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Abstract

A detailed understanding of all radiation backgrounds is crucial for the
next generation of beyond standard model physics low-background experiments.
Muon-induced neutrons are an important source of radiation background. Up
to now, simulation tools do not reproduce the experimental findings of muon-
induced neutrons consistently and reliably enough. The MINIDEX (Muon-
Induced Neutron Indirect Detection EXperiment) project was initiated to help
to improve Monte Carlo tools with respect to muon-induced neutrons, by pro-
viding experimental data sets that can be used to evaluate and gauge them.
MINIDEX is located at the Tiibingen Shallow Underground Laboratory, which
yields a vertical shielding depth of (13.2 +0.8) meter water equivalent at the posi-
tion of the setup. Neutrons induced by cosmogenic muons in the high-Z materials
lead and copper were measured at a mean muon energy of (8.7+0.2) GeV and
(8.5+0.2) GeV, respectively. The neutrons are identified with the help of two
high-purity germanium detectors that measure 2.2 MeV gammas from neutron
captures on hydrogen in a water tank.

Geant4d Monte Carlo simulations of the MINIDEX setup were carried out
and the predictions were compared to the experimental observations. Good
agreement between the measured and the predicted 2.2 MeV neutron capture
gamma rate was found for lead. Based on this agreement, an external neutron
yield of (7.2f8:g) -107° g~ cm? neutrons per tagged muon was determined for
lead with the help of Geant4. The measured rate of 2.2 MeV neutron capture
gammas for copper was found to be by a factor of 0.72+0.14 lower than the
predicted rate. Taking this factor into account, an external neutron yield of
(2.1£0.4)-107° g~ cm? neutrons per tagged muon was determined for copper.
Also, the measured and predicted rate of events, for which more than one 2.2 MeV
neutron capture gamma was detected for the same tagged muon, was compared
for lead. This comparison hints towards a too high multiplicity of neutrons that
are directly emitted in muon-nuclear inelastic scattering reactions in Geant4.

In order to cross-check the Geant4 results for lead, they were compared to the
predictions of a complementary simulation made with the FLUKA Monte Carlo
tool. It was observed that also FLUKA predicts the measured 2.2 MeV neutron
capture gamma rate for lead well. The Geant4 and FLUKA predictions for
muon interactions and the subsequent production of neutrons in lead at a mean
muon energy of (8.7+0.2) GeV were compared in detail. Large discrepancies in
the description of photo-nuclear and muon-nuclear inelastic scattering reactions
were identified. These results point towards an underprediction of the neutron



production in photo-nuclear inelastic scattering reactions in Geant4. At the same
time it seems that Geant4 overpredicts the neutron production in muon-nuclear
inelastic scattering reactions. Furthermore, the simulation comparison study
strengthens the hints for an imprecise description of the multiplicity of neutrons
directly emitted in muon-nuclear inelastic scattering reactions in Geant4.
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Zusammenfassung

Ein genaues Verstédndnis des Strahlungsuntergrunds ist wesentlich fiir die
néchste Generationen von untergrundarmen Experimenten zur Suche nach Physik
jenseits des Standardmodells. Myonen-induzierte Neutronen tragen zu diesem
Untergrund bei. Jedoch beschreiben Simulationen die Messungen solcher Neu-
tronen nicht zuverléssig. Das MINIDEX (Muon-Induced Neutron Indirect Detec-
tion EXperiment) Projekt wurde initiiert, um die Vorhersagen von Monte-Carlo-
Programmen im Bezug auf Myonen-induzierte Neutronen zu iiberpriifen und zu
verbessern. Der MINIDEX Aufbau befindet sich in einem Untergrundlabor in
Tibingen, welches an der Position des Experiments eine vertikale Abschirmtiefe
von (13.2+0.8) Meter Wasserquivalent bietet. Neutronen, induziert durch kos-
mogene Myonen in den Materialien Blei und Kupfer, wurden bei einer mittleren
Myonenenergie von (8.7+0.2) GeV beziechungsweise (8.5+0.2) GeV gemessen.
Die Identifikation der Neutronen geschieht mit Hilfe von zwei hochreinen Germa-
niumdetektoren. Diese messen Gammaquanten mit einer Energie von 2.2 MeV,
welche beim Einfang von Neutronen an Wasserstoff innerhalb eines die Detek-
toren umgebenden Wassertanks entstehen.

Geant4 Monte-Carlo-Simulationen des MINIDEX Aufbaus wurden durchge-
fiihrt und deren Vorhersagen mit den experimentellen Beobachtungen ver-
glichen. Fiir Blei wurde eine gute Ubereinstimmung zwischen der gemessenen
und der simulierten Rate an 2.2 MeV Gammaquanten gefunden. Basierend auf
dieser Ubereinstimmung wurde fiir Blei mit Hilfe von Geant4 eine Anzahl von
(7.2 fg:g) 107 g ' ecm? emittierten Neutronen pro identifiziertem Myon ermit-
telt. Fiir Kupfer wurde eine gemessene Rate an 2.2 MeV Gammaquanten bes-
timmt, welche um einen Faktor 0.72 4 0.14 niedriger ist als die von der Simulation
vorhergesagte. Unter Beriicksichtigung dieser Diskrepanz wurde fiir Kupfer eine
Anzahl von (2.140.4)-107°g ' cm? emittierten Neutronen pro identifiziertem
Myon ermittelt. Zusétzlich wurde fiir Blei die gemessene und die vorhergesagte
Rate an Ereignissen, fiir welche mehr als ein 2.2 MeV Gammaquant fiir das selbe
identifizierte Myon detektiert wurden, verglichen. Dieser Vergleich deutet auf
eine zu hohe Multiplizitit an Neutronen in Geant4 hin, welche direkt in inelastis-
chen Streuungen von Myonen an Atomkernen emittiert werden.

Um die Geant4-Ergebnisse fiir Blei zu iiberpriifen, wurden diese mit den
Vorhersagen einer ergénzenden Simulation des Monte-Carlo-Programms FLUKA
verglichen. Auch fiir FLUKA wurde fiir Blei eine gute Ubereinstimmung zwis-
chen der vorhergesagten und der gemessenen Rate an 2.2 MeV Gammaquanten
gefunden. Geant4- und FLUKA-Vorhersagen fiir die Wechselwirkungen von My-
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onen in Blei und die darauffolgende Produktion von Neutronen bei einer mittleren
Myonenenergie von (8.7 4+ 0.2) GeV wurden im Detail verglichen. Es wurden sig-
nifikante Unterschiede in der Beschreibung der inelastischen Streuung von Pho-
tonen sowie Myonen an Atomkernen festgestellt. Diese Unterschiede deuten auf
eine unterschétzte Neutronenproduktion in inelastischen Streuungen von Pho-
tonen an Atomkernen in Geant4 hin. Gleichzeitig scheint es, dass Geant4 die
Neutronenproduktion in inelastischen Streuungen von Myonen an Atomkernen
iiberschétzt. Dariiber hinaus bestirkt die Simulationsstudie die Hinweise auf
eine ungenaue Beschreibung der Multiplizitdt von Neutronen in Geant4, welche
direkt in inelastischen Streuungen von Myonen an Atomkernen emittiert werden.
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Introduction

There are currently various open questions in particle physics, including the na-
ture of neutrinos and dark matter. To tackle these and further open questions,
different low-background experiments are searching for rare event processes like
neutrinoless double beta decay or direct dark matter interactions. In order to
build the next generation of low-background experiments, which will have sig-
nificantly increased sensitivities, a large reduction of the radiation backgrounds
is necessary. All current and future low-background experiments are located in
deep underground laboratories, reducing the cosmogenic muon flux by many or-
ders of magnitude. Muons that reach an experiment lead to the production of
various particles in the surroundings (e.g. cavern rock or laboratory concrete)
and the experimental setup itself. A critical source of radiation backgrounds re-
sults from muon-induced neutrons, which are becoming increasingly important.
Muon-induced neutrons can have energies up to several GeV and are therefore
able to overcome large distances. Typically high-Z materials like lead and copper
are used to shield the target detectors from ambient background radiation. As
these shielding materials are often located in the vicinity of the target detectors,
they act as a close-by source of muon-induced neutrons. Muon-induced neutrons
can directly interact with the target detectors and thus lead to prompt signals. If
the muon or any muon-induced particle is detected with one of the installed veto
systems, these prompt signals can be rejected. However, muon-induced neutrons
can also lead to the production of radioactive isotopes by neutron capture or
inelastic scattering reactions. If the time correlation to the original muon is lost,
the decays of these isotopes can result in backgrounds.

The reduction of backgrounds from muon-induced neutrons depends on a pre-
cise understanding of them. Typically, simulation tools are used to predict the
background contributions of muon-induced neutrons. However, current Monte
Carlo (MC) tools do not consistently and reliably enough reproduce the exper-
imental findings of muon-induced neutrons. Consequently, large uncertainties
have to be assigned to the predicted quantities, like the total number of produced
neutrons as well as their energy distribution. To improve the predictive power of
MC tools for muon-induced neutrons, reliable experimental data sets of them are
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needed. As these data sets are quite rare, the MINIDEX (Muon-Induced Neutron
Indirect Detection EXperiment) project was initiated [I]. MINIDEX is operated
at the Tiibingen Shallow Underground Laboratory at a vertical shielding depth of
(13.24 0.8) meter water equivalent! (mwe). The aim of the MINIDEX project is
to measure muon-induced neutrons that are produced in different high-Z materi-
als. The acquired experimental data sets are then used to evaluate the predictions
of MC tools. Observed discrepancies between measured and simulated observ-
ables of MINIDEX can therefore help to improve the predictive power of the MC
tools.

Several experimental runs, successfully measuring muon-induced neutrons,
have been performed since the commissioning of MINIDEX in 2015. In the
context of this thesis MINIDEX Run 2, Run 3 and Run 4 were carried out and
the acquired data sets analysed. Muon-induced neutrons from lead have been
measured in Run 2, while Run 3 allowed for a simultaneously measurement of
lead and copper. The muon-induced neutrons of Run 2 and Run 3 result from
through-going muons. In Run 4 the measurement of muon-induced neutrons from
muon captures on lead was accomplished. Geant4-based MaGe simulations were
performed for the different MINIDEX runs and the simulation predictions were
compared to the experimental observations. Note that if not stated explicitly all
simulations presented within this thesis were performed with Geant4.

In order to cross-check the Geant4 results for lead, they were compared to
the predictions of a complementary simulation of the MINIDEX Run 2 setup with
the FLUKA MC tool. A detailed comparison of muon-interactions and the sub-
sequent neutron production in lead was performed for Geant4 and FLUKA. Note
that all FLUKA simulations within the context of this thesis and the MINIDEX
project were carried out separately [2].

This thesis is structured the following way: In Chapter [If a short introduc-
tion to neutrinoless double beta decay and dark matter, including experimental
searches, is given. Chapter [2| discusses the different backgrounds in underground
physics experiments, focusing on muon-induced neutrons. In Chapter [3| the MC
toolkit Geant4 and its reliability for muon-induced neutrons is discussed. Fur-
thermore, the general concept of the neutron yield and its different definitions
are introduced. In Chapter {4] the experimental setup, the working principle and
the detectors of the MINIDEX setup are presented. Chapter [5| discusses the
characterisation of the MINIDEX detectors, the data selection and the acquired

IThe term meter water equivalent is an often used quantity to express the shielding
depth of an underground laboratory in terms of a water depth. It is calculated as the
product of the laboratory depth and the corresponding average overburden density.



Contents

experimental data sets. The MINIDEX Geant4 simulation predictions are pre-
sented in Chapter [6] while the strategy to determine the measured observables is
introduced in Chapter[7] In Chapter [§|the measured and Geant4 simulated results
are discussed, including their systematic uncertainties. A detailed comparison of
Geant4 and FLUKA predicted muon-interactions and the subsequent neutron
production is presented in Chapter [0] Chapter [10] gives a brief introduction to
the measurement and the corresponding simulation study of muon-induced neu-
trons in MINIDEX that result from muon captures on lead. Finally, Chapter
gives a summary as well as an outlook to the future of MINIDEX.






Chapter 1

Rare Event Searches in Particle
Physics

The standard model (SM) of particle physics was established throughout the 20th
century. It successfully describes the elementary particles as well as the inter-
actions between them. Furthermore, it can precisely explain most experimental
observations and phenomena in particle physics. In July 2012, the discovery of
the Higgs boson at the Large Hadron Collider by the CMS and ATLAS experi-
ments showed again the success of the SM [3], 4].

Although the SM describes subatomic particles and processes to a remark-
able precision, it has some serious shortcomings. Various experimental obser-
vations require an extension of the SM. An example for such an observation is
the discovery of neutrino oscillations. The neutrino, postulated by Pauli in 1930
and detected experimentally for the first time in 1956, is massless in the SM.
Nevertheless, from the observation of neutrino oscillations it became clear that
neutrinos must have a finite (but up to now unknown) rest mass. Another exam-
ple is the strong evidence for the existence of dark matter. Within the SM there
is no explanation of the nature of non-baryonic dark matter.

To tackle these and further open questions, over the last decades various
theories have been put forward and experiments have been planned and built
trying to confirm them. Among them are searches for the neutrinoless double beta
(OvB) decay and for WIMP dark matter. In the following, a brief introduction to
these searches is given. This includes the motivation, the experimental strategies
as well as a selection of experiments and their results.



Chapter 1 Rare Event Searches in Particle Physics

1.1 Neutrinoless Double Beta Decay

Since the postulation of the neutrino, three generations (electron, muon and tau
neutrinos) have been experimentally detected. Neutrinos in the SM are massless
spin 1/2 fermions. However, experiments that investigate neutrino oscillations
showed that neutrinos are not massless. These experiments only provide in-
formation on Am%l, Am%l and Am§2. Here Am?j represents the mass square
differences, mf — mjz, of the three neutrino mass eigenstates (mp, mg and ms).
This means that from oscillation experiments the absolute mass scale of neutrinos
can not be determined. Furthermore, up to now only the sign of Am%l could be
determined and was found to be positive [5]. This leads to the possibility of two

different mass orderings. The so-called normal ordering,

my < mg < mz with Am3; < Am3, (1.1)
and the inverted ordering

m3 < my < ma with Am3, < |Am3|. (1.2)

Up to now it was neither possible to experimentally determine the absolute
values of the neutrino masses nor their ordering. The search for Ov53 decay helps
to tackle these open questions as well as further ones (e.g. if the neutrino is its
own antiparticle or if the lepton number can be violated).

1.1.1 Physics of the Neutrinoless Double Beta Decay

Neutrino accompanied double beta (2v/3(3) decay is a second order weak nuclear
process allowed in the SM of particle physics. In this process two neutrons in
a nucleus are converted coherently into two protons under the emission of two
electrons (e™) and two electron-antineutrinos (7. ):

(Z,A) — (Z+2,A) +2e + 20, (1.3)

where A is the mass number and Z the atomic number of the nucleus. As 2v34
decay is a second order weak process, the single § decay has to be energetically
forbidden or strongly suppressed to observe it for a given isotope. This can be
the case if an odd-odd nucleus (Z 4 1,A) is the neighbour of an even-even nucleus
(Z,A) that is stronger bound due to the pairing interaction. The mass of odd-odd
and even-even nuclei with a fixed A lie on a parabolically shaped curve. This is
shown for the case of A =76 in Fig.[[.1] It can be seen that single beta decay from
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Figure 1.1: Mass parabola for nuclei with mass number of 76 together with the allowed
single beta decays (green arrows). The existence of two mass parabolas results from
the pairing interaction, as even-even nuclei (red parabola) have a higher binding energy
compared to odd-odd ones (blue parabola). Taken from [6].

Ge to "As is energetically forbidden. However, double beta decay, indicated
by a pink arrow, is allowed.

In addition to 2v35 decay there could be a neutrinoless mode of double beta
decay, which was proposed by Ettore Majorana in 1937 [7]. In this lepton number
violating process, called neutrinoless double beta (0v(3) decay and described by

(Z,A) — (Z+2,A) + 2, (1.4)

no neutrinos are emitted. In Figurethe Feynman diagrams for 2v35 decay (a)
and Ov 35 decay (b) are shown. In the neutrinoless case a light Majorana neutrino
(vm) is exchanged. In principle other lepton number violating processes can lead
to OvB3 decay. However, the exchange of a light Majorana neutrino is amongst
the discussed mechanism the most popular one [§]. The neutrinoless case violates
lepton number conservation by two units. It can only occur if neutrinos have a
mass and if they are their own antiparticles (i.e. they have Majorana nature).
This process is not allowed by the SM and has not been observed until today.

The total decay rate of OvBf3 decay, I'%, in the case of a light Majorana
neutrino mediator can be expressed in the following way [9]:

1
= 7o
2

o = [mgs* |IM™"|? G (Qpp, Z). (1.5)
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Figure 1.2: Feynman diagrams of neutrino accompanied double beta decay (a) and
neutrinoless double beta decay (b). Taken from [§].

Here T represents the half-life of the Ov33 decay, mgg the effective Majorana
2

neutrino mass, M% the nuclear matrix element and G% (Qpp, Z) the phase space
factor. G%(Q 38, Z) can be precisely calculated and is proportional to ¢ 555 18]. In
contrast to this, M% has to be approximated through nuclear models. Typically,
different models are used for this purpose. As the individual models yield different
results, this introduces uncertainties up to a factor of 3 [10]. The term mgg is
the sum of the neutrino mass eigenstates (m;) and the corresponding elements of
the Pontecorvo-Maki-Nakagawa-Sakata matrix corresponding (Ug;) [11], 12]. It
can be written as

mgs = [m1|UZ | + ma| U] @2~ 4 mg|UZ|ef-en=der)|, (1.6)

The «; stand for the two Majorana phases whereas dcp for the Dirac CP-violating
phase. The Ovf3( decay rate is therefore related to the absolute neutrino mass
scale and the neutrino mass hierarchy. Further, it can be seen that non-zero
Majorana phases influence the Ov33 decay rate. The resulting dependencies of
mgp on the smallest neutrino mass (mmin) for the two possible hierarchies are
shown in Fig. . Further, an experimental upper limit on mgg as well as a
cosmological constraints on my,;, are indicated [13].
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Figure 1.3: Allowed parameter space for the effective Majorana neutrino mass (mgg)
as a function of the smallest neutrino mass (mmi,). The allowed regions for the two
different cases are shown: the inverted (IH) and normal (NH) neutrino mass hierarchy.
In the quasi-degenerate case (QD) the neutrino mass differences are much smaller than
the neutrino masses themselves. The width of the depicted bands is dominated by the
unknown Majorana phases. The experimental upper bound on mgg and the cosmologi-
cal constraints on mmpi, are depicted as well. The experimental limit of mgg is depicted
as a band, which arises due to the uncertainty on M. Taken from [14].

1.1.2 Experimental Search for Neutrinoless Double Decay

As was described in Section [1.1.1] various open questions concerning neutrinos
can be investigated by searching for Ov33 decay. The goal of experiments search-
ing for OvS decay is to measure its half-life. In the following, the requirements
and strategies on the searches for this decay are discussed.

For an experiment that searches for Ov55 decay a suitable isotope has to be
chosen. A total of 35 different nuclei have been identified for which 255 decay
can be potentially observed [15]. Up to now this process has been identified for
11 of them [I6]. The selected isotope should either have a high natural isotopic
abundance or its enrichment should be applicable. A high () is preferable as
the phase space factor G% (Qpp, Z) scales with Q% 5 Also in terms of potentially
background sources, a Q-value above the Compton edge of the 2.6 MeV gamma
line of 208T1, which is ~2.4 MeV, is of advantage. The availability of the isotope
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is important, especially for future experiments for which large target masses are
required.

The expected signal, in the case of a Ov33 decay, is the full energy deposition
of Qgp in the detectors. In Fig. the summed energy spectrum of the two
released electrons (including the energy of the recoiling nucleus) is schematically
depicted for Ov33 decay (red) and 2v33 decay (blue) of “Ge. The pursued way
of experiments searching for the neutrinoless mode is to measure events in the
region of interest (ROI) around Qggs.
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Figure 1.4: Energy spectra of the summed kinetic energy of electrons emitted in 2v54
decay (blue) and 0v3f3 decay (red) of "®Ge. The spectrum of 2v3(3 decay is continuous,
as in addition to the electrons also two neutrinos are emitted (escaping the detector).
In the case of 033 decay of "®Ge a narrow peak at Qpp is expected (peak not to scale).
Taken from [I4].

From the number of observed events in the ROI, in the case of non-zero
background level in the ROI, the detector sensitivity S% is given by [14]:
Ny Mt

S =12 —=
Y "N BAE

(at 68 % confidence level). (1.7)

Here S% is the half-life of the OvSf decay process that would produce the same
number of events as expected from an upward background fluctuation at the 1o
level. Further, N4 represents Avogadro’s number, M, the atomic mass of the
isotope, k the mass fraction of the double beta decaying isotope and € the signal
detection efficiency (includes the active volume fraction of the detector). Also
included in the formula are the total mass of the source material (M), the mea-
surement time (¢), the background index (B, typically expressed in counts per
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1.1 Neutrinoless Double Beta Decay

(keVkgyr)) and the ROI (A E, depends on the energy resolution of the detec-
tor). This formula shows that the sensitivity of an experiment can be improved
by increasing the detector mass, a longer measurement time, by reducing the
background rate in the ROI as well as by optimising the energy resolution.

In the case of an experiment with significantly less than one expected back-
ground event in the whole measurement time (often called "zero background”
case), S can be determined by [14]:

N
S% = 1n2 M_A ke Mt (at 68 % confidence level). (1.8)
A

It can be seen that in the "zero background” case, S% scales linearly with M and ¢.

Currently there are various experiments searching for Ov33 decay. For many
of them, the decaying isotope is source and part of the detector at the same
time. This is feasible if a detector can be build out of the double beta decaying
isotope. In general, the advantage of this is a high detection efficiency. Different
detector concepts and detection techniques are utilised, including semiconduc-
tors, bolometers and time projection chambers. Semiconductor detectors made
out of germanium (enriched in "®Ge) are used by the GERDA [17] and MAJO-
RANA [I8] experiments. CUORE [I9] searches for Ov33 decay of 3YTe using
TeOy bolometers. An example for an experiment utilising liquid 36Xe as a time
projection chamber is EXO-200 [20]. A further concept (for experiments in which
the source is part of the detector) is to load liquid scintillators with a double beta
decaying isotope. This technology is used by KamLAND-Zen [21] and SNO+ [22]
experiments, which are searching for Ov33 decay of 136Xe and '30Te, respectively.

Another approach is to separate the double beta decaying isotope from a
tracking detector. This allows to search for Ovf3(5 decay in multiple isotopes
at the same time. This approach is adopted by the NEMO-3 experiment [23],
searching for Ov3/3 decay of isotopes like 1Mo [24] and "°Nd [25]. In NEMO-3
the deposited energy and the full event topology can be reconstructed, allowing
to discriminate all background events without two electrons. However, compared
to the approach in which the double beta decaying isotope is part of the detector,
a lower detection efficiency has to be accepted.

The current best lower limits of T for the mentioned isotopes are (all

2
at 90% confidence level): 0.9-10%6 yr for Ge [26], 1.5-10% yr for 3°Te [19],
1.07-10% yr for 136Xe [27], 1.1-10*yr for %Mo [28] and 2.0-10*2yr for
150Nd [25]. These lower limits of 7% can be converted to upper limits of mgg

2
using Eq. (1.5). The current best upper limits for mgg are in the range of
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Chapter 1 Rare Event Searches in Particle Physics

~ (50-300) meV depending on the isotope and the chosen model for M%.

In order to further improve the lower limits on 7% and thus reduce the up-
per limits on mgg future experiments are planned. The near future goal of the
upcoming experiments is to either measure Ovf[5 decay or to exclude at least
the inverted neutrino mass hierarchy for the Majorana neutrino case. For such
an exclusion the full mass range of mgg in the case of the inverted hierarchy
(~15meV to ~50meV) has be fully covered (to account even for the most pes-
simistic nuclear matrix element models).

Examples of future experiments are LEGEND [29], nEXO [30], SNO-+ [22]
and SuperNEMO [31]. To improve the parameters of S (see Eq. ), sig-
nificant research and development efforts are currently ongoing for each of these
experiments. Special focus lies on an increase of the source mass in combina-
tion with a mitigation of the background in the ROI. As an example, LEGEND
is planned to exploit up to 1t of germanium, enriched in "®Ge [29]. This is
more than an order of magnitude more mass than currently used in the GERDA
(~35kg) and MAJORANA (~30kg) experiments together. Furthermore, for
LEGEND the goal is to reduce the background index in the ROI by a factor of
~ 20. In general, to succeed such a significant background reduction, a plentitude
of measures have to be undertaken. Among others, a careful material selection
(e.g. only radiopure materials in the vicinity of the detectors), a special exper-
imental design (e.g. instrumented active shielding materials) and the reduction
of cosmogenic backgrounds (e.g. going deep into the underground and shielding
materials during processing) are essential.

1.2 Dark Matter

The first evidence for the existence of dark matter in our universe was discov-
ered in the early 1930s by Fritz Zwicky [32]. He determined the gravitational
mass of galaxies in the Coma cluster and compared it to their luminous matter
content. What he found was that the mass of the luminous matter is at least
by a factor of ~400 too small to explain the gravitational mass of the galaxies.
From this observation he drew the conclusion that a huge part of the mass in
the investigated galaxies must be dark. Since his discovery, compelling evidence
for the existence of dark matter has been found on all cosmological scales of the
universe. However, up to the present day its nature is still unknown.

In the following, some of the observations that lead to the convincing evi-
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1.2 Dark Matter

dence of dark matter are presented. Furthermore, WIMP (Weakly Interacting
Massive Particle) dark matter as well as the direct search for this type of dark
matter is introduced.

1.2.1 Evidence for Dark Matter

One evidence for the existence of dark matter comes from the observation of
rotation curves of spiral galaxies. The orbital velocity, v(r), of these galaxies
is expected to follow Newtonian mechanics and can thus be described by the
relation:

v(r) = : (1.9)

Here G represents the gravitational constant, r the distance from the galactic
centre and M (r) the total mass of the galaxy within r. For the outer regions of
most spiral galaxies, instead of the expected r~0-5 behaviour (if only luminous
matter would be present), a nearly constant orbital velocity is observed. This
could be explained by a spherical halo of dark matter particles with a density
function proportional to =2 [33]. In Fig. the rotation curve of the spiral
dwarf galaxy NGC 6503 is depicted as an example, together with its individual
components.

It should be noted that the observed behaviour of the orbital velocities of
spiral galaxies could also be explained by the so-called Modified Newtonian Dy-
namics (MOND theories). These theories suggest that Newton’s law of gravity
does not hold on such large scales and thus needs to be modified [34].

Observations of galaxy cluster collisions strongly suggest the existence of
dark matter and disfavour MOND theories. The most famous one is the so-
called Bullet Cluster which is shown in Fig. [I.6] Its structures were formed by
the collision of two smaller galaxy clusters [36]. After the collision two peaks
of the gravitational potential are present (determined by gravitational lensing)
which are shaded in blue. In contrast to this, it was observed that the position
of hot X-ray emitting gas (shaded in red), which makes up most of the baryonic
matter in the cluster, deviates from the observed gravitational centers. This can
be explained by the slowing down of the intergalactic gas due to the friction
during the collision of the clusters. The dark matter particles on the other hand
moved without or with only few collisions through the other galaxy cluster. This
leads to the conclusion that bulk of the dark matter particles only interacted
gravitationally during the collision in contrast to the bulk of the intergalactic
gas.
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Figure 1.5: Measured rotation curve (points) of the spiral dwarf galaxy NGC 6503
together with a dark halo model fit (solid line). The contribution to the fit from the
visible component (dashed line), the gas (dotted line) and the dark matter halo (dash-
dotted line) are shown. Taken from [33].

Figure 1.6: Picture of the bullet cluster recorded in the optical spectrum. In addition
the distribution of hot X-ray emitting gas is indicated in red whereas the gravitational
potential is shaded in blue. A deviation between the bulk of baryonic matter and the
gravitational centres can be observed. Taken from [35].
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1.2 Dark Matter

On cosmic scales further evidence for the existence of dark matter can be
found by investigating the cosmic microwave background (CMB). The CMB is
the radiation left over from the decoupling of photons and has an almost prefect
black body spectrum with a temperature of 2.725K [37]. The photons of the
CMB arrive nearly isotropically from all directions of the sky. Nevertheless,
small anisotropies of the temperature on the order of 10~° were found. These
anisotropies of the CMB are imprints of small matter inhomogeneities in the early
universe. Various measurements of the CMB with satellites have been carried out
over the last decades [38, [39]. The most precise one was achieved by the Planck
satellite [40]. By analysing the power spectrum of anisotropies, information on
the cosmological parameters can be derived. The best fit is obtained for the A-
CDM model, which is the standard model of cosmology. According to this model,
cold dark matter and dark energy! dominate the universe. The best fit results
for the case in which 68.3 % of the total energy content in the universe originates
from dark energy, 26.8 % from dark matter and 4.9 % from baryonic matter [40].

1.2.2 Weakly Interacting Massive Particle Dark Matter

According to the A-CDM model, the majority of the mass in galaxies and galaxy
clusters consists of dark matter. From various observations multiple requirements
on the possible particle candidates for dark matter can be derived. Through
the analysis of the CMB anisotropies and big bang nucleosynthesis it can be
concluded that dark matter particles have to be non-baryonic. In addition, they
have to be non-relativistic in order to catalyse the structure formation in the
early universe. In the case of thermally produced dark matter particles this
means, that they have to be heavy (at least GeV c~? masses [41]) as otherwise
they would have been still relativistic at times of their decoupling in the early
universe. Furthermore, they have to be stable or at least have a lifetime that
is larger or similar to the age of the universe. Thermally produced dark matter
particles can neither interact via the strong force nor via the electromagnetic
force, as otherwise they would have been already observed by experiments [42].
The predicted abundance of the dark matter particles should be consistent with
the observed mismatch.

One of the currently most favoured class of thermally produced dark matter
particles are WIMPs. These type of dark matter particles only interact via grav-
itation and a further force, which is expected to be on the order of the weak force

IThe nature of dark energy is totally unknown.
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or lower. Different kinds of WIMP dark matter particles have been proposed
with masses ranging from a few GeVc™? to TeV ¢ 2.

1.2.3 Direct Detection of Weakly Interacting Massive
Particles

In the direct detection approach for WIMPs, experiments search for the interac-
tion of these particles with ordinary matter. The searched for signals are energy
depositions in the detectors from the recoils of WIMPs scattering elasticly off the
target nuclei. If WIMPs are detected an annual modulation of the signal rate on
the order of a few percent is expected. This arises from the relative speed of the
Earth through the non-rotating galactic dark matter halo, which has a density
of 0.3 GeV cm ™ at the position of the Earth. Over the year the velocity of the
Earth through the thermal dark matter halo varies due to a superposition of the
orbital velocity of the solar system (=220 kms~!) around the galactic centre and
the Earth orbiting the sun (~30kms~!) [43].

Many experiments searching for WIMPs are based on one of two different
detector types. The first are solid state cryogenic crystals which are operated at
temperatures below 100 mK at the edge of superconductivity. Examples of used
detector materials are germanium (e.g. EDELWEISS [44]) and calcium tungstate
(e.g. CRESST-II [45]). The second type are liquid noble gas detectors that use
xenon (e.g. XENON100 [46]) or argon (e.g. DarkSide [47]).

In the interaction of WIMPs with nuclei energy can be deposited in three
different channels: Scintillation light, heat and ionisation. Most of the current
and future experiments read out two of these channels in order to discriminate
backgrounds. This is possible as electrons and gammas (background events)
distribute their deposited energy differently in these channels compared to nuclear
recoils of WIMPs. However, especially neutrons lead to a crucial background for
direct WIMP dark matter experiments, as they deposit similar amounts of energy
as expected from WIMPs and are difficult to identify.

Over the last decades various experiments participated in the search for
WIMPs. In Fig. the experimental results of different direct dark matter
searches for elastic spin-independent WIMP-nucleon scattering are shown. The
parameter space above each line was excluded by the corresponding experiment
while islands represent signal claims. As can be seen, some experiments like
DAMA claim to have observed a signal consistent with the WIMP hypothesis.
DAMA results show the expected annual modulation of the interactions with
dark matter particles [48]. However, other experiments like LUX excluded these
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and further discovery claims? [50]. A possible explanation for these claims could
be events from unexpected backgrounds. In general, the tension between claims
and exclusion limits make the direct WIMP dark matter search a controversial
and debatable subject.
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Figure 1.7: Summary of exclusion limits and discovery claims of the spin-independent
WIMP-nucleon scattering cross section as of early 2017. The cross section is plotted
against the WIMP mass. The parameter space above each line was excluded by the
corresponding experiment. The depicted islands on the other hand represent observed
signal claims. On the left the situation for low WIMP masses is depicted whereas on
the right for high WIMP masses. Taken from [51].

2This only holds under specific assumptions. Examples are an elastically scattering of
WIMPS off nuclei and a spin-independent scattering cross section which is similar for
protons and neutrons [49].
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Chapter 2

Backgrounds in Underground
Physics Experiments

The sensitivity of an experiment to detect a signal depends significantly on the
background level in the ROI. Figure shows the sensitivity for a Ov33 decay
discovery with germanium detectors (enriched in "®Ge) as a function of the expo-
sure for different background levels. Discovery means here that the signal from
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Figure 2.1: Sensitivity to observe a signal from Ov3( decay as a function of the ex-
posure for an experiment using germanium detectors (enriched to 88% in "®Ge). A
signal detection efficiency of 0.6 for the detectors is considered. The lines indicate the
sensitivities for different background levels and the grey shaded area shows the mass
range of mgg in the case of the inverted neutrino mass hierarchy and light Majorana

neutrino exchange. Taken from [52].
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Ovf decay can be observed with a 50 % chance at a 3 o significance. The drawn
lines represent the sensitivity dependence on four different background levels in
the ROI. A strong dependence of the discovery potential on the background level
is apparent. In the ideal case of no background the sensitivity scales linearly with
the exposure while in the case of an existing background it increases with the
square root of the exposure. The mass range of mgg in the case of the inverted
neutrino hierarchy (= (15-50) meV) is indicated as a grey shaded area (different
assumptions like a light Majorana neutrino exchange were assumed). It can be
seen that for a background free search an exposure of a few ton years is enough
to exclude the whole inverted hierarchy region. However, for a background level
above 0.1 counts/(FWHMt yr) an exposure of > 10 ton years is necessary!.

In general, the dominant backgrounds for rare event searches can be cat-
egorised into two groups: the backgrounds from natural radioactivity and the
backgrounds induced by cosmogenic particles. Experiments that search for rare
processes have to undertake several measures to reach the necessary low back-
ground levels. This is typically achieved by first identifying the dominant back-
ground sources of an experiment. Secondly, these sources have to be understood
and finally as far as possible reduced. The identification of the individual contri-
butions is not simple as each low-background experiment is unique, owing to the
usage of different materials, different concepts (e.g. different detector types) and
different data analysis techniques (e.g. pulse shape discrimination). This means
that at the start of an experiment not all background contributions can be pre-
cisely predicted. The understanding of the different background contributions
often requires work-intensive studies in the laboratories as well as extensive MC

simulation studies.

2.1 Cosmic Rays and Cosmogenic Particles

In the following, the origin and the composition of cosmic rays and cosmogenic
particles is introduced. Then, the backgrounds induced by cosmogenic particles in
low-background experiments are discussed, with a special focus on muon-induced

neutrons.

LFWHM stands for full width at half maximum.
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2.1.1 Origin and Composition of Cosmic Rays and
Cosmogenic Particles

Cosmic rays are high-energy particles that hit the atmosphere of the Earth from
all directions of the sky. The energies of these particles range from a few MeV
to >108TeV [53]. The maximal energies of cosmic rays are many orders of
magnitude higher than current men made accelerators on Earth can reach [54].
Cosmic rays are mainly charged particles, composed of &~ 87 % protons, ~12 %
alpha particles and ~ 1% heavier atomic nuclei and electrons [53]. Also neutral
cosmic rays like photons hit the atmosphere of the Earth. In Fig. 2.2] the kinetic
energy spectrum of various nuclei, contributing to the total cosmic ray flux, are
depicted. The flux of all nuclei decreases with an increasing kinetic energy.
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Figure 2.2: Flux of cosmic rays, resulting from different nuclei, as a function of their
kinetic energy. The colours indicate the different experiments that contributed to the
study of cosmic rays. Taken from [55].

Cosmic rays with energies >1GeV originate from the outside the solar
system. They are mainly produced within our galaxy by the Fermi accelera-
tion of charged particles [56]. Possible production sites are supernova remnant
shocks [57] and active galactic nuclei [58]. Cosmic rays are nearly isotropically
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distributed over the sky, owing to their diffusive propagation within the galactic
magnetic field [59].

When cosmic rays penetrate Earth’s atmosphere and interact with the nuclei
therein, air showers can be produced. In these air showers plenty of cosmogenic
particles are generated. The number and type of particles generated depend on
quantities such as the energy, the rest mass and the charge of the incident cosmic
rays. Obviously, also the composition of Earth’s atmosphere and its density
play an important role in the production of cosmogenic particles. Cosmic rays
themselves do not travel far in the atmosphere until they interact and induce
further particles. In Fig. 2.3 an air shower, initiated by a cosmic ray proton, is
schematically depicted. Many of the cosmogenic particles produced in such an

Figure 2.3: Schematic view of an air shower, initiated by a cosmic ray proton in the
atmosphere of the Earth. Various cosmogenic particles are produced by the decay of
pions, including photons, muons and neutrinos. Taken from [60].

air shower easily reach Earth’s surface and even penetrate it.

Due to the importance of muons for low-background experiments (see later),
a brief introduction to the production and the propagation of muons in Earth’s
atmosphere is given. Muons and anti-muons are typically produced at an alti-
tude of &~ 15km in Earth’s atmosphere [55]. The majority of muons results from
charged pion decays while a minor part originates from charged kaon decays?.

2 Also heavier flavours contribute to the muon production but can be neglected except
for very high muon energies [61].

22



2.1 Cosmic Rays and Cosmogenic Particles

Muons lose on average ~2 GeV on their way towards Earth’s surface and reach it
with a mean energy of ~4 GeV. The muon charge ratio, defined as the quotient
between the number of anti-muons and muons, depends on the muon energy and
ranges from & 1.15 for 1 GeV muons up to ~1.45 for 8 TeV muons. The ratio
> 1 results from the charge of cosmic rays. The majority of cosmic rays hitting
Earth’s atmosphere is positively charged, leading to an enhanced production of
positively charged pions and kaons and therefore positively charged muons in
the air showers.

On the surface of the Earth there is a high flux of cosmogenic particles
of all kinds. Already the flux of muons (integral intensity of vertical muons
above 1 GeV: ~70m~2s~!sr~! [55]) would make it impossible to perform a low-
background experiment on the surface. In order to reduce the number of cosmo-
genic particles and thus its correlated background, these experiments are located
typically in deep underground laboratories. Except for muons and neutrinos, all
other cosmogenic particles can not penetrate deep into the Earth, as they lose
their energy already in the first few meters of soil. Also the muon flux decreases
with an increasing overburden depth of an underground laboratory. The experi-
mentally determined relation between the vertical muon intensity and the depth
of an overburden, expressed in mwe, is depicted in Fig.[2.4] The experiments that
contributed to this relation studied muons coming from different angles. A sin-
gle experiment can therefore yield information for various shielding depths. The
shaded region in the plot represents the flux of muons above 2 GeV that propa-
gate upwards. These muons are produced by muon neutrinos via charged current
interactions. These muons, compared to the ones produced in the atmosphere,
can not be reduced by moving to deeper underground laboratories.

2.1.2 Interactions of Muons with Matter and Subsequent
Production of Muon-Induced Neutrons

During the passage through matter muons interact and lose energy. There are
four main processes by which muons deposit energy in matter: ionisation (i.e.
muon-electron scattering), bremsstrahlung, electron-positron pair production and
muon-nuclear inelastic scattering. The contribution of the different processes to
the total energy loss is depicted in Fig. as an example for muons in iron with
energies between 10 GeV and 10TeV. It is apparent that for muon energies up
to a few hundred GeV the total energy loss is dominated by ionisation, while
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Figure 2.4: Measured vertical muon intensity as a function of the overburden depth.
The shaded area for depths > 10 kilometres of water equivalent results from neutrino-
induced muons (only muons with energies >2GeV are taken into account). Various
experiments like MACRO [62] and LVD [63] participated in the measurement of muons
deep underground. Adapted from [64].
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Figure 2.5: Dominating muon interaction processes to the total energy loss of muons
in iron. Up to a muon energy of few hundred GeV the energy loss is dominated by
ionisation. Adapted from [65].
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for higher energies electron-positron pair production and bremsstrahlung become
dominant.

The passage of muons through matter can lead to the production of various
particles, like electrons, positrons, protons, neutrons and gammas. Of them,
neutrons are one of the more critical particles for low-background experiments
(see Section . Muon-induced neutrons can either get produced directly by
a muon or indirectly in a muon-initiated shower. Direct production processes are
muon-nuclear inelastic scattering reactions (in literature also-called muon spalla-
tion) and muon capture. In general, neutrons from muon capture dominate the
neutron production in underground laboratories up to depths of ~ 80 mwe [66].
Muon-initiated showers that lead to neutrons are similar to the ones induced by
cosmic rays in the Earth’s atmosphere. Muon-induced showers can be separated
into hadronic and electromagnetic showers. Hadronic showers are composed of
different hadrons, mainly pions, neutrons and protons whereas electromagnetic
showers are composed of electrons, positrons and photons. Depending on the
energy and the type of particles in a shower, further particles (including neu-
trons) are produced. In general, if the energy of a muon is high and the shower
is fully developed (i.e. the number and composition of particles produced in the
shower per track length is constant), the neutrons from the shower outnumber
the directly produced neutrons [67]. According to [67] the minimal path length
of muons in matter, defined here as the product of the track length and the
density of the matter, to reach a fully developed shower is 800 gcm ~2. With
the development of the shower, also the number of neutrons per track length
increases. Furthermore, the number of neutrons produced increases with the
muon energy (see also Section [68]. In the following, the dominating
production processes for muon-induced neutrons are discussed.

Muon-Nuclear Inelastic Scattering Reactions

The process of muon-nuclear inelastic scattering reaction, muon-nuclear reaction
in the following, refers to the inelastic scattering of a muon on a nucleus, via the
exchange of a virtual photon. This process typically leads to the disintegration
of the nucleus. A number of different particles like pions, gammas, protons and
neutrons as well as various residual nuclei can get produced. Muon-nuclear reac-
tions proceed on two time scales. In the first (10722-1072!) s of the interaction
nucleons get knocked out from the nucleus [66]. At time scales of 10705 the
excited residual nucleus may evaporate neutrons. The respective neutrons from
these two processes are called knock out neutrons and evaporation neutrons in
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the following. The momenta of the knock out neutrons are focused along the
momentum direction of the muon, while the evaporation neutrons are emitted
nearly isotropically. In Fig. a schematic illustration of the muon-nuclear pro-
cess is shown. The muon coherently interacts with the nucleus in the case of an

Figure 2.6: Schematic illustration of the muon-nuclear process. The muon interacts
inelastically with the nucleus via the exchange of a virtual photon, leading to the
fragmentation of the nucleus. Various particles like neutrons, protons and gammas can
get produced in this process.

energy transfer <300MeV [66]. For higher energy transfers the muon interacts
with a single nucleon of the nucleus.

Muon-nuclear reactions are the largest source of uncertainty for the pro-
duction of muon-induced neutrons, especially at low muon energies [69]. Models
suggest to assess the cross section of the virtual photons in muon-nuclear re-
actions by relating it to the measured cross section of real photons with nuclei
(called equivalent photon approximation) [69, [70].

Capture of Negatively Charged Muons on Nuclei

The second muon interaction process that leads to the direct production of neu-
trons is the capture of a negatively charged muon on a nucleus. The muon capture
process proceeds in the following way: Slow negatively charged muons can get
bound in the Coulomb field of a nucleus (similar to electrons). The muon cas-
cades down to the 1s state within a time scale on the order of 10713 s [71]. During
this process, Auger electrons as well as X-rays are emitted. In the 1s state the
muon has two different reaction channels. The first is the decay of the muon,

described by

P = e+ Ve + vy, (2.1)
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where no neutrons are produced. The second channel is the capture of the muon
by the nucleus (X) via the weak charged current process

p +X(AZ) — v, + X(AZ-1). (2.2)

In this reaction the residual nucleus is highly excited and subsequently evap-
orates neutrons, gammas and other particles. The average multiplicity of the
evaporated neutrons in this reaction depends on the capturing nucleus [70].

Photo-Nuclear Inelastic Scattering Reactions

The production of neutrons in photo-nuclear inelastic scattering reactions, called
photo-nuclear reactions in the following, is induced by high-energy gamma rays.
A gamma gets absorbed by a nucleus, resulting in an exited state. Depending
on the excited state the nucleus can emit a number of different particles, in-
cluding neutrons. The minimal energy of a gamma to lead to the production of
neutrons via photo-nuclear reactions depends on the nucleus and is in the range
of (5-10) MeV. This energy is similar to the average nucleon binding energy, for
nuclei with mass numbers > 4. The gammas that lead to photo-nuclear reactions
originate for example from muon bremsstrahlung or are created within electro-
magnetic showers that are induced by muons. The dominating source of gammas
depends on the material, the muon energy and how far the electromagnetic
shower is developed [72].

Hadron-Nuclear Inelastic Scattering Reactions

The process of hadron-nuclear inelastic scattering reaction refers to the inelastic
scattering of a hadron off a nucleus. In this process, called hadron-nuclear
reaction in the following, nucleons can get knocked out from the nucleus (similar
to a muon-nuclear reaction) [73]. This can be followed by the evaporation of
further particles by the excited residual nucleus. The incident hadron of such
a reaction originates for example from a previous muon-nuclear reaction or any
other hadron producing process. Hadron-nuclear reactions typically occur within
hadronic cascades. However, a single neutron can lead to the production of
further neutrons via neutron inelastic scattering off a nucleus as well.
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2.1.3 Backgrounds from Cosmogenic Particles

As discussed in Section [2.1.1] low-background experiments are typically located
in deep underground laboratories to reduce cosmogenic backgrounds. Examples
are GERDA and CRESST which are operated at the Laboratori Nazionali del
Gran Sasso which provides a shielding depth of ~ 3800 mwe [74], [75]. As discussed
before, not all cosmogenic particles can be fully shielded by going deep into the
underground. Muons can still reach these experiments and lead to backgrounds.
Signals can be generated by the muon itself or by any muon-induced particle,
produced inside or outside of the experimental setup.

A way to reduce these backgrounds is to operate active shielding. Often used
are plastic muon veto systems, located on top and on the side of the experiments.
In addition, systems in which the target detectors are directly deployed in liquid
scintillators (e.g. argon) or surrounded by water tanks are often utilised [52, [76,
77). In the case of an observed signal in any veto system, indicating a muon
or any muon-induced particle, all events in the target detectors that are in time
coincidence with this signal can be rejected.

Backgrounds resulting from energy depositions of neutrons in the target de-
tectors are especially critical. This results from the fact that the induced signals
are often hard to discriminate from the searched for signals (e.g. from WIMPs).
Further, as neutrons are neutral particles and hence have particularly long mean
free paths, their energy depositions are in general difficult to veto. In low-Z ma-
terials, compared to high-Z ones, less neutrons get induced by muons. Hence,
muon-induced neutron backgrounds can be reduced by choosing low-Z materials
for the components of the setup that are located in the vicinity of the target
detectors. Muon-induced neutrons can have energies up to several GeV [70]. The
majority of the neutrons (depending on the location of their production) can be
absorbed by layers of neutron moderators like water or polyethylene, surround-
ing the target detectors. Potentially, these layers can be combined with mate-
rials that have a high neutron capture cross section (e.g. materials containing
cadmium or gadolinium). Nevertheless, it is very difficult to shield high-energy
neutrons completely. This makes muon-induced neutrons a challenging back-
ground. For future ton-scale experiments like EURECA [78] or LEGEND [29],
muon-induced neutrons could yield a sizeable contribution to the background in
the ROI. This holds even though such experiments are typically planned to have
a setup design, explicitly addressing the neutron background mitigation.

A further background of muon-induced neutrons results from their capture
on nuclei. Such captures can lead to the production of long-lived metastable
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isotopes. If the time correlation to the original muon is lost, due to the long half-
life of the produced isotopes, then theirs decays can lead to signals in the target
detectors. An example for such a long-lived isotope for Ov33 decay experiments,
using germanium detectors enriched in Ge, is ""Ge. It has a half-life of ~11h
and a @Q-value of 2702 keV which is above the Q-value of the 0v33 decay of "°Ge
(2039 keV) [79).

The exposure of materials, used in low-background experiments (especially
the target detectors itself and the materials used in their vicinity), to cosmogenic
particles on Earth’s surface should be as short as possible. This measure reduces
the cosmogenic activation of various materials with long-lived isotopes. An ex-
ample for such an isotope is %°Co, which is produced by cosmogenic particles from
copper or germanium. This isotope has a @-value of 2834 keV and a half-life of
5.3yr [80].

2.2 Natural Radioactivity

In addition to the backgrounds induced by cosmogenic particles, also natural
radioactivity contributes to the background of rare event searches. All used
materials in an experimental setup as well as the surroundings (e.g. rock or
concrete) contain radioactive isotopes. The present radioactivity is mainly pri-
mordial, meaning it was produced before Earth was formed. The dominating part
of the backgrounds from natural radioactivity (in the context of low-background
experiments) results from the isotopes of the long-lived 233U, 23U and 3?Th
decay chains as well as from 4°K [70]. The decay chain for the mother isotope
2387 is schematically depicted in Fig. . It is apparent that within the chain
many alpha and beta decays occur, leading to the release of various particles that
can contribute to the backgrounds of rare event searches. Prominent examples
of gamma rays from natural radioactivity have energies of 2.6 MeV and 2.2 MeV
and result from the decays of 2°8T1 and 2'Bi, respectively. These gamma lines
are especially a critical background for experiments searching for Ov55 decay of
Ge (Qpp of 2039keV) [82]. The gamma line of °K with an energy of 1460 keV
does not affect the ROI of experiments searching for Ov53 with germanium de-
tectors, but yields backgrounds for experiments looking for energy depositions
<1460 keV [83, [84].

Neutrons from radioactivity result from spontaneous fission as well as alpha-
neutron (a,n) reactions. Spontaneous fission refers to the spontaneous breakup
of heavy nuclei into lighter nuclei, typically accompanied by the emission of a
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Figure 2.7: Schematic of uranium-radium decay series. The lifetime of the chain is
dominated by the half-life of 22®U with ~4.5-10° yr. Alpha decays are indicated by
red arrows while blue arrows represent beta decays. Always the most probable decay
channel is stated. Taken from [81].

few neutrons. Typical elements that undergo spontaneous fission are uranium
and thorium [70]. For example, in the case of 23%U on average ~2 neutrons
are released in this process. In (a,n) reactions an alpha, originating from the
primordial uranium or thorium decay chains, interacts with the nucleus of a
light element (like Be) and leads to the production of neutrons. The energy of
neutrons from spontaneous fission and («,n) reactions ranges up to a maximum of
~10MeV [70]. The neutrons from radioactivity can lead to similar backgrounds
as discussed for the muon-induced neutrons (see Section [2.1.3).

To reduce backgrounds from natural radioactivity different measures can
be undertaken. Compared to backgrounds from cosmogenic particles, going un-
derground does not help. However, an extremely important measure to reduce
backgrounds from natural radioactivity is the purification and careful selection
of materials. This is especially crucial for the target detector material as well as
for any experimental part in the close vicinity of the target detectors. Further-
more, the mass of all components introducing backgrounds (e.g. cables) should
be reduced as much as possible [85]. In order to shield the particles (induced
by radioactive decays outside the detector volume) from the target detectors,
different layers of shielding materials are often installed. Typically used for the
reduction of gamma rays and beta particles are high-Z materials like copper and
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lead [86]. Also the deployment of active shielding (see Section , operated
as a veto system, can be used to identify backgrounds from natural radioactivity.
Compared to muon-induced neutrons (energies up to several GeV), neutrons from
natural radioactivity (energies up to 10 MeV) can be more efficiently shielded by
layers of low-Z materials. This holds, even though neutrons from radioactivity
significantly outnumber muon-induced neutrons underground (for underground
depths greater than a few tens of meters) [70].
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Chapter 3

Measurements and Simulations
of Muon-Induced Neutrons

In order to fully understand and correctly predict backgrounds, resulting from
muon-induced neutrons, reliable simulation tools are crucial. However, current
Monte Carlo tools do not reliably and consistently enough reproduce experimen-
tal findings of muon-induced neutrons. In the following, the simulation toolkit
Geant4, used in the scope of this work, is shortly introduced. Afterwards, the neu-
tron yield and its different definitions are discussed. At the end, the predictions
of Monte Carlo tools for a few experiments are compared to the corresponding
experimental findings.

3.1 Monte Carlo Simulation Toolkit Geant4

MaGe [87], a simulation toolkit based on Geant4 [88] and widely used within
the low-background community, was used for the simulations in the context of
this thesis. MaGe is jointly developed between the GERDA and the MAJO-
RANA collaborations and is optimised for the framework of low-background
experiments. Geant4, an established Monte Carlo toolkit in particle physics,
provides the physics foundations for MaGe. Consequently, all MaGe predictions
within this thesis are labelled as Geant4.

Geant4 simulates the propagation and interaction of particles in matter.
As a user, a so-called physics list has to be selected. Such a list contains a
collection of Geant4 models that describe the different physics processes. For
each particle type, particle energy, interaction type and material the particle
is propagating through, different models are assigned, depending on the chosen
physics list. The selected physics list therefore has a direct influence on Geant4
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predictions. Typically before simulating, the physics list that fits the application
best is selected.

There is a constant development and improvement process of Geant4, leading
to a continuous release of new versions. The MaGe version that was used in the
scope of this work was released on 17th of February 2017. The underlying Geant4
version is 10.3, released on 9th December 2016. If not stated explicitly, all simu-
lation within this thesis were carried out with the MaGe Default physics list [87],
the list recommended by the MaGe developers for low-background physics ap-
plications. The MaGe Default physics list uses the QGSP_BERT HP reference
physics list for hadronic interactions (for more details on this list see [89]). This
reference physics list includes a data driven high precision physics model for the
propagation of neutrons from 20 MeV down to thermal energies. Another physics
list, suited for the context of muon-induced neutrons, is the Shielding physics list.
This list is recommended by the Geant4 collaboration for underground and low-
background experiments as well as neutron penetration studies [90]. The hadronic
interactions of this list are based on the FTFP _BERT HP reference physics list,
which also includes the data driven high precision model for the propagation of
low-energy neutrons (for a more detailed description of this list see [89]). Dif-
ferences of Geant4 predictions, obtained with different suited physics lists, are
typically taken into account as a systematic uncertainty. Note that muon-nuclear
and photo-nuclear reactions in Geant4 are described the same way, when Geant4
recommended or standard physics lists are selected [91), 92] 03]. The description
of muon-nuclear and photo-nuclear reactions in MaGe is identical to their de-
scription in Geant4, when the Default or the Shielding physics list is chosen for
MaGe [87].

In the context of the MINIDEX project [94], in addition to Geant4 also the
Monte Carlo simulation package FLUKA [95], [96] (version: 2011.2c) was utilised.
FLUKA is an established MC tool that is used in various fields, including high-
energy particle physics and medical physics. In comparison to Geant4, in FLUKA
no physics list can be selected by the user. As a consequence, differences in
FLUKA simulations can not result from different assumptions on the underlying
interaction processes. This makes comparisons between two FLUKA simulations
much easier than between two Geant4 simulations.
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3.2 Neutron Yield in Theory and Experiment

Muon-induced neutrons have been studied for many decades. Most of the inves-
tigated data sets result from experiments that are located underground. Only
a few of these underground experiments like [72] or [97] were dedicated to the
study of muon-induced neutrons. Most measurements of muon-induced neutrons
result from underground experiments that have a different main purpose. Ex-
amples are the searches for dark matter with ZEPLIN-III [98] or for neutrino
oscillations with KamLAND [99]. In addition to the underground experiments,
also experiments that use muon beams contributed to the study of muon-induced
neutrons [100}, [10T].

3.2.1 Definitions and Scaling of Neutron Yield

The typically stated quantity, resulting from an experimental study of muon-
induced neutrons, is the neutron yield Y. This quantity relies on comparisons to
simulations, as the neutron yield itself can in general not be directly measured.
An imprecise description of the muon-induced neutrons by the simulation (i.e.
of their production or their propagation) therefore leads to an imprecise neutron
yield. Furthermore, different definitions of the neutron yield exist, making a
comparison between them even more difficult. In the following, the different
neutron yield definitions and their deficiencies are discussed.
The general definition of the neutron yield is

Nn

Y = ,
NM ) Xu * Ptarget

(3.1)

where N, is the number of muons that pass through the investigated target, X,
the average track length of the muons in the target and piarget the density of the
target material. The variable Ny, stands for the number of neutrons considered,
depending on the chosen definition of the neutron yield.

Three different definitions of the neutron yield are typically used in literature.
The first one is the external neutron yield, Ygyt, for which N, represents the
number of neutrons emerging from a selected surface of the target [72, 102]. The
second one is the neutron production yield, Yp,,, for which Ny, states the total
number of neutrons produced within the target [72, [103]. Both neutron yields
depend significantly on the target geometry. For example, an increased target
thickness (along the momentum direction of the muons) leads to a higher neutron
production, as the muon-induced shower in the target will be more developed [67].
An increased width of the target leads to a higher neutron production as well,
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due to the same reason. Furthermore, Ygy and Yp,, depend on the muon-
induced showers from the rock overburden and the support structures of the
experimental setup. These showers, if not fully understood and rejected in the
analysis, modify the resulting neutron yield. The third definition of the neutron
yield is the equilibrium production yield Ygqyi [72, ©98]. In this case, N, states
the total number of neutrons produced in an idealised target, meaning that the
target is thick and wide enough to allow fully developed showers. Note, only
those parts of the idealised target, for which the showers are fully developed,
are considered in its determination. This makes Ygq,; a geometry independent
quantity, reporting the maximum neutron production for the given material. Note
that only muons are used as an input to the idealised simulation. Consequently,
there is no contribution of particles produced outside of the target.

In general, only a small part of the produced or emitted neutrons are actually
measured. Consequently, the determination of the neutron yields heavily depends
on simulations. In order to get a realistic neutron yield, discrepancies between
the measured and the predicted observable have to be taken into account. For
example, if the rate of measured neutrons is underpredicted by the simulation,
then an underpredicted neutron production by the simulation is expected. The
procedure typically applied and described by

Y = Y5 MFg (3.2)

scales the neutron yield (any of them) predicted by simulation, YSIM with the
determined mismatch factor, MFg, between the measured and the predicted ob-
servable [72],[08] [104]. Note that this procedure scales the number of all neutrons,
independent of the correct description of the individual neutron production pro-
cesses in the simulation. Together with an energy dependent neutron detection
efficiency, this can lead to the introduction of uncertainties, which are very dif-

1

ficult to assess*. This might be especially the case when a high discrepancy is

found between the measured and the predicted observable.

3.2.2 Relation Between Neutron Yield and Muon Energy

All three discussed neutron yields increase with an increasing muon energy [105].
The deeper underground an experiment is located, the higher the mean muon

LAlso other quantities, if not precisely described by the simulation, can lead to the
introduction of further non-assessable uncertainties. Examples are the momentum
direction and the generation location of the neutrons.
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energy Eu and consequently the neutron yield Y is. The relation between Eu and
Y can be parametrised for each material by a power law function [106]:

Y(E,) =b-E,* (3.3)

Despite the various definitions and the discussed deficiencies of the neutron yield,
the parameters of the power law function (b and «) can be determined using
experimental results. It should be noted that especially for old experiments (i.e.
older than (10-20) yr) the stated neutron yields have to be treated with additional
care [I07]. During these times the predictions of MC tools were poor, resulting
in a limited understanding of the influence of the used experimental components.

In Fig. a set of published neutron yields Yy and Ygqy for lead, deter-
mined at various underground depths (E, between a few GeV and several hun-
dreds of GeV), is shown. Results from experiments that were performed over the
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Figure 3.1: Dependence of the neutron yield for lead on the mean muon energy in the
corresponding underground laboratory. The filled markers represent results published
as Ygxt whereas the open markers stand for results published as Ygqui. Different subsets
of the depicted data set were fit in [72] to determine the parameters of Eq. for
lead, indicated by the different lines. While the red solid line represents a fit to all Yy,
the solid black and dashed red lines stand for fits that exclude the results of Kluck2013
and Crouch1952, respectively. Adapted from [72].

last decades are included. For example, the results denoted as Bergamascol970

are already =50 years old [108]. However, also more recent measurements of
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muon-induced neutrons, like the 2013 published results of the lead shielding of
the ZEPLIN-IIT dark matter detector [98|, are included. An applied power law
fit, depicted as a solid red line, was performed in [72] to determine the parame-
ters of Eq. for lead. Note, only external neutron yields Ygy were included
in this fit. For b and «, values of (4.241.5)-10"°cm?g~! and 0.84 £ 0.13 were
obtained, respectively.

In [109] the parameters of Eq. were determined for liquid scintilla-
tor. Different neutron yields for mean muon energies between a few tens and
a few hundreds of GeV were considered. For example, the neutron yields from
experiments like the Cosmic-ray Underground Background Experiment <Eu of
~ 13 GeV, 1995, [I10]) or Borexino (E,, of 2280 GeV, 2013, [I11]) were taken into
account. The determined values of b and « (i.e. the parameters of Eq. (3.3)) for

liquid scintillator are (4.0 £0.6) - 107% cm? g~ and 0.77 4 0.03, respectively [109).

3.3 Reliability of Monte Carlo Tools

Various experiments have measured muon-induced neutrons in different materi-
als and at different muon energies. The simulations of muon-induced neutrons
were often compared to the experimental findings, partially yielding discrepan-
cies and partially agreements. In general, the neutron transport is assumed to
be reasonably well described by simulations [112]. For MC predictions in the
context of muon-induced neutrons often a factor 2 is recommended to be taken
as a systematic uncertainty [67), 113]. As MC tools constantly get developed and
therefore improved (in general), a definite answer on their predictive power is
difficult. Found discrepancies between experimental observations and the corre-
sponding MC predictions could have been already solved within the release of
a new version. Note that every new version of Geant4 typically yields different
simulation results for muon-induced neutrons [72, 98|]. Also the selection of a
different physics list in Geant4 might lead to significantly different simulation
predictions.

In order to improve the predictive power of MC tools, experimental data
sets of muon-induced neutrons are crucial. These data sets are used to evaluate
and afterwards improve the simulation tools. In the following, the predictions
of Geant4 and FLUKA for a few more recent measurements of muon-induced
neutrons, with a focus on lead and other high-Z materials, are compared to
the corresponding experimental findings. Additionally, studies that investigated
the neutron production in photo-nuclear reactions are discussed. Although no
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muons are involved in these studies, they provide an important feedback on the
predictive power of simulation tools with regards to the muon-induced neutron
production in photo-nuclear reactions.

The veto system of the ZEPLIN-IIT dark matter detector was used to mea-
sure muon-induced neutrons produced in lead [08]. The mean energy of the
muons at the position of the experiment in the Boulby Underground Laboratory
is =260 GeV. The analysis of the experimental and the Geant4 generated MC
data set yielded an ~ 25 % higher number of neutron signals per tagged muon in
the measurement. Furthermore, discrepancies between measured and simulated
neutron multiplicities have been observed. An investigation of the influence of
the used Geant4 version and the selected physics list yielded up to a factor of
~ 2 different neutron yields. Also a trend of the neutron yield towards higher
values with every released Geant4 version was found. Note, as the geometry
of the ZEPLIN-III detector is complicated, the measurement of muon-induced
neutrons and the understanding of their detection efficiencies is difficult. As a
consequence, the results should be treated carefully.

In Borexino the neutron production yield was (to some extent) directly mea-
sured at a mean muon energy of 280 GeV [I11]. This was feasible as the ex-
periment contains a large amount of liquid scintillator (278t) within a spherical
construction. The geometry of Borexino is much simpler than the geometries of
earlier liquid scintillator experiments like LVD [I14]. This led to a better un-
derstanding of the neutron production within the liquid scintillator of Borexino
and therefore to a more reliable determination of the neutron production yield.
Geant4 and FLUKA predictions were compared to the experimental observa-
tions. It was found that FLUKA consistently describes the experimental observ-
ables [T07, 115]. This includes the neutron production yield, the lateral distance
of the muon-induced neutrons from the muon track, as well as the multiplicity
of neutron captures. For Geant4 the situation is different. Various hadronic
models were composed and their predictive power tested on the experimental
data [I11]. A single simulation, using only one of these hadronic models, could
not reproduce all experimental observables. However, each individual observable
can be described reasonably well by a simulation that uses one of the composed
hadronic models. Consequently, a final conclusion on the reliability of Geant4 in
the context of muon-induced neutrons in liquid scintillator at high muon energies
is difficult.

In the Laboratoire Souterrain de Modane in the context of the EDELWEISS
experiment a neutron counter, based on gadolinium doped liquid scintillator,
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measured muon-induced neutrons produced in lead at a mean muon energy of
~ 267 GeV [72]. The Geant4 predicted number of detected neutron signals per
tagged muon was found to be ~20 % higher than the measured value. On the
other hand, a good overall agreement between the measured and Geant4 pre-
dicted neutron signal multiplicity was determined. This work again showed a
dependence of the neutron yield on the used Geant4 version as well as on the
selected physics list.

A study [I16] was carried out to compare the photo-nuclear cross sections
for the neutron production in different materials ("Be, 48Ti, 133Cs, 197Au), im-
plemented in Geant4, with the cross sections from the Exchange Format exper-
imental nuclear reaction database [I17|. Large discrepancies between the cross
sections provided by the experimental data base and the implemented cross sec-
tions in Geant4 were found, yielding strong evidence for an imprecise description
of the neutron production in photo-nuclear reactions in Geant4.

In the n@QBTF experiment, which used the Beam Test Facility at the Na-
tional Laboratory of Frascati, pulsed electrons with an energy of 510 MeV were
shot on a fixed high-Z target [I18]. In the target, which consisted of tungsten,
electron-induced neutrons were produced. The majority of these neutrons origi-
nate from photo-nuclear reactions. The flux of neutrons that leave the target was
measured with a Bonner Sphere Spectrometer. It was found that the measured
flux of emitted neutrons is in good agreement with the FLUKA predicted flux.
Furthermore, FLUKA reproduced the measured energy spectrum of the emitted
neutrons well. In contrast to this, Geant4 did neither reproduce the measured en-
ergy spectrum of the emitted neutrons nor their flux (underpredicted by =40 %)
correctly. Different Geant4 recommended and standard physics lists were used
and the obtained results were found to be in good agreement. Further, the neu-
tron production cross sections for photo-nuclear reactions (in natural tungsten,
lead and zinc), implemented in Geant4 and FLUKA | were compared to the exper-
imental and evaluated cross sections recommended by the International Atomic
Energy Agency (IAEA) [I19]. While the cross sections implemented in FLUKA
agree well with the IAEA recommended ones, large deviations were found for
Geant4. In conclusion, the results of [118] convincingly point towards an impre-
cise description of the neutron production in photo-nuclear reactions in Geant4.
In contrast to this, the FLUKA predicted neutron production in photo-nuclear
reactions seems to be much more reliable.

For some time of MINIDEX Run 2 an additional neutron detector was in-
stalled next to the MINIDEX setup [120]. This additional detector used gadolin-
ium doped liquid scintillator to measure muon-induced neutrons from lead (at a
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mean muon energy of &9 GeV). Geant4 results for different quantities were com-
pared to the experimental observations. It was found that Geant4 underpredicts
the number of detected neutron signals for tagged muons by a factor of ~ 1.5 to
~ 3 (depending on the used Geant4 version and the applied cuts). Furthermore,
it was found that the multiplicity of detected neutron signals is underestimated
by the simulation. The energy spectrum of neutrons induced by muons in lead
was unfolded in a range from 5MeV to 40 MeV. The results suggest that the
unfolded spectrum is harder than the corresponding Geant4 predicted spectrum.
It should be noted that more recent investigations of the neutron detector MC
data analysis revealed some systematic inaccuracy in the muon tag determination
procedure. As a consequence, the simulation predictions of this study should be
treated with special care.

From the reviewed studies it can be concluded that a factor of 2 as a system-
atic uncertainty on Geant4 predictions in the context of muon-induced neutrons
seems to be reasonable. On the other hand, FLUKA simulations seem to have a
lower systematic uncertainty.
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Chapter 4

Experimental Setup, Working
Principle and Detectors

MINIDEX is a compact, flexible and simple experimental setup which was de-
signed to measure muon-induced neutrons in different high-Z materials, poten-
tially at different underground locations [121]. MINIDEX is presently located
in the Tiibingen Shallow Underground Laboratory (see Section [6.1.1)). A shal-
low underground site was chosen to shield the cosmogenic atmospheric neutron

flux while at the same time preserve a high muon flux (=65 muonsm=2s7!, see

Section [6.1.1]).

The first measurement of muon-induced neutrons was accomplished in 2015
with the MINIDEX commissioning run (Run 1). In this run, which is not part of
this thesis, the first measurement of muon-induced neutrons in lead was carried
out [I,[12I]. The experimental setup of the commissioning run had two shortcom-
ings. The first one was an unexpected low detection efficiency, observed for both
employed scintillators. The second deficiency was the missing possibility to iden-
tify muons that pass through target material only. In the improved MINIDEX
setup of Run 2 and Run 3 these shortcomings were fixed.

In the following, the experimental setup, the working principle and the indi-
vidual detectors of MINIDEX Run 2 and Run 3 are presented.

4.1 Experimental Setup

The MINIDEX setup is ~1.5m high, ~1.5m long and ~1m wide. A cross
section of the MINIDEX Run 2 and Run 3 setups is presented in Fig. 4.1} In
the centre of the setup two high-purity germanium detectors are deployed. The
germanium detectors are surrounded by a plastic tank filled with purified water.
The water tank is enclosed by the target material. In any spatial direction there
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Smalll scintillator Big top scintillator

S / <— Small2

Copper scintillator
slab
Plastic tank Targc‘F
material

filled with water

Germanium
detector

Support
structure

scintillator scintillator

Small3
scintillator

Figure 4.1: Cross section of the MINIDEX Run 2 and the Run 3 setup. A total of eight
detectors, consisting of six scintillators (Big top, Big bot, Smalll - Small4) and two
high-purity germanium detectors, are employed in the setup. The setup has a footprint
of ~1m? and a height of ~1.5m.

is at least a layer of 8 cm of water between the germanium detectors and the tar-
get material. A 0.5cm thin copper slab is installed directly above the water tank.
This slab protects the fragile water tank from the weight of the target material
above (several hundreds of kg). Two big scintillators (Big top and Big bot) and
four small scintillators (Smalll - Small4), all 5 cm thick, were installed above and
below the target. The two big scintillators have a size of 75 cm x 65 cm whereas
the four small scintillators have a size of 20 cm x 65cm. Nearly all experimen-
tal parts of the MINIDEX commissioning run [I12I] were reused in MINIDEX
Run 2 and Run 3 (at the same position within the setup). However, the used
big scintillators of the commissioning run were removed and new ones were in-
stalled. In comparison to the commissioning run, which was operated with two
big scintillators only, the four additional small scintillators of MINIDEX Run 2
and Run 3 allow for an identification of muons passing through target material
only (see also Section . The parts of the target material which are covered
by the small scintillators (and parts of the big scintillators) on each side of the
setup are called target walls in the following. All six scintillators of MINIDEX
Run 2 and Run 3 were newly purchased to replace and extend the scintillator

44



4.2 Working Principle and Muon-Induced Neutron Signature

system of the MINIDEX commissioning run. The replacement of the old scin-
tillators was necessary, as their muon detection efficiencies were measured to be
only ~90% [121]. These deteriorated muon detection efficiencies resulted from
a special detector design, where the photomultiplier tube, PMT, was directly
incorporated into the scintillating material. Detailed information on the spatial
positioning of all important MINIDEX Run 2 and Run 3 setup components can
be found in Fig. (all other values can be found in [121]).

0.5 cm

(b)

Figure 4.2: Cross section (front view) in (a) and top view in (b) of the MINIDEX Run 2
and the Run 3 setup. Relevant dimensions of the setups are given.

Pictures of the fully assembled MINIDEX Run 2 and Run 3 setups are
shown in Fig. . In Fig. [4.3(a) the Run 2 setup, for which the target con-
sisted of lead only (density: 11.34 gcm™3), is shown. Fig. [4.3(b) shows the Run 3
setup for which the lead in the left target wall was replaced by copper (density:
8.96gcm™3). While in Run 2 only lead was studied, the Run 3 setup allows for
the simultaneous investigation of lead and copper. The total weight of the setups,
which are dominated by the mass of the target material, is ~2 tonnes.

4.2 Working Principle and Muon-Induced
Neutron Signature

MINIDEX is designed to measure muon-induced neutrons produced in high-7
materials. Neutrons from such materials are difficult to investigate. In the case

of MINIDEX the neutrons have to leave the target, making the neutron detection
nearly independent of the muon detection. As a consequence, the signals from the
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.~ MINIDEX
Run 3 setup

Figure 4.3: Pictures of the fully assembled MINIDEX Run 2 (a) and Run 3 (b) setups.
The three scintillators above the target, the target as well as part of the electronics are
visible. The three scintillators below the target, except for the PMT of the Big bot
scintillator, are hidden by the tabletop. In (a) an additional neutron detector, installed
for a few months next to the MINIDEX Run 2 setup [120] and discussed in Section [3.3]

can be seen.

neutrons do not have to be distinguished from large muons backgrounds. How-
ever, this leads to rather low detection efficiencies for the muon-induced neutrons.
The working principle for measuring muon-induced neutrons with MINIDEX is
depicted in Fig. Muons (i) that pass through the target material are identi-
fied with help of the installed scintillators. The muons can either directly produce
neutrons (n) in muon-nuclear reactions (see Fig. 4.4{(a)) or indirectly via muon-
induced particles like gammas or protons (see Fig. [4.4(b)). After propagating
through the target material, some of these neutrons enter the water tank and get
thermalised. Thermalised neutrons can get captured on hydrogen atoms in the
water, leading to an exited deuterium nucleus. The subsequent de-excitation of
the nucleus is followed by the emission of a (2223.259 4+ 0.001) keV [122] gamma
(7), called 2.2 MeV gamma in the following. Such a neutron capture gamma can
be detected by one of the two installed high-purity germanium detectors.
Muons that pass through target material only (i.e. through a target wall
only) are identified with the help of the six scintillators. This is accomplished
by requesting energy depositions (above a threshold) within a short time in four
scintillators on one side of the setup (e.g. Big top + Big bot + Smalll + Small3).
Such an event is called a muon tag (also tagged muon) in the following and can
occur on both sides of the setup. A schematic example for a muon, generating
a muon tag on the left side of the setup, is depicted in Fig. 4.4a). Following
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4.3 Detectors and Electronics

Figure 4.4: Tllustration of the MINIDEX working principle. Muons (p) that pass
through the target material of the setup are identified with the help of the scintil-
lators. The muons can either directly (a) or indirectly (b) produce neutrons (n) during
their passage. If any of these neutrons reaches the water tank, it can get thermalised
and afterwards captured on hydrogen. Such a capture is followed by the release of a
2.2MeV gamma (7), which can get detected by one of the two installed high-purity
germanium detectors.

an observed muon tag, delayed 2.2 MeV neutron capture gammas are searched
for with the two installed high-purity germanium detectors. The signature of an
identified muon-induced neutron that follows a muon tag, called neutron signal in
the following, is a detected 2.2 MeV neutron capture gamma within a predefined
time window. All search details for neutron signals are given in Section for
the simulation data and in Section for the experimental data.

4.3 Detectors and Electronics

In MINIDEX Run 2 and Run 3 six scintillators and two germanium detectors
were operated. In the following, the used detectors as well as the employed
electronics of the MINIDEX setup are described.

4.3.1 Scintillators

The six scintillators that are used in MINIDEX Run 2 and Run 3 are commer-
cially available scintillation detectors, purchased from Saint-Gobain [123]. The
scintillating material is BC-408 (polyvinyl toluene: C1gHjpp), which has a density
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of 1.032gcem™3 [124]. Each of the scintillators is equipped with a 51 mm type
9266KFLB PMT from ET Enterprises [125]. A picture of the three scintillators,
which are positioned above the target, can be seen in Fig. The operational

Figure 4.5: Picture of the three scintillators that are located above the target. The
PMTs of the two small scintillators as well as the scintillating material, completely
wrapped in black foil, are visible. The PMT of the Big top scintillator can not be seen,
as it points towards a different direction than the PMTs of the small scintillators.

voltage of each individual scintillator was optimised to maximise its muon de-
tection efficiency. This was carried out by varying the operational voltages and
requesting coincident signals in two scintillators, which are stacked on top of each
other. A detailed description of this procedure can be found in [126]. The oper-
ational voltages of the six MINIDEX Run 2 and Run 3 scintillators are given in
Table (411

Table 4.1: Operational voltages of the six MINIDEX Run 2 and Run 3 scintillators. In
order to maximise the muon detection efficiency, the voltage of each individual scintil-
lator was optimised.

Smalll Small2 Small3 Small4 Big top Big bot
Voltage [V] —840 —875 —890 —840 —1030 —1070

4.3.2 Germanium Detectors

The two installed germanium detectors of the MINIDEX setup are commer-
cially available extended range coaxial high-purity p-type germanium detec-
tors produced by Mirion [127, 128]. This type of detector is used for gamma
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4.3 Detectors and Electronics

spectroscopy in the energy range of 3keV up to about 10MeV. A cross sec-
tion of such a detector, made out of a cylindrically shaped germanium crys-
tal, together with the housing of the cryostat is schematically depicted in
Fig. The two germanium crystals employed in MINIDEX have a diameter of

Carbon Composite
Window

n+ contact

p+ contact

Figure 4.6: Cross section of an extended range high-purity germanium detector. Two
detectors of this type are employed in the MINIDEX setup. Taken from [128].

(69.0£0.5) mm/(70.5+0.5) mm, a length of (72.0 £0.5) mm/(63.5+0.5) mm, a
(45.0£0.5) mm/(37.5+0.5) mm deep borehole with a diameter of (9.5 +0.5) mm
in the centre and a mass of (1.416+0.031) kg/(1.30540.029) kg, respectively.
Both detectors have a (1.0 £0.5) mm thick dead layer on the n+ contact [12§]
and are operated at temperatures around — 185°C. The detectors are electrically
cooled via a copper cold finger, which connects the germanium crystals with two
dedicated cooling units (Cryo-Pulse 5 Plus [129]). These cooling units are located
outside the target material and can be seen in Fig.[4.3] Due to the electrical cool-
ing work-intensive refilling of liquid nitrogen dewars (often related to the usage of
germanium detectors) is unnecessary. The two high-purity germanium detectors
of MINIDEX are operated at 3000V and 3500V, the operating voltages specified
by the producer.

4.3.3 Electronics and Data Acquisition

The operating voltages of the six scintillators and the two germanium detectors
are provided by different voltage devices (e.g. iseg NH(Q 206L module [I30]). To
withstand short blackouts, the setup is equipped with an uninterruptible power
supply (model: Online XSR3000).
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The readout of the scintillators and the high-purity germanium detectors
is handled by a flash analog-to-digital converter (FADC) from Struck (model:
Struck SIS3316-DT [131]). This FADC runs with a 16 channel VME digitiser card
that records traces with a 250 MHz sampling rate and a 14 bit resolution. Each of
the 16 channels can be triggered independently and the determined information of
the events are recorded. For each energy deposition in the germanium detectors,
the amplitude of the charge signal and the corresponding time stamp are stored.
A minimal time difference between two recorded consecutive energy depositions
in the same germanium detector (i.e. the dead time of the germanium detectors)
of (20.3 +0.1) us was found. For each energy deposition in the scintillators, which
is associated to the measured light output, the amplitude of the current signal and
the corresponding time stamp are stored. The minimal possible time difference
for energy depositions within the same scintillator (i.e. the dead time of the
scintillators) was determined to be (1.2 +0.1) us. As no external trigger is utilised
in MINIDEX, all energy depositions above predefined thresholds are recorded.
These thresholds are set to ~3 MeV for any of the scintillators and =~ 20keV for
the two germanium detectors. All recorded energy depositions are stored on a
server from sysGen (model: SuperServer 5018D-MTF [132]) and are analysed
offline.

Besides the discussed six scintillators and the two germanium detectors, used
to identify muon-induced neutrons, also the fill level of the water in the tank was
monitored. A Vegetronix [I33] sensor was used for this purpose. Monitoring
of the water fill level is necessary, as a significantly decreased fill level in the
tank would lead to a significantly lower efficiency for neutron thermalisation and
neutron capture. However, no significant reduction of the water content in the
tank (meaning < 1%) was found for any of the runs.
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Chapter 5

Characterisation of Detectors,
Data Selection and Experimental
Data Sets

In order to acquire reliable experimental data sets, the employed detectors of
the MINIDEX Run 2 and Run 3 setup were characterised. In the following,
the characterisation studies, including the energy calibration of the individual
detectors, are introduced. Additionally, the muon tag determination procedure
and the generated experimental data sets are discussed.

5.1 Characterisation of Detectors

5.1.1 Stability of Data Taking

In order to guarantee stable data taking for each MINIDEX run, all individ-
ual detectors were constantly monitored for their stability. For this purpose,
the online monitoring system [121I] that was implemented in the context of the
MINIDEX commissioning run was used. It provides the possibility to notice dis-
continuities in the signal amplification or changes of the energy resolution of the
detectors quickly. The monitoring data show that smooth data taking periods of
the discussed runs within this thesis were accomplished.

5.1.2 Scintillators
5.1.2.1 Energy Calibration

The energy calibration of the individual scintillators was carried out with the help
of simulation predictions for the measured energy spectrum. For the calibration
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procedure the scintillator spectra without the request for any coincidence, which
are therefore the most independent ones, were used. For each scintillator the
position of the most probable value of the Landau distribution of the experimen-
tal light output spectra was set to the corresponding energy value provided by
simulation. The simulated most probable energy was found to be around 10 MeV
for each big and small scintillator as well as for each run. Note, the light collec-
tion efficiency and the resolution of each individual scintillator is assumed to be

independent from the location of the energy deposition within the panel.

5.1.2.2 Muon Detection Efficiencies

The efficiencies of the six scintillators to identify muons passing through the
scintillating material were determined. This was carried out above the Earth’s
surface by stacking all six scintillators on top of each other. The PMTs of the
small scintillators were pointing to the same direction. Furthermore, the PMTs of
the two big scintillators were also aligned. The setup that was used to determine
the muon detection efficiencies of the Smalll, Small4, Big top and Big bot scintil-
lators is depicted schematically in Fig. Through-going muons were identified

Short Small2 side

\ u Long Small2 side

Small2 | Long Big top side
Smalll

Short Big
bot side

Figure 5.1: Cross section of the setup that was used to determine the muon detection
efficiencies of the Smalll, Small4, Big top and Big bot scintillators. The efficiencies
were determined by requesting coincident and high-enough energy depositions within
different scintillators. The PMTs of all small and big scintillators are mounted on the
short side of the corresponding panel. See text for details.

with the help of the two outermost scintillators, in the depicted case Small2 and
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5.1 Characterisation of Detectors

Small3. This is achieved by requesting coincident signals in both scintillators
within +30ns (for the choice of & 30ns see Section[5.2)). In order to select single
muons only (i.e. only one muon and no further particle) that pass through the
scintillators, the signals are required to be located within the peaks of the Landau
distributions. This measure leads to the suppression of particle showers as well
as energy depositions from particles that are not minimum ionising. The peaks
of the Landau distributions in the corresponding scintillator spectra, as shown

in Fig. 5.2 were fit with Gaussian functions. The most probable energy of each

£ 2500/ — Small2
= B — Small2: Fit
£ L —— Smali3
2 - — Small3: Fit
g 2000 —
n L
c L
3 L
S 1500 —

1000 —

500
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Figure 5.2: Zoom on the peaks of the Landau distributions of the measured Small2
and Small3 scintillator spectra before any cuts. The shown data were acquired in a
2h measurement with the help of the setup schematically depicted in Fig. [5.1] Both
Landau peaks were fit with a Gaussian function and the determined most probable
energies were set to a value of 1.

Landau distribution was set to a value of 1. Only energy depositions within the
FWHM (Small2: 0.84 to 1.16, Small3: 0.82 to 1.18) of the Gaussian fit functions
are used. It can be seen that the rate of events in Small3 in the chosen energy
range is smaller than the corresponding rate of events in Small2. This likely re-
sults from the shielding of muons by the scintillators above Small3. Furthermore,
particles that are induced in the scintillators above Small3 by the through-going
muons can lead to additional energy depositions. As a consequence, the Small3
energy spectrum becomes harder, and thus, only a smaller number of signals ap-
pear in the peak of the Landau distribution. This seems to be confirmed by the
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observable higher number of signals with energies > 1.8 in Small3 compared to
Small2.

Following an identified single through-going muon, all energy depositions
in the other four scintillators above a value of ~0.75 and within + 30ns were
counted. As the energy spectra of the four investigated scintillators are similar
to the ones in Fig. the applied energy cut of ~0.75 selects all events within
the Landau distributions. With the discussed method and by using a further
data set, acquired for a setup in which the Smalll and the Small4 scintillator
enclose the other panels (same PMT positioning as before), the muon detection
efficiencies of all six scintillators were determined and are given in Table
As all values are >99%, a reliable identification of muons with the MINIDEX

Table 5.1: Muon detection efficiencies of the six MINIDEX Run 2 and Run 3 scintillators.
Two dedicated setups, one schematically depicted in Fig. were used to determine
these efficiencies. The given systematic uncertainties on the detection efficiencies of
the big scintillators result from the obtained differences between the values determined
with the two setups.

Muon detection efficiency |%]

Smalll ~ 99.37 " {13 (stat)
Small2  99.57 " 37 (stat)
Small3  99.40 ' 520 (stat)
)

)

)

26
Small4  99.70 © 599 (stat
Big top 99.77 "% (stat) - (syst)
Big bot  99.77 " 0% (stat) - (syst)

Run 2 and Run 3 setup is feasible. The small percentage of undetected muons
can be explained by a non-perfect alignment of the scintillators in the performed
measurements. The stated systematic uncertainties on the efficiencies of the
big scintillators result from the difference between the values obtained with the
two setups. Note, the determined muon detection efficiencies of the MINIDEX
Run 2 and Run 3 scintillators are significantly higher than the unexpected low
muon detection efficiencies of the MINIDEX commissioning run scintillators (see

Section .
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5.1.2.3 Estimation of Energy Resolution

The data set of the measurement that was introduced in detail in the previous
section (acquired with the setup depicted in Fig. was also used to estimate
the energy resolution of the scintillators. The applied method, which is slightly
different for the small and the big scintillators, is demonstrated as an example
for Smalll and Big bot.

For the small scintillators, first single through-going muons were identified
with the help of coincident energy depositions in the two outermost scintillators of
the setup (Small2 and Small3). A zoom on the energy spectra of the Small2 and
Small3 scintillators (without any cuts) was shown in Fig. For coincidences
of the Small2 and the Small3 scintillator only events that occur within + 30 ns
(for the choice of + 30 ns see Section and within an energy range from 0.8 to
1.2 were considered. Note that these are not the final energy cuts for coincident
signals in Small2 and Small3, as discussed in the following. The chosen energy
range roughly corresponds to the FWHM of the peaks of the Landau distributions
(obtained from fits with Gaussian functions, see Section . This energy
range was chosen as the majority of energy depositions occurring in this range
originates from single muons passing through a scintillator. The selected energy
range of 0.4 is split up into energy slices with 0.1 width each. In order to select
the same type of events in both scintillators (i.e. the same amount of energy
is deposited at the same position within the scintillator!), it is requested that
both events occur within the same energy slice. Following a selected muon in
the Small2 and the Small3 scintillator, all events in the Smalll scintillator within
+ 30 ns are recorded. As Smalll was located in the measurement directly beneath
the Small2 scintillator (see Fig. , it is expected that Smalll observes the same
type of events as Small2. In Fig. the difference between measured energies
in Small2 and Smalll is depicted for the four chosen energy slices. Distributions
with different shapes can be observed, owing to the selection of different event
types by the four individual energy slices. In Fig. also the distribution, which
results from the summation of the spectra of the individual energy slices, is shown
in magenta. The width of this distribution depends on the energy resolution of
the Smalll scintillator but also on other quantities, like the energy resolution of
the Small2 scintillator and the precision of the event type selection?. Thus, only

IThe reconstructed energy depends on the location of an energy deposition within a
scintillator. This effect is discussed in Section

2For example, if the position of an identified through-going muon in the Smalll scintil-
lator deviates from the position in Small2, then a similar energy deposition can lead
to a different reconstructed energy.
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Figure 5.3: Measured differences between energy depositions in the Small2 and the
Smalll scintillator for different selected energy slices. Only events that were acquired in
a 2h measurement with the setup schematically depicted in Fig. [5.T]are considered. The
shown energy differences result predominantly from through-going muons, identified
with the help of the two outermost scintillators (Small2 and Small3) of the setup. A
Gaussian fit (orange) on the distribution, which sums up the events of the individual
energy slices, yields an upper limit on the energy resolution of the Smalll scintillator.
See text for details.

an upper limit on the energy resolution of the Smalll scintillator can be assessed
with the described method. This limit is determined by fitting the peak of the
summed up distribution with a Gaussian function, as shown in orange in Fig.|5.3
A o of 0.117£0.002 was obtained for the Gaussian function. Together with an
energy of ~10MeV at the most probable value of the Landau distribution (see
Section this yields an upper limit on the energy resolution of the Smalll
scintillator of 1.2 MeV (o). This upper limit on the energy resolution is taken for
all four small scintillators.

For the estimation of the energy resolution of the big scintillators, the muons
identified by the Small2 and Small3 scintillators can not be used. The event types
of these muons differ significantly from the event types that would be obtained
for example for Big top (for these muons), owing to a different scintillator size
as well as a different PMT location (see Fig. . As a consequence, only the
Big top scintillator was used to identify single through-going muons. In order to
select predominantly single muons, the peak of the Landau distribution in the
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spectrum of the Big top scintillator, as shown in Fig. [5.4] was fit with a Gaussian
function. Only energy depositions that occur within an energy range from 0.8
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Figure 5.4: Zoom on the peak of the Landau distribution of the measured Big top
scintillator energy spectrum before any cuts (blue). The energy of the most probable
value of the Landau distribution was set to a value of 1. In black a Gaussian fit applied
to the peak of the Landau distribution, used to identify single through-going muons, is
displayed.

to 1.2 (indicated by red lines), roughly corresponding to the FWHM (0.37) of
the Gaussian fit (black), are selected. As only one scintillator was used for the
identification of single muons, no slicing of the energy range was performed. All
energy depositions in the Big bot scintillator that occurred within £+ 30ns of an
identified muon in the Big top scintillator are collected. As Big bot was positioned
directly beneath Big top (see Fig. , the same type of events are expected
to be observed in both scintillators. The obtained spectrum, representing the
differences between measured energy depositions in the Big top and the Big bot
scintillator, is depicted in Fig. A peak around an energy difference of 0 can be
observed. The width of the peak results from the energy resolution of the Big bot
scintillator but also from other quantities (as discussed for the small scintillators).
The peak was fit with a Gaussian function and a ¢ of 0.1494 0.001 was obtained.
Together with an energy of ~10MeV at the most probable value of the Landau
distribution (see Section an upper limit on the energy resolution of Big
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Figure 5.5: Measured energy differences between coincident energy depositions in the
Big top and the Big bot scintillator. For the Big top scintillator only energy depositions
within an energy range of 0.8 to 1.2 are considered. With the help of an applied Gaussian
fit function (blue) upper limits on the energy resolution of the big scintillators were
determined. See text for details.

bot of 1.5 MeV was determined. The determined value of 1.5 MeV (o) is taken as
an upper limit on the energy resolution for both big scintillators.

The determined upper limit on the energy resolution of the big scintillators is
worse than the upper limit on the energy resolution of the small scintillators. This
could result from a less position dependent light collection for energy depositions
in the small scintillators compared to energy depositions in the big scintillators.
However, it could also arise from the more precisely selected event types in the
case of the small scintillators.

5.1.2.4 Stability of Muon Detection

It is assumed that the muon detection efficiencies of the MINIDEX scintillators
are stable over the runtimes of the MINIDEX runs. To test this assumption, two
studies were carried out.

In the first study, the stability of the signal amplification in the scintillators
was investigated. A possible source of instability could originate for example from
an unstable high voltage supply. For this purpose, the spectra of each scintillator
(without any cuts), recorded at different times within a MINIDEX run, were in-
vestigated. As an example, in Fig. [5.6] the spectrum of the Big top scintillator is
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depicted for five different times within the MINIDEX Run 2 data taking period.
Each individual spectrum represents the energy depositions that were collected
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Figure 5.6: Measured energy spectrum of the Big top scintillator, recorded at different
times within the MINIDEX Run 2 data taking period. Each spectrum represents the
energy depositions collected within 2h of measurement.

within a continuous 2 h measurement. In Table the corresponding most prob-
able values for the depicted Big top spectra, determined with the help of Landau
fits, are given. A significant shift of the position of the Landau distribution was

Table 5.2: Most probable values of the measured Big top energy spectra that are depicted
in Fig.[5.6] The values were determined with the help of Landau fit functions. All given
uncertainties are statistical only.

Most probable value [MeV]|
February  10.53+0.04
April 10.68 +£0.03
June 10.65£0.05
August 10.674+0.02
September 10.65 4+ 0.03

observed for one of the measured Big top spectra only. For any scintillator and
run the maximal observed shifts were found to be <200keV. As these are only
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small shifts, only a single energy calibration for each scintillator and run was
performed. However, the observed changes of the scintillator signal amplifica-
tion are taken into account in the investigation of systematic uncertainties (see
Section .

In the second study the evolution of the muon rate was investigated and
thus further information on the stability of the muon detection efficiency can be
obtained. For this purpose, the rate of detected muons in the MINIDEX Run 2
and Run 3 data taking period (total runtime of ~ 470 days) was analysed. The
corresponding data were acquired from January 2016 until July 2017, with Run 3
starting in November 2016. Only the rate of big tag coincidences (i.e. the rate
of coincidences between the Big top and the Big bot scintillator, for a detailed
description of big tags see Section , RBigtag, Was taken for this investigation,
as the rate of muon tags was found to be statistically insufficient for this study.
Note that simulation predicts that Rpigtag is dominated by actual muons passing
through the setup. As the experimental MINIDEX Run 2 and Run 3 data sets
were combined for this analysis, a normalisation of Rpjgtag of Run 3 had to be
performed. This normalisation is necessary as in Run 3 (compared to Run 2) the
left target wall was made up of copper. Copper has a =20 % lower density than
lead, leading to a reduced shielding of muons by the copper target wall in Run 3
and thus to a higher Rpigtag. To take this effect into account, Rpigtag of Run 3
was reduced by ~1%. This value was determined with the help of simulation.
After normalising Rpig tag of Run 3, the spectrum shown in Fig. (a) in blue is
obtained. The transition from Run 2 to Run 3 is indicated by the black vertical
line. In Fig. (b) a zoom on the time axis, representing the acquired data from
the end of November 2016 until the start of March 2017, is depicted. A change
of RBigtag by a few percent over the whole measurement period of Run 2 and
Run 3 can be observed. In addition to Rpigtag, also the modified atmospheric air
pressure, Pyiod. air, 18 displayed in red. Pyfoq. air is defined by

PMod.air = PAir -2 (PAir - FAilr)- (51)

Here P 5;, represents the measured air pressure® (for the individual points in time)
while P, represents the mean air pressure (averaged over the whole runtime of
Run 2 and Run 3). A correlation between Rpigtag and Pyiod. air s apparent in
Fig. , showing that Rpigtag is inversely proportional to Paj. This can be
explained by the correlation between the energy loss of muons in the atmosphere

3The air pressure was measured and provided by the Deutscher Wetterdienst for Ech-
terdingen, a small town only ~ 15 km away of the MINIDEX setup location [134].
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Figure 5.7: Measured time evolution of the MINIDEX big tag rate (blue) and the
modified atmospheric air pressure (red) at the experimental site. In (a) the acquired
experimental data from January 2016 until May 2017 are drawn. The black vertical
line indicates the transition of MINIDEX Run 2 to Run 3. In (b) a zoom on the time
axis from the end of November 2016 until the start of March 2017 is shown. See text
for details.
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and Paj. For example, a high Paj leads to an increased energy loss of muons
in the atmosphere. Consequently, less muons can reach the MINIDEX setup and
induce a big tag.

Summarising, the investigations performed confirm the assumption of stable
muon detection efficiencies of the scintillators over the runtimes of MINIDEX
Run 2 and Run 3.

5.1.3 Germanium Detectors
5.1.3.1 Energy Calibration

Each germanium detector was calibrated with the help of two gamma lines from
natural radioactivity. One gamma line above and one below 2.2 MeV, the energy
of the neutron capture gammas, were selected for the calibration. These lines
arise due to the decays of “°K and 2°®T1 isotopes, leading to the emission of
1460.8 keV and 2614.5keV gamma rays, respectively. Both gamma lines were fit
with a Gaussian function plus a first order polynomial distribution. The energy
resolution of both germanium detectors was determined to be ~1keV (o) at the
energies of the gamma calibration lines. From 1460.8 keV to 2614.5keV a linear
behaviour of the relation between the recorded ADC channel and the correspond-
ing deposited energy is expected. A first order polynomial distribution was used
to calibrate the germanium detectors. Note that each germanium detector was
calibrated individually. In Fig. the calibrated energy spectrum of one of the
germanium detectors is depicted, representing all measured energy depositions of
MINIDEX Run 2. The 2.2 MeV gamma line, resulting from the neutron captures
on hydrogen, is expected to occur between the two highlighted calibration lines.
Both germanium detectors were calibrated every 10 h during the MINIDEX runs
(see next Section).

5.1.3.2 Detector Stability

A variation of the signal amplification within the runtime was observed for both
MINIDEX germanium detectors and both runs. This could be accompanied by a
slight deterioration of the energy resolution of the detectors. In order to operate
the germanium detectors stably, these effects were studied for both germanium
detectors and both runs. For the stability of the signal amplification, the posi-
tion of the two calibration gamma lines were monitored over the whole runtime.
This is shown in Fig. [5.9(a) for one of the germanium detectors of Run 2, for
which the position of the 2614.5keV calibration gamma line (determined in ADC
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Figure 5.8: Measured energy spectrum of one of the germanium detectors that were
operated in MINIDEX Run 2. The two highlighted lines result from gammas following
the decays of “°K (1460.8keV) and 28Tl (2614.5keV). These gamma lines result from
natural radioactivity and were used to calibrate the germanium detectors.

channels) is plotted relative to the first data point. Each data point represents
a data set that was recorded for a continuous 10 h measurement. While a slight
increase of the signal amplification within the measurement time is apparent, the
regular calibrations (every 10 h) guarantee that this is accounted for in the energy
reconstruction process. The difference of the reconstructed energies between two
calibrated 10 h measurements is below statistical uncertainties. In Fig.|[5.9(b) the
evolution of the energy resolution (o) at 2614.5keV is depicted for the same ger-
manium detector and the same MINIDEX run as in (a). No deterioration of the
energy resolution above the statistical uncertainty is found. This holds for both
germanium detectors and both runs. Note that for a short period of data taking
this did not hold (resulting from an unforeseen warming up of the germanium
detectors). However, the acquired data from this period were rejected from the
further analysis.
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Figure 5.9: Measured position of the 2614.5 keV gamma line (used for the calibration of
the germanium detectors) relative to the first data point in (a). The total increase of the
signal amplification is ~ 1.5 %o. In (b) the measured energy resolution (o) at 2614.5keV
is drawn. Both plots are depicted for one of the two employed germanium detectors,
but are similar for both. Each point represents 10 h of data taking in MINIDEX Run 2.
The given uncertainties are statistical only and result from fits of the gamma line.
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5.2 Muon Tag Determination Procedure and
Muon Tag Characteristics

In order to search for 2.2 MeV gammas from the captures of muon-induced neu-
trons on hydrogen, the corresponding muons have to be identified first. This is
achieved by requesting energy depositions > 5 MeV (called scintillator energy cut)
in all four scintillators on one side of the setup (e.g. in Small2 + Big top + Big bot
+ Small4) within a time window of £30ns. Simulation predicts that in >95%
of all muon tags a muon passes through a target wall only. A muon tag, resulting
from the passage of a muon through the left target wall, is schematically depicted
in Fig. [4.4a). The requirement for energy depositions in the scintillators above
>5MeV and within 4+30ns reduces the contribution of accidental coincidences
to the rate of muon tags to negligible contributions. Accidental coincidences can
result for example from simultaneous energy depositions of radioactive decays.
A detailed investigation of the influence of these backgrounds on the search for
neutron signals in MINIDEX can be found in Section [8.3.1]

By selecting an energy cut of 5MeV, all energy depositions from muons
passing through at least 5 cm of scintillator are accepted. The spectrum recorded
with the Big top scintillator can be seen in Fig. It corresponds to a Landau
distribution. The 5MeV energy cut was determined by interpolating the falling
edge of the Landau distribution of each individual scintillator to lower energies.
The obtained energy values were found to be all slightly higher than 5 MeV.

The 4+ 30ns time window was determined by studying the time differences
between energy depositions > 5 MeV in different scintillators on the same side of
the setup. In Fig. the time differences between measured energy depositions
>5MeV in the Small2 and the other three scintillators on the right side of the
setup are depicted. A distinct peak around Ons, which extends up to time dif-
ferences of £ 30 ns, can be observed in all three spectra. These peaks result from
energy depositions that originate from the same muon or its induced particles
(e.g. particles induced by the muon during its passage through the laboratory
overburden). The width of the peaks is determined by different quantities, in-
cluding the precision of the time stamp reconstruction algorithm of the ADC.
The highest coincidence rate appears for the time differences between the Small2
and the Big top scintillator. As these two scintillators are stacked on top of each
other, the probability to detect the same muon (due to the large geometrical
acceptance) is high. Furthermore, both scintillators are located above the tar-
get and are thus exposed to a higher muon flux than the scintillators below the
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Figure 5.10: Distribution of measured time differences between energy depositions in
the Small2 and the other three scintillators on the right side of the MINIDEX Run 2
setup. Only time differences for deposited energies >5MeV are considered and all
shown spectra are normalised to the lifetime of the run.

target?. The increased plateau on the left side of each distribution results from
the detection of muons in the Small2 scintillator and a delayed energy deposition
in the corresponding second scintillator. Such delayed energy depositions might
be explained by the decays of muon-induced radioactive isotopes. These isotopes
can be produced directly by the muons or by any of the induced particles.

In Fig. [5.10] the energy spectrum of the Big top scintillator is depicted. In
blue all events with energy depositions >5MeV (divided by a factor of 30) are
shown. In red only the subset of events for which a muon tag on the right side
of the setup was found is displayed. A narrowing of the Landau distribution is
apparent for the spectrum that results from the tagged muons. Furthermore,
for this spectrum a shift of the most probable value of the Landau distribution
towards lower energies can be observed. Both effects result from the selection of
muons by the geometrical acceptance of the scintillators, defining the muon tags.
The maximum possible angle of a muon with the z-axis, in order to pass through
all four scintillators on one side of the setup and therefore lead to a muon tag,
is &~ 55°. Such a muon passes steeper through the scintillators than an average
muon and consequently deposits on average less energy. In the spectrum for

4A large number of muons with energies < 1 GeV can not reach the scintillators on the
bottom of the setup, as they get shielded by the target.
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Figure 5.11: Measured energy depositions in the Big top scintillator. In blue all events
(divided by a factor of 30) with deposited energies >5MeV are depicted. The subset
of events, for which a muon tag on the right side of the setup was found, is shown in
red. The small bump at an energy of ~ 20 MeV results from the simultaneous passage
of a muon and a second minimum ionising particle (mainly muon-induced electrons)
through the scintillator. Only events of the experimental MINIDEX Run 2 data set are
considered. Both spectra are normalised to the lifetime of the run.

muon tags a small bump can be observed at an energy of ~ 20 MeV, owing to the
simultaneous passage of a muon and a second minimum ionising particle through
the same scintillator. Simulation predicts that the majority of these additional
particles are muon-induced electrons, created during the passage of the muons
through the laboratory overburden.

It was found that the measured energy spectra of the big scintillators differ
significantly for muon tags on the left and the right side of the setup. This is
shown in Fig. for the muon tags found in the MINIDEX Run 2 data set.
It is apparent that the most probable values of the scintillator energy spectra
for muon tags on the left side are at lower energies than the ones for muon tags
on the right side. Furthermore, the spectra for muon tags on the left side are
significantly broader. The origin of both observations is a location dependent
light collection efficiency. As only one PMT is mounted on each scintillator panel
(on the left side for the big scintillators, see Fig. , large differences in the
number of detected photons results. For example, an energy deposition in the
corners of the big scintillators leads to a different number of detected photons that
an energy deposition in front of the PMT. Note that detailed FLUKA simulation
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Figure 5.12: Measured energy spectra of the two big scintillators for events with a muon
tag on the left and the right side of the setup. The observable deviation arises due to a
location dependent scintillation light collection efficiency. Only events of the MINIDEX
Run 2 data set are considered. All depicted spectra are normalised to the lifetime of
the run.

studies confirmed the origin of the observed deviations between muon tags on
the left and the right side of the setup [2]. The measured spectra can be well
reproduced by FLUKA simulations in the case of an implemented generation,
propagation and detection of the scintillation light within the scintillators.

5.3 Big and Cross Tags

For some investigations (e.g. in Section [5.1.2.4]or Section [6.1.3)) two further tags,
defined as big tags and cross tags, were used. For a big tag coincident signals

in the Big top and Big bot scintillator are required. In the case of a cross tag,
coincident signals in both big scintillators as well as two small scintillators on
different sides of the setup are requested. As for the muon tags, the big and cross
tags require energy depositions >5MeV that occur within +30ns. In Fig. [5.13]
the energy spectrum of the Big top scintillator for all events with energies > 5 MeV
and for those with a muon tag, a big tag or a cross tag are depicted. It is apparent
that big, muon and cross tags select different types of events. While events with
a big tag are a subset of all events, events with a muon or a cross tag are a
subset of events with a big tag. It can be seen that for events with a cross tag
more energy is deposited on average in the Big top scintillator than for events
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Figure 5.13: Measured energy spectrum of the Big top scintillator for different sets of
events. In blue all events with energies > 5MeV are depicted whereas the other colours
represent subsets of events, for which a big tag (green), a muon tag (red) or a cross
tag (black) was observed. The spectrum for all events is divided by a factor of 10
whereas the spectrum for big tags is divided by a factor of 5. The spectra of muon
tags from both sides and the spectra from both cross tag possibilities are respectively
added. Only events of the MINIDEX Run 2 data set are considered. All shown spectra
are normalised to the lifetime of the run.

with a muon tag. This results from the geometrical selection of muons by the
scintillators involved for the corresponding tags. Muons that pass through the
setup and lead to a muon tag have in average a smaller angle with the z-axis (see
Fig. than muons leading to a cross tag. A smaller angle is directly related
to a shorter track length (on average) of muons in a scintillator, and therefore to
a lower deposited average energy.

Note, the big and cross tags of the MINIDEX setup are not ideal for the
study of muon-induced neutrons. In comparison to muon tags, big and cross tags
include muons that pass through other parts of the setup than the target walls
(e.g. water, aluminium or germanium). As a consequence, the set of 2.2 MeV
neutron capture gammas, correlated to big or cross tags, are not as clean as the
set of 2.2 MeV gammas related to muon tags.
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5.4 Experimental Data Sets

MINIDEX Run 2 started on the 27th January 2016 and lasted until the 11th
November 2016, resulting in an experimental data set for lead with a lifetime
of 260.35days. A total number of 2.57-107 muon tags has been found in this
data set (muon tags on left side: 1.28-107, muon tags on right side: 1.29- 107),
leading to a muon tag rate of 1.14s~! (0.57s™! for each side individually). The
statistical uncertainty on these muon tag rates as well as on the following ones
within this section is on the order of 10~4s1.

In the middle of November 2016 the lead in the left target wall of the
MINIDEX Run 2 setup was exchanged with copper. The MINIDEX Run 3 data
taking period started and data was acquired from the 17th November 2016 until
the 5th May 2017. An experimental data set for lead and copper with a lifetime
of 166.17 days was obtained. In this data set 8.23-10% and 8.36-10° muon tags
have been identified for the lead and the copper side, respectively. These num-
bers correspond to a muon tag rate of 0.57s~! for the lead side and 0.58s™! for
the copper side. The ~0.01s~! higher muon tag rate in the case of copper is
significant and results from the lower density of copper in comparison to lead.
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Chapter 6

Monte Carlo Simulation
Predictions

Simulations were carried out to provide information for the experimental data
analysis, like the expected time distribution of the neutron signals and the ex-
pected backgrounds. Simulations were also used to determine the number of
predicted neutron signals and the simulated value of the external neutron yield.

6.1 Generation, Evaluation and Characterisation
of Monte Carlo Data Sets

In the following, the generation of the MINIDEX MC data sets is introduced.
This was performed in several simulation steps, starting with primary cosmic
rays and ending with the responses of the MINIDEX detectors. The output
of each step was used as an input for the corresponding subsequent step. The
predicted muon and muon-induced radiation field at the setup position was eval-
uated by comparing simulated and measured scintillator responses. Afterwards,
the generated MC data sets were quantified for their effective lifetimes as well as
characterised.

6.1.1 Simulation of Cosmogenic Muons Through the
Laboratory Overburden

FLUKA simulations were carried out to provide a set of cosmogenic muons and
muon-induced particles at the position of the MINIDEX setup in the Tiibingen
Shallow Underground Laboratory. Note that all FLUKA simulations discussed
within this thesis were carried out separately [2] and that the information pro-
vided within this section is partially taken from [94]. The generation of the set of
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cosmogenic muons and muon-induced particles proceeds in two steps: In the first
step the production of muons by cosmic rays in the upper atmosphere of the Earth
and their transport towards the surface was simulated with the FLUKA GCR
tools [I35]. In these simulations the influence of the Earth’s magnetic field and
the location of the underground laboratory (48.5° N, 9.1°E and ~450 metres
above sea level) were taken into account. The energy, the type and the mo-
mentum of all muons reaching Earth’s surface were recorded and subsequently
removed from the simulation. On the order of 10'° muons were recorded. In
Fig. the kinetic energy spectrum of the muons on the surface of the Earth

with energies >1GeV is depicted. The zenith angle distribution of these muons
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Figure 6.1: Simulated energy spectrum of muons with kinetic energies > 1 GeV reaching
the surface of the Earth above the Tiibingen Shallow Underground Laboratory. The
muons are obtained by FLUKA simulations of the production and the propagation of
cosmogenic muons by cosmic rays in the atmosphere of the Earth. The spectrum is
normalised with the corresponding effective MC lifetime as determined in Section
The given uncertainties are partially smaller than the size of the marker and are statis-
tical only.

is in good agreement with a cos? distribution.

In a second step, on the order of 10'® muons with kinetic energies > 1 GeV
were started at the surface of the Earth and propagated through the overbur-
den of the underground laboratory. For this purpose, the recorded muons of the
previous simulation step were used as an input. Note that in order to reach the
experimental setup in the underground laboratory, muons need kinetic energies
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>2GeV at the surface of the Earth. For the second simulation step, the Tiibin-
gen Shallow Underground Laboratory and its surroundings were implemented in
FLUKA. A cross section of the implemented model of the underground labo-
ratory is shown in Fig. . All particles (muons and muon-induced particles)
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Figure 6.2: Cross section of the implemented model of the Tiibingen Shallow Under-
ground Laboratory and its surroundings (shaded areas), together with a superimposed
technical design drawing. With the help of this model and the FLUKA MC tool, cosmo-
genic muons were propagated through the laboratory overburden towards the MINIDEX
setup. All particles reaching a virtual sphere of 105 cm radius, indicated in white and
enclosing all detectors of the MINIDEX setup, were recorded and subsequently removed
from the simulation. Adapted from [94].

reaching a virtual sphere with radius 105 cm, enclosing the complete MINIDEX
setup, were recorded and subsequently removed from the simulation. For each
individually simulated muon that was started at the surface of the Earth, a set
of relevant information for the recorded particles is stored (if at least one particle
reaches the virtual sphere). Such a set of information, called pre-recorded muon
event in the following, contains the number, the type, the time stamp, the energy,
the position and the momentum of all stored individual particles.

On the order of 5-10? pre-recorded muon events were obtained, correspond-
ing to an effective MC lifetime of ~ 135 days (see Section for details on the
determination of the MC lifetimes). These events are provided as input to the
MINIDEX Geant4 simulations that were carried out in the context of this thesis.

The density of the soil in the laboratory overburden is (2.24-0.2) gcm =3 [94].
The soil as well as further structural material (like concrete) lead to a vertical
shielding depth of (13.2+0.8) mwe at the position of the MINIDEX setup in
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the underground laboratory. To account for uncertainties the soil density in the
overburden of the laboratory was varied by 0.2gcm™3. With the changed soil
densities two further data sets with an effective MC lifetime of ~ 80 days each
were generated with FLUKA. These additional data sets were used to quantify
the systematic uncertainty that is correlated to the uncertainty on the laboratory
overburden density (see Section [8.3.2]).

In Fig. the kinetic energy spectrum of muons passing through a 0.5m?
horizontal plane directly above the MINIDEX setup for a soil density of 2.2 g cm ™3
is depicted. The muons have a mean muon energy of (9.01 0.01) GeV and the
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Figure 6.3: Simulated energy spectrum of muons passing through a 0.5m? horizontal
plane directly above the MINIDEX setup. The spectrum is normalised with the cor-
responding effective MC lifetime as determined in Section [6.1.5] The mean energy of
the displayed muons is (9.01 £0.01) GeV. The given uncertainties are partially smaller
than the size of the marker and are statistical only.

predicted muon flux through this plane is 62.58 m~2s~!. Taking into account the
uncertainty on the density of the soil in the overburden (+0.2gcm™3) yields a
mean muon energy of (9.0 £0.2) GeV.
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6.1.2 Generation of MINIDEX Monte Carlo Data Sets

The pre-recorded muon events from the virtual sphere were simulated multi-
ple times with Geant4 (for details on the used Geant4 version see Section
through both implemented geometry models of the MINIDEX Run 2 and Run 3
setups. On the order of 1010 pre-recorded muon events were simulated for both
implemented MINIDEX setups. Note, even the same pre-recorded muon events
were used as input, each time a different random seed number was given to the
particle generator of Geant4. The generated MC data sets contain the individ-
ual energy depositions and their corresponding time stamps for the eight imple-
mented MINIDEX detectors. Also the energy, the momentum and the creation
location of neutrons, produced within the setup, were stored.

6.1.3 Quality Evaluation of Pre-Recorded Muon Events

The quality of the FLUKA generated pre-recorded muon events was evaluated.
This was carried out with the help of coincidences between different predefined
sets of scintillators. For this purpose, the measured and the Geant4 simulated
rates as well as the corresponding spectra of these coincidences were compared.
The simulated rates were normalised with the help of the effective MC lifetimes
(see Section[6.1.5). Only coincidences of scintillators were used for the evaluation
of quality of the pre-recorded muon events, because the rate of events in a single
experimental scintillator contains lots of energy depositions from background
sources (e.g. from natural radioactivity). Energy depositions >5MeV within
a narrow =+ 30ns time window are requested for the chosen coincidences. Note
that these are the same conditions as the ones used for the determination of the
different tags in the experimental data sets (see Section [p.2]and Section [5.3)). The
chosen scintillator coincidences for the evaluation of the FLUKA generated pre-
recorded muon events are muon and cross tags as well as coincidences between
the Small2 and the Big top scintillator. The chosen scintillator coincidences are
sensitive to different muon angles and energies (see Section [5.3)).

In Fig. the measured and the simulated energy spectrum of the Big top
scintillator for muon tags on the right side are shown. Muon tags on the right
side of the setup were selected for the comparison, as the measured energy of the
Big top scintillator is well reproduced by the simulation (see Section [5.2]). The
spectra are normalised to the (effective) lifetime of the MINIDEX Run 2 (MC)
data set. A difference of ~6 % between the measured and the simulated rate was
observed, while the main features of the distributions are similar. In Fig. the
measured and the simulated energy spectrum of the Big top scintillator are de-
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Figure 6.4: Simulated (black) and measured (red) energy spectrum of the Big top scintil-
lator. Only events of the experimental and MC data sets of MINIDEX Run 2, for which
a muon tag on the right side was found, are considered. Both spectra are normalised
to the (effective) lifetime of the corresponding data set.

picted for cross tags. Only cross tags with the Small2 and the Small3 scintillator
are taken into account, because for these coincidences the muon passes through
the Big top scintillator on the right side. Good agreement between the measured
and the simulated spectrum is apparent, with a difference in the rate of only
1%. The third investigated coincidence (Big top and Small2, for details on this
coincidence see Section yields further good agreement between measured
and simulated coincidences. Furthermore, comparisons between measured and
simulated scintillator coincidences in the experimental and the MC data set of
MINIDEX Run 3 are in good agreement with these observations.

As a consequence of the general good agreement between measured and
simulated scintillator coincidences it can be concluded that the FLUKA generated
pre-recorded muon events describe the muon and muon-induced radiation field
at the setup position in the Tiibingen underground laboratory well. The Geant4
generated MINIDEX Run 2 and Run 3 MC data sets, obtained by using the
FLUKA provided pre-recorded muon events as an input, can therefore be reliably
used to study muon-induced neutrons.
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Figure 6.5: Simulated (black) and measured (red) energy spectrum of the Big top scin-
tillator for cross tags. Only events of MINIDEX Run 2, for which a cross tag with
the Small2 and the Small3 scintillator was found, are considered. Both spectra are
normalised to the (effective) lifetime of the corresponding data set.

6.1.4 Energy Distribution of Tagged Muons

The energy distribution of muons leading to a muon tag in the MINIDEX Run 2
and Run 3 MC data sets was investigated. In Fig. the simulated energy
spectrum of tagged muons from the MINIDEX Run 2 MC data set, at the posi-
tion before they enter the lead target walls, is shown. A mean muon energy of
(8.73+£0.01) GeV was determined for these muons. In order to pass completely
through one of the lead target walls and generate a muon tag, a muon needs a
kinetic energy of at least ~1GeV. The events visible in the spectrum at a few
hundred MeV result from events, for which muon-induced particles contributed
to the energy depositions in at least two scintillators (see Fig. for the location
of the scintillators within the setup) of the corresponding muon tag. When tak-
ing into account the uncertainty on the soil density of the laboratory overburden
(see Section [6.1.1)), a mean muon energy of (8.7+0.2) GeV and a most probable
energy of (1.0540.05) GeV results for the tagged muons of Run 2. As expected,
for the tagged muons on the lead side of MINIDEX Run 3 the same values were
found. Owing to the lower density of copper compared to lead, a mean muon
energy of (8.5+0.2) GeV and a most probable energy of (0.87+0.05) GeV were
determined for the tagged muons of the MINIDEX Run 3 copper side.
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Figure 6.6: Simulated energy spectrum of tagged muons, recorded at the position be-
fore entering the MINIDEX Run 2 lead target walls. The spectrum is normalised to
the corresponding number of muon tags. The muons have a mean muon energy of
(8.734+0.01) GeV. The given uncertainties are partially smaller than the size of the
marker and are statistical only.

6.1.5 Monte Carlo Lifetimes and Monte Carlo Data Sets

The generated MC data sets for MINIDEX Run 2 and Run 3 were quantified
for their effective lifetimes. For this purpose, coincidences between the Big top
and the Small2 scintillator (called normalisation coincidences) were used. The
measured and simulated scintillator spectra of the normalisation coincidences for
MINIDEX Run 2 are depicted in Fig. 6.7 Energy depositions >5MeV within
4 30 ns are requested in both scintillators. The MC spectra were normalised with
the help of Rgifm, the measured rate of the normalisation coincidences. Good
agreement between the simulated and the measured spectra can be observed. A

value of (8.3940.02)s~! was determined for both experimental runs for the rate

RExp

Norm- Lhe stated uncertainty is dominated by an observed systematic differ-

ence on Rgﬁfm, found for the two individual experimental runs. Both involved
scintillators are located above the target, hence the same rate of normalisation
coincidences would be expected for both experimental runs for a constant muon
flux. The experimentally observed difference might therefore result from a slightly
different positioning of the involved scintillators in the two experimental runs. In

Section [5.1.2.4] it was shown that the air pressure leads to a variation of the Big
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Figure 6.7: Measured and simulated energy spectrum of the Big top and the Small2
scintillator. Only events of the experimental and MC data set of MINIDEX Run 2,
for which a coincidence between the two scintillators was found, are considered. The
measured spectra are normalised to the lifetime of the experimental run whereas the
simulated spectra are normalised to the measured rate of these coincidences.

tag rate on the percentage level. Consequently, also a different mean air pres-
sure could yield the observed difference in the rate of normalisation coincidences.
Coincidences between the Big top and the Small2 scintillator were used for the
determination of the effective MC lifetimes, as the rate of events in a single scin-
tillator panel (i.e. without the request for a coincidence) contains a large number
of energy depositions from background sources (e.g. radioactivity). In order
to be (mostly) independent from the interactions of muons and muon-induced
particles in the target, a scintillator coincidence above the target was chosen.
Furthermore, the measured energy of the Big top scintillator for coincidences on
the right side of the setup is well reproduced by the simulation (see Section .
Using the measured rate Rgﬁm, an effective MC lifetime of (202.9 4+ 0.5) days
was determined for the MINIDEX Run 2 MC data set. This data set contains
2.12-107 lead muon tags. For the generated MINIDEX Run 3 MC data set an
effective MC lifetime of (328.6 +0.8) days was obtained. In the Run 3 MC data
set 1.69 - 107 lead muon tags and 1.74 - 107 copper muon tags were identified. The
determined MC lifetimes show that the generated MC data sets have a similar
statistic as the acquired experimental data sets (see Section . Note that the
stated effective MC lifetimes do neither affect nor enter the following analysis.
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6.2 Determination of Neutron Signals

The strategy to determine the simulated neutron signals, their time distribution
and the expected backgrounds of the generated MINIDEX Run 2 and Run 3
MC data sets is presented. These information are used in the experimental data
analysis to determine the neutron signals.

The predicted distribution of the time differences between neutron signals,
observed as a 2.2 MeV neutron capture gammas in the germanium detectors, and
the corresponding muon tags was determined. The obtained time distribution
for the detected neutron signals of the Run 2 MC data set is shown in Fig.
It can be seen that the neutron signals are predicted within the first few ms after
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Figure 6.8: Distribution of simulated time differences between detected neutron signals
and the corresponding muon tags. Here only neutron signals of the MINIDEX Run 2
MC data set are considered. A falling exponential fit function (red), applied on the
distribution, yields a mean delay of the neutron signals of (180+8) us. All displayed
uncertainties are statistical only.

the muon tags. According to the simulation (98.7 £ 1.0) % of the neutron signals
occur within 1ms after the muon tags'. With a falling exponential fit function,

IThis percentage and the following two percentages within this section were determined
by analysing a special MC data set. This special MC data set contains a significantly
lager number of neutron signals, owing to the multiple simulation of the same neutrons.
For detailed information on this data set see Section
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applied on the simulated distribution, a mean delay of (180 4 8) us was found for
the neutron signals.

Note, for any analysis of the MC data within this thesis, an artificial dead
time of 20.3 us (see Section was implemented for the germanium detectors.

The neutron signals shown in Fig. were identified in the MC data set by
searching for events in the germanium detectors at an energy of 2224.37keV?. In
the simulation a simple identification of neutron signals based on the detected
energy in the germanium detectors is possible, as no energy resolution was con-
sidered for the detectors. As the germanium detectors in the experiment have a
finite energy resolution, the predicted energy depositions within a £ 3 keV energy
window around 2224.37keV were studied. This energy window roughly corre-
sponds to the measured =+ 3 o energy resolution of the used germanium detectors
at 2.2 MeV (see Section . The spectrum of simulated energy depositions
in the germanium detectors (both germanium detectors added up) in a small en-
ergy range around the position of the 2.2 MeV neutron capture gammas is shown
in Fig. A number of energy depositions from background sources within the
energy region corresponding to the + 3 o energy resolution (indicated by the two
black vertical lines) can be observed. These predominantly result from muon-
induced electrons and gammas. However, they occur mainly within the first few
us after the muon tags. By rejecting all energy depositions within the first 7 us
after each muon tag, the background in the relevant energy region is reduced by
a factor of SOf%. The rejection of all energy depositions within the first 7 us
after each muon tag reduces the maximum percentage of all detectable neutron
signals to (96.2 +0.9) %.

The number of simulated neutron signals per muon tag is called neutron
signal rate Rgim in the following. Note, for Rgim only neutron signals that are
observed later than 7 us after the corresponding muon tag are considered. If a
time window from 7 us to 1 ms after a muon tag would be selected, the simulation
predicts that (94.9 £+ 1.3) % of all neutron signals could be observed.

In Fig. the muon kinetic energy spectrum for all events with a muon tag
and for those with an additional neutron signal is depicted. It can be seen that
the muon energy spectrum for events with a neutron signal is significantly higher
than the spectrum for all events with a muon tag (mean muon energy increased by
a factor of 7.24+0.04). This is consistent with the expected correlation between

2The Geant4 predicted energy of the 2.2 MeV neutron capture gammas (2224.37 keV)

differs from the literature value of 2223.26keV by ~1keV [122]. However, this bug
has no influence on the simulation predictions and has been reported to the Geant4
collaboration [1306].
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Figure 6.9: Spectrum of simulated energy depositions in the germanium detectors in
a small energy range around the 2.2 MeV neutron capture gammas for events with a
muon tag. The individual spectra of the two germanium detectors were added up.
Only events of the MINIDEX Run 2 MC data set are considered. In blue all energy
depositions in the germanium detectors are depicted, while in red only those energy
depositions that are observed later than 7 us after a muon tag are drawn. The black
vertical lines indicate an energy region of 4+ 3keV, the experimentally determined + 3o
energy resolution of the employed germanium detectors at 2.2 MeV.

the neutron yield and the mean muon energy (see Section 3.2.2)). An increased
mean muon energy leads to a higher neutron production probability in the target
and therefore to a higher 2.2 MeV neutron capture gamma detection probability.

6.3 Neutron Signal Multiplicity Events

Simulated events with a muon tag, for which more than one 2.2 MeV neutron
capture gamma was found, were studied and the background of muon-induced
showers from the laboratory overburden to these events was estimated. It is
shown that these events can be used to investigate the precision of a specific
simulation quantity, the number of neutrons directly produced by muons in muon-
nuclear reactions in the lead target walls of MINIDEX.
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Figure 6.10: Simulated muon kinetic energy spectrum for all events with a muon tag
(black) and for the subset of events with an additional neutron signal (red). Only
events of the MINIDEX Run 2 MC data set are considered. The depicted spectra
represent the energies of the muons at the position before they enter the lead target
walls. The black spectrum is normalised to the number of muons tags whereas the red
spectrum is normalised to the number of events with a muon tag and an additional
neutron signal. The mean kinetic energy of the muons in the black and red spectrum
is (8.734+0.01) GeV and (63.18 £0.34) GeV, respectively. The given uncertainties are
partially smaller than the size of the marker and are statistical only.

6.3.1 Determination of Neutron Signal Multiplicity Events

Events with a muon tag and more than one 2.2 MeV neutron capture gamma were
determined in MINIDEX Run 2 MC data set. These events are called neutron
signal multiplicity events in the following. The neutron signal multiplicity events
are identified in the MC data set by searching for two individual 2224.37 keV
energy depositions in the germanium detectors for the same muon tag. Only
2.2MeV gammas, occurring later than 7 us after the muon tags, are considered.
The corresponding multiple 2.2 MeV gammas can be detected either both in the
same germanium detector or each in a different one. The background, resulting
from muon-induced showers that are produced in the laboratory overburden, is
discussed in Section [6.3.3] and was found to be negligible.

For the study of neutron signal multiplicity events only the MINIDEX Run 2
MC data set was used, as it contains a cleaner set of events than the Run 3 MC
data set (lead only was used as a target in Run 2). Furthermore, the experimental
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Run 2 data set (see Section [5.4), which is the data set the simulation results
will be compared to, has a significantly higher statistic than the experimental
Run 3 data set. The simulated neutron signal multiplicity events are evaluated
as the rate Ri}m, the number of neutron signal multiplicity events per muon
tag. According to the simulation, the 2.2 MeV neutron capture gammas of all
identified neutron signal multiplicity events contribute by (5.8+0.8) % to the
total number of detected neutron signals.

6.3.2 Muon-Nuclear Neutron Multiplicity

The number of neutrons directly produced by muons in muon-nuclear reactions
within the target walls of the MINIDEX Run 2 setup, Ml\N/Iu"nuc', is called muon-

nuclear neutron multiplicity in the following. The correlation between the mean
muon-nuclear neutron multiplicity, MNu e , and the neutron signal multiplicity

events was investigated. Note that no event with more than one muon-nuclear
reaction was observed for any event of the Run 2 MC data set. In Fig. the
M%u"nuc' distribution is displayed for different sets of events. In green M%u"nuc'
for all muon-nuclear reactions is shown. The other colours display M%u"nuc' for
different subsets of the green distribution, depending on the number of detected
2.2MeV gammas. A correlation between the number of detected 2.2 MeV gam-

—_Mu.-nuc. —Mu.-nuc.
mas and MNu ™ can be seen. In Table|6.1{the corresponding values of MNu e

for the depicted distributions are given, which confirm this observation. It was

Table 6.1: Simulated mean muon-nuclear neutron multiplicity M%Iu'_nuc' for muon-

nuclear reactions within the target walls of the MINIDEX Run 2 setup. Only events

. . ~rMu.-nuc. .
with a muon tag are considered. My for all muon-nuclear reactions as well as

for different subsets, depending on the number of detected 2.2 MeV gammas, are given.
Note that only one event with three detected 2.2 MeV gammas was found. The spectra

corresponding to the stated My ™ are shown in Fig. All given uncertainties

are statistical only.

Number of detected 2.2 MeV gammas M%Iu'_nuc'
20 12.734+0.05
=1 20.8£0.7
= 31.14+£2.5

5 34
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Figure 6.11: Simulated number of neutrons, produced directly by muons in muon-
nuclear reactions M%[u"nuc' (muon-nuclear neutron multiplicity). Only events with a
muon tag for which a muon-nuclear reaction occurred within the target walls of the
MINIDEX Run 2 setup are taken into account. In green MI\N/I“"“C' for all muon-nuclear
reactions is shown, while the other colours represent subsets with a different number
of detected 2.2 MeV neutron capture gammas. All shown spectra are normalised to
the total number of muon tags of the Run 2 MC data set. Note, the black spectrum
contains only one event, which has a Mlﬁfu"nuc' of 34.

determined that (47.8 £2.6) % of all detected 2.2 MeV gammas of the Run 2 MC
data set result from events with a muon tag for which a muon-nuclear reaction
occurred within the target walls. For neutron signal multiplicity events the cor-
responding percentage was determined to be (65 + 16) %. Note that this does not
necessarily mean that the detected 2.2 MeV gammas solely result from particles
produced in muon-nuclear reactions within the target walls. Any muon interac-
tion outside the target walls as well as any muon interaction within the target
walls, which is not a muon-nuclear reaction, can lead to a detected 2.2 MeV neu-
tron capture gamma in the germanium detectors. However, it was found that
> 80 % of all observed 2.2 MeV gammas, detected for events with a muon tag and
a muon-nuclear reaction within the target walls, result from the particles released
in the muon-nuclear reactions. As a consequence, this shows that the number of

neutron signal multiplicity events is directly correlated to MNu e
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6.3.3 Background of Muon-Induced Showers from
Laboratory Overburden

The contribution of shower particles, induced by muons during their passage
through the laboratory overburden, to the neutron signal multiplicity events of
MINIDEX Run 2 was investigated. This is crucial in order to exclude the pos-
sibility that the correlation discussed beforehand is due to backgrounds. For
this purpose, the average numbers of overburden shower particles, recorded on
the virtual sphere (see Section for events with a muon tag and at least
one detected 2.2 MeV neutron capture gamma, were determined. In the follow-
ing, only neutrons, pions and gammas are considered, as the simulation predicts
that these dominate the overburden shower-induced neutron production within
the MINIDEX setup. The average numbers of the considered particles on the
virtual sphere per neutron signal or neutron signal multiplicity event are given
in Table [6.2] While for neutrons and pions all kinetic energies are considered,

Table 6.2: Simulated average numbers of different shower particles on the virtual sphere
for events of the MINIDEX Run 2 MC data set with a muon tag and an observed neutron
signal or neutron signal multiplicity event. All given values are expressed in number of
shower particles per neutron signal or neutron signal multiplicity event. Gammas with
energies >8MeV only are taken into account. All given uncertainties are statistical
only.

Particles per
neutron signal neutron signal multiplicity event

Neutrons 1.2940.07 1.20+0.32
Pions 1.22+£0.06 1.08 £0.30
Gammas 21.9+0.9 75+1.6

only gammas with energies >8MeV (for the choice of this energy cut see Sec-
tion were taken into account. The determined average numbers of the shower
particles for the neutron signal multiplicity events either agree within statistical
uncertainties with the ones for the neutron signals or are lower. In Fig. the
energy spectra of the shower particles for the two investigated sets of events are
depicted. The spectra for neutron signals and neutron signal multiplicity events
are represented by the open and the filled markers, respectively. Only energies
<4 GeV are depicted, owing to the extremely low statistic of particles with higher
energies in the case of the neutron signal multiplicity events. It can be seen that
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Figure 6.12: Simulated energy spectra of neutrons (blue), pions (red) and gammas
(black), recorded on the virtual sphere, for events with a muon tag and an additional
neutron signal (open markers) or neutron signal multiplicity event (filled markers).
Gammas with energies > 8 MeV only are taken into account. The given uncertainties
are partially smaller than the size of the marker and are statistical only.

the shape of the spectra, corresponding to the same particle type, are similar
for all cases. Concluding, the studied average numbers and the discussed energy
spectra hint towards a similar contribution of shower particles, produced in the
laboratory overburden, to the neutron signals and the neutron signal multiplic-
ity events. As only a minor part of the neutron signals results from overburden
shower particles (see Section [9.3), also a minor contribution of the overburden
shower particles to the neutron signal multiplicity events is expected.

6.3.4 Conclusion of Neutron Signal Multiplicity Event
Study

A correlation between the number of neutron signal multiplicity events and
—Mu.-nuc. . .

N was found. Consequently, by comparing the simulated rate of neu-
tron signal multiplicity events Rf/i{m to the corresponding measured rate of these
events, the reliability of the simulation for the prediction of the muon-nuclear

neutron multiplicity can (to some extent) be evaluated.
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6.4 External Neutron Yield

In order to determine the external neutron yield (Ygyt) by using Eq. , the
external neutron yield predicted by simulation (Y%I}I:tl) has to be determined. For
this purpose, the implemented MINIDEX Run 2 and Run 3 setups were first
simulated with a small number of pre-recorded muon events, leading to =~ 10°
muon tags. Only events with a muon tag are considered in the following. These
first simulations showed that the number and the energy of neutrons emitted from
both lead sides of the MINIDEX Run 2 setup agree within statistical uncertainties
with the number and the energy of neutrons emitted from the lead side of the
MINIDEX Run 3 setup. Hence, in order to determine Y3 (for lead and copper)
only the Run 3 setup was simulated with a higher number of pre-recorded muon
events.

Note that the determined values of Y%‘)Iftl are not "background free”, as for
example neutrons induced by particle showers from the laboratory overburden
also contribute. This is important, as the scaling described by Eq. can not
be applied for a "background free” Y%l}‘:tl This results from the fact that the
measured neutron signal rate, which is used to determine the mismatch factor
MFg, is not free of backgrounds. Note that the applied scaling assumes that all
processes involved lead to the same mismatch factor.

In Fig. the implemented MINIDEX Run 3 setup, used to determine
Y%ljftl for lead and copper, is depicted. Two tag generating muons, inducing neu-
trons during their passage through the target walls, are schematically displayed.
For all neutrons leaving the selected surfaces of the copper and lead target walls,
which are indicated in Fig. [6.13] the energy and the momentum direction were
recorded and the neutrons were subsequently removed from the simulation. With
the applied procedure of removing the neutrons, the issue of correctly counting
neutrons that pass through surfaces multiple times can be avoided3. At the posi-
tion before the simulated muons enter the target walls, they have a mean muon
energy of (8.72+0.01) GeV and (8.5240.01) GeV for lead and copper, respec-
tively. As the same pre-recorded muon events were used as input, these are the

same mean energies as the tag generating muons in the standard simulation (see

Section [6.1.4)) have.

3In simulation studies like [137] it was shown that scattering leads to neutrons crossing
the same surface multiple times. The influence of this effect depends on the material
and the neutron energy.
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Figure 6.13: Cross section of the implemented MINIDEX Run 3 setup that is used to

determine Y%ifg, the external neutron yield predicted by simulation, for lead and copper.

The indicated outer surfaces of the setup, which are perpendicular to the x-axis, were
selected for the determination of Y%‘ft‘

The simulated kinetic energy spectra of the neutrons emitted from the se-
lected surfaces are depicted in Fig. [6.14)a). It can be seen that the simulation
predicts the same rate of emitted neutrons (i.e. emitted neutrons per muon tag)
from the lead and copper surface for neutron energies above ~ 60 MeV. For lower
neutron energies the rate of emitted neutrons from the lead surface is clearly
enhanced. A mean energy of (4.9+0.2) MeV and (8.9+0.3) MeV was deter-
mined for the neutrons emitted from the lead and copper surface, respectively.
In Fig. |6.14)(b) the distribution of the angle between the momentum direction
of the emitted neutrons and the z-axis is depicted. It is apparent that for both
investigated target materials the same angular distribution is predicted by the
simulation.

In Table the determined individual parameters for Eq. as well as
the resulting values of Y%‘;:tl are given. A small difference in the average track
length of the muons through the lead and the copper target walls was found.
This difference results from the different target densities in combination with a
dependence of the muon energy on the angle between the momentum direction
of the muons and the z-axis. The more inclined muons are (on average), the

higher their energy is (on average). The obtained rate of emitted neutrons from
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Figure 6.14: Simulated kinetic energy spectrum (a) and angular distribution (b) of neu-
trons emitted from the selected lead (blue) and copper (red) surface of the implemented
MINIDEX Run 3 setup (see Fig. [6.13)). The angle 6 is defined as the angle between
the neutron momentum direction and the z-axis. All given uncertainties are statistical
only and are partially smaller than the size of the marker.
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Table 6.3: External neutron yield predicted by simulation, Y%i)‘;g, for lead and copper in
MINIDEX. The simulated muons have a mean muon energy of (8.7240.01) GeV and
(8.52+£0.01) GeV at the position before they enter the lead and copper target walls,
respectively. Both neutron yields were calculated with the help of Eq. , using the

number of muon tags (Nﬁim), the number of emitted neutrons from the selected surfaces

(NSimy and the average track length of the muons in the target walls (Yiim). All given
uncertainties are statistical only.

Lead Copper
Y5m (1075 g1 em?| neutrons per muon tag  6.96 = 0.02 2.934+0.02
NSim [109] ~1.97 ~2.05
NSim 82275 28135
X0 [em] 52.493+0.001  52.460 = 0.001

the lead surface is by a factor of 2.38 +0.02 higher than for copper, owing to a
higher neutron production in lead.

6.5 Simulation Study of the Neutron Detection
Probability

In order to evaluate the reliability of the neutron yield scaling procedure (see Sec-
tion and Section and its systematic effects, a detailed Geant4 simulation
study of neutrons in the MINIDEX Run 2 setup was performed. In this study
the neutron detection probability and its dependence on the kinetic energy, the
starting position and the momentum direction of neutrons within the MINIDEX
Run 2 setup are investigated. Furthermore, the multiplicity of neutrons, induced
by a single neutron within the setup, is studied.

6.5.1 Simulation Input

Neutrons with various monoenergetic energies were started in the left lead target
wall of the MINIDEX Run 2 setup and are called simulated neutrons in the fol-
lowing. The neutrons investigated in this study have energies between 0.01 MeV
and 10 GeV. This energy range corresponds to the neutron energies obtained by
the neutron yield simulation (see Fig. [6.14)). For each chosen individual energy,
between 10° to 4-10° neutrons were simulated. For some neutron energies that
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Chapter 6 Monte Carlo Simulation Predictions

were studied in more detail (e.g. 0.01 MeV and 1 MeV), the number of simulated
neutrons was higher than for the others, to obtain better statistics. In Fig.|6.15(a)
the chosen energies and the corresponding number of simulated neutrons are de-
picted. All neutrons were distributed homogeneously within the left target wall

% T 77
.

o
<

Simulated neutrons [chosen energy“]
T
*
L]

10° | —
E vl vl vl il ol .. “

102 107 1 10 10° 10° 10*
Neutron kinetic energy [MeV] (b)

(a)

Figure 6.15: (a) Number of simulated neutrons for the chosen neutron energies. In (b)
a cross section of the implemented MINIDEX Run 2 setup is shown. Homogeneously
distributed neutrons (red points) within the left lead target wall (black rectangle) of
the setup were simulated with isotropic momentum distribution (red arrows).

and were simulated with an isotropic distribution of the neutron momenta. Note
that each neutron was simulated individually. A cross section of the implemented
MINIDEX Run 2 setup together with a few schematically displayed simulated
neutrons are shown in Fig.[6.15(b). The red points indicate the homogeneous dis-
tribution of the simulated neutrons within the left target wall (black rectangle)
whereas the red arrows represent their isotropic momentum distribution.

6.5.2 Neutron Detection Probability

In the following, the influence of the kinetic energy, the position and the mo-
mentum direction of the simulated neutrons on the neutron detection probability
are investigated. For a neutron detection it is requested that for an individu-
ally simulated neutron at least one 2.2 MeV neutron capture gamma is detected
with the germanium detectors. Note that this does not mean that the simulated
neutron itself has been captured on hydrogen in the water and the subsequently
released 2.2 MeV neutron capture gamma is detected. Depending on the energy
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6.5 Simulation Study of the Neutron Detection Probability

of the simulated neutron, further neutrons can be produced in the setup. These
further neutrons also can get captured on hydrogen and lead to the detection of
a 2.2 MeV gamma.

6.5.2.1 Kinetic energy of neutrons

The dependence of the probability to detect a 2.2 MeV gamma in the germanium
detectors on the neutron kinetic energy is plotted in Fig. For 0.01 MeV, the
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Figure 6.16: Dependence of the probability to detect a 2.2 MeV neutron capture gamma
in the germanium detectors on the kinetic energy of the simulated neutrons. The
neutrons were started in the left target wall of the MINIDEX Run 2 setup. See text for
details. The given uncertainties are partially smaller than the size of the marker and
are statistical only.

lowest simulated neutron energy, a detection probability of (2.4240.08)-1074
was found. For 10 GeV neutrons, the highest simulated neutron energy, a detec-
tion probability of (3.28 4 0.05) - 1072 was determined. It can be seen that the
2.2MeV neutron capture gamma detection probability stays nearly flat for neu-
tron energies < 10 MeV. This shows that the percentage of the neutrons reaching
the water tank in this energy range is nearly independent of the energy of the
simulated neutron. For energies above 2 10 MeV a rise of the distribution can be
observed, owing to the further neutrons induced within the setup (the average
nuclear binding energy per nucleon in lead is ~8MeV). These further neutrons
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Chapter 6 Monte Carlo Simulation Predictions

lead to a significantly higher neutron capture rate and therefore to a significantly
higher 2.2 MeV gamma detection probability.

6.5.2.2 Starting position of neutrons

The dependence of the neutron detection probability on the starting x-position of
the simulated neutrons within the left target wall was studied. A dependence on
the y-and z-position was neither taken into account nor investigated. In Fig.[6.17]
a cross section of the MINIDEX Run 2 setup together with a schematically drawn
simulated neutron and its position within the setup is depicted. The germanium

37.5¢cm 0.0 cm
17.5 cm

Outer edges of
lead construction

X-axis

Figure 6.17: Cross section of the MINIDEX Run 2 setup. The red point schemati-
cally represents the starting position of a simulated neutron within the left target wall
whereas the red arrow indicates its momentum direction. In black the x-axis and in
white the angle «, defined as the angle between the momentum direction of the simu-
lated neutron and the x-axis, is depicted.

detectors are located in the centre of the setup (i.e. at x=0.0). At an x-position
of 17.5 cm the water tank ends and the left target wall starts, extending up to an
x-position of 37.5 cm. This means, the higher the x-position of the simulated neu-
trons is, the further away they are started (on average) from the water tank. In
Fig.|6.18 the obtained dependence of the probability to detect a 2.2 MeV gamma
on the starting x-position of the simulated neutrons is shown. The colours red,
black and green represent three different simulated neutron energies. All dis-
played distributions are normalised to their respective integral. Owing to an
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Figure 6.18: Dependence of the probability to detect a 2.2 MeV neutron capture gamma
in the germanium detectors on the starting x-position of the simulated neutrons (see
Fig. for the location and the direction of the x-axis within the setup) for different
simulated neutron energies. All distributions are normalised to their respective integral.
The given uncertainties are statistical only.

increasing geometrical acceptance of the simulated neutrons to reach the water
tank, the probability to detect a 2.2 MeV gamma rises for all three simulated
neutron energies with a decreasing distance between the starting position and
the water tank. The slope of the distributions for 50 MeV and 1GeV neutrons
is less steep than the one for 0.01 MeV neutrons. This results from the fact that
0.01 MeV neutrons do likely not induce further neutrons and hence themselves
have to reach the water tank in order to create a 2.2 MeV gamma. For neutron
energies = 10 MeV it is likely that further neutrons are produced within the setup.
These further neutrons significantly increase the 2.2 MeV gamma detection prob-
ability and therefore decrease the dependence on the simulated neutron to reach
the water tank itself.

6.5.2.3 Starting angle of neutrons

The dependence of the 2.2 MeV neutron capture gamma detection probability on
the angle between the momentum direction of the simulated neutrons and the x-
axis of the setup, defined as «, was investigated. In Fig.[6.17a simulated neutron
(red point) and its corresponding momentum direction (red arrow) are schemati-
cally depicted. Note, momenta with values of cos(a) between 0 and 1 point away
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from the water tank whereas momenta with values of cos(«) between -1 and 0
move towards the water tank. The dependence of the probability to detect a
2.2MeV neutron capture gamma on cos(«) is shown in Fig. 6.19] It is appar-

S0.045—

S = 0.01MeV
= 0.04— o1e
g 0 —— 50MeV

£ i i +¥+1GQV+
TRl i

Figure 6.19: Dependence of the 2.2 MeV neutron capture gamma detection probability
on cos(«) for different simulated neutron energies. Here, o represents the angle between
the momentum direction of the simulated neutrons and the x-axis (see Fig. for the
location and the direction of the x-axis as well as the definition of «). All distributions
are normalised to their respective integral. The shown uncertainties are statistical only.

ent that for all simulated neutron energies the probability to detect a 2.2 MeV
gamma slightly decreases with an increasing value of cos(a). The distribution
for 0.01 MeV neutrons (red) is less steep than the one for 1 GeV neutrons (green).
This can be explained by the fact that low-energy neutrons (i.e. 0.01 MeV here)
more likely scatter elastically in lead, and therefore easily change their momen-
tum direction. In contrast to this, high-energy neutrons do not change their
momentum direction so easily.

6.5.3 Neutron Production Multiplicity

The neutron production multiplicity Mﬁro', defined as the total number of neu-
trons produced for a single simulated neutron, was studied. All neutrons gen-
erated within the lead construction (see Fig. |6.17)) are taken into account while
the simulated neutron itself is not counted. Furthermore, in order to count the
number of neutrons produced correctly, the following procedure has to be ap-
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6.5 Simulation Study of the Neutron Detection Probability

plied. When N neutrons are emitted in a neutron inelastic scattering reaction,
then only a number of N-1 neutrons are actually produced and thus counted, as
the reaction itself is triggered by an incident neutron.

In Fig. |6.20| (top panel) the METO' distribution is shown for four different
simulated neutron energies. For each of the selected energies two different cases
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Figure 6.20: Neutron production multiplicity Mﬁro' (top panel) for simulated neutrons
with different energies. Mﬁro' for all simulated neutrons is given in filled squares. For the
subset of simulated neutrons, for which a 2.2 MeV gamma is detected in the germanium
detectors, Ml}\}ro’ is shown in open circles. In the bottom panel the ratios between Mﬁro'
of the simulated neutrons with a detected 2.2 MeV gamma and Mgro' of all simulated
neutrons are depicted. The given uncertainties are partially smaller than the size of the
marker and are statistical only. See text for details.

are depicted. In the first case, represented by filled squares, Mgro' for all simu-
lated neutrons is shown. In the second case, given by open circles, only simulated
neutrons for which a 2.2 MeV neutron capture gamma was detected in the germa-
nium detectors are shown. The highest observed Mgro‘ increases with the energy
of the simulated neutrons. For simulated neutrons with an energy of 10 MeV (blue
filled squares) a maximal MY™ of 2 was found. For simulated 10 GeV neutrons
(green filled squares) values of MX™ up to ~400 can be observed, owing to the
larger available energy to induce further neutrons in the setup. It was found that
for ~66 % of all simulated 10 MeV neutrons, no further neutrons are induced.
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For 100 MeV, 1 GeV and 10 GeV simulated neutrons, this number is reduced to
~41 %, ~38 % and ~ 36 %, respectively. In the bottom panel of Fig. the ra-
tios between Mgro' of the simulated neutrons with a detected 2.2 MeV gamma and
Mgro' of all simulated neutrons are depicted. A similar rise of the ratio with an
increasing Mllzlro' can be observed for all simulated neutron energies. The consis-
tent shapes of the distributions indicate that the probability to detect a 2.2 MeV
gamma depends mainly on the total number of neutrons produced within the
setup. This can be explained if the energies, the momentum directions and the
positions of the further induced neutrons are consistent for the four simulated
neutron energies.

The mean neutron production multiplicity M;ro' for the four simulated neu-
tron energies and the two investigated cases is given in Table [6.4, A correlation

Table 6.4: Mean neutron production multiplicity Mgm' of simulated neutrons that were

started in the left target wall of the MINIDEX Run 2 setup. ME“" for all simulated
neutrons and for the subset of simulated neutrons, for which a 2.2MeV gamma is

. . L e : —Pro.
detected in the germanium detectors, is given. In addition, the ratios between MNrO

for simulated neutrons with a 2.2 MeV gamma and MIF\)IYO' for all simulated neutrons are
stated. All given uncertainties are statistical only.

Simulated neu- Mean neutron production multiplicity Ratio
tron energy

All With detected
2.2MeV gamma
10 MeV 0.33574 £0.00031 0.582£0.018 1.73£0.05
100 MeV 4.303 £0.005 7.96 £0.07 1.850 £0.016
1 GeV 20.868 £0.026 41.43+0.22 1.985+£0.011
10 GeV 108.254+0.28 228.0x1.1 2.106 £0.012

between an increasing energy of the simulated neutrons and an increasing M?O' is
ﬁ)lpr%.rent. For the subsets of simulated neutrons with a detected 2.2 MeV gamma,
My  is for all four simulated neutron energies by a factor of about 2 higher than
the corresponding value for all simulated neutrons.
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6.5.4 Conclusion of Neutron Simulation Study

A dependence of the probability to detect a 2.2 MeV neutron capture gamma on
the position, the momentum direction and the energy of the simulated neutrons
was found. Furthermore, it was shown that the neutron production multiplicity
significantly increases with an increasing energy of the simulated neutron. These
are important observations that are used to give a feedback on the reliability and
the systematic effects of the neutron yield scaling procedure, used to determine
the external neutron yield of lead and copper for MINIDEX (see Section m

and Section .
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Chapter 7

Determination of Measured
Observables

The strategies to determine the neutron signals as well as the neutron signal
multiplicity events from the experimental MINIDEX data sets are presented.
These strategies are similar to some extent to the ones applied to the MC data
sets, as described in the previous section.

7.1 Determination of Neutron Signals

The procedure applied to identify the neutron signals from the acquired experi-
mental MINIDEX Run 2 and Run 3 data sets is illustrated in Fig.[7.1] After each

Muon tag n Muon tag n+1
M| 7psto 10ms to M
1ms 100ms
-—> - Time
| ]
11 »
Exp Exp

! !

Signal + background  Background only

Figure 7.1: Schematic illustration of the experimental neutron signal determination
procedure applied to the MINIDEX Run 2 and Run 3 experimental data sets. Events
that occur between 7 us and 1ms after a muon tag are collected in Atgf]’g, the signal
plus background time window. All events that occur between 10 ms and 100 ms after a
muon tag are collected in Athp, the background-only time window. Taken from [94].
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muon tag a signal plus background time window, Atgﬁ%, is opened. In this time
window all recorded energy depositions in the germanium detectors, occurring
between 7 pus and 1ms after the muon tags, are collected. Neutron signals as
well as energy depositions from various background sources are collected in this
time window. From 10 ms to 100 ms after each muon tag a second time window,
Athp, is opened. In this second time window, energy depositions in the germa-
nium detectors from background sources only are collected. If two consecutive
muon tags appear within less than 100 ms, the length of Athp for the first muon
tag is shortened accordingly. This shortening leads to an average reduction of
the length of AtEXp by 9.4% in Run 2. In Run 3 AtEXp is reduced in average
by 3.2% for the muon tags of each side individually. The smaller reduction for
Run 3 results from an independent analysis of the muon tags from the two sides.
Note, the plots within this section are shown for the experimental MINIDEX
Run 2 data set as an example.

In Fig. (a) the time difference between observed energy depositions in
the germanium detectors and the previous muon tag are depicted. Only events
that appear at an energy within (2223.3 +3.7) keV, corresponding to the +3¢
energy resolution of the combined germanium detectors (i.e. both individual ger-
manium spectra added up) at 2.2MeV, are taken into account. It is apparent
that the number of detected events with an energy of ~2.2MeV is clearly en-
hanced in the first millisecond after the muon tags. The simulation predicts (see
Section that (98.7+£1.0) % of all 2.2MeV gammas, resulting of the capture
of muon-induced neutrons on hydrogen, can be detected in this first millisecond.
Further, it can be seen that the number of events for time differences >1ms is
constant. These events result, for example, from radioactive decays occurring
in the setup or from muons (including their induced particles) that do not pass
through the scintillators required for a muon tag. In Fig. [7.2(b) the distribution
for all measured time differences <3 ms is depicted. The sum of a falling expo-
nential function plus a constant was fit from 7 us to 3ms to this distribution.
The falling exponential function represents the time constant of the neutron sig-
nals, resulting from the propagation of the thermalised neutrons within the water
and the plastic of the tank. The constant part of the fit function describes the
background that is independent of the muon tags. The fit yields a mean delay
of the neutron signals of (159 + 8) us. This value agrees within 2 o uncertainties
with the (180 4 8) us predicted by the simulation. A large number of events were
found in the first 10 us after the muon tags (see first bin in Fig. [7.2(b)). These
very early events are predicted by the simulation (see Section and result
predominantly from energy depositions of electrons and gammas, induced in the
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Figure 7.2: Measured time differences between energy depositions in the germanium
detectors within (2223.3 4+ 3.7) keV and the corresponding muon tag. The chosen energy
window corresponds to the + 3 o energy resolution of the combined germanium detectors
at 2.2MeV. In (a) all time differences <120 ms are shown while in (b) a zoom on time
differences <3 ms is given. In (b) an applied fit function, representing the sum of a
falling exponential function plus a constant, is depicted in black. The exponential part
of the fit function (red) represents the neutron signals whereas the constant part (green)
describes the background that is independent of muon tags. The exponential part of
the fit yields a mean delay of the measured neutron signals of (159 4 8) us. Only events
of the experimental MINIDEX Run 2 data set are shown. The distributions of the two
individual germanium detectors are added up. The given uncertainties are statistical
only.
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setup by the tagged muons. However, these events are rejected by the lower time
cut of 7pus of Atgi%. The 1ms as a higher time cut on Atgﬁ% was selected,
as the simulation predicts that beyond this value only <2.3% of the 2.2 MeV
gammas, originating from the capture of muon-induced neutrons on hydrogen,

can be detected. Although the neutron signals beyond 1ms are not collected in

AtgipB, they are considered in the systematics (see Section [8.3.1). Owing to the

conservatively selected lower time cut of 10 ms for AtEXp, only events that are
not related to a tagged muon are collected.

The measured neutron signal rate, REXP, is defined as the number of observed
neutron signals per muon tag. For its determination, the energy depositions in
the germanium detectors, collected within Atgﬁ% and Athp, are summed up.
In Fig. the resulting spectra for the two time windows, called signal plus
background spectrum (for Atgﬁ%) and background-only spectrum (for Athp)
in the following, are depicted. Here, only events in the germanium detectors

of MINIDEX Run 2 with energies <2800keV are considered. Various gamma
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Figure 7.3: Measured energy spectra of events in the germanium detectors. In blue the
events of the Atlsaffg time window are depicted whereas the events in the red spectrum
correspond to Athp. Both spectra are normalised in a way to represent the number
of measured events in the germanium detectors per muon tag. The spectra of the two
individual germanium detectors are added up. Only events of the MINIDEX Run 2
data set are considered.
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lines from natural radioactivity can be observed in the spectra, for examples
the lines from the radioactive isotopes 4K (1460.8 keV) and 29Tl (2614.5keV).
Note that these two lines are used to calibrate the germanium detectors (see
Section . At 2.2MeV the gamma line from neutron capture on hydrogen
can be seen in both spectra. This line is significantly increased in the case of
the signal plus background spectrum, owing to the muon-induced neutrons. The
signal plus background spectrum is normalised to the number of muon tags and
represents an effective measurement time of 7.10h in the case of the MINIDEX
Run 2 data set. The background-only spectrum is normalised to 993 us, the
length of AtgipB. In the case of the MINIDEX Run 2 data set it represents an
effective measurement time, LTgg, of 603.66 h. Both spectra are thus normalised
in a way to represent the number of measured events in the germanium detectors
per muon tag. In order to determine R}SXP, both spectra are individually fit from
2217keV to 2228keV with the sum of a Gaussian and a first order polynomial
function. In Fig. the two spectra are depicted together with the applied
fits in the energy region around the 2.2 MeV neutron capture gamma line. The
Gaussian functions of the fits represent the 2.2 MeV gammas from neutron capture
on hydrogen that deposited their full energy in the germanium detectors. For the
signal plus background spectrum these correspond predominantly to the 2.2 MeV
neutron capture gammas related to tagged muons (i.e. neutron signals). However,
also stochastic 2.2 MeV neutron capture gammas (background) are included. In
the case of the background-only spectrum the 2.2 MeV neutron capture gammas
correspond to stochastic background events only. In both cases, the first order
polynomial function describes all other background events in the investigated
energy range. This background component, which results predominantly from
stochastic background gammas, is called stochastic gamma background in the
following. RgXP is determined by subtracting the area of the Gaussian applied
to the background-only spectrum from the area of the Gaussian applied to the
signal plus background spectrum.

The signal to background ratio of the measured neutron signals, (S/N)FxP,
was evaluated for both experimental data sets. For this purpose, the number of
background events within an energy range of +5.2keV (corresponds to £5 o en-
ergy resolution of germanium detectors at 2.2 MeV) around the 2.2 MeV gamma
line were determined with the help of both fits from Fig. Note, these back-
ground events include stochastic 2.2 MeV neutron capture gammas as well as all
other background events in the 4+ 5 o energy range.
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Figure 7.4: Measured energy spectra of events in the germanium detectors around the
2.2 MeV neutron capture gamma line. The spectra of the two individual germanium
detectors are added up. In blue the signal plus background spectrum and in red the
background-only spectrum is depicted. Both spectra are normalised to represent the
number of measured events in the germanium detectors per muon tag. In order to
determine RSXP, the measured neutron signal rate, both spectra are individually fit
with the sum of a Gaussian and a first order polynomial function (green and black).
Only events of the experimental MINIDEX Run 2 data set are considered. The given
uncertainties are partially smaller than the size of the marker and are statistical only.

In Fig. the energy spectrum of the Big top scintillator is depicted for
two different sets of events with a muon tag. While in blue all muon tags are
shown, the red spectrum depicts only those events for which an energy deposition
of (2223.3+3.7)keV (£ 30 energy resolution) was observed in the germanium
detectors within the time cuts of Atgﬁ%. Note that here a small number of
events in the red spectrum results from background sources. It is apparent that
the energy spectrum of the Big top scintillator is shifted to higher energies for
muon tags with an energy deposition in the germanium detectors. A shift of
the mean measured energy in the Big top scintillator by (2.9+0.5) MeV was
found. Events with a large number of muon-induced shower particles, originating
from the passage of muons through the laboratory overburden and depositing
large amounts of energy in the Big top scintillator, can lead to a significantly

increased probability to detect a neutron signal. The observed shift of the mean
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Figure 7.5: Measured energy spectrum of the Big top scintillator for all events with a
muon tag (blue) and for the subset of events (red), for which an energy deposition in
the germanium detectors within (2223.3 +3.7) keV (4 3 o energy resolution) and within
the time window Atgﬁ% was observed. The mean measured energy in the Big top
scintillator is by (2.9 4+0.5) MeV higher in the case of a 2.2 MeV energy deposition in
the germanium detectors. Both spectra are normalised to their respective integral.
Only events of the experimental MINIDEX Run 2 data set are considered.

measured energy in the Big top scintillator could therefore indicate a significant
contribution of such neutron signals to RgXp. However, the Geant4 and the
FLUKA simulations in Section predict that the majority of detected neutron
signals in MINIDEX Run 2 results from muon interactions within the target walls
of the setup.

7.2 Determination of Neutron Signal Multiplicity
Events

In a neutron signal multiplicity event at least two individual 2.2 MeV neutron
capture gammas have to be detected in the high-purity germanium detectors for
the same muon tag. The individual 2.2 MeV gammas can be detected in the same
or two different germanium detectors. Only energy depositions that occur within
the time window Atgﬁ% (i.e. between 7 pus and 1ms after each muon tag) for
muon tags of the Run 2 data set are considered in the following.
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Chapter 7 Determination of Measured Observables

Four different background contributions to the neutron signal multiplicity
events have to be considered and evaluated:

1. Two 2.2MeV gammas from the stochastic gamma background that is not
related to neutron captures on hydrogen.

2. One 2.2MeV gamma from the stochastic gamma background and one
2.2MeV neutron capture gamma. The 2.2MeV neutron capture gamma
can either be a neutron signal or result from the stochastic neutron back-
ground.

3. Two 2.2 MeV gammas from the stochastic neutron background.

4. One neutron signal and one 2.2 MeV gamma from the stochastic neutron
background.

The individual background contributions are assessed with the help of the energy
spectrum depicted in Fig. [7.6] It represents all measured energy depositions in
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Figure 7.6: Measured energy spectrum of the germanium detectors around the 2.2 MeV
neutron capture gamma line. Only energy depositions of MINIDEX Run 2 that occur
within Atgﬁ% are included. The spectra of the two individual germanium detectors
are added up. Three energy ranges, used to determine the contribution of backgrounds
to the number of neutron signal multiplicity events, are indicated. The spectrum is
normalised to represent the number of measured energy depositions in the germanium
detectors per muon tag.
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7.2 Determination of Neutron Signal Multiplicity Events

the germanium detectors within Atgﬁ%. The spectrum is normalised to repre-

sent the number of measured energy depositions in the germanium detectors per
muon tag. Three energy ranges are defined in the spectrum at (2214.5+3.7) keV,
(2223.3 £3.7) keV and (2232.0 £ 3.7) keV. The width of the energy ranges corre-
sponds to the £ 30 energy resolution of the combined energy spectrum of the
germanium detectors at 2.2 MeV. The events within the energy ranges of the spec-
trum are grouped into five different event classes, ECy to ECy. The classification
of the different event classes is given in Table [7.I] The corresponding events are

Table 7.1: Classification of the different event classes (EC;) by the type of events and
the energy range. Also the method, used to determine the rate of events for the different
event classes, is given. The last column states the obtained values for the rates of the
different event classes. The given uncertainties are statistical only. For details see text.

Event Event type Energy range Determination Q; [107°]

class [keV] method per muon tag

EC; Stochastic gamma 2214.5+3.7  Measured 2.94+0.34
background

ECi Neutron signals 2223.3+3.7 Fit 36.14+1.3

ECyp  Stochastic neutron 2223.34+3.7  Fit 2.38+£0.05
background

ECry  Stochastic gamma  2223.34+3.7  Approximated 2.25+0.21
background

ECy  Stochastic gamma 2232.0+3.7  Measured 1.554+0.24
background

classified by the event type as well as by the corresponding energy range.

The four different background contributions are determined with the help of
the rates Q; (see also Table, which represent the number of energy depositions
in the germanium detectors per muon tag for the corresponding event class EC;.
The values for Qr and Qqr are obtained from the fits depicted in Fig. [7.4] The
Qr and Qv are directly determined from the rate of events in the energy ranges
(2214.5 £3.7) keV and (2232.0+3.7) keV of Fig. [7.0] respectively. The rate Qry
was approximated by 2 Qryv = Qr+ Qv. All determined individual background
contributions, which are given at the end of the section, are expressed as N, the
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number of expected background events for the full MINIDEX Run 2 data set.
Note that in principle the background contributions N; and Ny can be determined
directly by measurement. However, limited statistics require their calculation.

The first background contribution depends on the rate Qry and #MTRrun2,
the total number of muon tags in the Run 2 data set. The expected number of
events for the first background, Ny, can be calculated [138] by

Ni = 2 (Quy)? #MTRuno (7.1)

= 2 (@)2 #MTRunQ- (72)
Furthermore, this background was searched for in the Run 2 data set. For this
purpose, it was requested that two energy depositions in region EC; or ECy; are
detected within Atgﬁ% of the same muon tag. However, no such coincident event
was found.

The second background contribution depends on the rates Qrr, Qrir and Qry.
The expected number of events for the second background, N9, can be calculated
by

Ny = 2Quy (Qu + Q) #MTRun2 (7.3)
= 2 (@) (Qu + Q) #MTRun2- (7.4)

This background can in principle also be directly determined by measurement.
This was carried out by requesting an energy deposition within (2223.3 + 3.7) keV
(ECqr, ECypr or ECry) and a further one in ECy or ECy within Atgﬁ% of the
same muon tag. Note, this procedure overestimates the background slightly, as
all events from ECy, ECyp and ECry are included instead of the ones from ECq;
and ECy only. Nevertheless, no such coincident event could be identified.

The third background contribution is determined by the rate Q. The

expected number of events for the third background, N3, can be calculated by

N3 = 2 (Qq)? #MTRun2. (7.5)

The fourth background contribution depends on the rates Qrr and Q. The
expected number of such events, Ny, can be calculated by

Ny = 2 Qp Qi #MTRun2. (7.6)
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7.2 Determination of Neutron Signal Multiplicity Events

In Table the calculated expected number of background events, N;, for
the different backgrounds are given. The calculated total background contribu-

Table 7.2: Calculated expected number of background events, N;, to the neutron signal
multiplicity events of the MINIDEX Run 2 data set. The N; are labelled accordingly
to the numbering in the text. The given uncertainties are statistical only. See text for
details.

Calculated
Total (9.840.5)-1073
Ny (2.6140.34)-107*
Ny (4.5+£0.4)-1073

(

(

N3 2.9340.08)-10~4
Ny 4.7440.19)-1073

tion to the neutron signal multiplicity events of the full MINIDEX Run 2 data set
is ~ 1072, which is < 1. Consequently the contribution of backgrounds can be
neglected. Furthermore, no background event was directly measured, which is in
good agreement with the predictions. The measured neutron signal multiplicity
events are evaluated as RE[XP, the number of neutron signal multiplicity events
per muon tag.
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Chapter 8

Results and Discussion

In the following, the resulting measured and simulated number of neutron signals
and neutron signal multiplicity events as well as the corresponding neutron signal
and neutron signal multiplicity event rates (Rg and Rg) are given, compared and
discussed. Also the systematic uncertainties are discussed and quantified.

8.1 Measured and Simulated Neutron Signals

In the experimental lead data sets of Run 2 and Run 3 a total number of 3.39 - 107
muon tags (2.57-107 from Run 2 and 0.82- 107 from Run 3) and 1195 4 38 neu-
tron signals (9324 34 from Run 2 and 263 £ 18 from Run 3) were identified. For
lead from Run 2 the signal to background ratio of the measured neutron signals,
(S/N)F*P | was determined to be 6.740.5. (S/N)®P for the measured lead neu-
tron signals from Run 3 was found to be 5.7+ 0.8. For the MC lead data sets of
Run 2 and Run 3 a total number of 3.81-107 muon tags (2.12-107 from Run 2
and 1.69-107 from Run 3) and 1285 neutron signals (712 from Run 2 and 573
from Run 3) have been obtained.

The analysis of the muon tags for the two individual sides of the MC
MINIDEX Run 2 data set yielded values for Rgim that are in agreement within
statistical uncertainties. In addition, Rgim for the muon tags on the lead side of
the Run 3 setup is in agreement within statistical uncertainties with Rgim from
Run 2. The analysis of the corresponding experimental data sets confirmed these
observations. Hence, the experimental lead data sets as well as the MC lead data
sets were respectively combined.

Using the combined experimental and MC data set, RgXp and Rgim for lead
were determined to be (3.5240.11)- 1075 and (3.3740.09) - 107>, respectively.

In the experimental data set of copper 8.36-10° muon tags and 106+ 12
neutron signals were identified. For the measured neutron signals of copper a
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value of 2.4 +0.4 was determined for (S/N)**P. The analysis of the MC data
set of copper resulted in a number of 1.75-107 muon tags and 309 neutron sig-
nals. Using the measured and simulated values for copper, R]SEXp and Rgim were
determined to be (1.2740.14) - 107 and (1.77 4 0.10) - 10~°, respectively.

It should be noted that the number of 2.2 MeV gammas, found for the in-
dividual germanium detectors for any experimental or MC data set, agrees well
with the expectations. The number of detected 2.2 MeV gammas is expected to
be different for the individual germanium detectors, resulting from the different
detector masses (see Section [4.3.2)).

8.2 Measured and Simulated Neutron Signal
Multiplicity Events

In the experimental MINIDEX Run 2 data set of lead 5 neutron signal multi-
plicity events were identified. In comparison to this, in the MINIDEX Run 2
MC lead data set 26 neutron signal multiplicity events were determined. All
experimentally obtained neutron signal multiplicity events result from the de-
tection of exactly two 2.2MeV neutron capture gammas for the same tagged
muon. However in the MC data set two neutron signal multiplicity events with
three detected 2.2 MeV neutron capture gammas for the same tagged muon were
found. Together with the corresponding number of muon tags, RE/[XP and RE/}HI
were determined to be (0.19 4_“8:(%) 1075 and (1.2340.24) - 1075, respectively.

8.3 Investigation of Systematic Uncertainties on
Neutron Signal Rates

Various sources of systematic uncertainties on the measured and simulated neu-
tron signal rates Rq were identified and investigated. This investigation is pre-

sented in the following and is split into Section [8.3.1 and Section [8.3.2| for RgXp

and Rgim, respectively. At first, a list of the investigated systematics is given
in both sections. Afterwards, the individual sources are discussed and their in-
fluences on the corresponding Rg determined. At the end of both sections the
obtained total systematic uncertainties are given.

114



8.3 Investigation of Systematic Uncertainties on Neutron Signal Rates

8.3.1 Systematic Uncertainties of the Experimental Data
Analysis

The systematic uncertainties on RgXp, 5R2Xp, of the experimental data analysis

of lead and copper are discussed. The following individual systematics have been

investigated:

e Accidental coincidences in the muon tag determination procedure

e Scintillator energy resolution and stability of scintillator signal gain
e Energy reconstruction procedure of scintillator pulses

e Energy calibration of scintillator panels

e Time stamps of energy depositions in scintillators

e Time stamps of energy depositions in germanium detectors

e Fitting of energy region around 2.2 MeV neutron capture gamma line

Exp
S+B

e Length and position of Athp

e Length and position of At

e Positioning of scintillator panels
e Positioning, size and dead layer thickness of germanium detectors

e Presence of an additional neutron detector in the vicinity of the setup

Accidental Coincidences in the Muon Tag Determination Procedure

In the determination of muon tags in the experimental data analysis, contri-
butions from backgrounds were not considered. Energy depositions from back-
ground sources that are seen by the scintillators originate mainly from radioac-
tivity as well as muon-induced shower particles which are not correlated to the
actual investigated muon. However, these energy depositions can lead to so-called
accidental muon tags. Both backgrounds are expected to have a constant rate
(for any of the scintillators) over the whole measurement time. Their influence
on RgXp, resulting from accidental muon tags, is assessed the following way. The
highest probability for an accidental muon tag is for the case in which three
scintillators on one side of the setup observe energy depositions from the same
muon or any of its induced particles, while the fourth scintillator observes an
energy deposition from a background source. The contribution of such accidental
muon tags to the total muon tag rate is estimated. As an example for the case in
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which Big top, Big bot and Smalll observe a coincident signal (fulfilling the muon
tag determination procedure conditions, see Section and Small3 detects an
accidental signal, the accidental coincidence rate can be calculated [138] as

Ex Ex Ex
Ra =2-Ryje; - Ray' - AT. (8.1)

Here R%}?Sl is the rate of events for which the three scintillators Big top, Big
bot and Smalll detect a coincident signal. This rate was found to be 2.03s71.
Note, the statistical uncertainty for any rate given in this accidental coincidences
study is <1%o. The quantity R}SE;)( P represents the rate of all events for which
energy depositions above 5MeV are observed in the Small3 scintillator. The
rate of these events was determined to be 8.68s71. The AT in Eq. stands
for the maximal time difference of 60 ns allowed in the muon tag determination
procedure (see Section[5.2)). With the stated values an accidental muon tag rate of
2.11-107%s7! was determined. The contributions of all other configurations, for
which three scintillators detect correlated signals and one scintillator measures an
accidental but coincident energy deposition, are similar. Furthermore, all other
cases in which more than one scintillator at the same time detects an accidental
coincident energy deposition are less probable. As a result, the overall accidental
muon tag rate is by many orders of magnitude smaller than the actual muon

1

tag rate of 1.14s7". The influence of the accidental muon tags on RgXp can be

consequently neglected.
Scintillator Energy Resolution and Stability of Scintillator Signal Gain

The energy resolution of the used scintillators was investigated in Section
Upper limits on the energy resolution of the small and big scintillators of 1.2 MeV
and 1.5 MeV were determined, respectively. Further, in Section [5.1.2.4] the stabil-
ity of the scintillator signal gain was studied. It was observed that slight signal
gain changes in the scintillators resulted in shifts of the Landau distributions.
The maximal observed shifts in any scintillator and any run were found to be
< 200keV. The influence of both effects on R]SEXP was investigated. This was car-
ried out by simultaneously increasing/decreasing the energy cuts, used in the
muon tag determination procedure (see Section , by 1.4MeV for the small
and 1.7MeV for the big scintillators (sum of scintillator energy resolution and
maximal shift of Landau position), respectively. Lower energy cuts lead to an
increased background collection whereas higher energy cuts result in a loss of

. . .. Exp Exp
actual muons. The determined systematic uncertainties on Rq™ (dRg; energy res )
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expressed in number of 107° 2.2MeV gammas per muon tag, are +0.07 and
+0.03 for lead and copper, respectively.

Energy Reconstruction Procedure of Scintillator Pulses

The energy reconstruction procedure of scintillator pulses has an effect on the
consideration of scintillator events in the muon tag determination procedure (see
Section , due to the scintillator energy cuts. The energy reconstruction of
the measured scintillator pulses was carried out with a trapezoidal filter. For this
filter a gap time of 32ns and a peak time of 16 ns was selected. The precision of
the energy reconstruction algorithm depends on the width and the rise time of
the measured PMT pulses. The dependence of R]SEXP on the selected gap and peak
time was studied with the help of simulation. The simulated deposited energies in
the scintillators were integrated for 24 ns and 40 ns, instead of the standard 32 ns.
With the obtained different scintillator events, the MC data analysis was repeated
and the systematic uncertainties on Rgim for lead and copper were determined
in percentage terms. These simulation predicted percentages were afterwards

applied to REXP. The resulting experimental systematic uncertainties on R]SEXP

( Exp
S: energy recon.

are fg:gg and 4 0.01 for lead and copper, respectively.

), expressed in number of 107 2.2 MeV gammas per muon tag,

Energy Calibration of Scintillator Panels

The energy calibration of the scintillators was performed with the help of the
simulation (see Section [5.1.2.1)), using the scintillator spectra without any coin-
cidence. However, the muon tag determination procedure selects special muons.
For these muons a maximal deviation of ~200keV (towards lower energies) in the
measured spectra compared to the simulated spectrum was found. This holds for
all scintillators and both runs with only two exceptions. In the case of a muon tag
on the left side of the setup a deviation of up to = 1700 keV for the top scintilla-
tors and ~ 1500 keV for the bot scintillator towards lower energies was observed.
This huge deviation can be explained by a locally reduced light collection effi-
ciency in the corners on the left side of the big scintillators, the side where the
PMTs are located (see Section [5.2). A reduced light collection and a therefore
smaller reconstructed energy can lead to unidentified muons in the experimental
data sets. As a correct energy calibration was assumed for the scintillators, the
observed deviations have to be investigated. This was carried out by reducing
the energy cuts of the scintillators in the muon tag determination procedure ac-
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cordingly to the observed values. The determined systematic uncertainties on
REXP (5R5:X§ner oy cal)> €xpressed in number of 1079 2.2MeV gammas per muon

tag, are +0.03 and — 0.01 for lead and copper, respectively.
Time Stamps of Energy Depositions in Scintillators

For the determination of the muon tags in the experimental data analysis it
was assumed that the time stamps of energy depositions in the scintillators are
precise. However, the timing accuracy of energy depositions in the scintillators
depends on different quantities. The ones dominating the precision are the time
resolution of the ADC and the accuracy of the time stamp reconstruction algo-
rithm. The time resolution of 4 ns is determined by the 250 MHz sampling rate of
the ADC. For the reconstructed time stamps of energy depositions in the scintil-
lators, a maximal variation of 5ns was taken [125]. To investigate the influence
of both quantities, the allowed maximal time difference in the muon tag deter-
mination procedure (see Section was varied. Instead of the standard value
of +30ns the time window was decreased/increased by 10ns to +20ns/+40ns,
respectively. In order to maximise the effect, all three allowed maximal time
differences in the muon tag determination procedure were set simultaneously to
either £20ns or £40ns. Changed time windows lead to different background
rejection and muon identification efficiencies. The obtained systematic uncer-
Exp

tainties on Rgq (6R]SE:X§cint.timing>’ expressed in number of 107> 2.2 MeV gammas

per muon tag, are +0.01 and — 0.01 for lead and copper, respectively.
Time Stamps of Energy Depositions in Germanium Detectors

In the data analysis it was assumed that the time stamps of the germanium
detectors are precisely determined by the reconstruction algorithm. Precise time
stamps are important for the collection of 2.2 MeV neutron capture gammas in
the time window Atgf]’g (see Section and thus for RgXp. It was observed that
the determined time stamps of energy depositions in the germanium detectors
are only precise within 1 us'. Note, for Atgfé a lower time cut of 7 us was chosen
in the analysis. Consequently, an energy deposition that occurs for example at

IThis value was determined by analysing the distribution of time differences between
coincident energy depositions > 10 MeV in the germanium detectors and energy depo-
sitions > 5 MeV in the Big top scintillator, resulting from the passage of muons through
them. Note that the time stamps of energy depositions in the scintillators, as discussed
beforehand, are precise within =~ 10 ns.
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6.5 us after a muon tag might still be collected in Atgﬁ%. The influence of the
imprecise time stamps was investigated by decreasing/increasing the lower time
cut of Atgﬁ% by 1pus to 6 us/8 us and repeating the analysis. The resulting

systematic uncertainties on R]SEXp (5Rgzxger. timin g), expressed in number of 1075

2.2 MeV gammas per muon tag, are 4= 0.02 for both lead and copper, respectively.

Fitting of Energy Region Around 2.2 MeV Neutron Capture Gamma
Line

The influence of the applied fit function as well as the chosen fit range, used
for the determination of the number of 2.2 MeV neutron capture gammas from
the experimental germanium spectra (see Section , on RSXP was investigated.
Both quantities were individually studied. First, the fit range for the germa-
nium spectra, used for the time windows Atgﬁ% and Athp, was increased from
(2217-2228) keV to (2215-2235) keV. Repeating the analysis yields the system-
atic uncertainties 5Rgf(§t range O1) RgXp. Second, the influence of the fit function
that describes the stochastic background contribution was investigated. In con-
trast to the first order polynomial function, chosen in the standard analysis, a
constant function was selected. The analysis was repeated and the systematic
uncertainties §Rg:X§t function O1 RE?XP were obtained. The determined values for
the systematic uncertainties 5R8:X§t range and 5Rg:}(ﬁpt function 10T lead, expressed
in number of 107° 2.2MeV gammas per muon tag, are +0.04 and —0.02. For

copper both systematic uncertainties were found to be negligible.

Length and Position of Atg‘i%

The influence of the length and the position of Atgﬁ% (see Section on RgXp
was studied. First the maximal accepted time difference between a muon tag
and an energy deposition in the germanium detectors was doubled from 1ms
to 2ms. This allows to test the influence of an increased background collection
on RgXp. Furthermore, it tests if 2.2 MeV neutron captures gammas, resulting
from neutrons that are correlated to the tagged muon, beyond 1 ms were missed
in the standard analysis. Note, the maximum accepted time difference was not
decreased, as this would lead to a significant loss of 2.2 MeV neutron capture
gammas. The resulting systematic uncertainties on RgXp (5R5:Xi)imewin dow
pressed in number of 107° 2.2 MeV gammas per muon tag, are 4+ 0.04 and — 0.01

), ex-

for lead and copper, respectively. Second, it was investigated if the lower time cut
of Atgﬁ% (7 pus in the standard analysis) rejects all prompt muon-induced back-
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grounds. For this purpose, the time difference of energy depositions observed
in the germanium detectors (in an energy range of 2100keV to 2300keV) and
the previous muon tag were plotted. Afterwards, the distribution was fit with a
falling exponential function. The fit yields a background contribution of < 10714
muon-induced prompt germanium energy depositions with energies of 2.2 MeV
(energy resolution of germanium detectors is taken into account) and a timing of

> 6 us after a muon tag. Thus, this component can be neglected.
Length and Position of AtgxP

In the analysis of the experimental data sets the time window Athp, used to
determine the stochastic 2.2 MeV neutron capture gamma background (see Sec-
tion , collects all events in the germanium detectors between 10 ms and 100 ms
after each muon tag. It is assumed that the rate of stochastic 2.2 MeV neutron
capture gammas is constant. To investigate the dependence of RISEXp on the cho-
sen length and position of Athp, it was shortened and shifted at the same time.
Instead of collecting all events between 10 ms and 100 ms, 100 ms and 150 ms were
chosen as boundaries of the time window. The determined systematic uncertain-
ties for lead and copper were found to be negligible.

Positioning of Scintillator Panels

The influence of an imprecise positioning of the scintillators on REXP was in-
vestigated. A poor alignment of the scintillators might lead to an increased or
decreased identification of special muons. Such special muons could be ones that
do not only pass through the target walls but also through other parts of the
setup, like the plastic tank or the water. Neutrons that are produced by these
muons might have a significantly higher or lower 2.2 MeV neutron capture gamma
detection probability. An imprecise scintillator positioning might therefore influ-
ence RgXp. The influence of the scintillator alignment was investigated with the
help of a dedicated simulation of the MINIDEX Run 2 setup. In this simulation,
the position of Small3 and Small4 were simultaneously shifted by 2cm in x-and
y-direction (see Fig. , Small3: in positive x-and y-direction, Small4: in nega-
tive x-and y-direction). This modified setup configuration was simulated and a
~ 5 % higher muon tag rate was observed. However, no systematic uncertainty
due to the shifted scintillators for Rgim above statistical uncertainty was found.
As a consequence of the simulation prediction, the systematic uncertainty for
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REXP of lead can be also neglected. The corresponding systematic uncertainties

for copper is also deduced from this investigations.
Positioning, Size and Dead Layer Thickness of Germanium Detectors

The positioning of the germanium detectors within the plastic water tank is
known within a few cm. Mathematical considerations were carried out to investi-
gate the influence of the positioning of the germanium detectors on the 2.2 MeV
gamma detection efficiency. Only a small change of the efficiency was found.
Consequently, no systematic uncertainty for REXP was considered due to the po-
sitioning of the germanium detectors.

Further, the influence of the dead layer thickness (on the n+ contact) and the
size of the germanium crystals on RSXP was investigated. The dead layer of the
used germanium crystals is specified by the producer to be (1.0 +0.5) mm [128§].
When considering the uncertainty on the dead layer thickness, the fully active
volume of both germanium detectors varies by #+3.0%. The uncertainty on the
dimensions of the germanium crystals is given by the producer to be 0.5 mm [139).
Taking this uncertainty into account changes the fully active volume of both ger-
manium detectors by +2.2%. A different fully active detector volume leads to
a different 2.2 MeV gamma detection probability. Together with the expectation
that the detection efficiency of 2.2 MeV gammas scales linearly with the fully ac-
tive detector volume, the investigated detector quantities lead to relative system-
atic uncertainties on RgXp of £3.0% and +2.2%. As these values are indepen-
dent of the target material, they are used for lead and copper. The corresponding
values for the systematic uncertainties due to the dead layer (5Rgf§ea q layer>’ ex-
pressed in number of 107° 2.2 MeV gammas per muon tag, are & 0.11 and +0.04
for lead and copper, respectively. Similarly, the values for the systematic un-
certainties due to the germanium crystal size (5Rgf(§ryst. sise) also expressed in
number of 107° 2.2 MeV gammas per muon tag, are & 0.08 and 4 0.03 for lead
and copper, respectively.

Presence of an Additional Neutron Detector in the Vicinity of the
Setup

For the first ~6 months of MINIDEX Run 2 data taking an additional neutron
detector, using gadolinium doped liquid scintillator [120], was installed next to
the MINIDEX setup. The influence of the neutron detector on REXP was inves-
tigated. For this purpose, a dedicated simulation was performed and a MC data
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set was generated. In this simulation the neutron detector was implemented next
to the MINIDEX setup. The analysis of the generated MC data set showed that
the presence of the additional neutron detector has no influence on Rgim. Fur-
thermore, the acquired experimental data set of MINIDEX Run 2 was split up
into two subsets, one with and one without the neutron detector in the vicinity
of the MINIDEX setup. Afterwards, both subsets were independently analysed.
No difference above statistical uncertainty was found, confirming the simulation
predictions. As a consequence of the simulation prediction as well as the exper-
imental finding, the systematic uncertainty for RISEXp due to the presence of the
neutron detector in the vicinity of the MINIDEX setup can be neglected.

Total Systematic Uncertainty of Experimental Data Analysis

. . . . Exp Exp . .
The determined total systematic uncertainties on Rg™, 0Rg > are given in

Table . In addition, all non—negligéble individual contributions to 5Rg?(§ot o] T€
stated. Note that the values for 5R’SZX§Ot o Tesult from the quadratic addition of
the corresponding individual systematic uncertainties.

8.3.2 Systematic Uncertainties of the Monte Carlo Data
Analysis

Different sources of systematic uncertainties of the MC data analysis on Rgim
were investigated. Compared to the experiment, in the simulation the events that
are searched for can be unambiguously identified and selected. Furthermore, no
quantities like detector instabilities or radioactive backgrounds have to be taken
into account. As a consequence, only the following two sources of systematic
uncertainties have been investigated:

e Physics list

e Density of soil in laboratory overburden

Physics List

The influence of the chosen physics list on Rgim was investigated. In Geant4 dif-
ferent physics lists are recommended for the same simulation task (see Section
for details). For this purpose, the implemented MINIDEX Run 2 setup was also
simulated with the Shielding physics list. The same pre-recorded muon events as
for the standard simulation (see Section [6.1.1]) were used as input. A MC data set
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Table 8.1: Total as well as individual systematic uncertainties on RgXp for lead and
copper. The total uncertainties result from the quadratic addition of the correspond-
ing individual uncertainties. All stated uncertainties are expressed in number of 107>
2.2MeV gammas per muon tag.

Lead Copper
[1077]

ORg. Total Tote +0.06
ORG D ery ves. +0.07 4003
ORS Prrgyrecon. 003 £001
ORG® ey cal. +0.03  —0.01
5R§:X§cint.timing +0.01 —0.01
5R§f‘§er, timing 4 0.02 40.02
ORS B range +004

5RI§:X Rt function —0.02 —

5R§:X time window +0.04 —0.01
ORS. Head layer +£0.11 +0.04
ORGP 4008 4003

S: cryst. size

with an effective lifetime of ~ 68 days was generated for the implemented Run 2
setup with the Shielding physics list. The analysis of this MC data sets yielded
a value of (3.48 £0.22 (stat)) - 1075 for R3™. This value is in agreement within
statistical uncertainties with (3.3740.09 (stat))- 1075, the corresponding value
of Rgim determined with the MaGe Default physics list (see Section . As a
consequence, no systematic uncertainty for Rgim of lead due to the chosen physics
list was considered.

Density of Soil in Laboratory Overburden

The density of the soil in the overburden of the Tiibingen underground lab-
oratory is only known to a precision of ~0.2gcm™3 (see Section . An
increased or decreased soil density changes the propagation and interaction of
the simulated muons and muon-induced particles in the laboratory overburden.
The density of the soil in the overburden has thus a direct influence on the
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energy and angular spectrum of the particles reaching the underground labo-
ratory. Furthermore, it also influences the flux and composition of the inci-
dent particles. The influence of a different soil density on Rgim was investi-
gated. For this purpose, the implemented MINIDEX Run 2 setup was simu-
lated two further times. The pre-recorded muon events, obtained with FLUKA
for a £0.2gcm ™3 increased/decreased soil density, were used as input. With
the implemented MINIDEX Run 2 setup, Monte Carlo data sets with an ef-
fective lifetime of ~80days were generated with Geant4 for both cases. The
effective MC lifetimes were determined by applying the normalisation procedure
described in Section [6.1.5] It was found that the mean energy of tagged muons
is increased/decreased by 0.2 GeV in the case of a higher/lower soil density, re-
spectively. However, no difference above statistical uncertainty was observed for
Rgim. Therefore, no systematic uncertainty for Rgim of lead due to the inaccurate
knowledge of the soil density is taken into account.

Total Systematic Uncertainty of the Monte Carlo Data Analysis

Both investigated sources of systematic uncertainty on Rgim of lead yielded no
systematics above the statistical uncertainties. For copper the same conclusions
are deduced from the discussed investigations. In order to be conservative, for
lead and copper the corresponding statistical uncertainties of Rgim are taken
as total systematic uncertainties. The resulting total systematic uncertainties
5R§im, expressed in number of 107° 2.2 MeV gammas per muon tag, are #+0.09
and +0.10 for lead and copper, respectively.

8.4 Neutron Signal Rates and Neutron Signal
Multiplicity Event Rates

The obtained measured and simulated neutron signal rates Rg for lead and cop-
per, including the determined systematic uncertainties, are given in Table
The measured neutron signal rate RgXp for lead was found to be in agreement
with Rgim, the corresponding value predicted by simulation. With these values
the mismatch factor MFg for lead was determined to be 1.04f8:(1)8 (combined
statistical and systematical uncertainty). In contrast to the good agreement for
lead the simulation overpredicts the measured neutron signal rate for copper.
The observed overprediction yields a mismatch factor MFg of 0.72 4 0.14 for cop-

per. In order to cross-check Geant4 predictions for lead, detailed investigations
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Table 8.2: Measured and Geant4 predicted neutron signal rate Rg for lead and cop-
per and the neutron signal multiplicity event rate Ryt for lead. The given values were
obtained for tagged muons with a mean kinetic energy of (8.7+0.2) GeV for lead and
(8.54+0.2) GeV for copper at the position before they enter the setup. Ry was deter-
mined for the experimental and MC data set of MINIDEX Run 2 only.

Rg [1079] per muon tag

Experiment Geant4
Lead  3.52+0.11(stat) “017 (syst)  3.37£0.09 (stat) & 0.09 (syst)
Copper 1.27+0.14 (stat) £ 0.06 (syst) 1.77£0.10 (stat) £ 0.10 (syst)

Ryt [107%] per muon tag

Experiment Geant4

Lead  0.19 035 (stat) " 005 (syst)  1.23+£0.24 (stat) & 0.09 (syst)

of muon interactions and neutron production were performed with the help of
FLUKA (see Chapter [9).

In Table[8.2|also the determined neutron signal multiplicity event rates RE/IXP
and RSI™ for lead of MINIDEX Run 2 are presented. For REIXP the same sources
of systematic uncertainties apply as for RgXp. In addition, the influence of the un-
certainty of the germanium detector dead time ((20.3 4 0.1) us, see Section
on RE/IXP was investigated. Neutron signal multiplicity events, for which two
2.2MeV gammas are detected in the same germanium detector, are affected by
this uncertainty. However, variations of the dead time within the uncertainties
show that the resulting systematical uncertainty on REIXP is by at least two or-
ders of magnitude lower than the statistical uncertainty. As a consequence, for
REIXP only the squared (conservative approach to account for the double 2.2 MeV
neutron capture gammas) total systematic uncertainty of RgXp (in percentage
terms) was taken. Furthermore, the same sources of systematic uncertainties as
for Rgim apply for R%}Im. The corresponding squared total systematic uncertainty
of Rgim (in percentage terms) was therefore taken as the systematic uncertainty
for Rl‘%}m. A significant overprediction of the measured neutron signal multiplicity
event rate by a factor of 6.5 39 (stat) " 71 (syst) was determined for the simu-
lation. In addition, two neutron signal multiplicity events with three 2.2 MeV
neutron capture gammas for the same muon tag were found in the MC data set,
while in the experimental data set no such event was observed. In Section
it was shown that Ri/}m for lead strongly depends on the muon-nuclear neutron
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multiplicity. The overprediction of neutron signal multiplicity events by the sim-
ulation therefore hints towards a too high muon-nuclear neutron multiplicity. A
further hint for an imprecise description of the muon-nuclear neutron multiplicity
by the simulation is given in Section [0.1]

8.5 External Neutron Yield

With the obtained values of Y%‘;; (see Section , the external neutron yield
predicted by simulation, and the beforehand determined mismatch factor MFg
(see Section the external neutron yield Ygy; for lead and copper was cal-
culated with Eq. . The results are given in Table Yyt for lead was

Table 8.3: External neutron yield Ygyt for lead and copper in MINIDEX, determined
with Eq. . The values for the external neutron yield predicted by simulation Y%fftl
(see Section and the mismatch factor MFg (see Section are given as well.
The stated uncertainties are the total ones except for Y%fg for which only statistical
uncertainties are given.

Lead Copper
Yixe [107° g1 cm?] neutrons per muon tag 7.2 0% 2.1+04
Y5m [107° g1 em?| neutrons per muon tag  6.96 +£0.02 2.93+0.02
MFg 1047000 0.72+£0.14

found to be by a factor of 3.4 fg:? higher than for copper. In Fig. the kinetic
energy spectra of the neutrons emitted from the selected lead and copper surfaces
are depicted. These spectra were obtained by scaling the simulated spectra (see
Section with the corresponding value of MFg. It is apparent that for nearly
all energies the number of emitted neutrons from the lead surface is higher than
the number of neutrons leaving the copper surface. Only for energies at a few
tens of keV and above a few hundreds of MeV the number of emitted neutrons
is similar. The predicted mean kinetic energy of the neutrons leaving the lead
and copper surface is (4.9+0.2) MeV and (8.9 +0.3) MeV, respectively. The cor-
responding angular distributions of the emitted neutrons, which are independent
of the scaling with MFg, are the simulated ones shown in Section [6.4}
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Figure 8.1: Simulated kinetic energy spectra of muon-induced neutrons leaving the lead
and copper surfaces perpendicular to the x-axis (see Fig. . Only events with a
muon tag are considered. In order to take discrepancies between measured and simu-
lated observable into account, the simulated spectra were scaled with the corresponding
mismatch factor MFg. The depicted neutrons were predominantly produced by muons
and muon-induced particles in the target walls of the MINIDEX Run 3 setup. The
simulated muons have a mean energy of (8.7+0.2) GeV for lead and (8.5+0.2) GeV
for copper at the position before they enter the target walls. The simulated neutrons
emitted from the lead and copper surface are predicted to have a mean energy of
(4.94+0.2) MeV and (8.9 +0.3) MeV, respectively. The given uncertainties are partially
smaller than the size of the marker and are statistical only.

Note that the applied scaling procedure scales all neutrons, independent of
the precise or imprecise description of the individual neutron production processes
in the simulation. The study in Chapter [9 and the discussed findings of recent
publications (see Section indicate that the Geant4 simulated neutron produc-
tion processes in MINIDEX Run 2 are imprecise. Together with a significantly
energy dependent neutron detection efficiency in MINIDEX (see Section ,
this leads to the introduction of systematic uncertainties on the external neutron
yield which are very difficult to assess. Consequently, the stated external neutron
yields for lead and copper should be treated carefully.

The determined external neutron yield for lead is by a factor 3.5 f%g lower
than the value predicted by the fit (fit of external neutron yields versus the
corresponding mean muon energy) that was carried out in [72] and discussed in
Section [3.2.2] However, due to the discussed deficiencies of the neutron yield (see
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also Section Section and Section no conclusive feedback can be

drawn. For copper, due to the lack of experimental data sets of muon-induced
neutrons, no fit of the correlation between the external neutron yield and the

mean muon energy is available for comparison.
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Chapter 9

Geant4 and FLUKA Predictions
for Muon-Induced Neutron
Production in Lead

In the following, a detailed comparison of Geant4 and FLUKA predicted muon
interactions and neutron production in the lead target walls of the MINIDEX
Run 2 setup is presented. Note that large parts of this chapter are taken from [94]
and that all presented FLUKA simulations within this chapter were carried out
separately [2].

A simulation of the Run 2 setup, making use of the same pre-recorded muon
events (see Section[6.1.1)), was carried out with the FLUKA Monte Carlo program.
The FLUKA predicted neutron signal rate R3™ is (3.60 £ 0.13 (stat)) - 107 and
agrees well, both with the experimental neutron signal rate R]SEXP and the value
for Rgim obtained with Geant4.

Despite the agreement, a more detailed comparison of simulation predictions
for the muon-induced neutron production in lead by the two programs was car-
ried out. This comparison is motivated by recent publications [116] 118] (see
Section , pointing out discrepancies between Geant4 predictions and exper-
imental findings for the neutron production by photo-nuclear inelastic scatter-
ing reactions in high-Z materials (tungsten, gold and lead). At the same time,
FLUKA predictions were reported to describe experimental observations reason-
ably well.

Only muon interactions inside the lead target walls for events with a muon
tag were selected for this study. The predictions for the muon interactions and the
resulting secondary particles are compared in Section[9.1] All neutrons generated
as a consequence of the initial muon interactions in the lead target walls were
recorded at the point of their creation and removed from the simulation. The

129



Chapter 9 Geant4 and FLUKA Predictions for Muon-Induced Neutron
Production in Lead

effects of neutron transport and re-interactions are excluded by this approach.
These first generation neutrons are produced almost exclusively by photo-nuclear
and muon-nuclear reactions for both simulation programs. Findings for the first
generation neutrons from the Geant4 and FLUKA simulations are presented in
Section The recorded first generation neutrons were then used as input to
Geant4 and FLUKA simulations of the MINIDEX Run 2 setup, in the last step of
the comparison. The contribution of the first generation neutrons to the neutron

signal rate Rgim for Geant4 and FLUKA is discussed in Section

9.1 Muon Interactions

At first, only secondaries, defined as particles produced directly by muons in-
side the lead target walls, were analysed. The four main processes by which
muons lose energy during their passage through matter (see Section are:
bremsstrahlung, electron-positron pair production, ionisation (i.e. muon-electron
scattering) and muon-nuclear reactions. The energy spectra of secondaries gen-
erated by muons for the first three processes, i.e. electrons, positrons and pho-
tons, are depicted in Fig. (a)l. Note, most plots throughout Chapter |§I show
lethargy [140]. Good agreement for the Geant4 and FLUKA predicted distri-
butions is found with only small deviations for secondaries at energies above
a few GeV. In Fig. 0.1[b) the energy spectra of the most frequently produced
secondaries for muon-nuclear reactions are compared. The main features of the
distributions are similar while for energies above a few hundred MeV there are
significant deviations in the predictions for the production rates of the individ-
ual secondaries. In Table the production rates of secondaries, generated in
muon-nuclear reactions, for energies above and below 20 MeV are given for both
simulation tools. It can be seen that FLUKA and Geant4 predictions differ sig-
nificantly, depending on the particle type and energy range. This is especially
apparent for the predicted rate of gammas with energies > 20 MeV.

In Fig.[9.2)the muon-nuclear neutron multiplicity (see Section[6.3.2)) is shown.
A mean muon-nuclear neutron multiplicity of 13.19+0.05 and 10.98 +0.05 was
found for Geant4 and FLUKA, respectively. The total rate of muon-nuclear
reactions in Geant4 and FLUKA was determined to be (158.040.9)-1075 and
(153.341.0)-107°. While the total rate is similar, especially for muon-nuclear

1Only electrons, positrons and gammas with energies > 8 MeV are shown. The reason

is that if the energy of the secondaries falls below ~8 MeV only a negligible number of
neutrons are produced within lead. This energy threshold for the neutron production
was determined independently for Geant4 and FLUKA.

130



9.1 Muon Interactions

Y
(=]

—

E dN/dE per muon tag
3 3

-
2
w

10
105
10

1077

E dN/dE per muon tag

107

10°

10°®

'.'-.-*.Q.-..
e
e
-I-.!._.__._ -
= - &Y
- -, *e
= s e -
- ot ke
E I :' . Y
= T *’3*-#.,,
= Ey Seta,
— s *4
E & Geant4: Gamma from bremsstrahlung Ha *:O: haN
~ + FLUKA: Gamma from bremsstrahlung ;...ﬁ-&_._ ——
E 0 Geant4: Electron and positron from pair production *}_35.?_:9-
= = FLUKA: Electron and positron from pair production = _:g
= o Geant4: Electron from ionisation 1
E o FLUKA: Electron from ionisation Wﬁ
7\[ 1 1 L1 11 \[ 1 1 L1 11 \[ 1 1 L1 11 \[ 1 1 L1 11 \[ 1
10 10° 10° 10° 10°
Energy [MeV]
(a)
=m o Geant4: Gamma
= e FLUKA: Gamma
C A Geant4: Neutron
= A FLUKA: Neutron
E < Geant4: Proton
C + FLUKA: Proton
L o Geant4: Pion
= = FLUKA: Pion
- | ...
sroeco e S
= A4 )
° i # o %ﬁ% d;;'
= o A4 A i,
= iy P ” L 38
i + #
1t 1.8 gty P4 i
- | | | | ﬁ | (% | T [ |
102 107 1 10 102 10° 10* 10°
Energy [MeV]

(b)

Figure 9.1: Differential energy spectra of secondaries multiplied by energy (E). The
secondaries were generated by tagged muons in the lead target walls of the MINIDEX
Run 2 setup. The spectra obtained with Geant4 and FLUKA are displayed by open
and filled markers, respectively. In (a) the secondaries from bremsstrahlung (blue),
electron-positron pair production (electrons and positrons are plotted together, red)
and ionisation (black) are depicted. In (b) gammas (blue), neutrons (red), protons
(black) and pions (green) generated by muon-nuclear reactions are shown. In Table
the production rate of secondaries, generated in muon-nuclear reactions, are presented.
Assigned uncertainties are partially smaller than the size of the marker and are statis-
tical only.
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Table 9.1: Most frequently produced secondaries predicted by Geant4 and FLUKA in
muon-nuclear reactions within the lead target walls of MINIDEX Run 2. The rates for
Geant4 and FLUKA are expressed in number of 107° secondaries per muon tag. In
addition, the ratios between the FLUKA and Geant4 predicted rate of secondaries are
given. The stated uncertainties are statistical only.

Geant4 FLUKA Ratio
[107°] per muon tag

Gamma <20MeV  577.0+£1.6 964.5+2.5 1.67+0.01
Gamma >20MeV  0.394+0.04 5.30+0.19 13.6+£1.5

Neutron <20MeV 1697.94+2.8 1418.1+3.0 0.8440.01
Neutron >20MeV 306.9+1.2 265.8+1.3 0.87+0.01
Proton <20MeV ~ 109.6+0.7 31.1+0.5 0.28+0.01
Proton >20MeV ~ 227.5+1.0 155.6+1.0 0.68£0.01
Pion <20 MeV 3.13+0.12  4.194+0.17 1.34£0.07
Pion > 20 MeV 129.3+0.8 18284+1.1 1.414+0.01

reactions with high neutron multiplicities large discrepancies are found. Note
that for the used version of FLUKA the rate of muon-nuclear reactions with low
neutron multiplicities is likely to be underpredicted [115].

9.2 First Generation Neutron Production

In a second step, all muon-induced neutrons were recorded at the position of
their creation and subsequently removed from the simulation. These neutrons,
called first generation neutrons in the following, were either produced directly by
a muon (i.e. in muon-nuclear reactions) or indirectly by any muon-induced parti-
cle (except neutrons). Hence, neutron transport and neutron re-interactions were
excluded by this approach. Only neutrons that were generated in the lead target
walls were selected and compared between Geant4 and FLUKA. In Fig. the
resulting energy spectra of the first generation neutrons of the four investigated
muon interactions are depicted. For Geant4 the indirectly produced neutrons ac-
count for (42.44 +0.12) % of the total rate of first generation neutrons from muon-
nuclear reactions whereas for FLUKA a value of (36.24 +0.15) % was found. It
is evident from Fig. that the mean energy of first generation neutrons pre-
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Figure 9.2: Multiplicity of neutrons produced directly by muons in muon-nuclear reac-
tions. Only reactions that occurred in the lead target walls of the MINIDEX Run 2
setup for events with a muon tag are included. The distributions obtained with Geant4
and FLUKA are represented by open and filled markers, respectively. The maximum
observed number of muon-nuclear reactions within the same muon tag for Geant4 and
FLUKA is one. The mean muon-nuclear neutron multiplicity predicted by Geant4
and FLUKA is 13.194+0.05 and 10.98 £ 0.05, respectively. Assigned uncertainties are
partially smaller than the size of the marker and are statistical only.

dicted by Geant4 and FLUKA for each of the four investigated muon interactions
is inconsistent. For muon-nuclear reactions a value of ~25MeV and ~ 20 MeV
was obtained for Geant4 and FLUKA, respectively, whereas for the other muon
interactions deviating values between 1.5 MeV and 5MeV were determined. In
Table the rate of first generation neutrons per muon tag for energies above
and below 20 MeV are presented for Geant4 and FLUKA for the different muon
interactions. The rate of first generation neutrons predicted by Geant4 for muon-
nuclear reactions is higher by (31.89 +0.26) % than the corresponding rate from
FLUKA. The Geant4 predicted combined rate of first generation neutrons from
the other three muon interaction processes is smaller than the FLUKA predicted
rate by (51.4140.10) %.

Furthermore, by studying the processes leading to the production of first gen-
eration neutrons in the case of ionisation, pair production and bremsstrahlung, it
was found that for Geant4 and FLUKA > 94 % of these neutrons are produced in
photo-nuclear reactions. This means that in the case of ionisation and pair pro-
duction the electrons and positrons in general do not generate neutrons directly.
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Figure 9.3: Differential kinetic energy spectra of first generation neutrons multiplied
by kinetic energy (E,). Only first generation neutrons that were generated in the lead
target walls of the MINIDEX Run 2 setup are included. The kinetic energy spectra
predicted by Geant4 and FLUKA are displayed by open and filled markers, respectively.
The first generation neutrons for the four investigated muon interaction processes are
displayed. The assigned uncertainties are partially smaller than the size of the marker
and are statistical only. In Table the rate of first generation neutrons for the four
muon interactions processes are presented.

Typically the electrons and positrons lead to the generation of photons which
then interact inelastically with nuclei and produce neutrons. As an example, for
ionisation in Fig. [9.4] the contribution of photo-nuclear reactions to the produc-
tion of the first generation neutrons is shown. It is apparent that for both MC
tools the vast majority of first generation neutrons from ionisation results from
photo-nuclear reactions. However, the contribution of photo-nuclear reactions to
the production of first generation neutrons decreases with an increasing kinetic
energy of the neutrons. In the depicted case the first generation neutrons from
photo-nuclear processes make up for (99.59 +0.17) % and (98.64 £ 0.30) % of all
first generation neutrons for Geant4 and FLUKA, respectively.
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Table 9.2: Rate of first generation neutrons predicted by Geant4 and FLUKA for the
four investigated muon interaction processes in the lead target walls of MINIDEX Run 2.
The rates for Geant4 and FLUKA are expressed in number of 107° first generation neu-
trons per muon tag. In addition, the ratios between the FLUKA and Geant4 predictions
are given. All stated uncertainties are statistical only.

Geant4 FLUKA
[107°] per muon tag

Ratio

Muon-nuclear <20 MeV 2991 +5 2256.44+3.3 0.75+0.01
Muon-nuclear > 20 MeV 491.8+1.9 384.4+14 0.78+0.01
Bremsstrahlung <20MeV 382.2+1.7 6494+1.8 1.70£0.01
Bremsstrahlung >20MeV 10.134+0.28 9.86+0.22 0.974+0.03
Pair production <20MeV 324.7+1.6 677518 2.094+0.01
Pair production >20MeV 3.43+£0.16 4.03+0.14 1.174+0.07
Tonisation <20 MeV 1578.94+3.5 3403+4 2.16 £0.01
Ionisation > 20 MeV 12.814+0.31 14.00+0.26 1.094+0.03

9.3 Neutron Signal Rate Contribution

Finally, all first generation neutrons recorded in the previous step were simulated
in Geant4 and FLUKA in order to determine the individual contributions of the
four investigated muon interactions to the predicted neutron signal rate of the
full simulation Rgim. In this case neutron transport and neutron re-interactions
are considered. In order to obtain a high statistic, the first generation neutrons
were simulated multiple times. In Table the resulting contributions are given
together with Rgim. The sum of detected 2.2 MeV gammas resulting from all first
generation neutrons corresponds to (65.24 1.8) % and (66.5%2.5) % of R™ for
Geant4 and FLUKA, respectively. The remaining approximately one third of
2.2 MeV gammas result for example from neutrons produced as a consequence of
muon interactions outside the target walls. While the fractions agree well, the
contributions of the first generation neutrons from the individual muon interac-
tion processes do not agree. In Geant4 the first generation neutrons from muon-
nuclear reactions lead to (47.141.3) % of RS™ while the first generation neutrons
from the other three muon interaction processes contribute only (18.1+0.5) %. In
comparison, the first generation neutrons from muon-nuclear reactions in FLUKA
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Figure 9.4: Differential kinetic energy spectra of first generation neutrons from ionisation
multiplied by kinetic energy (Ey). Ounly first generation neutrons that were generated in
the lead target walls of the MINIDEX Run 2 setup are considered. The kinetic energy
spectra predicted by Geant4d and FLUKA are displayed by open and filled markers,
respectively. In black all first generation neutrons from ionisation are displayed while
in red the subsets of first generation neutrons produced in photo-nuclear reactions are
shown. The blue spectra depict the remaining first generation neutrons from ionisation
that were generated in any other inelastic scattering reaction (e.g. electron-nuclear
inelastic scattering). The assigned uncertainties are partially smaller than the size of
the marker and are statistical only.

lead to (30.441.2) % of R§™, while the first generation neutrons from the other
three muon interaction processes make up for (36.1 £ 1.4) %.

9.4 Conclusion of Geant4 and FLUKA
Comparison Study

The presented Geant4 and FLUKA simulation study together with recent pub-
lications (see Section and the agreement of FLUKA with the measurement
indicate that Geant4, when used with Geant4 recommended or standard physics
lists (see Section , significantly underpredicts the neutron production in lead
by photo-nuclear reactions for muon energies at shallow depths. Since Geant4
at the same time does reproduce the measured neutron signal rate RgXp, it may
imply that the neutron production in muon-nuclear reactions is significantly over-
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Table 9.3: Contributions of the first generation neutrons in lead from the different muon
interaction processes to the neutron signal rate of the full simulation Rgim in Geant4
and FLUKA. All presented rates are expressed in number of 107° neutron signals per
muon tag. The given uncertainties are statistical only.

Geant4 FLUKA
[1075] per muon tag
Rgim 3.37+£0.09  3.60+0.13
First generation neutrons 2.1984+0.013 2.393£0.021
Muon-nuclear 1.588£0.011 1.093+£0.014
Bremsstrahlung 0.1094+0.001 0.194 4+ 0.006
Pair production 0.086 +0.001 0.187 4 0.006
Tonisation 0.415+£0.006 0.9194+0.013

predicted by Geant4. However, an inaccurate treatment of the transport and in-
teractions of hadrons by Geant4, which depends on the chosen physics list, could
also contribute. The observed difference of high muon-nuclear neutron multiplici-
ties between Geant4 and FLUKA is in agreement with the findings of Section 8.4]
The presented simulation study therefore strengthens the hints for an imprecise
description of the muon-nuclear neutron multiplicity in Geant4.
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Chapter 10

Muon Capture on Lead

In Run 4 of the MINIDEX project the neutron production induced by muon
capture on lead was studied. This was carried out by comparing experimental
findings to simulation predictions. The muon capture study was carried out
in the context of a master thesis [126], where a more detailed description of
the performed study can be found. In the following, a brief overview of the
investigations is given. Explicitly speaking, the dedicated setup, the acquired
data sets, the experimental signature, the MC simulations, the analysis strategies
as well as the obtained results and conclusions are presented.

10.1 Setup and Working Principle

In order to measure neutrons induced by muon captures on lead with MINIDEX,
a few modifications of the setup from the previous run (Run 3, see Fig.
had to be made. The copper on the left side of the setup was exchanged with
lead. Further, the two small scintillators on top of the target as well as the two
small scintillators below were removed. Two new scintillators, called telescope
scintillators in the following, were placed on top of the setup to form a "muon
telescope”. Muons that pass through the muon telescope and stop within the
setup can be identified. The signature of a stopped muon are coincident signals
in both telescope scintillators as well as the Big top scintillator, while no signal
is observed in the Big bot scintillator. The telescope scintillators are 2.1 cm thick
and have a size of 12.0cm x 22.5cm. They are made out of BC-408 (polyvinyl-
toluene: CigHjp). The two scintillators of the muon telescope are separated by
blocks of styrofoam.

The structure of the muon capture setup is depicted in Fig. (a). Here,
only the positions of the telescope scintillators, which are centred on top of the
target, are displayed. All other parts of the setup are located exactly at the same
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Figure 10.1: Ilustration of the muon capture setup in (a). Only the positions of the
telescope scintillators, which are centred on top of the target, are given. All other parts
of the setup are located at the same position as in Run 2 and Run 3 (see Section .
In (b) the working principle of the setup is depicted. A negatively charged muon
(1) that stops within the setup can get captured on a lead nucleus within the target.
Following this capture, neutrons (n) can get emitted. If one of these neutrons reaches
the water tank, it can get thermalised and captured on hydrogen afterwards. The
excited deuterium nucleus emits a 2.2 MeV neutron capture gamma () which can be
detected by one of the two installed high-purity germanium detectors.

position as in Run 2 and Run 3 (see Section [£.1). In Fig. [10.1[(b) the working
principle of the measurement of muon-induced neutrons, originating from muon
capture on lead, is schematically illustrated: Muons (1) that stop within the setup
are identified with the help of the four installed scintillators. Negatively charged
muons at rest can get captured on lead nuclei within the target. Subsequently to
this capture, the de-excitation of the nuclei can lead to the emission of neutrons
(n). If these neutrons reach the water tank, they can get thermalised and captured
on hydrogen afterwards. Within nanoseconds after this capture a 2.2 MeV gamma
is released by the excited nucleus. This gamma can be detected by one of the
two installed high-purity germanium detectors.

In order to select only muons that stop within the setup, a minimal distance
between the two telescope scintillators is required. The extrapolation of all muon
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paths through both telescope scintillators is required to pass through the Big
bot scintillator as well. The minimum distance satisfying this requirement is
63.5 cm. In order to cope with inaccuracies due to possible imprecise scintillator
alignments, the distance was enlarged to 89 cm. A picture of the fully assembled
muon capture setup can be seen in Fig. [10.2l The whole setup (including the

Styrofoam

Telescope
scintillators
Big top
Lead scintillator
target
Cooling
Electronics units
Big bot
scintillator

Figure 10.2: Picture of the fully assembled MINIDEX muon capture setup. The two
telescope scintillators are hidden by the styrofoam blocks whereas the Big bot scintil-
lator is nearly fully covered by the tabletop.

support structure) has a footprint of ~ 1 m? and a height of ~2.5m.

10.2 Experimental Data Analysis

During the runtime of the muon capture measurement from September 2017
to April 2018, called MINIDEX Run 4, a data set corresponding to a lifetime
of 158.83 days was acquired. The detection of muon-induced neutrons is centred
around the measurement of 2.2 MeV neutron capture gammas that follow a tagged
muon. The experimental analysis strategy is presented in the following.
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10.2.1 Muon Capture Tag

In order to measure muon-induced neutrons originating from muon capture on
lead, muons that stop inside the setup have to be identified. This is achieved by
requesting energy depositions above individual energy cuts within +30ns in all
three scintillators on top of the target. At the same time it is required that no
energy above a corresponding energy cut is deposited in the Big bot scintillator
within +30ns. All four scintillators were calibrated with the help of the muon
spectra obtained by simulation. This was carried out by setting the position of
the most probable value of the Landau distribution for each scintillator to the
corresponding value predicted by simulation (/= 10MeV for the big scintillators
and = 4.5 MeV for the telescope scintillators). The used energy cuts of the muon
capture tag determination procedure are given in Table [10.1]

Table 10.1: Energy cuts of the four MINIDEX muon capture setup scintillators, ap-
plied in the muon capture tag determination procedure. The energy cuts are used to
discriminate muons that pass through the scintillators from energy depositions induced
by backgrounds.

Telel Tele2 Bigtop Big bot
Energy cut [MeV] 3.1 2.8 6.9 6.5

In Fig. the energy spectrum obtained with the Telel scintillator for all
events with a muon capture tag is depicted. The peak of the Landau distribution
is located at an energy of ~ 4.5 MeV. The corresponding spectrum obtained with
the Tele2 scintillator looks similar. A total number of 201747 muon capture tags
have been identified in the experimental data set.

10.2.2 Determination of Measured Muon Capture Induced
Neutron Signals

The signature of a muon capture induced neutron signal is the full energy deposi-
tion of a 2.2 MeV gamma (from neutron capture on hydrogen) in the germanium
detectors within a short time after a muon capture tag. These neutron captures
do not originate solely from neutrons induced by muon captures on lead, but
result also from other muon-induced neutron production processes. This is dis-
cussed in detail in Section [10.3.4] Different kinds of backgrounds, like neutrons
and gammas from radioactivity as well as neutrons induced by muons that did
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Figure 10.3: Measured energy spectrum of the Telel scintillator for all identified muon
capture tags. Taken from [126].

not generate a muon capture tag, are present. In order to determine the number
of muon capture induced neutron signals, the background contributions have to
be determined. To collect the signal, like for Run 2 and Run 3 (see Section[7.1]) a
signal time window (ATgf])B) is opened from 7 us to 1 ms after each muon capture
tag. Within this time window muon capture induced neutron signals as well as
energy depositions from background sources are collected. The lower as well as
the higher time limit of ATgfl’g was chosen to avoid backgrounds. A second time
window, the background time window ATgXp, is opened after the muon capture
tags. This time window is located from 10 ms to 100 ms after the muon capture
tags and collects uncorrelated background events only (i.e. events with no corre-
lation to a muon capture tag). Note, if a second muon capture tag occurs within
less than 100ms, the length of ATgXp is adjusted accordingly.

The obtained germanium spectrum for ATgf])g from the measurement is
shown in blue in Fig.[10.4] It represents an effective measurement time of 198.4 s.
The peak from the 2.2 MeV neutron capture gammas is clearly visible. Further-
more, some energy depositions from backgrounds can be seen in the vicinity of
the 2.2 MeV gamma peak. In order to determine the number of muon capture
induced neutron signals from this spectrum, a region of interest (ROI) that fully
encloses the 2.2 MeV gamma peak is defined. It is 10.7keV wide (corresponding
to the +5 o energy resolution of the germanium detectors at 2.2 MeV) and ranges
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Figure 10.4: Measured energy spectra of events recorded within the two time windows
that are used to determine the muon capture induced neutron signals. In blue the
spectrum for the signal time window AT]SEJ’?[]’3 is shown. It represents an effective mea-
surement time of 198.4s. The Region of Interest (ROI) as well as two regions on the
side of the 2.2 MeV gamma peak (BR1 and BR2), used to determine specific background
contributions, are given as well. Further, the spectrum for the background time window

ATEXP is depicted in red. It represents an effective measurement time of 4.99h and is

scaled to 198.4 s, the effective measurement time of AT]Sf]’B. Note, for visibility reasons,

the red spectrum is scaled up by a factor of 5. See text for details.

from 2217.65keV to 2228.35keV. In the ROI a total number of 45 events have
been identified. The background in the ROI has two components.

The first component are events in the ROI which are not correlated to a
neutron capture on hydrogen. This component can be determined with the help
of events in control regions on the side of the 2.2 MeV gamma peak and under the
assumption of a constant background. These regions are indicated in Fig. [10.4
by BR1 and BR2. A contribution of 2.9 f%g background events to the ROI was
determined for this component.

The second component arises due to stochastic 2.2 MeV neutron capture
gamma background events. The rate of these events is expected to be constant
over the whole measurement period. This background component is assessed
with the help of the spectrum for ATgXp, which is depicted in red in Fig. |10.4
It represents an effective measurement time of 4.99h and is scaled to 198.4s,

the effective measurement time of ATgﬁ%. Using the same energy regions (ROI,
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BR1 and BR2) as for AT]SEi% yields a contribution of 0.4+ 0.1 2.2 MeV neutron
capture gamma background events.
The final number of muon capture induced neutron signals, determined for

the experimental data set, is 42 fg.

10.3 Monte Carlo Simulations and Monte Carlo
Data Analysis

All simulations in the context of the MINIDEX muon capture investigations that
are presented within this thesis, were carried out with Geant4, as described in
Section In the following, the generated MC data set and the applied analysis
strategy is introduced. Further, the muon captures and the origin of the detected
muon capture induced neutron signals are studied in detail.

10.3.1 Monte Carlo Data Set

The pre-recorded muon events from the virtual sphere, obtained from FLUKA
simulations (see Section [6.1.1)), were used as an input to Geant4 simulations of
the MINIDEX muon capture setup. The pre-recorded muon events were simu-
lated multiple times. However, each time a different random seed number was
given to the Geant4 particle generator. The muons within the simulated pre-
recorded muon events have a mean muon energy of (9.040.2) GeV on a 0.5m?
horizontal plane directly above the setup. A MC data set corresponding to an
effective MC lifetime of (168 +5)days has been generated. This lifetime was
determined by dividing the number of energy depositions obtained by the simu-
lation for the Big bot scintillator with the corresponding rate of measured energy
depositions. The used measured (black) and simulated (red) spectrum can be
seen in Fig. [I0.5 For the normalisation, only measured and simulated energy
depositions in the Big bot scintillator with energies above 6.5 MeV were taken
into account. Furthermore, the measured spectrum is corrected for backgrounds
not included in the simulation. These backgrounds were determined by fitting
an exponential function (green) to the measured energy spectrum from 2.0 MeV
to 6.5MeV and extrapolating for energies >6.5MeV. It can be seen that the
resulting corrected experimental spectrum (blue) is in good agreement with the
spectrum from simulation. The determined background subtracted experimental
rate of energy depositions in the Big bot scintillator is (28.540.9)s7!.
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Figure 10.5: Measured and simulated energy spectrum of the Big bot scintillator. The
black spectrum shows all measured energy depositions in the Big bot scintillator whereas
the red spectrum represents the corresponding energy depositions predicted by the
simulation. The background in the experimental spectrum is subtracted with the help
of an exponential fit (green). The blue and the red spectrum are used to determine the
effective MC lifetime of the generated MC data set. Taken from [126].

10.3.2 Muon Capture Tag

The identification of events with a muon capture tag in the MC data set is
carried out in the same way as for the experimental data set (see Section [10.2.1]).
For the three scintillators on top of the setup, energy depositions above the
experimentally determined energy cuts (see Table and within a narrow
4 30 ns time window are requested. At the same time it is required that for the
Big bot scintillator no energy above the corresponding energy cut and within
4 30ns is detected. With these conditions 114072 muon capture tags have been
identified in the MINIDEX muon capture MC data set.

10.3.3 Muon Capture Induced Neutron Signals

The number of simulated muon capture induced neutron signals are determined
with a similar strategy as was used for the experimental data (see Section .
In a time window from 7 us to 1 ms after a muon capture tag 2.2 MeV gammas are
collected in the germanium detectors. The simulation predicts that > 94 % of all
muon capture induced neutron signals can be detected within this time window.
As any muon capture induced neutron signal can be identified unambiguously
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in the simulation, no backgrounds have to be considered. The number of muon
capture induced neutron signals can be directly determined from the events with
a 2224.37keV energy deposition in the germanium detectors. In total 52 muon
capture induced neutron signals have been identified in the investigated MC data
set.

10.3.4 Composition of Muon Capture Induced Neutron
Signals

In order to study the background for the neutron production by muon captures
on lead, the composition and the origin of the simulated muon capture induced
neutron signals were investigated.

At first it was determined by simulations, what percentage of predicted muon
capture induced neutron signals originate from actual muon captures. This is
necessary as all kinds of particle interactions, not related to a muon capture,
can lead to the production of muon-induced neutrons. For this purpose, two
dedicated simulations were carried out. Both simulations use the same set of
pre-recorded muon events (see Section as input. However, for one of the
simulations all particles produced directly by muon captures were removed from
the simulation directly after their creation!. Thus, in this simulation all detected
muon capture induced neutron signals have to originate from other sources than
muon capture. Two MC data sets with effective MC lifetimes of (80 & 3) days have
been generated. In each of these data sets a number of ~ 65000 muon capture tags
was found. In the simulation with the muon capture process turned on, a number
of 32 muon capture induced neutron signals were found. In contrast to this, in
the simulation with the muon capture process turned off, only 1 muon captured
induced neutron signal was observed. With these numbers it was determined
that (96.9 i'l) % of all simulated muon capture induced neutron signals originate
from muon captures within the setup.

In a second step it was determined on which material within the setup a
muon was captured, in the case of a detected muon capture induced neutron
signal. For this purpose, a further simulation was carried out. The emitted
particles of 18085 muon capture processes, recorded for one of the simulations
in the first step, were used as an input. In order to obtain a better statistic,
the particles from these 18085 muon captures were simulated 200 times. Note
that each time a different random seed number was given to the Geant4 particle

IThe removed particles from this simulation correspond to 18085 muon capture pro-
cesses. These particles were recorded and are used as an input to a further simulation.
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generator. A total number of 4427 muon capture induced neutron signals were
obtained, with 4278 resulting from muon captures on lead and 149 from muon
captures on other materials within the setup (e.g. water or germanium). With
the obtained numbers it was determined that (96.6 £ 0.3) % of all observed muon
capture induced neutron signals originate from muon captures on lead. These
findings are in agreement with expectations, as the muon capture rate depends
in first order on Z*4, with Z representing the atomic number [71].

Combining the discussed simulation predictions for both steps, it can be
concluded that (93.6 ~ %:8) % of all detected muon capture induced neutron signals
originate from muon captures on lead. Therefore, the muon capture setup and the
corresponding analysis is suitable for the investigation of the neutron production
by muon captures on lead.

10.3.5 Characteristics of Muon Capture Processes in
MINIDEX

In Fig. [10.6(a) the simulated kinetic energy spectrum of muons at the position
before entering the lead target of the setup is shown. In the spectrum only events
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Figure 10.6: Simulated kinetic energy spectrum of muons entering the lead target of the
setup in (a). Only muons that are captured within the setup are considered. A mean
muon energy of (238 4+2) MeV and a maximal muon energy of ~ 850 MeV was found.
In (b) the simulated kinetic energy spectrum of neutrons emitted in muon captures
within the setup, are shown. The vast majority of these neutrons originates from muon
captures on lead. Taken from [126].

I
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that are correlated to a muon capture tag and that undergo capture within the
setup are shown. A mean energy of (238 £2)MeV and a maximal energy of
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850 MeV is obtained for these muons. The shape of the spectrum is determined
by the geometry of the setup as well as by the energy and the angular distribution
of the simulated muons. As an example, a muon that passes through lead only
and stops within the setup, can have higher energies than a muon that passes
through parts of the water tank and stops within the setup. In Fig. [10.6(b) the
kinetic energy spectrum of neutrons emitted in muon capture reactions within
the setup, in the case of a muon capture tag, is shown. A mean energy of
(2.074+0.02) MeV, a maximal energy of =65 MeV and a most probable energy of
(0.41+£0.06) MeV was found for these neutrons.

In Fig. the average number of emitted particles in muon capture re-
actions is depicted. Also here, only events for which a muon capture tag was
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Figure 10.7: Average number of emitted particles per muon capture on different mate-
rials within the MINIDEX muon capture setup, as predicted by the simulation. In blue
the numbers for a muon capture on lead are given, while in red the values for a muon
capture on other materials inside the setup (e.g. water or germanium) are depicted. In
the case of a muon capture on lead, on average 10.91 £ 0.04 times more neutrons are
emitted compared to a capture on other materials within the setup. Also the average
number of emitted particles for muon captures on any of the materials within the setup
is given in black. Note, the majority of particles that are filled in the "Rest” column
are recoiling nuclei. Adapted from [126].

found are considered. In blue the average numbers for the particles from muon
captures on lead are given, while in red the numbers for muon captures on other
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materials inside the setup (e.g. water or germanium) are presented. A significant
difference in the number of emitted particles, especially for neutrons, is apparent.
For muon captures on lead an average of 2.805 4 0.002 neutrons are released. In
the case of a muon capture on other materials inside the setup only 0.257 £ 0.001

neutrons are emitted on average.

10.4 Results and Discussion

In the following, the experimental and simulation results are compared and dis-
cussed. In order to be independent of the absolute muon flux in the laboratory,
the number of muon capture induced neutron signals (measured and simulated)
is evaluated as the muon capture induced neutron signal rate. The measured
and simulated rates are therefore expressed in number of muon capture induced
neutron signals per muon capture tag.

10.4.1 Experimental and Simulation Results

The determined results of the experimental and the MC data set, are summarised
in Table [10.2] It can be seen that the experimental muon capture tag rate is by a

Table 10.2: Determined results of the experimental and the MC data set of the
MINIDEX muon capture setup. The muon capture induced neutron signal rates are
expressed in number of muon capture induced neutron signals per muon capture tag.
The stated lifetime for the simulation is an effective lifetime.

Experiment Simulation
Lifetime [d] 158.83 (168 £5)
Number of muon capture 201747 114072
tags
Number of muon capture 42 fg (stat) 52
induced neutron signals
Muon capture tag rate 14.7 7.8
[1073s71]
Muon capture induced 2.07 fg:% (stat) fg:é‘% (syst) 4.640.6 (stat) £0.6 (syst)

neutron signal rate [107%]
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factor of ~ 2 higher than the one predicted by simulation. Further, it is observable
that the measured muon capture induced neutron signal rate is underpredicted
by the simulation by a factor of 2.2 fg:g (combined statistical and systematical
uncertainty). For the measured and simulated muon capture induced neutron
signal rates a detailed investigation of systematic uncertainties has been carried
out (see [120]). For the determined number of muon capture induced neutron
signals in the experimental data set a signal to background ratio of 13fé0 has
been obtained.

10.4.2 Discussion of Results

The observed discrepancies between the measured and the simulated muon cap-
ture tag rate as well as between the muon capture induced neutron signal rates
were studied. It was investigated if the observed discrepancy between the rates is
significant. For this purpose, the spectra of the individual scintillators from the
experimental and the MC data set were compared. First, the spectra of events for
which a muon capture tag was found were compared. As an example, the spectra
of the Big top and the Tele2 scintillator are depicted in Fig. [10.8] All depicted
spectra are normalised to the corresponding number of muon capture tags. It is
apparent that the shape of the measured Big top scintillator spectrum does agree
well with the simulated one, even though the corresponding muon capture tag
rate is different. The same behaviour was found for the Big bot scintillator. In
contrast to this, the measured spectrum of the Tele2 scintillator is not well re-
produced by the simulation. Especially for energies in the range of (15-20) MeV
the simulated spectrum differs significantly from the measured spectrum. An
investigation of the Telel scintillator revealed a similar situation. Further, a
comparison of all four scintillator spectra without any scintillator coincidence re-
quest confirmed these observations. In the case of the Big bot scintillator, the
good agreement between the measured and the simulated spectrum can be found
in Section [10.3.1)

The discussed comparisons show that the measured telescope scintillator
spectra can not be reliably reproduced by the simulation. This indicates defi-
ciencies in understanding the response of the telescope scintillators, which could
result from non-linearities. As a consequence, a quantitative comparison of mea-
sured and simulated muon capture events is not possible. The observed difference
between the measured and the predicted muon capture induced neutron signal
rate has therefore to be treated carefully. In order to give a reliable feedback on
the predictive power of Geant4 describing muon captures on lead, a more precise
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Figure 10.8: Measured and simulated energy spectrum of the Big top scintillator (top)
and the Tele2 scintillator (bottom). Only events for which a muon capture tag was
found are considered. All spectra are normalised to the corresponding number of muon
capture tags.
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understanding of the telescope scintillators is crucial. However, this is outside the
scope of this thesis. Nevertheless, it should be pointed out that muon-induced
neutrons, originating from muon capture on lead, were successfully measured.
This clearly shows that the design of the MINIDEX muon capture setup and the
corresponding analysis strategy is suitable for the study of neutrons induced by

muon captures.
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Chapter 11

Conclusions and Outlook

For future low-background experiments, like those searching for neutrinoless dou-
ble beta decay or dark matter, a significant reduction as well as a reliable un-
derstanding of all relevant background contributions is crucial. Muon-induced
neutrons are one of the more critical background sources. Current simulation
tools do not consistently and reliably enough reproduce experimental findings
of muon-induced neutrons. In order to improve the predictive power of MC
tools, experimental data sets of muon-induced neutrons are needed. These data
sets can be used to evaluate and gauge the MC tools. The MINIDEX runs dis-
cussed within this thesis provide such valuable experimental data sets for the
high-Z materials lead and copper at a mean muon energy of (8.7+0.2) GeV and
(8.5+0.2) GeV, respectively. These materials are of special interest with regards
to muon-induced neutrons, as they are often used in low-background experiments
to shield the target detectors from ambient background radiation.

MINIDEX is located at the Tiibingen Shallow Underground Laboratory,
which provides a vertical shielding depth of (13.2+0.8) mwe at the position of
the setup. Muon-induced neutrons are identified in MINIDEX by the detection of
2.2 MeV neutron capture gammas that follow tagged muons. From the measure-
ment a rate of 2.2 MeV gammas, expressed in number of 107° 2.2 MeV gammas
per muon tag, of 3.5240.11 (stat) * 55 (syst) and 1.27 4 0.14 (stat) © 503 (syst)
was determined for lead and copper, respectively. MC data sets of the MINIDEX
setups were generated with the MC tool Geant4. The rate of 2.2 MeV neutron
capture gammas for lead, obtained with Geant4, was found to be in good agree-
ment with the measured rate. Based on this agreement, an external neutron yield
of (7.2 8:(73) -107° g~ cm? neutrons per tagged muon was obtained for lead. Mea-
sured and simulated events for lead, for which more than one 2.2 MeV neutron
capture gamma was detected for the same muon tag, were compared. Results of
this comparison hint towards a too high multiplicity of neutrons directly emitted
in muon-nuclear inelastic scattering reactions in Geant4. For copper the mea-
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sured rate of 2.2 MeV neutron capture gammas was found to be overpredicted by
(39 +28) % by Geant4. Taking this disagreement into account, an external neu-
tron yield of (2.140.4) - 107° g~! cm? neutrons per tagged muon was determined
for copper.

Results from a complementary simulation of the MINIDEX Run 2 setup
with the FLUKA MC tool were used to cross-check the Geant4 results. The
rate of 2.2 MeV neutron capture gammas for events with a lead muon tag, ob-
tained with FLUKA, was also found to be in good agreement with the measured
value. Geant4 and FLUKA predictions for muon interactions and the subsequent
neutron production were compared in detail. Large differences for the neutron
production in photo-nuclear inelastic scattering reactions between the two sim-
ulation codes were found. Further, significant discrepancies for the predicted
rate and energy of neutrons, protons, pions and gammas, produced in muon-
nuclear inelastic scattering reactions, have been observed. When taking into
account earlier published observations [116, [I18] it seems that photo-nuclear and
muon-nuclear inelastic scattering reactions in lead (for muon energies at shallow
depths) are imprecisely described by Geant4. Geant4 appears to underpredict
the neutron production in photo-nuclear inelastic scattering reactions while at
the same time overpredicts the neutron production in muon-nuclear inelastic
scattering reactions. Furthermore, the study also hints towards a too high multi-
plicity of neutrons directly emitted in muon-nuclear inelastic scattering reactions
in Geant4.

Muon-induced neutrons from muon captures on lead were successfully mea-
sured with MINIDEX and Geant4 predictions were compared to the experimental
findings. In order to give a feedback on the reliability of Geant4 for simulating
muon-induced neutrons from muon capture on lead, further investigations and
improved experimental components are required.

From the discussed studies it can be concluded that the predictions of Geant4
with regards to muon-induced neutrons in high-7Z materials should be treated
carefully, especially at shallow underground depths. It is recommended to con-
sider additional systematic uncertainties and to cross-check Geant4 predictions
with complementary MC tools like FLUKA. In general, whenever radiation back-
grounds from muon-nuclear or photo-nuclear inelastic scattering reactions are
expected for an experiment, simulation predictions should be evaluated carefully.

MINIDEX is currently upgraded to allow for a simultaneous measurement of
muon-induced neutrons from through-going and captured muons. For this pur-
pose, additional scintillators are currently brought into service and will be soon
installed in the MINIDEX setup, which is still located at the Tiibingen Shallow
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Underground Laboratory. The chosen targets for the next MINIDEX runs are
lead, iron and aluminum, materials often used in low-background experiments.
The long term plans of MINIDEX are to measure further materials relevant
to low-background experiments, such as concrete and marble. Furthermore, it
would be possible to move the MINIDEX setup to a different underground lo-
cation. As the muon spectrum significantly depends on the shielding depth of
an underground site, a different setup location provides the possibility to study

muon-induced neutrons at a different mean muon energy.
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