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Abstract

The High-Intensity Baryon Extraction and Measurement experiment (HIBEAM)
is proposed as one of the experimental stations at the European Spallation Source
(ESS). This experiment will mainly focus on the neutron into sterile neutron os-
cillations which violate the baryon number (B) by one unit. The sterile neutrons
are hypothetical dark matter candidates. The neutrons suitable for the experi-
ment have energy lower than approximately 1 eV and are transported from the
moderator of the ESS into HIBEAM by the ANNI (a pulsed cold neutron beam
facility) beamline. The goal of this thesis was to estimate the neutron background
and radiation dose rate for the ANNI beamline using simulations performed with
the Particle and Heavy Ion Transport code System (PHITS). This study is sup-
ported by the need to reach a high sensitivity of the neutron into sterile neutron
oscillation experiments. The sensitivity of such experiments strongly depends on
the magnitude of the background. The detailed model of the ANNI beamline was
implemented and integrated into the ESS target model. The neutron spectrum at
22 m from the center of the ESS target monolith was calculated with a two-step
calculation process in order to transport the neutrons through such a long guiding
system that extends from 2 m relative to the ESS target monolith. It was found
that the flux of high-energy (fast) neutrons that are the source of background sig-
nificantly reduced between the ANNI opening and the entrance to the HIBEAM
experimental area at 22 m relative to the target monolith. Nevertheless, the design
of the neutron guide system of ANNI could be improved because a significant frac-
tion of the fast neutrons were not stopped inside the bunker wall. Consequently,
the fast neutrons contributed to observed large dose levels outside the bunker wall
edge located at a distance of 15 m from the target monolith. Different thicknesses
of the shielding material outside the bunker wall edge were tested, but even 70 cm
thick block of high-density concrete was not capable of stopping fast neutron below
the acceptable value of the effective dose of 1.5 uSv/h. This project can be used
as a ground for the optimization of the geometric model of the ANNI beamline.
The results of this project can also support the future ANNI beamline proposal.
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1 List of Abbreviations

ANNI
CKM
CMB
CP

CPU
ESS
FOC
GUT
GZK
HIBEAM
LHC
McStas
NNBAR
PDC
PHITS
SM
UCN
VITESS

A pulsed cold neutron beam facility
Cabibbo—Kobayashi—Maskawa

cosmic microwave background

charge parity

central processing unit

European Spallation Source

frame overlap chopper

grand unified theory

Greisen—Zatsepin—Kuzmin

High-Intensity Baryon Extraction and Measurement
Large Hadron Collider

Monte carlo Simulation of triple axis spectrometers
neutron-antineutron transformation

pulse-defining chopper

Particle and Heavy Ion Transport code System
Standard Model

ultracold neutron

Virtual Instrumentation Tool for the ESS



2 Introduction

The European Spallation Source (ESS) is a research facility being constructed in
the fields on the outskirts of Lund, Sweden. The project is financed and lead by
thirteen European countries. ESS will be the world’s most powerful neutron source
after its completion. There will be twenty-two experimental stations in total. The
focus of this thesis is the High-Intensity Baryon Extraction and Measurement
(HIBEAM) experiment, which makes use of neutrons coming from the ANNI (a
pulsed cold neutron beam facility) beamline [1]: a proposed instrument dedicated
to particle and fundamental physics [2].

The experimental focus of HIBEAM is the searches for the neutron to ster-
ile neutron conversions. These processes violate the baryon number (B) by one
unit. The HIBEAM experiment represents the first phase of the two-stage pro-
gramme which second step will be the neutron to antineutron oscillations exper-
iment: neutron-antineutron transformation (NNBAR). The NNBAR experiment
will be able to look for the neutron to antineutron (n — n) oscillations with an
increase in experimental sensitivity by a factor of 10® in comparison to the previous
experiment performed at ILL [3]. This process violates B by two units.

The sterile sector of particles could represent a possible dark sector |1]. Both
aforementioned B violating processes could contribute to various cosmological phe-
nomena. The possible existence of the dark sector is coupled to the problem of
dark matter, the dominant and hitherto poorly understood contribution of the
matter budget of the Universe. Two main experimental approaches can be used
to search for sterile neutrons: measurements of neutrons trapped in an ultra-cold
neutron (UCN) bottle and measurements with the beam neutrons. While there
have been several measurements with UCN, there is currently no measurement
with the beam neutrons.

The goal of HIBEAM is to search for the neutron to sterile neutron transitions
with a beam of neutrons for the first time. In addition to the direct transition
of n — n', experiments done with the beam neutrons can also look for different
modes, like regeneration of neutrons following a beam stop, and also n — n tran-
sition via a sterile neutron state (see section . These two processes cannot be
searched using UCN. It is important to note that the sensitivity of these experi-
ments that will be performed at HIBEAM is strongly coupled to the possibility of
achieving low background rates.

The purpose of this thesis is to study the background of the ANNI beam-
line using a Monte-Carlo radiation transport code called Particle and Heavy Ion
Transport code System (PHITS) [4]. A detailed model of the beamline must be
implemented, including the simulation of a neutron production at ESS and their
subsequent propagation through ANNI. The spectrum is measured to estimate a
background made of fast neutrons (i.e. neutrons with energy > 1 eV) at the end of



the ANNI beamline at the location of the HIBEAM experiment. Simultaneously,
a dose map is recorded to test shielding effectiveness to stop fast neutrons.

3 Scientific Motivation

3.1 Standard model

The Standard Model (SM) is a theory that characterizes particles and their in-
teractions using a function called Lagrangian. There are three types of particles:
matter particles, gauge and scalar bosons. Overview of the constituents of the
SM [5] is shown in Figure . First, the elementary matter particles correspond
to fermions with a half-integer spin called quarks and leptons. Both quarks and
leptons can be further classified by six different flavours. Second, the gauge bosons
have an integer spin and can mediate interactions between the quarks and leptons.
The type of interaction between the quarks and leptons determines which gauge
boson is exchanged. The massless photons are interchanged in the case of the elec-
tromagnetic interaction, while the massive W and Z bosons are interchanged in
the case of the weak interaction. Moreover, the massless gluons are interchanged
in the case of the strong interaction. Finally, the scalar, spin-zero Higgs boson is
responsible for the mechanism in which the matter particles and massive gauge
bosons obtain mass. The interesting property of the SM is that W, Z and Higgs
bosons and gluons can also self-interact. The SM is considered to be a gauge the-
ory in the sense that invariance present in the SM interactions gives rise to the
exchange of gauge bosons [6].

Apart from the electric charge of the electromagnetic force, each quark pos-
sesses a colour charge of the strong force. The nature of the strong force gives
rise to the confinement of quarks into a colourless hadron. The hadron made of a
quark-antiquark pair is called a meson, while the hadron made of three quarks, or
antiquarks is called baryon and antibaryon, respectively [7].

3.2 Models of Baryogenesis
3.2.1 Matter Dominant Universe

The Universe contains significantly more matter than antimatter. Such a state-
ment is possible, for example, based on observations of the primary cosmic rays [§].
The primary cosmic rays can be detected using a satellite just before they reach
the Earth’s atmosphere. They are mainly composed of protons and alpha parti-
cles. Alpha particles contain two protons and neutrons [9]. The possible sources
of cosmic rays are not yet fully understood. This especially applies to the most
energetic part of the spectrum of the primary cosmic rays [10]. There is a clear



STANDARD MODEL OF

ELEMENTARY PARTICLES
4 N/ N/ \7 N\
ORNCANOR ORI
up charm top gluon Higgs
3 PAN J\. \_ J
4 \/ N/ S\ N\
ORNOCRNOREO
down strange bottom photon
. N VAN J\. J
AN SN AN AN
O NORNOR RO,
electron muon tau Z boson
\L AN AN /
f N\ Y4 .l )
® | ® | W
electron muon tau W boson

\neutrmcy @eutrmoj kneutrmoja \_

QUARKS LEPTONS GAUGEBOSONS SCALARBOSONS

Figure 1: Overview over the particles in the SM. Adapted from ref. 5.

dominance of matter based on the measured ratio of antiprotons to protons in
the primary cosmic rays. It turns out that this ratio varies from 107 to 10~ in
the range between 1 to 100 GeV based on measurements of Adriani et al. .
Moreover, it is expected that most of the detected antiprotons were produced in
the interactions of primary cosmic rays with the interstellar material. Therefore,
many detected antiprotons were not produced at the sources of cosmic rays and
are treated as secondary particles. The remaining antiprotons are expected to
be produced in processes that involve dark matter . The question is whether
this observation of the dominance of matter over antimatter can be generalised
on the whole Universe. It may be the case that the detected cosmic rays origi-
nate from the matter dominant region of the Universe, which can be accompanied
by the antimatter dominant region of the Universe. Nevertheless, this hypothesis
would require observing gamma rays from the annihilation of matter with antimat-
ter originating from the boundaries of matter and antimatter dominant regions.
These gamma rays were not observed .

Two independent estimates of the asymmetry parameter show that there al-
ready was a slightly higher amount of matter than antimatter in the early times



of the Universe. The asymmetry parameter is defined according to Equation [I}

np —nNg np —nNg

— ~ 1
n npg +ng S ()

where npg is the number of baryons and ngz is the number of antibaryons. The
difference between ng and nj is divided by entropy density s to make Equation
invariant under the expansion of the Universe [§]. The first way to estimate the
asymmetry parameter is based on the abundances of elements synthesised in the
time of the Big Bang nucleosynthesis. The Big Bang nucleosynthesis was a process
in which some of the lightest elements, such as D, *He or "Li, were produced by a
fusion. The process began when the Universe cooled to the temperature of about
10'° K. Conditions at this temperature allowed the existence of stable nuclei, and
fusion of protons and neutrons was still possible [13]. The value of n was esti-
mated to be approximately 1071% as reported by Fields and Sarkar (Particle Data
Group) [14]. The second way to estimate the asymmetry parameter is based on
the temperature anisotropy in the cosmic microwave background (CMB). More
specifically, the relative height of peaks found on the plot of CMB Temperature
vs multipole moment gives n [15]. CMB, sometimes called "a relic radiation”, is
radiation with the origin in the time when the Universe cooled to about 3000 K.
This temperature allowed to form bounded state of nuclei and electrons which
significantly minimised the number of times the CMB photons are scattered. This
lead to the state that is sometimes called a transparent Universe. CMB gives
useful information about the early times of the Universe. The great advantage is
that it can be detected on the Earth [16]. 1 based on the CMB analysis was again
estimated to be of the order of 107'° according to Fields and Sarkar [14]. The
difference between the number of matter and antimatter particles was therefore
tiny in the early times of the Universe. However, even a small excess of matter
over antimatter resulted in matter dominant Universe when conditions allowed
the antimatter particles to annihilate with matter particles [17]. Sakharov condi-
tions [18] had to be satisfied to initiate baryogenesis. Baryogenesis was a process
that led to the creation of a small baryon asymmetry in the early times of the
Universe. This asymmetry can be quantified by n as discussed above. Sakharov
conditions are the B-violation, charge (C) and charge-parity (CP) symmetry vi-
olation and deviation from the thermal equilibrium. All the conditions can be
satisfied in different models of baryogenesis which involve novel types of particle
interactions.

Sakharov conditions can be satisfied by different processes. First, the exact
processes and conditions in which the B can be violated are investigated. One of
the predicted processes where B is violated is oscillations of a neutron into ster-
ile/anti neutron [19]. Second, the CP violation is proven to be present in some of
the particle interactions, for example, in the decay of D meson [20]. In addition,
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the CP violation is predicted by the SM [6] by having a complex phase in the
Cabibbo—Kobayashi—Maskawa (CKM) matrix. The CKM matrix leads to mix-
ing between different quark flavours, and predicts the strength of such interactions.
Finally, the thermal equilibrium could be broken in the early times, for example,
during the first-order electroweak phase transition [21].

3.2.2 Grand Unification Theory and Electroweak Baryogenesis

There are several possible moments during the early development of the Universe
when baryogenesis could take place. Namely, the most discussed is the time just
after the grand unification epoch and the time during the electroweak epoch when
some theories indicate that Sahkarov conditions were satisfied. It is simultaneously
expected that the amount of matter and antimatter was equal in the first instants
of the Universe. The first moment is related to the model of grand unified theory
(GUT) baryogenesis, and the second is related to the model of electroweak baryo-
genesis. The GUT baryogenesis is the oldest model of baryogenesis [22]. The GUT
predicts unification of fundamental the SM forces at the scale of approximately
106 GeV. More specifically, there exists, in the simplest case, the SU(5) group
which is spontaneously broken into SU(3)c ® SU(2)L ® U(1)y, i. e. groups
representing the SM internal symmetries (the SM interactions), below the GUT
scale [23]. Quarks and leptons are arranged into an object with 5 x 1 components
(quintet) and an object with 5 x 5 components in this theory. Then, there are 24
generators of SU(5) arranged in an object again with 5 x 5 components giving rise
to the X and Y bosons, which are not present in the SM interactions [6]. Compu-
tation of the interaction Lagrangian reveals that X and Y bosons can mediate B
violating interactions between fermions [22]|. For example, the X boson can couple
to uu, or et d [6]. Therefore, B can be violated in vertices involving the X bo-
son [23]. However, the GUT baryogenesis can be rejected, for example, based on
the assumption that the Universe reached a temperature of about 10'® GeV after
the inflation. This temperature is below the GUT energy scale [22].

Electroweak baryogenesis fits better into a modern cosmology. The baryoge-
nesis would be initiated when the temperature of the Universe dropped to ap-
proximately 100 GeV. The electroweak symmetry (SU(2);, ® U(1l)y) was spon-
taneously broken into U(1)gy at this temperature, and nature picked one of the
vacuum states giving rise to Higgs field. All the Sakharov conditions, includ-
ing B violation, could be satisfied during this process of spontaneous breaking of
the symmetry. There could be "bubbles” formed with the broken phase where the
sphaleron process could take place and would be out of equilibrium that would lead
to net asymmetry between density of baryons and antibaryons [24]. The sphaleron
process relates to transitions (tunnelling) between different vacuum states. B + L,
where L is the lepton number, is violated during the tunnelling interactions [22].



One of the problems with the model of electroweak baryogenesis is that it expects
that Higgs mass is below approximately 70 GeV, such that the first-order tran-
sition could take place [24]. However, the currently accepted value of the Higgs
mass determined experimentally is approximately 125 GeV [25].

The GUT scale is much larger than the energies present in the interactions
at the Large Hadron Collider (LHC). However, GUTs predict different limits on
proton decays. These limits can be tested experimentally. Most of GUTs can
be then rejected since their prediction of the proton lifetime seems to be incorrect
based on the experiments. No proton decays were actually observed [26]. The elec-
troweak energy scales are easier to reach in the high-energy experiments, including
the LHC, so the electroweak phase transition and baryogenesis can be potentially
verified experimentally [27].

3.2.3 Post-Sphaleron Baryogenesis

In addition, there is a model of post-sphaleron baryogenesis, which would involve
conversions of neutrons into antineutrons. This model predicts the existence of a
scalar boson S, which can interact with three colour-sextet diquark scalar fields
that can decay into six quarks or antiquarks. Then, there would exist a high di-
mensional operator O that can couple to S, resulting in a B violating process.
Consequently, the neutron-antineutron oscillations which violate B by two units
would become possible as this process would involve the identical diquark scalar
field couplings as the decay of S, [28]. The whole process involving the exchange
of S, could take place when the temperature of the Universe was in the range
between 0.1 and 100 GeV, i. e. after the expected time of electroweak baryoge-
nesis. S5, and its decay mechanism arises from the Pati—Salam symmetry group
SU(2), ® SUR2)g @ SU(4)c. The Pati-Salam symmetry group can be sponta-
neously broken from the SO(10) GUT [29]. The energy scale of the diquark scalar
fields is approximately expected to be in the order of TeV such that these fields
can potentially be produced and studied, for example, at the LHC [30]. A differ-
ent possibility is to search directly for the neutron-antineutron oscillations in the
experiments with a large number of low energy neutrons as it is mainly planned
for the NNBAR experiment at ESS [1].

3.3 Mirror Matter
3.3.1 Definition

The weak interaction is mediated only between left-handed particles or right-
handed antiparticles with respect to their chirality, such that the SM is not sym-
metric under the parity transformation operator. The parity represents a discrete



symmetry in the SM with x — -x [31]. A clear violation of parity in the SM
gave rise to theories of a possible existence of a mirror sector of particles. The
reason is that the weak force is predicted to be mediated rather between the right-
handed particles and left-handed antiparticles in the mirror sector. Therefore, the
transformations of particles in mirror particles would conserve the parity. The
hypothesised mirror sector of particles consists of the identical particles that are
known from the ordinary sector of particles. More specifically, each left-handed
fermion in the ordinary sector is hypothesised to have a right-handed partner in
the mirror sector. Moreover, the interactions between the mirror particles should
stem from the same local gauge symmetries leading to the identical mechanism of
interactions between mirror particles by exchanging corresponding mirror bosons.
This can be easily represented by adopting the ordinary matter gauge symmetry
G=U1)y ® SU2), ® SU(3)c to write the mirror matter gauge symmetry
G =U(l)y ® SUQ2)y ® SU(3). [32] such that the ordinary matter parti-
cles are singlets with respect to G'. This indicates that the possible interaction
mechanisms between the mirror particles with the ordinary matter particles are
limited. Therefore, the mirror particles are invisible in experiments sensitive to
the electroweak and strong interactions between ordinary matter particles only.
Consequently, the mirror sector of particles is considered to be one of the dark
matter candidates [19]. The interactions between the mirror and ordinary matter
particles are in general expected to be mediated by gravitons, but there are more
hypothesised mechanisms of these interactions. For example, one theory indicates
a mass mixing of ordinary matter particle with its mirror partner via flavour gauge
bosons. This possibility would allow neutron-mirror neutron oscillations described
by the six-fermion operator [1].

3.3.2 Oscillations of Neutrons in Sterile Neutrons

A high-dimensional operator (d = 9) O is expected to give rise to the oscillations
between neutrons and sterile neutrons by six-quark coupling, similarly as for the
neutron-antineutron oscillations. O is approximately equal to - (udd)(u'd d')
where M? is a mass scale.

The neutron-sterile neutron (n — n') oscillations should be observable both
in the disappearance experiment (n — n’) with trapped UCNs, and in the newly
proposed experiments with the beam neutrons. More specifically, low-energy neu-
trons called cold neutrons can potentially oscillate into their sterile state as they
propagate through an experimental cavity leading either to the disappearance (n
— n'), regeneration (n — n’ — n) or neutron-antineutron conversion via the sterile
state (n — n' — n) processes [19]. The most suitable cold neutron energy for the
disappearance and regeneration experiment usually lies below 1077 eV [32]. A fac-
tor that limits the sensitivity of the experiments mentioned is the magnetic field.



Namely, the problem arises from the terrestrial magnetic field with a magnitude
of about 0.5 G felt by the neutrons. More specifically, the ground energy level of
a neutron is raised by puB where p is a magnetic moment of the neutron. There
is no terrestrial magnetic field felt by the sterile neutron which would compensate
for this effect leading to Zeeman splitting of the energy levels. Consequently, the
oscillations are suppressed as the energy levels do not match precisely between the
neutrons and sterile neutrons [33].

The neutron-sterile neutron oscillations violate B by one unit. However, a
conserved combined B can be found if the sterile neutrons come from the mirror
sector. Namely, B in the ordinary sector, where it is equal to AB = 1, and the
mirror sector where AB" = -1 [1]. This gives a conserved quantity AB + AB’
equal to 0. Conservation of the combined B indicates that such oscillations are
not necessarily suppressed. In contrast, nor the ordinary world B and the combined
B is conserved in the neutron-antineutron oscillations (AB" = 0 in this case) [19].

3.3.3 Mirror Dark Matter and Effect of Neutron-Mirror Neutron Os-
cillations on the Cosmic Rays

There is strong evidence for dark matter. The main property of dark matter which
distinguishes it from ordinary matter is that it cannot interact via electromagnetic
force [34]. Presence of the dark matter in the Universe manifests in several different
astronomical observations. For example, in the pattern and dynamics of the large-
scale structures of the Universe [35]. These structures are made of galaxies that
are attracted by gravity. Their pattern resembles a spider web [36].

One of the possible candidates of dark matter is a sector of sterile particles.
This sector can, in principle, be made of mirror particles since they would be sterile
to the ordinary electromagnetic, weak and strong interactions. Mirror dark matter
made by the duplication of the ordinary matter particles can explain the ratio of
QQL};W ~ b where Qpy and Qp is the dark matter and baryon density parameter,
respectively. The ratio represents the relative energy density of the dark matter
and ordinary matter constituents in the Universe [35]. The initial condition of
the currently discussed mirror dark matter models is that the reheat temperature
of the mirror sector is smaller than the temperature of the ordinary sector. It
is then hypothesised by Bento and Berezhiani [37] that the B and L violating
processes, which are induced in the interactions between the ordinary particles
and mirror particles, including the n - n’ oscillations, led to the baryon asymmetry
(baryogenesis) both in the ordinary and mirror sectors. Such a phenomenon would
be called a co-genesis and would affect the magnitude of the QS?—;W ratio [3§].

The neutron-sterile neutron oscillations would modify the spectrum of ultra-
high-energy primary cosmic rays if the mirror world of particles exists. This could
imply that sterile neutrons are equivalent to mirror neutrons [38]. Then, Greisen-



Zatsepin-Kuzmin (GZK) cutoff is predicted at 5 x 10! eV (50 EeV) which corre-
sponds to the energy above which the cosmic rays are expected to disappear from
the spectrum provided that the ultra-high-energy cosmic rays are made dominantly
of protons [39]. The reason for the disappearance is predicted by high energy pro-
tons being excited by CMB photons leading to pion and proton/neutron produc-
tion. Produced neutrons can then transform into mirror neutrons. However, the
GZK cutoff is expected to be at a higher energy for the mirror matter. Namely, at
approximately 10 x 101? eV (100 EeV). Therefore, neutrons produced with energy
between the ordinary matter and mirror matter GZK cutoff should disappear by
transformation into mirror neutrons. An interesting phenomenon occurs above the
mirror matter GZK cutoff where it is hypothesised that mirror protons that make
up the high energy cosmic rays can be excited by the mirror CMB photons to
produce mirror protons and neutrons. These mirror neutrons can then transform
into ordinary matter neutrons. Subsequently, neutrons can decay to protons and
add up into the ordinary matter cosmic rays. Consequently, the ultra-high-energy
cosmic ray intensity increase should be observed on the spectrum above 100 EeV.
Nevertheless, experimental facilities, namely Pierre Auger Observatory [40] and
Telescope Array detectors [41], do not provide enough of statistics from their mea-
surements of the spectrum at ultra-high-energies to test whether the described
ultra-high-energy processes which involve the neutron-mirror neutron oscillations
take place [38].



4 The Search for Neutrons to Sterile Neutrons
Conversions at the ESS

4.1 Introduction

Presently under construction, the ESS is a multidisciplinary international labo-
ratory located in Lund, Sweden, with thirteen European member states and will
become one of Europe's flagship facilities [42]. The project has been driven by the
neutron scattering community. The first 15 instruments, covering a wide range
of topics in neutron science, have been funded in the first call for proposals and
will be brought online in the next few years. However, as defined in the ESS
statutes, the scope of ESS is to build and operate 22 world-leading instruments
in an open user programme [43]. During this first call of a proposal in 2015, an
international collaboration submitted a request for a cold neutron beam facility
(ANNI) for particle physics at the ESS. This proposal received an exceptionally
high ranking, though it was not included in the first 15 instruments. The ESS
analysed the capability gaps [44] later in 2018 remaining after construction of the
first 15 instruments. The result of this analysis has shown that one of the com-
munities that is most obviously not given enough attention is the particle physics
community. Therefore, the ESS gave high priority to fundamental physics for the
next call of instruments (16-22).

In this context, this thesis will be dedicated to the study of the ANNI beamline
and its associated sterile neutron experiment HIBEAM. This work will be a part
of the new call for instrument proposal that is foreseen in the next few years at

the ESS.

4.2 The European Spallation Source

ESS is equipped with a powerful proton linear accelerator. The pulsed proton
beam with a repetition rate of 14 Hz and pulse duration of 2.86 ms is accelerated
to 2 GeV towards a target. The target is shielded by the stainless steel wall of a
thickness of 3.5 m that is called a monolith. The monolith has a radius of 5.5 m
and starts 2 m after the moderator centre. The proton beam with an average
power of 5 MW hits the target made of tungsten placed inside a revolving disk
with openings (see the target wheel in Figure . Each proton pulse will enter in
a different opening, allowing the target to cool down. When the proton beam hits
one of the openings, it penetrates through the disk and collides with the target.
Consequently, spallation [45] takes place. Spallation is a two-stage process that
is initiated by high-energy particles, accelerated protons, in this case, striking
atomic nuclei in the target. High-energy protons, neutrons or pions are emitted
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from the target in the first stage. These particles either escape from the target,
or excite some of the target’s nuclei. Subsequently, the excited nuclei emit low-
energy protons, neutrons, or alpha particles as they relax to the ground state in the
second stage. The goal at the ESS is to extract as many neutrons as possible from
the spallation process. This beam of neutrons with a pulsed nature then enters a
moderator, which slows down the neutrons before they reach the ESS beam ports.
The beam ports, or beamline openings, extend inside the monolith from the radius
of 2 m (see the position of the neutron beam extraction in Figure [3)) [L, 46].

The beam ports extract the neutrons from the target. Subsequently, the neu-
trons are transported over a long distance to the experimental area thanks to the
neutron guide. The instruments at ESS have a different length depending on the
type of instrument and their scientific case . An overview of the ESS instrument
with the location of the ANNI and HIBEAM experiment is shown in Figure [2]

HEIMDAL

SKAD}gy ESTIA

Figure 2: The ESS instruments and ANNI/HIBEAM location. Adapted from ref.
1.
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Figure 3: The cross-sectional view of the target monolith. Adapted from ref. 1.
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Figure 4: Overview of the ANNI beamline. Adapted from ref. 1.

4.3 The ANNI Beamline

Pulsed beams provide immense advantages for precision experiments with cold
neutrons. They are used at continuous sources despite the related substantial de-
crease in intensity to minimise and measure systematic effects. The experiments
at the ESS will benefit from the pulse structure of the source and its 50 times
higher peak brightness compared to the most intense reactor facilities, making
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novel concepts feasible. As a consequence, the ANNI beamline was proposed as
a neutron beamline with the potential for a range of experiments (beyond the
HIBEAM programme that is discussed later), including improvement in measure-
ments in neutron beta decay of one order of magnitude in accuracy and a search for
a non-zero electric dipole moment of the neutron [47]. The design from the ANNI
proposal [47] is shown in Figure . The S-shaped guide preferentially selects cold
neutrons, which are passed into an experimental area ultimately. The S-shaped
guide allows to remove a part of the contribution of fast neutrons (i.e. neutrons
with energy greater than 1 eV) and simultaneously keep as many low-energy (slow)
neutrons as possible.

The geometry of ANNI was proposed by Soldner et al. [47]. A side-view of the
geometry can be seen in Figure [ where PDC corresponds to the pulse-defining
chopper, and FOC corresponds to the frame overlap chopper. A neutron chopper
is a device designed to interrupt the neutron beam for a well-defined duration
periodically. They act nearly as a neutron switch that can select neutrons with a
certain velocity. The length of the bender 1 and bender 2 section is 8 m and 2.5
m, respectively. There is a straight section in between bender 1 and bender 2 with
a length of 0.4 m. The neutron guide of ANNI terminates at a distance of 22 m
from the centre of the target monolith. The horizontal dimension of the neutron
guides is bigger than the vertical one since the ESS moderator is flat [47]. There is
a big experimental area, where different experimental setups can be implemented
at the end of the neutron guide. The HIBEAM collaboration will design and build
an experiment in this experimental area that will make use of the ANNI beam to
search for the neutron to sterile neutron conversions.

4.4 The High Intensity Baryon Extraction and Measure-
ment Experiment

The HIBEAM collaboration proposes an experiment to search for the conversion
of n — n/ and several other searches for sterile neutrons. These experiments will
take advantage of the unique potential of the ESS.

Two main experimental approaches can be used to search for sterile neutrons:
measurements of neutrons trapped in an UCN bottle and, as proposed at HI-
BEAM, measurements of beam neutrons. The principles behind these approaches
are illustrated in Figure 5] There would be anomalous loss of neutrons from the
trap via their conversion to sterile neutrons (see Figure [5a) in the case of UCN
searches.

With the beam neutrons, the experiments can look for:

e the regeneration of neutrons following a beam stop (see Figure ),
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e an unexplained disappearance of neutron flux (similar to the UCN search)

(see Figure [Bk),

e and the conversion process n — 7 via a sterile neutron state (see Figure ).

With both UCN and beam of neutrons, the experiments should scan as wide a
range of magnetic fields as possible to induce the neutron-sterile neutron transi-
tions; this is due to the need to ensure degeneracy between the neutron in visible
and sterile sectors. A neutron in a sterile sector may be affected by a sterile mag-
netic field B’. Such a magnetic field can be generated by hypothetical ionization
and flow of gravitationally captured dark material in and around the Earth [48].
Such an accumulation could occur due to ionized gas clouds of sterile atoms cap-
tured by the Earth, e.g. due to the photon-sterile photon kinetic mixing; present
experimental and cosmological limits on such mixing [49] and geophysical limits
[50] still allow the presence of a relevant amount of sterile material at the Earth
[48]. The presence of this sterile magnetic field B’ and the laboratory magnetic
field B create a difference in the potential energy of a neutron in the visible sector
and a sterile neutron in the sterile world. This energy difference suppresses the
transformation unless B ~ B’ [48] as was discussed in Section This can
manifest itself when varying B over the unknown range of B’ in an experiment
giving the resonance value when B ~ B’ at which the probability of is greatly
enhanced [1].

Several dedicated experiments searching for n — n’ processes with UCN were
performed in the last decade [51458]. The interpretations and limits for the UCN
measurements rely on the experimental assumptions, which may be poorly un-
derstood for neutron collisions on UCN material trap walls [59]. This source of
systematic uncertainty can be removed by performing dedicated searches with
propagating cold neutron beam in a magnetic field, as planned for HIBEAM.

It is important to note that the lower the neutron’s energy, the longer is its
propagation time, giving a higher probability for the oscillation. Consequently,
cold neutrons are demanded in all the experiments. The n — n’ disappearance
experiment (see Figure ) will involve a current-integrating beam detector labelled
by M to measure the neutron flux at the end of the guide in the entrance of the
experimental area. The experimental area corresponds to the location where the
neutrons are let to propagate inside the vacuum pipe without a guide. The second
detector labelled by C, a current-integrating beam detector, is located in the end
of the vacuum pipe. The C detector absorbs the beam with much higher neutron
counting efficiency than the M detector. The ratio between neutron fluxes at
the M and C detectors reveals possible neutron disappearance. This experiment
assumes that there is a constant mirror magnetic field B’ present in the overall
flight length of the neutrons. It is expected that the neutron oscillations are

14



Neutron
source +
focusing

Neutron
source +
focusing

Neutron
source +
focusing

(a)
®®® ®®® @ ®

©0% 909 @O
P00 000 | ["0® (@
UCN storage bottle
(b) Regeneration Mode
I Neutron
= e = t
n— n',l’l' nl,n [ —>n counter
(c) Disappearance
| Neutron
, counter
n—n

(d) Neutron-antineutron conversion via sterile neutron

Annihilation
]
B - ] detector
1 -

no>n,n n,n—n

Figure 5: The illustration of the principles of searches for sterile neutron oscil-
lation. In the UCN trap (a), it is possible that neutrons effectively disappear,
possibly lowering the measured values of the neutron lifetime. For neutron beams,
both regeneration (b) (n — [n/,7/] — n) and disappearance (c) (n — n’,n’) search
modes are possible. Another possibility (d) is regenerative in style, though in-
stead leads to further mixing to an antineutron (n — {n’,7’} — 7n), requiring an
annihilation detector. For the regeneration and neutron-antineutron conversion
searches, a neutron absorber must be placed at the halfway point of the beamline,
preventing all ordinary neutrons from proceeding through the experimental cavity
while permitting sterile species to pass unencumbered. The figure was adapted

from ref. 1.
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magnified when B’ is matched by the artificially induced magnetic field B inside
the vacuum pipe. B will be varied between -0.5 G and 0.5 G. A lower limit on 7,
by disappearance can be estimated based on the measurements [1]. A sensitivity
of the experiment (the lower limit on 7,,/) increases with the flight path L of the
neutron and v/7, where T is a duration of a single measurement assuming that
the incoming neutron flux is constant. Increasing L. can be challenging due to the
space limitations of a research facility [60]. Figure |§| shows the current limits from
UCN-based experiments together with the expected sensitivity of the HIBEAM
experiment (in the disappearance mode) after a one-year ESS run for the power
usage of 1 MW. Increases in disappearance sensitivity of greater than an order
of magnitude are possible depending on the value of the magnetic field used. It
can be seen that HIBEAM covers a wide range of oscillation times for a given
magnetic field value (up to and beyond an order of magnitude), many of which are
unexplored by UCN-based experiments, and remain free of the model assumptions
of those searches.

o
o

UCN limits
HIBEAM sensitivity

S~ O O
o
o

HIBEAM (one year ESS
running @1Mw)

_

01 02 03 04 05
Magnetic field /Gauss

Limit/sensitivity forn = n’ (s)

Figure 6: The black line describes the excluded neutron oscillation times (75) for
n — n' disappearance from UCN experiments as a function of the magnetic field
B’. The projected sensitivity for HIBEAM for the disappearance experiment is
also shown in yellow for one year’s run at the ESS assuming a power of IMW.
Adapted from ref. 1.

The n — n’ regeneration experiment is similar to the previous disappearance
experiment, but two consecutive independent oscillations must happen. The prob-
ability for the signal event will decrease quadratically as a consequence. There will
be a current-integrating neutron beam detector at the entrance of the experimen-
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tal area labelled by N. Then, a neutron absorber S in the middle of the vacuum
pipe will stop all the neutrons that did not undertake the regeneration process
before they reach the R detector. At the end of the vacuum pipe, another current-
integrating neutron beam detector labelled by R will detect the neutrons that con-
verted to sterile neutrons. There is a need for a highly efficient R detector since
the signal is estimated to be small. The sensitivity of this experiment increases
with /L1 Lo, where L; is a flight path between the N detector and the S absorber,
and L is a flight path between the S absorber and the R detector. The sensitivity
also increases with /7. The best choice is to keep L1 = Lo if the total L of this
experiment is constant [60]. Finally, the n — (n/, n/) — 7 experiment requires a
similar set-up as for the n — n experiment planned for NNBAR. The reason is
that the final state will be an antineutron, and in order to detect such particle, an
annihilation detector is required. The signature of the neutron-antineutron tran-
sition is via the annihilation of the antineutron on a Carbon target surrounded by
the annihilation detector (see Figure ) Such interactions produce a multipion
state (3-5 charged pions and photons from neutral pion decays) with momenta
between 100 and 300 MeV [61], 62].
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5 Background and Shielding Studies for the
HIBEAM Experiment

As stated previously, the sensitivity of the sterile neutron searches depends on the
background rates. Several components contribute to the background: the spalla-
tion background (i.e. neutrons and photons coming directly from the target), the
secondary particles produced by the neutrons and gammas that escape from the
target, and the cosmic background produced by particles formed by the interac-
tions of the primary cosmic rays with the Earth’s atmosphere |1, 63]. The study
of the spallation background and the shielding design of the ANNI beamline are
the primary objectives of this work. All the calculations shown in this thesis aim
to estimate the background contribution at the exit of the ANNI neutron guide
at 22 m (see section |4.3]), where the neutrons are transmitted to the experimental
area and to estimate the thickness of the shielding needed from the last part of
the ANNI beamline.
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Figure 7: The ESS spallation spectrum at 2 m. The spectrum was averaged on all
the beamports. Adapted from ref. 64.

The spallation neutron spectrum extends up to the energies of protons that
were accelerated to collide with the target as illustrated in Figure (7] [64]. There-
fore, there is a significant fraction of epithermal and fast neutrons present. These
neutrons do not reach the moderator, and consequently, they are not moderated.
However, they are still able to enter the beamline. Therefore, they contribute to
the background significantly and generate a shower of secondary particles that may
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be difficult to shield. Simultaneously, the radiation of neutrons is a threat to living
organisms considering the radiological protection, and they must be shielded [63].
A straightforward solution to suppress the fast neutron and photon background
is to use a curved guide section called a bender, as proposed for ANNI. Most of
the fast neutrons and photons will travel straight, while the cold neutrons will be
transported inside the curved guide |1} [63]. The fast neutrons and photons will be
later absorbed by the shielding material [65].

Another important aspect that must be taken into account is the radiological
requirement that needs to be satisfied to fulfil the laws to operate the beamline at
ESS [66]. The effective dose H [Sv] quantifies a threat of a radiation on a living
organism. H with ST units of [J/kg] scales with the type and energy of particles that
make the radiation as well as the type of an irradiated tissue. Conversion factors at
a given energy allow calculating H by multiplying it with the flux of neutrons. The
dependence of conversion factors on energy of neutrons can be seen in Figure (8| [65].
These conversion factors were computed for the irradiation of a human body by
Mubhrer et al. [67], and are listed in an internal ESS document. As described
previously, the ESS target is shielded by a stainless steel wall called the monolith
and further away by another structure called the bunker (located 15 m away from
the center of target monolith) that provides additional shielding. Furthermore,
every beamline at ESS needs additional shielding around the guide after crossing
the bunker wall. The radiation requirement is that the maximal acceptable dose
rate of both neutrons and photons at the surface of the shielding should be < 3
wSv/h [1]. An additional safety factor of 2 is added for the Monte Carlo simulation,
and therefore the requirement for the simulation is set to 1.5 uSv/h [68].

Neutrons represent the most dangerous radiation which is produced at ESS
because of their high penetrability in shielding materials. Especially, fast neutrons
are difficult to be absorbed. The reason is that the neutrons do not possess an
electric charge, and thus their ability to interact with shielding material is limited
compared to charged particles. This also applies to photons, another dangerous
source of radiation produced in the spallation process at ESS.

Both the shielding effectiveness and the background simulations in this work
were performed using a Monte Carlo radiation transport code named PHITS that
is described in the next section.

6 Methodology

6.1 Particle and Heavy Ion Transport code System

The spallation process and a subsequent propagation of its products, including neu-
trons, through the ESS monolith and ANNI beamline is simulated using PHITS.

19



PHITS is based on Monte Carlo simulation that provides statistical method to
transport particles such as neutrons or photons and ionized atoms. The upper en-
ergy limit of particle or nucleon inside an atom that can be transported by PHITS
is 1 TeV. PHITS finds application in designing radiological protection, estimating
background at any point of a neutron guiding system, or simulating boron neutron
capture cancer therapy [4} 69].

PHITS allows taking measurements of various quantities in a simulation using
virtual detectors called tallies. The quantities of interest in this project are the
neutron flux and the dose rates . The T - Cross tally measures both the current and
flux through a surface defined by intersection of two geometrical regions also called
cells in PHITS (see Figure E[) The flux is simply the number of neutrons/cm? x s.
The T - Point is another example of a tally, which measures the flux only. It is
a point-like detector made of an imaginary sphere with a radius of 1 cm. The
standard deviation, which equals to the error of all the measurements performed
by a tally in a given bin, is estimated with Equation |2l where N is the total number
of measurements, x; and w; corresponds to the value of a single measurement and
a weight of the measurement, respectively, and Z and w corresponds to the average
over all the measurements and weights, respectively.

_ [Eleme v
7= N(N —1)

The flux measured over a defined range of energies is sometimes referred as a
spectrum. It is conventional to divide the y-axis of the spectrum by a lethargy. The
range of energies depicted on the x-axis is divided into bins in PHITS. Lethargy is
then given by ln(%), where E,,,, and E,,;, is the maximal and minimal energy
of the energy bin, respectively [70].

PHITS supports the open-mpi library [71], allowing increasing the number
of simulated events in a given time interval significantly. As a consequence, the
statistics of measurements are improved substantially. In the other words, variance
of measurements is reduced. The ESS computer cluster is used as a main resource
for the parallel computing in this project. The computer cluster at ESS is made of
a set of nodes, that can work together on a single simulation. Each node consists of
many central processing unit (CPU) cores or hardware threads, sometimes referred
as processing units. For example, 320 processing units from 10 nodes are involved
in total for the most demanding simulations in this project. A concept of batch
number is introduced in PHITS. This concept is related to the parallel computing
since the number of batches is automatically adjusted by PHITS to be equal to
(npy - 1) where npy is the number of processing units. In principle, an individual
simulation is run in each batch. A number of particles generated by a source is
fixed for all the batches. The observables are estimated and reported by tallies

(2)
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after all the events in the batch are simulated. In the end, observable estimates
and their error estimates from all the batches are combined into the final estimate
using weighted summations in Equation [3] and Equation [4] respectively, where A
is a multiplication factor, N is the number of observable estimates, x; is a value of
observable estimate ¢, w; is a weight of the observable estimate i, w is a sum over all
the weights w;, and o, is an error of z;. The weight is set to be one when combining
the estimates in the case of equal number of events in each batch. The advantage of
setting a large batch number, which is even greater than the number of processing
units, is that interim results of observable estimates are reported frequently during
the simulation, but at the cost of an increased processing time [70].

The fact that observable estimates can be combined using Equation (3| and
Equation |4 can be used to improve statistics by combining observable estimates
from independent measurements. This method was used to obtain spectrum of
neutrons at 22 m, which required a large number of simulated events. The weight
was set to one provided that the number of batches and simulated events in each
batch was equal. Otherwise, an appropriate weight for each observable estimate
was required to be set. The independence of each observable estimate was reached
by modifying the initial random number labelled by "rseed” of the simulation.
Then, PHITS generated random number labelled by ”rijk” for each batch according
to rseed.

In addition, the combination of observable estimates can be used to attain par-
allel computing on a consumer computer, when open-mpi libraries are not avail-
able, or not compatible with installed PHITS version. This method was used
mainly for source term simulations which are less computationally demanding in
this project. PHITS without open-mpi libraries uses a single processing unit for
a simulation. Then, it is possible to run multiple simulations according to the
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number of available CPU cores on the computer and then combine the observ-
able estimates according to Equation [3] and Equation [4] again provided that the
observable estimates are independent.

i:AZ%xi (3)

6.2 The ANNI Beamline Geometry

In order to calculate the background contributions and the radiation dose rates,
it was necessary to implement a detailed model of the ESS target and the ANNI
beamline. The ANNI beamline geometric model was implemented in this project
expanding the official ESS target model. The PHITS model in comparison with the
engineering model |72] is depicted in Figure . The relative position of the moder-
ator and the ANNI opening can be seen in Figure |11} The model is highly detailed
and contains all the relevant components that contribute to the background. The
geometric model of ANNI was created based on Figure {4] using CombLayer [73].
CombLayer is a set of C++ scripts and libraries that allow producing a complex
geometrical model for several neutron transport simulations including PHITS. The
input to CombLayer is written in C++ where all the objects in the model of a
beamline and their relative positions are defined by means of object-oriented pro-
gramming.

The side view of the geometric model of ANNI beamline created in CombLayer
can be seen in Figure The opening of the ANNI beamline was at x = 2
m, where x was a horizontal distance from the moderator center. There was a
neutron guide (black line in Figure which extended from x = 2 m to x = 22
m. The most general purpose of the neutron guide is to transport cold neutrons
with a minimal loss. Its inner wall is usually covered by a thin, highly reflective
material. This thin layer of the reflective material, a neutron mirror, is deposited
on a substrate material. There is a limiting factor of a single layer mirror for
neutrons to be reflected given by the critical angle that can be calculated from
Snell’s law [74]. Therefore, mirrors with multiple layers are usually used. They
are, in general, composed of materials with alternating high and low indexes of
refraction leading to periodic interfaces. The interfaces are boundaries between
the layers of a small and high index of refraction. The neutrons which encounter
one of the interfaces are either reflected or transmitted. The transmitted neutrons
encounter later another interface deeper in the mirror. The wave functions of
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reflected neutrons which interfere constructively at the surface of the multilayer
mirror then propagate further through the neutron guide. Bragg’s law can be
used to estimate the wavelength of reflected neutrons. The problem is that these
multilayer mirrors are capable of reflecting neutrons in a narrow wavelength band
only. Hence, the supermirrors are used to reflect the neutrons with a wider
range of wavelengths. That is accomplished by layers with varying thickness in
the supermirror such that neutrons with different wavelengths are reflected.

h

(a) Adapted from ref. 72.

Figure 10: Overview of the ESS target, monolith, bunker and beamline. The ESS
instruments are distributed in 4 different sectors. The ANNI beamline is located
in the East sector at the beamport 5. The engineering drawing in Figure
shows the layout of the instruments at ESS. The corresponding PHITS model is
depicted in Figure[I0D] including the top view of the geometric model of the ANNI
beamline.

Then, there was a vacuum pipe, which surrounded the guide, to provide the
vacuum. Consequently, a beam of neutrons could propagate freely and unpolluted
through the guide. The neutron guide was not surrounded by the vacuum pipe
inside the monolith since the monolith provided its own vacuum system. Another
important neutron optics element used was a chopper. The chopper, in general,
allows controlling the properties of a neutron beam. It is made of a rotating disk,
also called a blade, with two slits placed on the opposite sides of the disk such
that the beam can pass through the disk only when one of the slits aligns with
the guide. The chopper is called to be in an "open” position in this case. The
choppers were also proposed for the ANNI beamline due to a pulsed nature of the
ESS neutron source. Namely, the ANNI geometric model consisted of the PDC and
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two FOCs [47]. The PDC chopper was made of two counter-rotating disks. The
disks can, in principle, rotate at different frequencies. Namely, the frequency of
each disk can be set to a multiple of a base frequency. The planned base frequency
is 14 Hz in the case of ANNI. The combination of the disk frequencies determines
the duration of output neutron pulse [76]. The responsibility of the FOCs is to
keep neutron pulses separated such that frame overlap is avoided. More specifically,
the frame overlap of pulses can occur since velocities vary among neutrons in a
pulse. This leads to slow neutrons lagging behind the faster neutrons leading to
the mixing of neutrons from different pulses [47].

The purpose of this project was to estimate the background produced by fast
neutrons in the worst possible scenario, when the flux of neutrons was maximal
considering the neutron beam propagating out of the bunker at x = 15 m. There-
fore, all the choppers were set to be in the open position in this geometric model.
The thickness of the shielding of the last part of the guide, between the bunker
wall edge at x = 15 m and x = 22 m where the ANNI beamline terminates, was
varied and studied in this project. The shielding thickness was initially set to be
40 cm of concrete, and its effectiveness was tested in this project. A detector was
placed at x = 22 m in the central part of the beamline to measure the spectrum
of neutrons and estimate the background level.

Moderator

Figure 11: The top view of the ESS butterfly moderator is depicted in Figure .
The top view of the target monolith with the ANNI beamline entrance is depicted

in Figure [ITh]
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Figure 12: The side view of the geometric model created for the ANNI beamline.

6.3 Source Term

The transportation of neutrons over long distances represents a challenge for every
radiation transport code. This project involved highly computationally demanding
simulations due to a necessity to plot dose maps outside the bunker, more than
15 m away from the spallation source of neutrons, and a spectrum of neutrons
at the end of the ANNI beamline at 22 m. A way to address this challenge was
to implement a 2-step calculation method, where a source term was generated in
the first step and later used as input to the simulation in the second step. This
methodology was used to improve statistics of observables at such large distances
from the spallation source of neutrons given the limited computational resources.

A source term was generated in the first step by measuring the flux of neu-
trons through a surface, usually located at a beamline opening, to get their energy
distribution with respect to the angle at which they left the surface. This distribu-
tion could be then used to define a new virtual source term at the position of the
surface. This procedure removed the necessity to simulate the spallation process.
Consequently, the computational time for a given number of events decreased [65].
In addition, the spectrum of a new source term was reduced to neutrons that
come out at a small angle 6 relative to the surface normal. In fact, it was found
that neutrons with # < 1° were only relevant to observables measured outside the
target monolith [77]. There are two different source terms used in this project.
The first official ESS source term was adapted from Santoro et al. [77] from the
test beamline. This source term had a rectangular shape with a width of 8 cm
and height of 5 cm, and it was re-scaled to the dimensions of the ANNI opening
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with the width and height of 9 cm and 6 cm, respectively. Each source term de-
fined inside the ANNI beamline must be normalised such that it provides an equal
number of neutrons per second at a given position, as in the case when there is
a proton current of 2.5 mA hitting the target in the target monolith. The ESS
source term normalisation factor was provided to be 5.87 x10'2 for 0° < 0 < 3°
and was re-scaled by a factor of % to account for the ANNI beamline opening.
Then, the normalization factor was 7.98 x 10'2. The energy distribution used in
this source term was defined in three intervals of 6 (for 6 definition see Figure [J)).
Namely, between 6 equal to 0—1°, 1° — 2°, and 2° — 3°.

The second source term was produced in this project to account for the differ-
ence in neutron energy spectrum measured through the ANNI and test beamline
openings. This difference can stem from the orientation of ANNI beamline with
respect to the moderator as compared to test beamline. In addition, the process
of production of the source term allows studying the angular distribution of neu-
trons passing through the ANNI opening more thoroughly. The production of the
source term started with measuring the flux of neutrons with 6 < 3° through a
surface defined as the intersection of the moderator with the ANNI opening at a
distance of 2 m from the target (see Figure . More specifically, the neutron
spectrum was measured for # between 0° — 1.5° and 1.5° — 3° as a compromise
between the angular resolution and magnitude of the neutron flux error |77]. The
normalization factor used was the same as for the test beamline source term, 7.98
x 102 n/cm? x s. The energy distributions for different intervals of 6 can be seen
in Figure 13 The contribution of fast neutrons increased at higher 8 as expected
since these neutrons had less probability of reaching the moderator, where they

could be slowed down. This source term was used later for the results shown in
Section
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Figure 13: The comparison of the flux of neutrons arriving with different 6 to the
surface of the ANNI beamline opening. The contribution of fast neutrons increased
when 6 is above 3°.

7 Results

Initially, the simulations were performed using the proton source, simulating the
spallation process and the moderation process. Then, the produced neutrons enter
the ANNI beamline and subsequently, the dose rate and neutron spectrum could
be studied. The simulations with run from proton suffer of lack of statistics, and
for this reason the source term described above has been used to improve the
quality of the calculations. The results of simulations for different source terms
are described in the following sections.

7.1 Simulations with the ESS Proton Source Term

The first step in understanding the background and the dose rates for a neutron
beam line is to calculate the flux of neutrons at the beamline entrance located
at 2 m from the moderator (see Figure [14). This spectrum was recorded for the
neutrons with 0 < cos(f) < 1. The contribution of fast neutrons to the effective
dose is much higher than the contribution of slow neutrons as it is apparent from
Figure [8
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Figure 14: The flux of neutrons vs neutrons energy through the ANNI opening at
2 m from the moderator. Depicted based on the simulation with 18 millions of
events.

This plot confirmed that neutrons with different energies produced in the spal-
lation process traveled inside the ANNI beamline. Some of the neutrons leaked
throughout the monolith wall as can be seen in the flux map shown in Figure
The relative error on this observable is depicted in Figure It can be seen
from the plot that a significant fraction of neutrons left the ANNI beamline in the
bent section. Not many neutrons were observed further away from the bunker wall
located at x = 15 m due to the problem of propagating the neutrons over long
distance.
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Figure 15: The side view of the ANNI beamline. The target, monolith, bunker
area and the area outside the bunker is shown. Each colour represents a different
material.
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Figure 16: Integrated flux of neutrons at the different positions in the ESS target
monolith and the ANNI beamline is shown in Figure [I6a] Depicted based on the
simulation with 18 millions of events and the ESS proton source term. A corre-
sponding relative error on the integrated flux of neutrons is shown in Figure .
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Figure 17: The flux of neutrons at x = 22 m measured in the central part of
the beamline for the case of the ESS proton source term. Depicted based on the
simulation with 60 millions of events.

In addition to the flux maps, a measurement of the neutron spectrum at 22 m
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from the target was performed. The final neutron spectrum can be seen in Fig-
ure The shape of the spectrum is in general wobbly indicating a higher relative
error on the readings than in the case of spectrum at 2 m (see Figure , again
this is due to the challenge of a simulation performed with a proton source term.

7.2 Simulations with the ESS Test Beamline Neutron Source
Term

The ESS test beam line neutron source term was defined at the entrance of the
ANNI beamline, and was used in the following calculations. The reason was to
improve the statistics of the observables in the region outside the bunker wall (x >
15 m).
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Figure 18: The flux of neutrons at 22 m from the target (x = 22 m) using the
ESS test beamline neutron source term. Depicted based on the simulation with
90 millions of events.

The spectrum of neutrons at the end of ANNI beamline at x = 22 m was
recorded again (see Figure using the ESS test beamline neutron source term.
The appearance of the spectrum was smoother in comparison to Figure indi-
cating that the magnitude of error reduced significantly. The computational time
for the simulation also reduced significantly allowing to make measurements based
on a higher number of events.
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Figure 19: The dose map of neutrons for 40 cm concrete shielding of ANNI outside
the bunker wall between 15 and 22 m is shown in Figure The relative error
for the dose map is shown in Figure Depicted based on the simulation with
1500 millions of events. The ESS test beamline source term defined at 2 m was
used. The view on ANNI is from the side.

200 —
—— ST 10°
_ 10 J ' - RN 0z
= 0 — 0@
‘% :q ||||||m— 103‘%
-100 "
10"
200 L e

31



200

Relative Error

500 1000 1500 2000
x [cm]

(b)

Figure 20: The dose map of neutrons for 40 cm heavy concrete shielding of ANNI
outside the bunker wall between 15 and 22 m is shown in Figure The relative
error for the dose map is shown in Figure 20b] Depicted based on the simulation
with 1500 millions of events. The ESS test beamline source term defined at 2 m
was used. The view on ANNTI is from the side.
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Figure 21: The dose map of neutrons for 60 cm concrete shielding of ANNI outside
the bunker wall between 15 and 22 m is shown in Figure The relative error
for the dose map is shown in Figure Depicted based on the simulation with
1500 millions of events. The ESS test beamline source term defined at 2 m was
used. The view on ANNI is from the side.
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Figure 22: The dose map of neutrons for 60 cm heavy concrete shielding of ANNI
outside the bunker wall between 15 and 22 m is shown in Figure The relative
error for the dose map is shown in Figure 22b] Depicted based on the simulation
with 1500 millions of events. The ESS test beamline source term defined at 2 m
was used. The view on ANNTI is from the side.
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Figure 23: The dose map of neutrons for 70 cm heavy concrete shielding of ANNI
outside the bunker wall between 15 and 22 m is shown in Figure The relative
error for the dose map is shown in Figure 23b] Depicted based on the simulation
with 1500 millions of events. The ESS test beamline source term defined at 2 m
was used. The view on ANNI is from the side.
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The radiation dose for neutrons for the region outside the bunker wall was also
computed. The shielding thickness around the ANNI beamline was varied from
40 cm to 60 cm for both the case when the concrete and heavy concrete was used
as the shielding material. Moreover, the dose map for the 70 cm thick shielding
material made of the heavy concrete was calculated. Figures 22
show the radiation dose maps for the different thicknesses and their relative error
at each point of the map, respectively (see Appendix A for the dose maps on a top
view of the ANNI beamline). There was a substantial statistical improvement on
measurements of the dose rates compared to the previous flux map (see Figure
calculated with the ESS proton source term. Even 70 cm thick layer of the heavy
concrete was not efficient enough to obtain the 1.5 pSv/h requirement for the
radiation safety as can be seen in Figure
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7.3 Simulations with the ANNI beamline Source Term Pro-
duced in This Project

As additional check that the test beamline source term is appropriate to be used
for the ANNI beamline calculations, a simulation with the ANNI source term was
carried out. The observed spectrum of neutrons at 22 m can be seen in Figure [24]
and it is similar to the one calculated with the ESS test beamline source term (see
Figure [18§]).
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Figure 24: The spectrum of neutrons at x = 22 m measured in central part of the
beamline axis. The ANNI beamline source term located at x = 2 m was used.
Depicted based on the simulation with 70 millions of events.

8 Discussion

The spectrum at x = 22 m (see Figure and neutron fluence (see Figure
through the beamline measured when the ESS proton source term was used clearly
justified the use of the ESS test beamline, and ANNI beamline neutron source
terms due to a large magnitude of the error and lack of readings outside the
bunker (x > 15 m). The necessity to implement these source terms by means of a
2-step method is due to the difficulty of simulating the propagation of the neutrons
over long distances.

It is noticeable on the spectrum measured at x = 22 m with all the source terms
that the part containing the cold neutrons was heavily suppressed. This was ob-
served due to the fact that the physics of neutron supermirrors (see Section
was not implemented in the simulations. Therefore, a large fraction of cold neu-
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trons was lost, especially in the bent sections, as they did not reflect off the walls of
the neutron guide but rather were captured by them. The reason behind neglect-
ing the transportation of cold neutrons inside the neutron guides was due to the
fact that the cold neutrons contribution is rather studied with different simulation
codes, for example with Monte Carlo Simulation of triple axis spectrometers (Mc-
Stas) [7§] or Virtual Instrumentation Tool for the ESS (VITESS) [79]. Therefore,
the transportation of cold neutrons through ANNI was not studied in this project.
The experimental focus of this project was on simulations conducted with PHITS.
More specifically, transportation of neutrons with energies >1 eV that represent
a source of background was studied as a necessary step before conducting the
neutron-sterile neutron oscillation experiments.

In addition, the spectra measured at x = 22 m revealed that there was a
significant drop of fast neutrons as the neutrons propagated through the whole
guiding system of the ANNI beamline. The reason for this flux reduction was the
propagation of fast neutrons through the bent sections. However, there is also
not enough statistics to draw conclusion about the residual contribution of fast
neutrons with the highest energies above approximately 5 x 10* MeV.

The shapes of the spectra at x = 22 m produced by the ESS test beamline
and ANNI beamline neutron source terms look similar. Therefore, it seems that
the energy and angular distribution of neutrons passing through the opening of
the test beamline could be generalised and used to define the spectrum of neutron
source term for the ANNI beamline.

It is clear that the use of heavy concrete shielding with the thickness, even
with the value of 70 cm, was not efficient enough to satisfy the ESS requirement.
Namely, the effective dose outside the shielding could not exceed 1.5 p Sv/h. It
was expected that the thickness of the shielding that is constructed for a beamline
with bent neutron guides did not exceed approximately 60 cm. Therefore, other
solutions to provide efficient shielding should be studied. For example, by using
shielding made of two layers. The first layer closest to the beam axis is then made
of steel or similar high atomic number material which has the ability to slow down
the fast neutrons. At the same time, the second layer is made of concrete or even
high density concrete to stop the neutrons ultimately.

This project focused on the estimation of background produced by the fast
neutrons. Nevertheless, there are other possible sources of background like cosmic
background or background due to interaction of the cold neutron beam with the
guide materials that require further studies beyond the scope of this project [1].
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9 Conclusion and Outlook

In conclusion, the background consisting of fast neutrons was significantly reduced
by the proposed ANNI beamline design. Consequently, a suppression of fast neu-
trons was observed in the spectrum at the position of 22 m from the center of the
ESS target monolith. The ESS test beamline and ANNI beamline source terms
provided more accurate results than the ESS proton source term. Moreover, the
spectra produced by the ESS test beamline and ANNI beamline source terms were
consistent and revealed that the the flux of fast neutrons peaked at about 102
neutrons/cm?/s/lethargy.

The design of the guide system could be further optimised since a large fraction
of fast neutrons were not stopped by the bunker wall but traveled below the neutron
guide as can be seen in Figure 23] Moreover, additional studies that include the
detector simulation for HIBEAM should be performed to estimate the impact of
such residual background of neutrons to the sensitivity of the neutron in sterile
neutron searches. These studies should also be expanded to include the beamstop
for the regeneration mode and the neutron into antineutron oscillations.

The computation of radiation dose maps showed that a heavy concrete with the
shielding thickness of 70 cm was not sufficient to satisfy the 1.5 uSv/h requirement
from the ESS. The solution could be to use the two-layer shielding made of concrete
and steel.

The studies performed in this project represent a first estimate of the back-
ground and radiation dose for the ANNI beamline. Thanks to these estimates,
future optimization studies of the guide geometry will be performed. In addition,
the results obtained in this project will be a part of the future proposal that will
be submitted at the ESS for the construction of the ANNI beamline.
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A The dose maps on a top view of ANNI de-
picted to test the effectiveness of the shield-
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Figure 25: The dose map of neutrons for 40 cm thick concrete shielding of ANNI
is shown on Figure Relative error for the dose map is shown in Figure
The shielding was tested outside the bunker wall between 15 and 22 m. Depicted
based on the simulation with 1500 million of events. The test beamline source
term defined at 2 m was used. The view on ANNI is from the top.
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Figure 26: The dose map of neutrons for 60 cm thick concrete shielding of ANNI
is shown in Figure [26al Relative error for the dose map is shown in Figure
The shielding was tested outside the bunker wall between 15 and 22 m. Dep1cted
based on the simulation with 1500 million of events. The test beamline source
term defined at 2 m was used. The view on ANNI is from the top.
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Figure 27: The dose map of neutrons for 40 cm thick high density concrete shielding
of ANNI is shown in Figure Relative error for the dose map is shown in
Figure 27b] The shielding was tested outside the bunker wall between 15 and
22 m. Depicted based on the simulation with 1500 million of events. The test

beamline source term defined at 2 m was used. The view on ANNI is from the
top.
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Figure 28: The dose map of neutrons for 60 cm thick high density concrete shielding
of ANNTI is shown in Figure Relative error for the dose map is shown in
Figure 28D, The shielding was tested outside the bunker wall between 15 and
22 m. Depicted based on the simulation with 1500 million of events. The test
beamline source term defined at 2 m was used. The view on ANNI is from the
top.
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