 deltaTy = I n t e r s e c t W a l l ( y , vy , yheight /2) ;
119
120 i f ( deltaTx >=0 && deltaTx <deltaTy )
121 del taT = deltaTx ;
122 e l s e
123 del taT = deltaTy ;
124
125 PROP_DT( del taT ) ;
126 ABSORB;
127 }
128
129 PROP_DT( del taT ) ;
130
131 // These are the incoming spin d i r e c t i o n s
132 sx_in1 = sx ;
133 sz_in1 = sz ;
134
135 // This c a l c u l a t e s the spin r o t a t i o n caused by the guide/precess ion f i e l d
136 sz_in2 = cos ( omegaLguide * del taT ) * sz_in1 � s in ( omegaLguide * del taT ) * sx_in1 ;
137 sx_in2 = s i n ( omegaLguide * del taT ) * sz_in1 + cos ( omegaLguide * del taT ) * sx_in1 ;
138
139 // This c a l c u l a t e d the spin r o t a t i o n caused by the t r i a n g u l a r f i e l d
140 sz = cos ( omegaL* d e l t a T t r i a ) * sz_in2 � s in ( omegaL* d e l t a T t r i a ) * sx_in2 ;
141 sx = s i n ( omegaL* d e l t a T t r i a ) * sz_in2 + cos ( omegaL* d e l t a T t r i a ) * sx_in2 ;
142 %}
143
144 MCDISPLAY
145 %{
146 magnify ( " xy " ) ;
147 box ( 0 , 0 , 0 , xwidth , yheight , zdepth ) ;
148 %}
149
150 END
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