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Introduction

Neutrinos belong to the most fascinating particles discovered so far. This is due to the
fact that neutrinos are so difficult to capture as they only interact via the weak interac-
tion. They are described in the Standard Model but experiments have shown that not all
properties of neutrinos fit into this particle physics framework. They have, for example,
a non-zero mass which allows them to oscillate into different neutrino flavors. A lot of
experiments have been performed to investigate the oscillation parameters and a fairly

consistent picture of 3 neutrino flavors oscillating into each other was formed.

Since the mid 90s however, experiments started to point towards an inconsistency in the
oscillation picture which will be discussed in chapter 1. Results from accelerator, ra-
dioactive source and reactor experiments all show effects that could be explained by new
physics. More precisely, by the existence of a sterile, not weakly interacting, neutrino.
To provide a conclusive explanation for the neutrino anomaly, a short-baseline reactor or

a radioactive source experiment with a good spatial and energy resolution needs to be built.

The SoLid experiment, which will be discussed in chapter 2, is one such short-baseline ex-
periment, located at the BR2 reactor at the SCKeCEN at Mol in Belgium. The principle
of the detector relies on an inverse beta decay interaction with a proton of the detector
material. So far, a prototype of the detector has been built and is currently, May 2014, still
taking data at the BR2 reactor. The prototype is called NEMENIX and its construction

and data-taking stage should provide very useful information for the SoLid detector.

As NEMENIX is a lot smaller than the dimensions planned for SoLid, more care has to
be taken to eliminate backgrounds. To be able to identify muons in NEMENIX more
easily, extra muon detectors were installed at the BR2 reactor. They were built in Ghent
and their efficiencies were measured in the context of this thesis. A C++ simulation was
written to estimate the influence of geometrical effects of the setup on the measured effi-
ciencies. The operating parameters were also determined, such as the thresholds and HV

power settings. These aspects will be discussed in chapter 3.

xi



Introduction xii

After the installation of the muon detectors at the reactor site, the properties of muon
signals could be investigated. In chapter 4 the analysis of single signals and muon coinci-

dences will be treated, as well as the rate of muons and geometrical effects at BR2.

In chapter 5 the conclusions of the previous 2 chapters will be summarized and an outlook
will be given concerning further steps in the muon background identification in NEMENIX
and SoLid.



Chapter 1

Neutrino physics

1.1 The Standard Model

The Standard Model (SM) describes all known subatomic particles, this particle physics
theory also explains the forces through which these particles interact. These include the
electromagnetic, the strong and the weak force. The fourth fundamental force, gravity, is
not included in the SM as it has, up to now, not been possible to incorporate quantum
physics and general relativity in the same framework. Although gravity is a very impor-

tant force on large scales, it can luckily be neglected on the scale of subatomic physics.

The 12 elementary particles that constitute all matter can be divided into two groups of
6 particles, the quarks and the leptons [I], shown in table All of them are fermions,
which means they have a half-integer spin. Every elementary particle has an antiparticle
which has the same mass but opposite quantum numbers such as those shown in table
For each charged lepton, a corresponding neutrino exists. They are arranged in a
doublet structure which means that they have opposite values for the weak isospin. Both
quarks and leptons consist out of 3 families or generations. The second and third genera-
tion can be regarded a heavier version of the first family. Ordinary matter which we can
find around us is made up of particles from the first family, such as up and down quarks
and electrons. Particles that are composed out of quarks are called hadrons and together
represent the hadron zoo. Particles that consist out of 3 quarks are called baryons, the
neutron, uud (2 up quarks and 1 down quark), and proton, udd (1 up quark and 2 down
quarks), belong to this category. Pions and kaons are two examples of hadrons which each
contain 2 quarks, the so called mesons. Apart from the fermions, the SM also incorporates

integer spin particles. These are the bosons that mediate the forces between the particles.

In table[I.T]all the elementary fermions, their generation number and important properties
are listed. The color and weak isospin are properties of the particles which are related
to respectively the strong and the weak interaction. The leptons do not have color and

therefore do not interact via the strong force. The charge of the particles determines
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whether they interact electromagnetically. The three particle properties mentioned above

are conserved quantities in all fundamental interactions.
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Chapter 1. Neutrino physics 4

1.2 History of neutrinos

One of the most mysterious particles known to man is the neutrino. Its existence was first
proposed by Pauli in 1930, who wanted to explain the experimental results concerning beta
decay. Without the neutrino, beta decay would be the process of converting a neutron to

a proton with creation of an electron:
n—p+e (1.1)

This would result in a fixed kinetic energy of the beta particle (electron), approximately
equal to the energy released in the process Q = M4 z) — M(4,741) — me. This was not
in agreement with the continuous beta spectrum, with an end energy of Qg, recorded in
experiments shown in figure This energy loss could only be explained by the creation
of a neutral, and thus undetected, particle that caries away some fraction of the energy.

Beta decay therefore can be represented by:

n—p+te +e (1.2)

Arbitrary units

i
i obsecved not obsecved

’ e

0 % B

Figure 1.1: The kinetic energy spectrum of the emitted electron in S-decay process (observed).
If no antineutrino could be emitted, the total available energy should be carried by

the electron and we should observe a peak at Eg=Qg (not observed) [3].

Building on the idea of Pauli, Enrico Fermi developed his theory of beta decay. He gave
the particle the name “neutrino”, which means “little neutral one” in Italian. He also

assumed the particle to be massless [4].

In 1956 F. Reines and C. Cowan conducted the first experiment able to detect neutrinos.
For this they received the Nobel Prize in Physics in 1995. By doing their experiment they
disproved Pauli, who said that neutrinos would never be detected. Because of the very
weakly interacting nature of neutrinos, one needed a source with a larger neutrino flux
than that of radioactive sources to be able to capture the elusive particles. This became

possible with the installation of nuclear reactors, which had an expected flux of 10'? to
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103 neutrinos per second per cm?. Cowan and Reines conducted their research at the
Hanford reactor and the Savannah River Plant. The detection of neutrinos required the
interaction with a proton from the target water tank. This would then create a neutron
and a positron:

Ue+p—n+et (1.3)

Both of these particles needed to be detected to obtain a statistically significant signal.
High background and low counting rate caused a lot of problems, but eventually they were

able to state the existence of a free antineutrino [5].

The next episode in the history of the neutrino was the discovery of the muon neutrino. Up
to 1962 only the electron neutrino was known but with the construction of the Alternating
Gradient Synchrotron (AGS) the creation of a proton beam with high enough energy to
conduct the experiment became possible. This beam could then create a beam of pions
(m) when directed on a beryllium target. These would then decay into muons and muon

neutrinos:

T+ vy, (1.4)

The neutrinos were then detected in a spark chamber. For the discovery of the muon
neutrino and thus demonstrating the doublet structure of leptons Leon Lederman, Melvin
Schwartz and Jack Steinberger received the Nobel Prize in Physics in 1988 [6].

After the discovery of the charm quark in 1974 the structure of 2 families became even
more pronounced. As nobody knew why there would only be 2 generations, some ques-
tioned why there could not be more. This idea gained more support after M. Perl published
evidence of events that could indicate the decay of a new heavy lepton [7]. This lepton was
represented by the symbol 7, derived from the greek word TpiTov (triton), which means
“third”. The corresponding neutrino, v, was discovered in 2000 by the DONUT Collab-
oration [§]. Following the generation structure, heavier quarks were expected to complete
the third family. These were the bottom and the top quark discovered respectively in
1977 [9] and 1995 [10] at FNAL. In 1989 it was confirmed that there are three, and no
more than 3, types of light, weakly-interacting neutrinos. This was observed through the
lifetime of the Z boson [II]. The more particles the Z boson can decay to, the shorter the
lifetime and the larger the width of the mass distribution. In figure one can see that

the data match the curve corresponding to 3 light neutrino flavors (N, = 3).

Another chapter in the understanding of the neutrino was the verification that the sun is

powered by nuclear fusion reactions:
4p — ‘He + 2e* 4 20, (1.5)

Raymond Davis Jr. and John N. Bahcall proposed to prove this theory by detecting solar

neutrinos with the help of a very large tank of cleaning fluid. When the first results of
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Figure 1.2: Points indicating the measured mass distribution of the Z boson. The lines are

predictions corresponding to the different N, hypotheses [12].

the Homestake Experiment were published in 1968 there seemed to be a sizable differ-
ence between the measured and predicted amount of neutrinos [I3]. There were a lot of
different explanations for this discrepancy. There could have been a problem with the un-
derstanding of the sun, the experiment might have been faulty, the prediction of the rate
of captured neutrinos could be wrong or maybe something else happened to the neutrinos
escaping the sun. In 1989 the Kamiokande group published results similar to the defect
Davis had encountered [14]. This pointed into the direction of a real physical effect in con-

trast to a mistake in the experiment itself as an explanation for the solar neutrino problem.

Aside from the solar neutrinos, atmospheric neutrinos did not behave according to theory
either. One expects to have a 2:1 ratio of muon to electron neutrinos from cosmic rays.
This is due to the creation of hadrons, mostly pions, when the primary cosmic rays hit
the atmosphere. These pions decay into a muon and a muon neutrino. In turn, the muon

decays to an electron, an electron neutrino and another muon neutrino.

T =+, (1.6)

p—e+ve+ vy, (1.7)

This ratio was not in agreement with the experimental results from different collabora-
tions. Kamiokande obtained a ratio of 0.60 + 0.08 and the IMB-3 (the Irvine-Michigan-
Brookhaven detector) 0.54 £ 0.13 [15].
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1.3 Neutrino oscillations

The combined result of the solar and atmospheric neutrino anomalies, discussed in section
[1.2] gives a strong indication for new physics. Up to the nineties it was believed that lep-
ton family number was conserved, which means that an electron neutrino cannot change
into a different type or flavor of neutrino. But with the growing amount of experimental
data the idea of neutrino oscillations, proposed by Bruno Pontecorvo in 1957 [16], gained
support. This would also imply that the neutrino can not be massless and that all the
flavors also have a different mass. Neutrino oscillations could explain the low amount of
muon neutrinos from atmospheric events as these would change into a different type of
neutrino before reaching the detector. Similarly, electron neutrinos coming from the sun
would be able to change into a different flavor, thereby explaining the deficit observed in

experiments.

The phenomena of neutrino oscillations is due to the fact that neutrino flavors are each
a superposition of 3 mass eigenstates. When neutrinos are created in a weak process,
they have a definite flavor but when they travel a certain distance this changes. This
occurs because the quantum mechanical phases of the different mass states progress at a
different rate. Therefore there is a change in superposition of mass states, this implies
also a different mixture of flavor eigenstates. As the advancing of the quantum mechanical
phases is periodical a neutrino will eventually end up in its original flavor. The mass and

flavor eigenstates can be related by a unitary transformation [17]:
[vi) = XaUgilva) (1.8)
|Va> = Eani’Vi> (19)

where |1;) is a neutrino with a definite mass (i = 1, 2, 3), |v4) is a neutrino of a definite

flavor (o = e, p, 7) and Uy, represents the Pontecorvo-Maki-Nakagawa-Sakata matrix.

Uel Ue2 UeB
Usi=|Uu Usp Uy
U’Tl U7'2 U’T‘3
C12€13 $12C13 s13e% 1 0 0
— | _ _ 0 _ 0 x |0 ia /2 0
= 512€23 — €12523513¢€ C12C23 — $12523513¢€ 523C13 e
i i s /2
512823 — C12C23813€"°  —C12523 — 512C23513€"0  €23C13 0 0 2/
(1.10)

where ¢;; = cos0;j, s;j = sinf;; and 6 is the mixing angle. The values of the parameters
a1, ao and ¢ are still to be determined, if they are non-zero at all. The alpha phase factors
are only appropriate when the neutrino would be identical to its antineutrino, which means

they would be Majorana particles. The delta parameter is expected to have a non-zero
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value if neutrino oscillations violate CP symmetry H

Calculations [I7] show that the probability that a neutrino of flavor a, with an energy E,

becomes a neutrino of flavor 3 after traveling a distance L is given by:

Passp = |(valva(D)?

= dap — 48> Re(U,,UpiUa;Uj ) sin”( 15 )
Am?jL
+ 22i>jfm(U;iUﬁanjUgj)sin( ) (111)

2K

where Am?j =m? — m? (with m; the neutrino masses). This formula is valid for any

number of neutrinos, where U is the unitary leptonic mixing matrix, see equation [I.10]

As can be found in table the Am?j values have been measured. For the neutrino
masses, only upper boundaries have been established, these can be found in table
One of the big questions in neutrino physics is the ordering of the masses, the so called
mass hierarchy. As shown in figure there are two possibilities for the ordering: 1-2-3,
the normal hierarchy, or the cyclic permutation 3-1-2, the inverted hierarchy [19].

P — ()" (ml)g——q
(flm‘)mI
(m])‘*
VL'
(Alnz)ulm
Vu (mn:)mm
vT
— (m,y’
(Am?),,
- (ml)2 (m_‘)gl*
normal hierarchy inverted hierarchy
Figure 1.3: The normal and inverted mass hierarchy, where Am?2, = |Am3,| ~ |Am3,| and

2 _ 2
A"Tl’sol - Ale m

!CP symmetry means that when a particle is interchanged by its antiparticle (C symmetry) and when

the spatial coordinates are inverted (P symmetry) the fundamental laws of physics should be the same

[18].
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Table 1.2: Neutrino oscillation parameters. For Am3;, sin®6a3, sin?0;3 and & the upper (lower)

row corresponds to the normal (inverted) neutrino mass hierarchy [21].

’ Parameter H Best fit H lo range ‘
Am2,[107%eV?] || 7.62 7.43-7.81
Am3,[1073eV?] || 255 2.46-2.61

2.43 2.37-2.50
5in012 0.320 0.303-0.336
5093 0.613 0.400-0.461

0.600 0.569-0.626
sin%0;3 0.0246 || 0.0218-0.0275

0.0250 || 0.0223-0.0276
6 0.807 0-27
-0.037 0-27

Equation is already very complicated to write down when one considers 3 neutrino
flavors. Luckily there are some important situations in which we can make the approxi-
mation of only 2 neutrino types oscillating into each other. This happens in cases where
a certain lepton is created that couples only significantly to 2 mass eigenstates that are
related to a certain neutrino flavor. This is due to the smallness of the mixing angle 613

and the mass difference Am?,, see equation Therefore, a simpler mixing matrix can

cosl  sinf
U p—
—sinf cosl

There is also only one mass splitting Am? to be considered. This then results in an easier

be used:

formula for the oscillation probability:

Am?L
P, 5 = sin®(20)sin*( m

) (1.12)

The two important situations where the 2 neutrino oscillation is often used, are that of
solar and atmospheric mixing. Where one considers respectively the oscillations v, <> v,

(where v, is a superposition of v, and v,) and v, < v,.

In 1998 the Super-Kamiokande Collaboration announced the first results that were consis-
tent with neutrinos having a non-zero mass [22]. They did this by measuring the amount
of muon neutrinos entering the detector from above and below. They found that there are
less neutrinos coming from below, as they need to traverse the Earth instead of only the
atmosphere. While traveling through the Earth the muon neutrinos can, according to the
Super-Kamiokande team, oscillate into tau, or sterile (see next section) neutrinos. These

data provided the first firm proof of the mass and the oscillation of neutrinos.
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The Standard Model does not incorporate non-zero masses for neutrinos, so the previous
findings open possibilities for new physics. For example, one or more sterile neutrinos
could exist. These are called sterile as they do not interact weakly, this in contrast to
the active neutrinos which are the kind of neutrinos mentioned up to now. If the sterile
neutrinos would be able to interact via the weak force, they would couple to the Z boson,
thereby increasing the width of its mass distribution. As seen in figure [I.2] there are only 3
neutrino flavors coupling to the boson, so any additional type should not interact weakly.
The existence of such a sterile neutrino could provide an explanation for the smallness of
the neutrino masses (see table for upper limits) via the seesaw mechanism [23]. In
this theory the sterile neutrino would then be a heavy counter particle to the light, known
neutrinos. With the addition of a sterile neutrino, the Pontecorvo-Maki-Nakagawa-Sakata

matrix, shown in equation [1.10} could be extended to a 4 x 4 matrix.

1.4 Neutrino anomalies

The picture of three flavors of neutrinos oscillating into each other is quite well accepted
nowadays and it is supported by a lot of experimental evidence. However, there are a
few results which are not consistent with this relatively well understood picture. These

unresolved issues are called the neutrino anomalies.

The first experiment to observe a feature that is not compatible with the existing picture
of 3 oscillating neutrinos was the LSND experiment in 1996 [24]. They investigated the
oscillation of 7, — . by using neutrinos coming from the decay of p* and detected the 7,
through interactions with protons in the detector material. They observed a 3.8 o excess
of electron antineutrinos. At the fixed distance L and energy E used in this experiment, an
explanation for these data could be a larger mass difference between two neutrino species,
see formula

As the data of the LSND experiment were not confirmed by other experiments, the Mini-
BooNE experiment was designed to resolve the anomaly. The same L/E ratio was used
as in the LSND experiment so that it was possible to compare the data. They conducted
searches for v, — v, and v, — v, [25]. In the last case there was no excess reported in the
energy region above 475 MeV, but there was evidence for a 3.0 0 excess below this energy.
In the case of antineutrinos an excess similar to the one observed in the LSND experiment

was found.

Not only accelerator but also radioactive source experiments point towards a problem.
The SAGE [26] and GALLEX [27] experiments were built to detect solar neutrinos and
measure their corresponding flux, both consisting of a gallium detector. To conduct cal-

ibrations, radioactive sources (°!Cr and 37Ar) are placed inside the detectors. In the
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calibrations of both gallium experiments, a deficit of neutrinos coming from the sources
was measured, see figure [1.4] The combined effect of the two experiments gives a 2.7 ¢
effect [28]. When one includes the large uncertainty on the cross-sections of neutrinos
with the detector, there still remains at least a 1.8 ¢ deficit. The remaining effect could be

explained by short-baseline oscillations of v, to a type of neutrino that cannot be detected.

Gallium data using Frekers et al PLB11
LI ‘ LI I LB I LI | LI L
I 1

Gallex *'Cr b1

|
| |
| I
Gallex °'Cr i_Q—'—ii
I
I
|
I

SAGE’'Cr e

SAGE ¥ Ar —e+

i

lllLlJllllLlJJ[llllllll L1l

05 06 07 08 09 1 1.1
observed / expected

Figure 1.4: The observed deficit of neutrinos in radioactive source experiments [29].

The third kind of experiments that indicate there’s something wrong with our picture of
neutrinos are the nuclear reactor experiments. In these experiments the ratio R of the
observed and calculated (under the hypothesis of 3 oscillating neutrinos) 7, flux is being
measured. Recent evaluation of reactor neutrino fluxes indicate that the mean flux is
increased by 3.5%. The combination of results from experiments with reactor-detector
distances smaller than 100 m (short-baseline) gave a value of R=0.976+0.024, with the
updated value of the flux this dropped down to R=0.94340.023. This means that there
is currently a deviation from unity at 98.6%C.L., which is called the reactor antineutrino

anomaly [30].

There are several possible explanations for this anomaly. The first one is an incorrect
prediction of the antineutrino flux. These calculations are very difficult as one needs to
take into account the decays of many fission products present in the reactor core. An-
other cause of this deviation from unity could be a correlated artifact in the experiments.
This seems unlikely as most of the experiments (Bugey-3, ROVNO91, Goesgen, ILL, ...)
used either different detection techniques with varying features or different reactor fuels.
A third possibility is that the anomaly is caused by a real physical effect, for example
the existence of a sterile neutrino. In this case the electron antineutrinos could oscillate
into a sterile neutrino, due to which they are not detected. Oscillations to muon or tau

neutrinos cannot be possible causes of the anomaly as these effects are negligible at such
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short distances. Solar and atmospheric oscillations can be neglected for distances lower

than, respectively, a few kilometers and 100 m.

G. Mention et al. conducted research evaluating the compatibility of the data obtained by
the reactor, radioactive source and MiniBooNE experiments with the existence of a single
sterile neutrino [30]. The no-oscillation case is disfavored at the 99.8%C.L.. A combined
fit gives rise to the following oscillation parameters: |Am2.,| > 1.5 eV? (95%C.L.) and
5in%(20pew) = 0.14 4+ 0.08 (95%C.L.). In figure the agreement between the different
hypotheses and the reactor data are displayed, where it is clear that in the region of small

distances the difference between the two hypotheses is most distinct.
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Figure 1.5: The reactor antineutrino anomaly. The red line shows a 3 active neutrino mixing
solution fitting the data, with sin?(26;3)=0.15. The blue line displays a solution
including a new neutrino mass state, with [Am2_, | > 2 eV? and sin?(260,,¢,,)=0.12,
as well as sin?(26;3)=0.085 [31].

With all these results, it becomes necessary to finally confirm or exclude the existence of a
sterile neutrino. This can be done by building a very short-baseline reactor experiment or
with a radioactive source experiment that has a good spatial and energy resolution. The
advantage of the reactor experiment is the extremely high neutrino flux close to the core,
about 10%° 7, per gigawatt per second. This allows for a compact detector and short mea-
surement periods. One of the short-baseline experiments that would be able to measure

the antineutrino energy spectrum is the SoLid project.
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SolLid

2.1 The SoLid Collaboration

SoLid is an experiment proposed by the university of Oxford and is short for “Search for
oscillation with a Li detector”. The SoLid collaboration exists out of researchers attached
to the University of Oxford, Imperial College London, SubaTech in Nantes and the uni-

versities of Ghent, Antwerp and Brussels.

The site of the experiment is the BR2 research reactor at the SCKeCEN at Mol in Belgium.
This location was chosen for its superior features compared to other existing reactors. For
example the distance of closest approach can be as small as 5.5 m, see figure This
is advantageous as the anomaly can best be investigated for small distances where the
predictions for the ratio R for the different hypotheses (3 oscillating neutrinos or the 3+1
sterile neutrino case) are most differentiated, as can be seen in figure Another ad-
vantage of the BR2 reactor are its good background conditions. As there are no other
experiments being conducted on the same level as that of SoLid, all the other experimen-
tal ports facing the core are shut so that shielding is very effective. During the planned
measurement period at BR2, SoLid will have the floor to itself so that there will be no
change in conditions. This will avoid complication of the background evaluation. The
reactor core of BR2 is very compact, 50 cm diameter x 90 cm, which makes it an effective,
nearly point-like, source of antineutrinos. It also has a variable high power of about 45 to
70 MW. The reactor is running about 140 days per year and there is no time limit for the

measurement period of the SoLid experiment.

The SoLid experiment will have a very high sensitivity to the oscillation under investiga-
tion. With the knowledge of the 7, flux, spectrum and the reactor-detector distance one
can evaluate the hypothesis of an active to sterile neutrino oscillation according to formula
When the collaboration would be able to establish the existence of a sterile neutrino,
this would be an extraordinary discovery in particle physics. It would have consequences

for a lot of different research areas. On the other hand, if a sterile neutrino would not

13
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Figure 2.1: Sketch of the SoLid configuration at BR2 [32].

be found during the measurement period, an improved upper limit on its existence would
weaken, or even eliminate, the sterile neutrino as an explanation for the anomalies dis-

cussed in section [I.4]

2.2 The detector technology

As in most cases, the electron antineutrinos will be detected by making use of the inverse
beta decay, see equation [I.3] Hereby the antineutrino interacts with a proton of the de-
tector thus creating a neutron and a positron. These last 2 particles need to be detected
to make sure the signal is due to a antineutrino interacting in the detector. The SoLid
detector uses detector technologies developed by the MARS project. The detector consists
out of 5cm x 5cm x 5cm cubes PVT scintillatorEl material covered with SLiF:ZnS(Ag)
screens. These cubes, seen in figure are individually wrapped in Tyvek, a type of

synthetic paper, to ensure that the cubes are optically isolated from each other.

The positron created by the antineutrino interaction will immediately cause scintillation
light in the PVT cubes, the neutron will be captured by the Li sheet which has a very

high cross-section for neutron interactions. This interaction:

SLi+n —2 He(2.05MeV) +3 T(2.75MeV) (2.1)

will give rise to the excitation of ZnS energy levels due to collisions with the tritium and

alpha particles. The de-excitation of these levels will give rise to scintillation light. The

LA scintillator is a material in which part of the kinetic energy of the incoming particle is absorbed and
reemitted in the form of scintillation light [33].



Chapter 2. SoLid 15

“..antineutrino

Figure 2.2: Configuration of the scintillator material and the SLi screens in the SoLid detector.

An antineutrino reaction is shown [32].

energy levels have quite large decay constants, leading to a tail in the neutron signal, see
figure
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Figure 2.3: Signal due to the positron (top) and neutron (bottom) capture [32].

The positron will be captured approximately within 1 cm of the interaction and the neu-
tron should stay contained within 15cm (based on simulations, see [32]). The antineutrino
signal is thus relatively well confined around the interaction point compared to the dimen-
sions of the total detector. This would create an extra tool in the discrimination against

background. In figure a typical inverse beta decay (IBD) event can be seen.

The scintillation photons created by the interaction of the antineutrino are collected by
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Figure 2.4: Simulation of an IBD event [32].

wavelength shiftinﬂ fibres which are coupled to multi-pixel photon counters (MPPCs),
also known as a silicon photomultipliers, where the signal is read out. This happens in
the vertical and horizontal direction (see figure , which gives very good position in-
formation as in this way one can determine in which cube the light was created and thus

collected. The operating principle of a photomultiplier will be explained in section [3.1

T~

Figure 2.5: Configuration of the fibres [32].

It is impossible to measure the energy of the interacting neutron as it thermalises before
it is captured by the SLi screen. The energy of the positron however, can be measured by
collecting all the emitted scintillation light. One can convert the signal read out at the
MPPCs into the positron energy with the knowledge of the detector efficiency.

2A wavelength shifter is a material which absorbs the primary scintillation light and reemits it at a
longer wavelength. It is used to match the spectrum of scintillation light with the efficiency spectrum of
the PMT. This is necessary as a PMT is not equally efficient for different wavelengths [33].
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This can then be used to give a probability distribution of the interacting antineutrino’s en-

ergy and ultimately of the antineutrino spectrum after measuring a large number of events.

The SoLid detector will be composed out of different modules that consist out of sev-
eral aluminum frames each filled with 256 cubes. The total detector will consist out of
thousands of cubes. The different modules can be placed at different distances from the
reactor core and thus one can get information about the oscillation parameters that is
less dependent on the complicated antineutrino flux calculations. The detector modules
themselves will be placed inside a high density polyethylene (HDPE) shielding to reduce

background, especially neutrons, and increase sensitivity even more.

2.3 NEMENIX

To estimate the detection efficiency and to get a grip on possible construction and working
problems, a prototype for the Solid detector was built. This prototype is called NEMENIX
and uses the same detection principle and materials as discussed in section [2.2]for the SoLid
detector. It consists out of 64 cubes and its dimensions are about 20cm x 20cm x 20 cm,
see figure 2.6] There are 32 read out channels and an HDPE shielding which has a thick-

ness of 20 cm.

Figure 2.6: The NEMENIX detector [32].

The detector was installed at the BR2 site in Mol in the summer of 2013. It is placed at
a distance of 5.5 m away from the reactor core and it is situated in the same location as
that planned for the SoLid detector, see figure The first data were taken in August
2013 and the detector is currently, May 2014, still running during reactor off- and on-cycles.

Building the NEMENIX detector and taking data should give a very good idea of un-

solved mechanical, technical and DAQ problems. It should also give an indication of how
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Figure 2.7: The NEMENIX detector at the BR2 site, in the (open) HDPE shielding and with
cables for readout visible [32].

good the efficiency of the detector will be and whether the position and energy resolution
will be good enough to be able to investigate the short-baseline oscillation. In any case,
the NEMENIX prototype will give very useful insights for the construction of the SoLid
detector and for the data taking stage which will start in November 2014.

2.4 Background evaluation

Like most neutrino experiments, the SoLid experiment requires a very sensitive measure-
ment. Therefore the influence of background needs to be eliminated as much as possible.
In a lot of experiments involving neutrino detection, the detectors are placed at large
depths underground. Such as the Super-Kamiokande experiment, discussed in section
which is located in the Kamioka Mine in Japan at a depth of 1000 m [34].

Locating experiments deep underground, in a mine, under a mountain, or even in ice or
water, provides a very effective shielding for cosmic raysﬁ Although in most cases one
still needs to take the influence of atmospheric muons into account as these particles can

penetrate quite some distance underground.

The SoLid experiment, and the NEMENIX prototype, are located at the BR2 reactor

which is situated above the ground. There is no real shielding from muons, except for the

3Primary cosmic rays are very energetic particles, mostly created outside of our solar system. When
they impinge on the earth’s atmosphere they create secondary cosmic rays, which are mostly neutrons,
pions and kaons. The pions can then decay into muons which are able to reach the surface of the earth

[35]. These atmospheric muons represent a significant background for most neutrino experiments.
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concrete walls which are part of the containment building surrounding the reactor. It is
thus very important to evaluate the influence of these muons. One needs to get an idea of
the signals which are produced in the detector by passing muons. The installation of extra
detectors to establish the passage of a muon, should also give a way to separate the muon
signals from the neutrino signals we are looking for. How this is done will be discussed in
chapters [3] and [d] and it forms the subject of this thesis.

Aside from the muon signals, one also needs to take into account the fast neutrons, which
are generated in the fission processes that take place in the reactor core. A first shielding
from neutrons is provided by the lead wall that is situated at the experimental port that
separates the NEMENIX detector from the core. An extra shielding is provided by the
HDPE box around the detector itself. Neutrons that are still able to reach the scintillator
can give a signal. However, it should be possible to reject these events as there is a coin-
cidence required between a fast and a slow signal to simulate a neutrino event, see figure
A different situation arises when the neutron signal is preceded by a gamma signal
within the time window which we would expect for the neutrino interactions. These are
called “coincidentals”. With the help of detector simulations one can develop good spatial

and timing cuts which can reduce this kind of background substantially.

The data-taking with NEMENIX and the extra muon detectors, as well as the background
simulations will give useful insights into the rejection capabilities of the detector and the

background differences during reactor-off and -on periods.
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Muon detection for NEMENIX

A careful background evaluation is necessary when one wants to perform a sensitive mea-
surement such as that of the short baseline oscillations. One of the backgrounds are the
atmospheric muons, as mentioned in section These are very penetrating particles
with energies on the GeV scale and they can hardly be stopped by the HDPE shielding
available at NEMENIX. Therefore it is of paramount importance to get a grip on the
properties of the signals that muons create in the NEMENIX detector. This can be done
in 2 separate ways. One could have a look at the simulation of muons in the detector. A

second approach is to investigate the data itself, see chapter [4]

As it might not be possible to distinguish muon signals from other background signals,
or even from the real anti-neutrino signal with only the compact NEMENIX detector,
extra muon detectors are installed. The installation of these extra detectors might not
be necessary in the complete SoLid detector as this detector consists out of a lot more
cubes. One expects the muon to penetrate the whole detector and thus leave a, more or
less, straight track. In the NEMENIX detector, which only has 64 cubes, this track is
possibly not long enough to distinguish from other signals which can also comprise several
cubes. Matching the muon signals in the muon detectors with signals in the NEMENIX
prototype should give insight into how good the NEMENIX detector is at differentiating

between muon and other signals.

3.1 Muon detection planes

The muon detection planes, which will serve as an extra tool in the identification of muon
signals, were built at Ghent University. There are four muon detectors, 2 small and 2 large
ones. The small and large detectors respectively have the following dimensions: 35 cm x
35cm X 1,4cm and 70cm x 70cm x 1cm. They are made out of BC300, an organic scin-
tillator material. On the side of the scintillator planes a wavelength shifting bar is coupled
with optical silicon gel. The wavelength shifter is somewhat longer than the muon plane

and has a square cross-section of 1 cm x 1 cm. The whole, plane plus bar, is wrapped in

21



Chapter 3. Muon detection for NEMENIX 22

aluminum foil. On one end of the wavelength shifting bar a photomultiplier tube (PMT)
is coupled, again with optical gel. A connecting piece is used to make sure that the PMT

stays in contact with the bar.

A photomultiplier tube is responsible for the conversion of a scintillation light pulse into
an electrical signal. The PMT consists out of an outer, in this case glass, envelope. There
is a vacuum in the tube so that low-energy electrons can be accelerated efficiently without
losing energy by colliding with gas atoms. The most important parts of the tube are the
photocathode and the electron multiplier structure, see figure At the photocathode
the impinging scintillation photons are converted into low-energy electrons. As there are
typically so little electrons, the signal needs to be amplified before it can be used in prac-
tical situations. The electron multiplier serves to multiply the number of electrons in a
linear way. This means that the output current is still a good representation of the energy
of the original photon signal. In this way, a typical scintillation pulse will give rise to
about 107-10%° electrons, which is sufficient for a practical charge signal [33]. The PMTs

used with the muon planes give negative output pulses.
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Figure 3.1: Basic elements of a PMT [33].

Originally the muon detectors were placed in black wooden crates to shield them from
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light. However, wood is not allowed inside the containment building at the BR2 reactor
due to contamination risk. Therefore the scintillators are removed from their encasements
and, to make them light tight, they are wrapped with black plastic foil and secured with
black tape. To test whether the detectors are sufficiently shielded from external light, the
signals are investigated with an oscilloscope. There is no visible difference in the signals
when the detector is covered with a heavy black cloth, which proves that the plastic foil

is isolating enough.

3.2 Electronics

The electronics which are used in connection with the muon detectors are all nuclear in-
strumentation modules (NIM). NIM defines a standard in electronic modules which are
used in nuclear and particle physics. This standard makes it easy to change the setup
and replace modules. All the modules are placed inside a NIM crate which provides the
DC power via the backplane [36]. All connections between PMT and electronics, except
for the HV connection, and the linking between modules is done with LEMO, push-pull,

connectors.

The muon detectors are powered by the ORTEC 478 high voltage (HV) modules. As there
are only 2 power supplies available, there are 2 PMTs powered by the same HV module.
As this means that these 2 PM tubes are necessarily at the same voltage, 1 power supply

is connected to 2 detectors of the same size.

The signal of the large detectors without an amplifier is somewhat weaker than that of the
small ones. This is to be expected as the scintillation light collection is not perfect and an
event occurring further away from the PMT gives a weaker signal. This maximal distance
can be a lot bigger in the large than in the small detectors. To accommodate for this effect
the signals coming from the large planes pass through a LECROY 612a amplifier before

entering the rest of the electronic circuit. This module has a linear gain of a factor 10.

The signals then enter a linear fan-in/fan-out, CAEN N401, which takes care of generating
multiple outputs from one input. In this way it is possible to investigate the signal of the
PMT with an oscilloscope, while still being able to use the same signal as an input for

another module.

The other output of the fan-in/fan-out serves as input for the ORTEC 935 constant frac-
tion discriminator (CFD). This module converts the linear PMT signals into block, or
logic, pulses if they exceed a certain voltage threshold. The correct value of this threshold
is found by performing an efficiency measurement which will be explained in section [3.3
The width of the block pulse can also be adjusted. Here, a value of 100 ns is chosen as

this is required by the scaler, see later in this section. The principle of a constant fraction
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time pick-off method is shown in figure [33]. A time pick-off method or trigger is the
generation of a logic pulse whose leading edge indicates the time of occurrence of a linear
input pulse. The zero-crossing time that is obtained in plot (d) is the time at which the
output is generated, this point is independent of the pulse amplitude for pulses with the
same shape. This way of triggering reduces the uncertainty in deriving the timing signal
and is applicable to scintillator signals. The delay time tg4, which is shown in plot (c),
is provided by inserting delay cables in the delay input of the module. This delay time
should be larger than the width of the PMT signal. A delay of 30ns proved to be sufficient

after the investigation of the signals on the oscilloscope.
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Figure 3.2: Waveforms in the constant fraction time pick-off method. Only the leading edge of
the pulse is shown [33].

After the PMT signals are transformed into logic pulses by the CFD, they pass by the
LECROY 622 coincidence module. This module provides a logic pulse as output when
there are 2 logic input pulses within a certain time window 7, when the AND condition is

selected. In this setup 7 is 100 ns as it is given by the width of the input signals.

The coincidences of the PMT signals should be counted and displayed. This is done by a

scaler, also called counter, which was made in Ghent. It is quite an old module which is not
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compatible with the NIM signals coming from the corresponding modules. Instead it uses
TTL signals. To accommodate for this, a PEGEL converter is used which converts a NIM
into a TTL signal. This can then be used as an input for the scaler. During the measure-
ments it became clear that the scaler needs rather wide signals as an input or otherwise
does not count all the input signals. Therefore the width of the logic pulses was chosen to
be 100 ns, which proved to be sufficient as further increasing this width did not raise the
number of counts. The scaler has 3 displays which makes it possible to count 3 different
signals during the same measurement. The counting can be regulated with the start, stop
and reset button. During several measurements the stop button did not function and thus

the measurement needed to be stopped by switching the HV power supplies of the PMT off.

In figure the electronic setup used in Ghent is shown. This identical setup is presently,
May 2014, installed at the BR2 reactor.

Figure 3.3: The NIM crate with the electronic modules used in the measurements. Starting from
the left, there are 2 HV modules, the linear fan-in/fan-out, a logic fan-in/fan-out
(which is not used), 2 CFDs (of which one is not used), the coincidence module, the

converter, the scaler and the amplifier.

3.3 Efficiencies of the muon detectors

It is not possible to build the perfect detector that can detect all passing particles. In a lot
of different stages something can go wrong so that the passing muon can not be detected.

For example the scintillation efﬁciencyEl of the detector can be lower at some places due

!The scintillation efficiency is the fraction of incoming particle energy that is converted into photon

energy.
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to the presence of defects. The optical connections between the scintillator and the wave-
length shifting bar and between the wavelength shifter and the PMT can be non-optimal
whereby not all the scintillation light is collected. The quantum eﬂiciencyﬂ of the PMT is
also an important factor in the efficiency of the total detector. All these effects can cause
the signal to be reduced so that it no longer passes the threshold set by the CFD, see
section [3.2] It is thus clear that in practice not all events will be detected. Of course it is
very important to know which fraction of the events is seen by the detector, this quantity
is called the efficiency of the detector. In most cases the efficiency is measured for the

detector, PMT and electronic circuit together.

In the context of this thesis, the efficiencies of the 4 muon planes are measured. Also here,
the efficiencies of the PMT and electronic modules are included. To determine the fraction
of detected events, the muon detector under investigation is placed between 2 other muon
planes. When a muon passes and gives a signal in the upper and lower detector it should
also have passed the middle detector and therefore also the middle detector should give
a signal. As mentioned in section the coincidence unit in the NIM crate can deter-
mine whether 2 signals are detected within a certain time from each other with the AND
operation. When this is the case, a coincidence is counted. In the efficiency setup, the
signals of the upper and lower detector are checked for coincidences. The output of this
operation serves as input, together with the signals from the middle detector, for a second
coincidence AND operation. In this way one can keep track of the number of coincidences
between the upper and lower detector and the coincidences between all 3 detectors. The
results are displayed on the scaler. Showing these 2 numbers leaves the possibility to also
display the number of signals in a specific detector, the so called single counts. In these
measurements it was chosen to display the number of signals from the middle detector.
A schematic representation of the electronic circuit is shown in figure [3.4] here Muon 1,
2 and 3 correspond respectively to the upper, middle and lower detector in the efficiency

setup.

To make it easier to keep the 2 small and the 2 large detectors apart, one of each is labeled
with red tape on the plastic foil near the PMT. As the efficiencies of the detectors are
different, even for the same size, it is necessary to be able to distinguish between the differ-
ent detectors. Therefore the detectors are given names: small red (SR), small black (SB),
large red (LR) and large black (LB). Where the colors red and black refer to the presence
or absence of the red tape respectively. When it is necessary to refer to the position of
the detector, the convention upper detector = 1, middle detector = 2 and lower detector
= 3 will be followed.

Figure shows the setup which is used in the measurement of the efficiencies. On the

2The quantum efficiency of a PMT is defined as the number of photoelectrons collected by the multiplier
structure per incident photon on the photocathode [37].
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left plot the case of the small detectors is shown and on the right that of the large ones.
As not more than 2 large detectors are available at Ghent, it is not possible to sandwich a
large detector between 2 others so that its area is totally covered. Therefore the efficiency
for the large detectors obtained in the following measurements is an overestimation, or in
any case an upper limit, to the real efficiency as one has no knowledge of possibly broken
areas of the large detector which were not covered by the small planes during the mea-
surements. Variations in efficiency of the different regions of the large muon detectors are
also unknown as the efficiency was only measured for one specific area of the large planes,
see the right figure in

When the efficiency of a small plane is measured one has to take into account that due to
the geometry of the setup, it is possible that a muon passes through the upper and lower
detector, but not through the middle one. This can be seen on the left side of figure
To estimate this effect, a MonteCarlo simulation is written in C+4. In this code a ran-
dom position on the surface of the upper detector is generated with the mt19937 pseudo
random generator. With the same generator a random direction, (6, ¢), is obtained. As
cosmic muons have a cos? § angular distribution, this is taken into account in the program
[2]. If the line defined by the initial position and direction crosses the middle or lower
detector as well, this is counted as a coincidence. It is allowed to treat the path of the
muon as a straight line as these particles are very energetic. In table the results of
the simulation can be found. As can be seen, 96.8 % of the events passing the upper (1)
detector also pass through the middle (2) and lower (3) detector. The important quan-
tity for the geometric efficiency is the fraction of coincidences between all 3 detectors (B)
compared to the coincidences between 1 and 3 (A). Dividing B by A one gets a geometric
efficiency of 96.85 %. To obtain the total efficiency of the small detectors, this quantity
needs to be taken into account. As can be seen in figure right figure, this calculation
is not necessary for the efficiency measurement of the large detectors. Since the large (2)
detector is sandwiched between small (1, 3) detectors it is geometrically not possible that

the muon passes 1 and 3 without passing detector 2.

Table 3.1: The results of the geometric efficiency simulation.

Number of events || Coincidences between | Coincidences between

1 and 3 (A) 1, 2 and 3 (B)
1 000 000 999 390 967 995
Fraction passing Fraction passing Fraction passing

through 1(%) through 1 and 3 (%) | through 1, 2 and 3 (%)
100.00 99.94 96.80
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Figure 3.5: The setup used to measure the efficiency of the small (left) and large (right) muon
detectors.

As already mentioned in this section, the efficiency of detectors is measured by sandwich-
ing the detector between 2 others and counting the number of coincidences between 1 and
3 (A), and 1, 2 and 3 (B). By dividing B by A one gets the efficiency of detector 2. This
efficiency measurement is performed for different values of CFD threshold for the small
detectors. For the large detectors it is done in function of high voltage as no efficiency

plateaus were found during measurements in function of threshold.

In measuring the efficiency of the SR detector, SB = 1, SR = 2 and LB = 3 and all
the PMTs are powered by 1.40 kV. The thresholds of SB and LB are respectively 65 and
75 mV. These values are chosen arbitrarily as the measurement of the SR detector is the
first to be performed. The measurements at different SR threshold values have a duration
of 5 minutes, except for the point at 30 mV which lasted an hour. The results, as well
as the rate of SR during the measurement (single counts), can be seen in figure The
efficiency plateau is found from 18 to 41 mV and averaging over these data points gives an
efficiency of 88.7+1.2 %. On the basis of these measurements a value of 30 mV is chosen
for the threshold of the SR detector. It is a good value as it is well in the plateau region.
It is low enough to reduce the noise and high enough to make sure small signals are still
detected.

For the measurement of the SB detector, SR = 1, SB = 2 and LB = 3 and all the PMTs
are again at a HV of 1.40 kV. The fixed thresholds of SR and LB are respectively 30 mV
and 75mV. Here the value for SR was determined during the previous measurement while
the value for LB is still arbitrary. Except for the data point at 30 mV, which lasted 1.5
hours, all measurements again had a duration of 5 minutes. As can be seen in figure
the plateau is found between 26 and 40 mV and the averaged efficiency is 83.1+1.7 %.

Again a threshold of 30 mV is chosen.
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Figure 3.6: The efficiency (points) and single counts (x’s) of SR in function of threshold.

The efficiency of the LR detector is measured in function of high voltage as a first mea-
surement in function of threshold did not give any useful results and no efficiency plateau
was seen. In this setup SR = 1, LR = 2 and SB = 3 and only SR and SB are at a fixed
voltage of 1.40 kV. Now, all the thresholds are fixed at the values of 30 mV for the small
detectors and 45 mV for LR. The thresholds for the small detectors were determined in
the previous measurements. The threshold value of LR is found by performing the effi-
ciency measurement for several descending values, starting from 65 mV, until an efficiency
plateau is found. All measurements shown in figure [3.8]lasted for 5 minutes. The efficiency
plateau is found from 1.40 to 1.55 kV and has a value of 84.1+1.0 %. A standard voltage
of 1.40 kV is chosen as it should be kept as low as possible to maintain good operation of
the PMT.

The last efficiency that is determined is that of the LB detector. Here SR = 1, LB = 2
and SB = 3 and SR and SB are at a fixed voltage of 1.40 kV. The thresholds are fixed
at 30 mV for the small detectors and 50 mV for LB. The threshold values of the small
detectors were determined in the previous measurements. The value of 50 mV for the
LB detector is chosen according to the same principle that is used for the determination
of the threshold value of LR, mentioned in the previous paragraph. The duration of the

measurements is 5 minutes. The plateau in figure [3.9 can be found from 1.25 to 1.60 kV
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Figure 3.7: The efficiency (points) and single counts (x’s) of SB in function of threshold.

and has a value of 79.940.9 %. As for the LR detector, a value of 1.40 kV is chosen for
further operation. The HV power needs to be the same for the 2 large planes as these are
powered by the same HV module. It is therefore convenient that the value of 1.40 kV is

situated in the plateau region for both detectors.

It can be noticed in figures and that the single counts curve of the de-
tector under investigation roughly follows the shape of the efficiency curve. This is to be
expected as the single counts value should be coupled with the number of coincidences
between detectors 1, 2 and 3. When there are more counts, due to a lower threshold or a
higher HV, there should be more coincidences, and thus a higher efficiency. Of course this
does not apply to the region where a lot of noise is counted. As can be seen in figure [3.8
the single counts curve shows a dip in the region of 1.5 kV. There does not seem to be a
valid explanation for this and it could not be checked whether the curve goes up again as

this would exceed the maximum voltage of the PMT.

In table a summary of the measured efficiencies can be found. The values for the small
detectors need to be corrected for the geometrical factor, due to which 3.2 % of the events
giving a coincidence in detector 1 and 3 do not pass detector 2. The intrinsic efficiency of
the detector can be found by dividing the measured efficiency by the geometric efficiency
(96.85 %).
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Table 3.2: Summary of the muon detector efficiencies.

Detector || Measured efficiency (%) | Error (%) | Corrected for geometry (%)
SR 88.7 1.2 91.6
SB 83.1 1.7 85.8
LR 84.1 1.0 -
LB 79.9 0.9 -

3.4 Installation of the detectors at BR2

After testing the detectors in Ghent and preparing them for operation at BR2 by removing

them from their crates and wrapping them in black foil, see section the detectors are

ready for installation at the reactor. To be able to install the small detectors, the shielding

of NEMENIX is opened and extra openings are drilled into the HDPE to allow passage

of the read-out cables. The SB and SR detector are positioned in vertical position on re-
spectively the left and right side of the NEMENIX prototype. The wavelength shifter and

PMT are situated on the top side as to not add unnecessary pressure to the rather fragile

connection between those 2 parts of the detector. The dimensions of the large muon planes
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Figure 3.9: The efficiency (points) and single counts (x’s) of LB in function of HV.

are to big to allow them to be placed on the inside of the shielding. Therefore the LB and
LR detector are placed respectively on top and below the shielding. The LB detector rests
on the top of the shielding, while the LR detector is placed on a shelf which is positioned
between the legs of the table upon which NEMENIX is positioned. The setup can be seen

in figures and
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Figure 3.10: The NEMENIX detector with the SB (left) and SR (right) muon planes.

Figure 3.11: The NEMENIX detector with closed shielding and LB (top) and LR, (bottom) muon
planes.

The electronics that were used in the efficiency measurements in Ghent, described in sec-
tion are reused in the setup at BR2. The muon planes remain powered by the same
high voltage modules and are maintained at a voltage of 1.40 kV. The signals from the
large detectors are amplified as was done for the measurement of the efficiencies. Using
an adaptor, the signal cable from the PMT is coupled with a LEMO to BNC adaptor
to a BNC to MCX cable. The MCX connectors can be used as an input for the data
acquisition system (DAQ) of NEMENIX. This DAQ is a VME (versa module Europa)
system consisting out of 5 CAEN V1724 digitizer boards, labelled 0 to 4. Board 4 reads
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the 4 channels corresponding with the 4 muon detectors. The other boards each read 8
channels coming from the NEMENIX detector. The digitization of the channels is done
with an analog to digital converter (ADC) which has a range of 2.25V and a bit resolution
of 14 which means that 1 ADC count corresponds to 2.25 V/2!4=0.14 mV. Each channel
has a programmable offset of + 1.125 V, so that the 2.25 V range can be adapted to the
input signals. For the NEMENIX channels signal voltages between -0.125V and 2.125 V
are measured, as these signals have a positive polarity. As the muon plane PMTs give
a negative signal, the range is set from for -1.125V to 1.125 V. Apart from the digitizer
boards, there is also a V2718 board present in the VME crate. This board collects data
from each of the V1724s and sends it to the computer over an optical connection. In table
[B.3] a summary of the muon detectors and their corresponding VME channel number can
be found.

Table 3.3: Summary of the detector planes.

Detector || Position at BR2 | HV (kV) at BR2 | Cable nr. | VME channel

SB left vertical 1.40 38 0
SR right vertical 1.40 39 1
LR below horizontal 1.40 40 2
LB upper horizontal 1.40 41 3
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Chapter 4
Analysis of muon signals

In view of distinguishing muon from other signals in NEMENIX, and later in the full
SoLiid detector, one wants to know as much as possible about the properties of the muon
signals. This can be done by running simulations, but also by looking at data. Concerning
muons, the goal is to be able to identify a muon signal in NEMENIX. Using the muon
planes, it should be easier to establish the presence of a muon in the NEMENIX detector.
When one observes a coincidence between signals in at least 2 muon detectors and at
the same time observes a signal in NEMENIX, the signals are almost certainly caused by
the passage of a muon. However, a muon passing 2 muon planes does not necessarily hit
NEMENTIX due to geometric reasons which will be discussed in section Therefore the
2 important steps in investigating the muon signals are obtaining the properties of these
signals as well in the muon planes as in NEMENIX and afterwards matching these signals
as to establish the passing of a muon through the complete detector system. The first step
will be discussed in sections (4.1l and 4.2l

4.1 Properties of signals in the muon planes

Not only muons can generate signals in the muon planes. Also «-rays and neutrons can
cause scintillation light and give rise to background. To be able to eliminate these spurious
signals a coincidence between 2 or more muon planes is required. A hardware trigger is
set to identify signals from the muon board where 2 planes are triggered in coincidence
and both have a signal larger than 30 mV, these are then kept. When NEMENIX sees a
signal, the hardware trigger also fires and the output of the muon planes is stored as well.
Afterwards a software trigger of 6 mV is applied to these data, this trigger is referred to
as trigger 0. Therefore all the events where the muon board triggered itself and only some

events where NEMENIX triggered the muon system are kept.

These signal waveforms are stored in root files which each contain data acquired during

approximately 30 minutes. Both data from reactor-on and -off periods are stored. To
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access the information stored in the root files a program needs to be written. The C++
code used in this thesis is adapted from code provided by P. Van Mulders from the VUB.
The code reads all the events stored in a given root file and skips over events used as
calibration which are recognized by the software trigger -1. The first event that doesn’t
have a trigger value of -1, is used to determine the CPU start time of the run. The last
event of the data file is used as the CPU stop time. The difference between these 2 values

then gives the exact value of the run duration.

A first step is to investigate events which have a signal in the muon board. As mentioned
in the beginning of this section, the signals in the muon board are kept by software trigger
0 and are found in digitizer board 4. As can be found in table the different muon
planes correspond to different VME channels, labeled 0 to 3. The code runs over the
different channels of board 4 when a software trigger 0 event is detected and stores the
waveform of all 4 channels. As mentioned in section the PMTs give a negative pulse as
an output. However to proceed one wants to work with positive signals and so the signal
is inverted to obtain the positive peaks pictured in the following figures. Before the in-

version, the pedestal is subtracted form the signal. This is the dark current from the PMT.

All stored events have either at least 2 channels with a peak over 30 mV, or signals above
6 mV, as mentioned in the first paragraph of this section, but this does not necessarily
mean that all events contain a real muon signal. One could for example have an event
where NEMENIX triggered the muon boards and where a signal above 6 mV, but not
much larger, is detected in one of the channels. This is not likely to be a muon as there is
no coincidence measured between the muon planes and a muon should also give a much
higher peak as they are very energetic. It is more likely that the signal is coming from a
particle, for example a gamma or a thermalized neutron, escaping from NEMENIX itself
and passing one of the detectors on its way out. An example of such an event is shown
in figure where the waveforms of the signals in the 4 muon channels are displayed.
On the x axis the sample number is displayed which is an indication of time. A unit of
sample number corresponds to about 10 ns. On the y axis the amplitude of the signal is
expressed in ADC counts. As shown in section 1 ADC count corresponds to 0.14 mV.
The software threshold of 6 mV thus corresponds to about 43 ADC counts.

It is also possible that a muon passes NEMENIX and only 1 muon plane due to geo-
metrical effects. In this case NEMENIX will trigger the muon boards and the software
trigger will also keep the signal as it is large enough to pass the threshold. In this case a
large peak will be seen in only 1 muon channel of board 4. Of course one can not know
for sure whether this kind of signal is due to a muon. A more conclusive answer can be
found by combining the signal from the muon board to that of NEMENIX. When one
can follow the path of the particle through the NEMENIX detector and one sees it for

example leaving at a side where no other muon plane is situated, it is to be expected that
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Figure 4.1: Spurious muon signal out of data file NEMENIX _long_24Mar2014_11h14.dat.root.

only 1 plane gives a signal. At the same time one excludes the possibility of an energetic
particle escaping NEMENIX and giving a signal in one of the muon boards as this would
give a signal originating somewhere in NEMENIX and not passing straight through. An
example of a single peak can be found in figure [4.2], where only in channel 3 a large peak is
observed. Until matching with NEMENIX is performed it is not possibly to conclusively

state this event to be a muon signal.

By investigating different data files, it became clear that there are no peaks to be seen
in channel 1. This means that no signals are detected in the small, right vertical muon
plane. This could be due to an incident during the installation of the muon planes at BR2.
For example, the PMT could be broken or the readout cable could be disconnected. In
any case, nothing but noise is detected, so there are also no coincidences to be seen with

channel 1.

Another general characteristic of the waveforms in the muon channels is the form of the
noise. As can be seen in the figures [4.1] and but also more explicitly in figure the

noise has the same shape in all the channels. This points to some kind of electronic noise
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Figure 4.2: Single muon signal out of data file NEMENIX long 24Mar2014_11h14.dat.root.

which is picked up and this can also be seen in NEMENIX signals [38]. It is also apparent
that the waveforms in channel 3, the upper large detector, have in general a larger am-
plitude. This could be explained by a more sensitive PMT. Although the same type was
used for each muon plane, all individual PMTs can differ slightly from each other. The
effect could also be caused by the cabling.

It is useful to look at the maximum amplitude in each channel for every event, shown
in the figures and For these plots, for a certain event, all channels with a
maximum amplitude higher than 40 ADC counts are taken into account, which explains
the empty bins in the region below this value. No plot is made for channel 1 as this gives

no useful signals anyway.

It can be seen that in figure the largest bin is situated just above the threshold value
of 40 ADC counts. This is to be understood as a lot of events in channel 0 being noise
instead of muon signals. This is normal as channel 0 corresponds to the small, left vertical
plane. The chance of a muon passing is smallest for the vertical planes. Thus, when an

event is kept by software trigger 0, the peaks are most likely to be seen in the large muon
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Figure 4.3: Noise in the muon channels out of data file NE-
MENIX long_24Mar2014_11h14.dat.root.

panels corresponding to channel 2 and 3.

This difference can be seen when comparing figure to where the last one has the
distribution peak located around 165£15 ADC counts. Obviously here, the real muon
signals contribute more as the chance of finding peaks in the large detectors, channel 2
and 3, is greater than for small detectors. Also a much longer tail can be seen which points

to the presence of energetic muons.

In channel 3, see figure the peak is located even higher at a value of 315+15 ADC
counts. The distribution should in principle be the same as that in figure but as
mentioned before channel 3 in general shows a larger amplitude, this explains the shift to
the right. The peak for channel 3 is therefore also wider than the peak for channel 2. The
full width at half maximum (FWHM) is measured by fitting a gaussian curve to the peaks
in figures [4.5 and This results in a FWHM of 146+1.9 ADC counts and 3184+4.8 ADC
counts, respectively for channels 2 and 3. Out of these results it is clear that the gain of
channel 3 is 1.9+0.3 (315/165) times as high as that of channel 2 as the ratios between
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Figure 4.5: Maximum amplitude distribution for channel 2.

the ADC counts and the FWHM are compatible within errors for channels 2 (1.134+0.11)
and 3 (0.994 0.06). The difference in gain is probably a combination of a more sensitive

PMT and a better optical coupling between scintillator, wavelength shifter and PMT.
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4.2 Properties of coincidences in the muon planes

Without matching with the NEMENIX signals a muon event can be identified by looking
for coincidences between different muon channels. Therefore the waveform of the signal
in a certain channel is scanned for peaks which exceed a certain threshold value and these
waveforms are then stored. For a certain event, this is done for the 4 channels and one
can then look for coincidences. This is done by looking for peaks in different channels that
occur in a narrow time window from each other. As already mentioned in this section,
sample number is used as a time unit and therefore the time window is expressed as a
sample difference between peaks. The sample difference for a certain peak is chosen as the
middle of the peak. An example of a coincidence can be found in figure A coincidence
is found between the first peak in channel 2 and the single peak in channel 3. In this case

a muon passed the upper and the lower large muon planes.

As will be discussed in section it is also possible for a muon to pass through 3 muon
planes. As channel 1 is dead, only coincidences between channel 0, 2 and 3 can be seen
in this category. An example is displayed in figure Here a muon passes at a time

corresponding to a sample number a bit below 50.

The number of coincidences is of course dependent on the values of the threshold and
the sample difference between peaks that are considered as being due to the same muon.
The threshold parameter is very important in the selection of signals. As could be seen
in section the number of single counts and the efficiency in figures and drops

down quite rapidly when one passes a certain threshold. On the other hand, the number
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Figure 4.7: Muon coincidence  between 2  channels out of data file NE-
MENIX _long_23Mar2014_15h43.dat.root.

of signals would go up steeply if one was to lower the threshold even more than was done
in the previous mentioned figures. One would then count a lot of background signals as
being muons. Obviously, this needs to be avoided. By investigating the signals of the
muon planes on an oscilloscope it became clear that an average muon signal has a maxi-
mum amplitude of about 200mV. As was determined during the efficiency measurements,
a threshold of 30 mV is appropriate for the muon panels at hand. Therefore the hardware
trigger for muon panels triggering themselves is also set at this value, see the beginning

of this section.

As can be seen in figure the slope of the number of peaks in channel 2 during a
30 minutes measurement, data file NEMENIX long_23Mar2014_15h43.dat.root, gets a lot
steeper below a certain threshold value where one starts to pick up a lot of noise. This
is around 100 ADC counts which corresponds to about 15 mV. This value matches the
average size of noise, determined by looking at the signals of the muon panels with the

help of an oscilloscope. The same trend in seen in the other channels.
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Figure 4.8: Muon coincidence  between 3  channels out of data file NE-
MENIX long-23Mar2014_15h43.dat.root.

Contrary to figure one can not see a change in slope in figure where the number
of coincidences from the same measurement is shown in function of threshold. These data
points are obtained by setting the sample difference to a value of 10. Because there is no
change in slope for the coincidences one can conclude that one is still able to distinguish
true coincidences and that noise does not contribute very much to the number of coinci-
dences. In any case not as much as it does for the number of peaks in each individual

channel.

The second important factor in the determination of the number of coincidences per data
file is the sample difference. When choosing this too large one will match signals which
are not in true coincidence but rather accidentally happen to be close to each other in
time. On the other hand, when one chooses this value too small, true coincidences can
be missed as the shape of the signal of a passing muon is not necessarily the same in all
the channels through which it passes. Therefore the sample values of the 2 corresponding
peaks, which are determined as the middle of the peak, can be shifted enough so that they

are not seen as a coincidence. In figure the distribution of the number of coincidences
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Figure 4.9: Peaks in channel 2 in function of threshold.

in function of sample difference can be seen for a threshold of 100 ADC counts. As can
be seen most coincidences occur for a sample difference equal to 2 and the distribution
drops down very rapidly after the value of 5. Small peaks can be seen after this value
however. When one plots the same distribution for a threshold of 200 ADC counts, see
figure these peaks disappear indicating that these were just spurious coincidences.

To include all real coincidences it is thus safe to chose a value of 10 for the sample difference.

All figures in this section are made with file NEMENIX long_23Mar2014_15h43.dat.root
which consists out of 250207 events and covers a run duration of almost 30 minutes.
The reactor was not running on the 23rd of March. In principle all the previous men-
tioned properties of muon signals should not be affected by the activation of the reac-
tor. All of the discussed muon signal properties are revisited with the data file NE-
MENIX long_30Mar2014_15h08.dat.root which consists out of 206515 events and also cov-
ers a 30 minutes run. On the 30th of March the reactor was turned on. No differences

between reactor-off and -on periods are found, as expected.
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Figure 4.10: Coincidences in function of threshold, for a sample difference of 10.
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Figure 4.12: Coincidences in function of sample difference, for a threshold of 200 ADC counts.

4.3 Geometric efficiency at BR2

When one wants to measure the rates of muons at BR2 and compare these to the rates
measured at Ghent, one needs to take the different geometrical efficiency into account.
The detectors at the BR2 site are much more separated than in the Ghent efficiency setup
so that muons can easily cross only 1 detector without passing through one of the other
muon planes. As discussed in section [4.2] a muon is identified by requiring a coincidence
between at least 2 of the muon planes as long as the matching of signals with the NE-
MENIX detector remains impossible. Therefore a lot of muons passing the detector system
will not be identified as they only hit one of the muon planes and this will have a large

influence on the measured rate of muons, see section [4.5

As is done for the determination of the geometric efficiency in section a C++ Monte-
Carlo simulation is written. In the same way as for the other C++ simulation, a muon
is generated at a random position with a random direction. The track of the particle
is reconstructed and for every muon panel, as well as for the NEMENIX prototype, it
is checked whether the track intersects the detector. The geometry that is used in the
simulation is shown in figures and where respectively the front and the top view
of the detector system are displayed. Some of the dimensions are educated guesses as the

setup at BR2 was not measured in detail.

As long as there is no matching between the muon planes and NEMENIX signals, muons

are only identified as coincidences between different muon planes. Therefore the rate of
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Figure 4.13: Sketch of the setup at BR2, front view.
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Figure 4.14: Sketch of the setup at BR2, top view.
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muons will depend on the geometrical probability that a passing muon will hit 2 or more
muon detectors. To determine this factor the ratio of the number of coincidences between
any 2 muon planes and the number of tracks that hit at least 1 muon plane is calculated.
In this way an efficiency of 46.2+1.7 % is obtained.

It is also found that only 0.7040.03 % of all events pass through the NEMENIX detector
without hitting any of the muon planes on their way. This is a very small fraction, so
when matching of the signals of NEMENIX and the muon planes will be done, it will be
very unlikely that a muon will need to be identified solely by its signal in the NEMENIX
prototype. This means that the installation of the muon detectors will give a very efficient
way of telling whether the signal in NEMENIX is due to a muon or not. Of course one still
needs to take into account that due to the intrinsic efficiencies of the muon planes, it will
still be possible for a muon to pass through a combination of muon planes and NEMENIX

while only being detected by the latter.

Another effect which can be found with this simulation is the number of coincidences
between muon planes which will not be seen by NEMENIX. This amounts to a total of
80.4+0.1 %. So it is expected that muon rates determined in section will be higher
than muon rates observed in the NEMENIX detector. If only geometrical arguments are
used and one neglects efficiencies and shielding, the rate measured by NEMENIX should
thus only be about 20 % of the rate observed with the muon detectors.

Coincidences can be seen between different channels, so it is useful to understand how
these rates should compare to each other. As atmospheric muons have a cos? 6 distribu-
tion, the chance of them impinging on the detector system from above is larger than for
hits on the sides. The simulation makes it clear that very few muons should hit both
vertical detectors and most of the coincidences should be seen between the upper and the
lower detector. Due to symmetry reasons, the rate of coincidences between the left or
right detector with one of the horizontal large detectors should be the same. However, as
can be seen in table there should be a difference in number of coincidences between
the upper or lower detector with one of the small vertical ones. As can be seen in figure
the lower detector is somewhat closer to the small ones than the detector on the top
of the HDPE shielding, which explains why there are more coincidences between the lower
and side detectors. The difference is small and should anyway be treated with care as the
dimensions used in the simulation are only estimates. Because of the expected influence
on the rates of the position of the lower and upper detector with respect to the vertical
ones, the dimensions are varied. A combination of 3 simulations was therefore used to
obtain the results and errors mentioned in this paragraph. One of the simulation geome-
tries is the one shown in figure in the 2 others the lower and the upper detectors are

respectively set 2 and 3 cm further away from the vertical ones.
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As was already demonstrated in section it is possible for a muon to pass through
3 muon detectors. The simulation shows that about 12.04+0.1 % of the coincidences go
through 3 detectors. Of these events, 114+1 % also pass trough NEMENIX. It is also
apparent that more than half of the coincidences with the small detectors are between 3

detectors instead of 2.

In table the expected rates of coincidences between 2 specific channels to the total
number of coincidences between 2 channels, obtained with the geometry simulation, are
shown. To make it easier to compare with the next section, channel numbers are used
instead of positions, see table for the link between the 2.

Table 4.1: Fraction of coincidences, from the geometry simulation.

Combination of channels H Fraction of coincidences (%) (error) ‘

0& 2 4.07 (0.04)
1&2 4.08 (0.04)
0& 3 3.64 (0.04)
1& 3 3.63 (0.04)
2 & 3 84.01 (0.07)
0& 1 0.57 (0.02)

To be able to compare the results of the simulation with the data, channel 1 is left out
of the simulation. This gives the fraction of coincidences which are tabulated in table
Here the fractions are calculated with respect to the total number of coincidences,
where triples are also included. For the coincidences between 2 channels a clear distinction
is made between those which occur explicitly only in those 2 channels and those which
can also be part of a triple coincidence, for example indicated as 0 & 2 & 3 and 0 & 2

respectively.

Table 4.2: Fraction of coincidences, from the geometry simulation where channel 1 is left out.

Combination of channels H Fraction of coincidences (%) (error) ‘

0&2&3 4.14 (0.04)
0& 2 11.10 (0.06)
0&3&2 3.69 (0.04)
0&3 10.66 (0.06)
2&3&0 85.21 (0.06)
2 & 3 92.18 (0.05)
0&2&3 6.96 (0.05)
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The errors mentioned in tables and are binomial errors B This is not entirely cor-
rect as one thus neglects the errors on the numerator and denominator, but it is a much
better than the Poisson approach, where the standard deviation o = v/N. In the latter
one would propagate the individual Poisson errors of the numerator and denominator,
but as these errors are correlated a very conservative error would be obtained. A better

approach is thus to use a binomial error.

4.4 Comparison of muon rates with simulation

It is useful to have a look at how the coincidences in the data are divided over the different
muon planes. It is expected that most coincidences are seen between the upper (channel
3) and the lower large (channel 2) detectors as most muons are impinging the detector
system straight from above due to their angular distribution, see section In the same
section it is also determined that it is slightly more likely for a muon to pass through one
of the small detectors and the lower detector than through one of the small ones and the
upper detector. These effects are confirmed in table which contains data from the file
NEMENIX long_23Mar2014_15h43.dat.root. Coincidences with channel 1 do not exist as
this channel is broken. The values in the table are for a sample difference of 10, which is an
appropriate value as was discussed in the section The threshold (T) is set at 200 ADC
counts, around 30 mV, to eliminate all spurious coincidences. The same results are shown
for a threshold of 300 ADC counts. For the coincidences between 2 channels again the
distinction is made between those which occur only in those 2 channels and those which
can also be part of a triple coincidence. The fractions are calculated with respect to the

total number of coincidences, triples included.

The errors on the coincidences and peaks in table are calculated following the Poisson
distribution. However this is a conservative approach and is not the best suited one to use
in this context [39]. This is due to the large probability of a muon passing a detector and
also being detected, as can be seen in section [3.3| where the detector efficiencies are men-
tioned. Better would be to use binomial errors. Unfortunately this technique can not be
applied here as some parameters are missing. For the binomial approach one has to know
the exact number of trials, so the number of passing muons, and the exact probability
that this muon will be detected. The number of trials can never be obtained in this kind
of experiment. The efficiency measured in section can not be used as the probability
as this efficiency depends on certain parameters such as thresholds which are different at
the BR2 reactor and in the Ghent setup. Therefore, Poisson errors, although conservative,

are the most logical ones to use. For the fraction of coincidences the situation changes.

'For the binomial approach one has to know the exact number of trials N, in this case the number of
coincidences between certain channels, and the probability of success p, this is the fraction of coincidences

between certain channels. The standard deviation is given by o = /N X p x (1 — p)
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Here, one knows exactly what the number of trials N is, namely the total number of coin-
cidences, and the probability p is just the fraction itself. A binomial error calculation is
thus possible. The downside of this approach is that one does not take into account the
individual errors on the numerator and denominator. However, this approach is preferable
to the conservative Poisson calculation where one would propagate the correlated Poisson

eIrors.

In the third part of the table it can again be noted that for the lower threshold channel
3 has more counts than channel 2, although they have the same detector size. This can be
explained by the, in general, higher amplitudes seen in the former channel, as was men-
tioned in section [4.1], and thus counting of more noise and low amplitude signals in channel
3. The effect of this noise disappears when the threshold is raised to 300 ADC counts.
This shows that a threshold of 300 ADC counts, about 42mV, is a more appropriate value

for channel 2 and 3.

The middle part of table could be compared with table However this discussion
would only take into account the geometrical effects at BR2. It makes more sense to in-
clude the detector efficiencies. However, it must be noted that the efficiencies measured in
section [3.3] are only valid in the Ghent setup, where geometry and thresholds differ from
those used in the BR2 setup. It is thus an approximation to use these in combination with

the geometrical effects at BR2 to get an estimate of the expected fractions of coincidences.

As summarized in table all working detectors in the system have a different intrinsic
efficiency. To know which ratio of coincidences, Nygp/N to expect in a certain channel
combination a&b, where N is the total number of expected coincidences, one must take
into account the amount of these coincidences which are missed due to the efficiency of a
and b. Another aspect is the number of events which pass through 3 detectors, a, b and
¢, but only give a signal in detectors a and b due to the efficiency of detector ¢c. One thus
gets the following equations to obtain the expected ratios, where the G,gp is the number

of geometrical expected coincidences:

Nog2835 = 0.858 x 0.841(Gogo + (1 — 0.799)Gog28:3)

Nog3835 = 0.858 x 0.799(Gog3 + (1 — 0.841)Gog2s3)

Nogsen = 0.841 x 0.799(Gog3 + (1 — 0.858)Gog2e3)

Nog2&s = 0.841 x 0.799 x 0.858(Gog283) (4.1)
Nog2 = Nogags + Nog2es
Nogs = Nogsea + Nogoss
Nogz = Nogsen + Nog2es

N = Nog2g3 + Nogses + Nogago + Nog2as
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Table 4.3: The number and fraction of coincidences for each combination of channels, for a sample
difference of 10, and the number of peaks in each channel.

Combination Coincidences for Coincidences for
of channels T=200 ADC counts (error) T=300 ADC (error)
0& 2 &3 219 (14.8) 85 (9.3)

0& 2 278 (22.5) 113 (14.6)
0& 3 &2 59 (7.7) 23 (4.8)

0&3 118 (15.4) 51 (10.1)
2&3&0 3155 (56.2) 2357 (48.6)

2& 3 3214 (63.9) 2385 (53.9)
Combination Fraction of coincidences for Fraction of coincidences for
of channels || T=200 ADC counts (%) (error) | T=300ADC (%) (error)

0& 2 &3 6.3 (0.5) 3.4 (0.4)
0& 2 8.0 (0.5) 4.5 (0.5)
0&3&2 1.7 (0.3) 0.9 (0.2)
0& 3 3.4 (0.4) 2.1 (0.3)
2&3&0 90.4 (0.5) 94.5 (0.5)
2& 3 92.0 (0.5) 95.7 (0.5)
0& 2 &3 1.7 (0.3) 1.1 (0.3)

Channel Peaks above Peaks above

T=200 ADC counts (error) T=300 ADC counts (error)

750 (50.4) 281(16.8)

6747 (134.3) 5651 (75.2)

8475 (143.7) 5469 (74.0)

Table 4.4: Fraction of coincidences expected from geometry and detector efficiency.

Combination of channels H Expected fraction of coincidences (%) (error) ‘

Nogogs/N 4.94 (0.05)
Noga/N 9.97 (0.06)
Nogsez/N 4.09 (0.04)
Nogs/N 9.12 (0.06)
Noyg.ag0/N 85.94 (0.07)
Nogs/N 90.97 (0.06)
Nogags/N 5.03 (0.05)

The results obtained by combining the equations with the geometry simulation are

shown in table These can now be compared with the data, more specifically to the
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middle part of table It can be seen that the data do not correspond to the combi-
nation of the simulation and efficiencies very well. None of the fractions match within
errors. A large part of the error probably lies in the threshold settings. The efficiencies of
the detectors were measured for certain values of threshold, as can be seen in section [3.3
It was determined that the large detectors have a good efficiency at a threshold of about
45 mV, while the small detectors detect best around a threshold of 30 mV. It can be seen
in figures [3.6| and [3.7] that the efficiency of the small detectors starts to drop down around
a threshold of 40 mV.

Looking at the fractions obtained for a threshold of 300 ADC counts, 42 mV, it can be
reasoned that most of the inconsistencies with the simulation come from channel 0. This
can be seen most clearly in the fractions of 2&3&0 and 2&3. Here the difference between
data and simulation is much larger when channel 0 is explicitly excluded form the coinci-
dence between channel 2 and 3 than when it is not. If channel 0 would trigger at a higher
rate, 2&3 would be higher and this would then be more consistent with the simulation.
More triggering in channel 0 should also increase the triple coincidences. The lower trigger
rate of channel 0 can be explained by the threshold setting, which in this case causes the
efficiency of channel 0 to drop down. For the threshold of 300 ADC counts it can also
be concluded that channel 2 is matching the simulation values best. This can be seen as
the values 0&3&2 and 0&3 differ about a factor 2, which is also the case for these values

obtained from simulations.

The fractions obtained for a threshold of 200 ADC counts, 28 mV, are also not compatible
with the simulation results in table [£.4] In this case, it is not channel 0, but channels 2
and 3 which cause the discrepancies. For the large detectors this threshold setting allows
for a lot of noise and it should thus be avoided. It is much more difficult to see the exact
influence of these effects as the coincidences within channel 2 and 3 contribute immensely
to the total number of coincidences and therefore to the denominator which is used to
calculate all the other fractions as well. It is thus not straightforward to discriminate the

influence of numerator and denominator in this case.

It would be very useful to be able to set a different threshold for each channel. This
would help to eliminate the difference in efficiencies and would clarify which discrepancies
between data and simulation still exist. Unfortunately this was not possible within the

time frame of this thesis.

The large difference between fractions 0&2 and 0&3, or between fractions 0&2&3 and
0&3&2, could also be explained by a threshold setting if it could be demonstrated that
the efficiency of channel 3 reaches its peak value at a larger threshold than the value
where channel 2 reaches its maximal efficiency and larger than the threshold of 300 ADC
counts. In this case the fractions of 0&3 and 0&3&2 would go up and the difference with
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simulations should be reduced.

Another possible cause for this latter discrepancy is the shielding at the BR2 site, which
could change the angular distribution of muons impinging on the detector system. On the
left and right side of the detector system lead walls of about 40 cm thick are positioned.
A lead wall is quite effective in shielding atmospheric muons, 40 cm should already reduce
the flux by 18 % [40]. Muons crossing the lead with a large zenith angle cross even more
than 40 cm of material, thus reducing the flux even further. This does cause attenuation
from muons and thus should lower the number of coincidences seen between channel 0 and
2, compared to those between channel 0 and 3, as the former coincidences are generally
caused by muons with a larger incident angle. This however contradicts the effect seen in
the data and could only provide a solution if something did go wrong with the cabling and

channels 2 and 3 are switched. Extra measurements at BR2 could confirm or disprove this.

4.5 Muon rates at BR2

A last check whether the muon system is capable of identifying passing muons and dif-
ferentiating from other backgrounds can be found by looking at the rate of muons over a
large time period. In figure [4.15 one can see the rate of muon coincidences on the basis
of a threshold set at 200 ADC counts and a sample difference of 10. This plot was made
with results generated by N. Ryder, who was able to run the data analysis code over a
large data sample. It can be noted that the rate is very stable over reactor-on and -off
periods. The reactor-off period on this plot is from the 25th of March to the 15th of April.
This is what is expected when one measures only muons as this rate does not depend on
the status of the reactor. Other backgrounds such as v-rays and neutrons should go up
during reactor-on periods, so it is clear that the measured coincidences are due to muons

only. The rate of coincidences has a value of 2.67+0.07 Hz.

A very crude comparison can be made with the rates obtained in Ghent. Of course these
can not be compared in a correct way as the geometries, shielding effects and efficiencies
are different in the Ghent and BR2 set ups. However, it could be important to understand
if and why there is a difference. The comparison is made with the rate of coincidences
between the upper and lower detector in the Ghent efficiency setup discussed in section
B:3] Here one looks at the muons going through the surface of a small detector and with a
very large probability that a muon which passes the upper detector also passes the lower
detector. A rate of 14.0+0.2 Hz is seen. However, when one wants to compare this to the
rate of BR2 where most of the coincidences are seen between the 2 large detectors, this
rate should be corrected with a factor 4, which is the difference in area between a small
and large detector. One thus obtains a rate of 56.0+0.8 Hz. A large discrepancy is thus
observed between the rates at Ghent and at BR2. This can be mediated somewhat by
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Figure 4.15: Muon coincidence rate, for a threshold of 200 ADC counts and a sample difference
of 10.

taking into account that the geometrical efficiency is much lower at BR2. Monte Carlo
simulations, see section show that only 46.2 % of muons actually give a coincidence.
This still leaves about 25.940.4 Hz as the expected rate, given the input from the Ghent
measurement. Part of this inconsistency could perhaps be explained by the shielding at
BR2, but not all materials and their thicknesses are known so that this effect can not
be quantified. Although one can make an estimated guess by stating that muons coming
from behind the reactor will not reach the detector system due to the very heavy shielding
present around the reactor structure. Only measurements of the muon rates with the help
of the Ghent electronics, discussed in section at the BR2 site can give more clues

towards solving this problem.
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Chapter 5

Conclusions and outlook

The SoLid experiment is designed to prove or set upper limits on the existence of a sterile

neutrino. It therefore tackles the problem of the reactor antineutrino anomaly.

In the summer of 2014 the SoLid detector will be built and it will take data starting from
November. To evaluate possible construction and data-taking problems, the NEMENIX
prototype was built. Collecting data with this prototype will also help to evaluate back-
grounds which are present at the BR2 reactor. Among these are the atmospheric muons

which are so energetic that they will normally pass straight through the detector.

As the NEMENIX prototype is quite small, 4 extra muon detectors, 2 small and 2 large
ones, are installed to make the identification of muons easier. The first part of this re-
search was to characterize the muon panels. As shown in section the efficiencies of the
detectors were determined in function of threshold for the small ones and in function of
HYV power for the large ones. The efficiencies of the small detectors were corrected for the
geometrical effects of the setup. In this way efficiencies of 91.6+1.2 % (SR), 85.8£1.7 %
(SB), 84.1+1.0 % (LR) and 79.9+£0.9 % (LB) were determined. A high voltage setting of
1.4 kV proved to be adequate for the 4 detectors. The appropriate thresholds were found
to be 30 mV for the small detectors and 45 and 50 mV for LR and LB respectively. Af-

ter the characterization of the muon detectors, these could be installed at the BR2 reactor.

The second part of this thesis includes the analysis of muon signals in the muon panels.
First individual signals were investigated in section It was discussed that on the basis
of single signals it is difficult to conclude the passing of a muon. The signal could also be
due to some particle escaping from NEMENIX or due to a y-ray or neutron. Therefore
it is better to identify muons through the detection of coincidences of signals. It was
noted that the right small detector, channel 1, does not give any signals and therefore it
is concluded that this detector must have been damaged during installation at the BR2
reactor. It was also shown that the LB detector, channel 3, has a gain 1.940.3 times as
high as that of the LR detector, channel 2.
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Investigating the muon coincidences in section [£.2] showed that a value of 10 for the sample
difference, about 100 ns, is well suited to detect almost all real coincidences and discrim-
inate against accidentals. Combining the geometrical effects at the BR2 reactor, section
with the efficiencies determined in Ghent, section one can obtain the fraction
of expected coincidences between different channels. These values can then be compared
with the fractions present in the data. This was done in section [4.4] and it was seen that
there are large discrepancies. The most likely explanation is the threshold setting which
has the same value for all detectors. Due to this, the efficiencies of one or more muon
detectors can be lower or higher than those measured in the Ghent setup. This could be
solved by adjusting the data analysis code so that a threshold can be set for each channel
separately, to the value determined in section

Measuring the rate of coincidences, section shows that a stable rate is obtained during
reactor-on and -off periods. This shows that mostly muons are detected and there is no in-
fluence of ~-rays or neutrons which would give a higher rate during reactor-on cycles. The
rate obtained over a large data taking period is 2.6740.07Hz. Unfortunately this does not
match the rate expected from the measurements at Ghent combined with the geometric
effects present at the BR2 reactor. An explanation for this inconsistency could be found
in the shielding at BR2 which could alter the angular spectrum of impinging muons. This
effect could be measured by performing some tests at BR2 with the electronic circuit used

in the efficiency measurements.

In this research the first steps towards the investigation of signals and coincidences from
muons in the NEMENIX detector system were taken. It was not yet possible to combine
the signals from the muon detectors with those from NEMENIX. However, this would be
very interesting as it would show the capability of NEMENIX to detect muons and it would
make the characterization of muons in the prototype detector much easier. These results
would be necessary to determine whether or not extra muon detectors will be needed with
the full SoLid detector.
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