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Introduction
The 𝜈GeN [1, 2] experiment’s main objective is the detection of the coherent elas-
tic neutrino-nucleus scattering (CE𝜈NS) of low energy neutrinos (𝐸𝜈 < 50 MeV)

𝜈 + A → 𝜈 + A.

This is an interaction allowed within the Standard Model with a fairly large
cross-section making its detection possible with table-top sized detectors which
would open new ways for studying these arguably least understood particles of
the Standard Model. Aside from being very practical for neutrino research it
also implies many new possibilities for neutrino-based applied research, such as
non-intrusive monitoring of nuclear reactors.

Reactor antineutrinos produced by the reactor of the Kalinin Nuclear Power
Plant are used for the experiment as nuclear power reactors generate the largest
neutrino flux of all artificial neutrino sources. Neutrinos produced in reactors
also have energies less than 50 MeV and thus they are suitable for the coherent
scattering interaction with nuclei of atoms.

While CE𝜈NS has a comparatively large cross-section, it is still extremely
difficult to detect it, because the only evidence it leaves is a nuclear recoil the
energy of which, however, is very small. Therefore in order to be able to draw
relevant conclusions from results of an analysis of experimental data two main
matters must be considered first. The first one being an estimation of the expected
number of events in the energetic region of interest (ROI), the other one being
an assessment of background which burdens the experiment and its comparison
with the expected signal from CE𝜈NS.

Discussion of the latter of these will be the main goal of this thesis. There
are several sources of background affecting the experiment. The focus will be nar-
rowed here only to the background caused by neutrons from the reactor. Thus,
any other sources will be neglected and it will be assumed that all the neutrons ap-
pearing in the detector room come from the reactor and the environment around
it.
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1 Theory

1.1 Neutrino
Neutrino [3, 4] is a particle first proposed by Wolfgang Pauli in 1930 in order to
save the law of conservation of energy, which seemed to be violated in the beta
decay

A → B + 𝑒−,

where nucleus A is transformed into nucleus B while an electron 𝑒− is emitted.
Here, the laws of kinematics predict a fixed energy for the emitted electron, which
however is not what was observed – the observed energy varied significantly. Pauli
explained this by introducing a new particle, which had to have zero electric
charge (in order not to violate the law of conservation of charge instead) and
which carried off the energetic difference in the beta decay. With the discovery of
neutron two years later, the process could be schematically amended as follows:

𝑛 → 𝑝+ + 𝑒− + ̄𝜈𝑒, (1.1.1)

where 𝑛 stands for neutron, 𝑝 for proton and ̄𝜈𝑒 is now recognized as an electron
antineutrino (as the terminology later embraced new findings).

As a consequence of the electron energies in the beta decay ranging up to the
kinematically predicted energy it was deduced, that the neutrino must be very
light, originally it was even thought to have zero rest mass – it was later shown
that this should not be the case and the current upper limit is determined by
the KATRIN experiment as 0.8 eV⋅𝑐−2 [5]. The reason for this was first theorized
by Bruno Pontecorvo [6, 7] in 1957. Based on the expectation of more types of
neutrino (which was however not confirmed yet at the time), he suggested a
mechanism of neutrino oscillation and mixing. The basic idea says that neutrinos
exist in eigenstates of mass and flavor and evolve between these states. Neutrino
oscillation was then first witnessed in 1998 by the Super-Kamiokande experiment
[8] in Japan and conclusively confirmed in 2001 by the SNO experiment [9] in
Canada which solved the long lasting solar neutrino problem – the theoretical
amount of electron neutrinos coming from the Sun did not correspond to the
actual amount measured. This was because approximately two thirds of them
changed their flavor on the way from the Sun to the Earth and became muon or
tau neutrinos.

Solar neutrinos are produced in fusion processes in the Sun and are always
of the electron flavor. They are useful for instance for the study of the Sun’s core
because due to their inertness, they leave the Sun more easily and reach the Earth
sooner than photons. Beside the Sun, there are other notable sources of (anti)neu-
trinos. Majority of muon neutrinos and antineutrinos on Earth comes from the
interaction of cosmic radiation with the upper parts of Earth’s atmosphere. Here,
a cascade of particles is produced eventually yielding muon antineutrinos and
muons (or muon neutrinos and antimuons) which often further decay to elec-
tron, electron antineutrino and muon antineutrino. Just as with solar neutrinos,
there was a discrepancy between the expected amount of muon neutrinos and
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the amount observed in experiments1. This problem was again explained by the
neutrino oscillation phenomenon.

Reactor neutrinos were the first ones to be observed in 1956 in a Los Alamos
experiment called Project Poltergeist [10] – the name of the experiment refers to
the fact, that since neutrino is very light and interacts very rarely and weakly
(they are only affected by the gravitational and weak interactions), it is immensely
difficult to detect it, like a ghost. That’s why it is necessary to construct huge
detectors in order to detect them – for comparison, the Los Alamos detector
weighed ten tons – big detectors increase the probability that the neutrino will
interact and leave some kind of trace. Another way to increase this chance is to
have a strong source that produces large quantities of neutrinos – on Earth these
are most notably the nuclear reactors which provide an intense, steady and well-
defined (just one type of neutrino is produced here) flux of electron antineutrinos
born in the beta decay in the reactor. With these properties, nuclear reactors
constitute the most important neutrino source for research purposes. Detectors
can also be placed in various distances from reactors which allows for the study
of neutrino oscillation over various spatial intervals.

In 2011, an article [11] was published in which the authors pointed out an
experimental deviation from the theoretically expected reactor antineutrino flux
– a discrepancy which they called the reactor antineutrino anomaly. They also
hypothesized and discussed the possibility of the anomaly being caused by the
existence of the fourth neutrino flavor emerging as a result of a very short baseline
neutrino oscillation. This fourth flavor is called sterile because it is thought to
only interact via the gravitational interaction (unlike regular neutrinos, which
are, besides gravity, also susceptible to the weak interaction) causing it to be even
more difficult to observe due to its low mass. Following these considerations, new
experiments looking for the sterile neutrino were launched, such as the DANSS
experiment [12] at the Kalinin Nuclear Power Plant in Russia.

1.1.1 CE𝜈NS
Coherent elastic neutrino-nucleus scattering [13] is a particular mode of inter-
action of neutrinos with atomic nuclei first predicted by Daniel Z. Freedman in
1974 [14]. In this process, a neutrino, independently of its flavor, interacts with
the entire nucleus at the same time by exchanging the Z0 boson with all of its nu-
cleons (refer to Fig. 1.1.1). This coherence results in the interaction having a large
cross-section, which can be calculated by integrating the differential cross-section
[15]

d𝜎CE𝜈NS
d𝑇

= 𝐺2
𝐹𝑀𝑄2

𝑊
4𝜋

(1 − 𝑀𝑇
2𝐸2

𝜈
) 𝐹 2(𝑄2), (1.1.2)

where 𝑄𝑊 = 𝑁 − (1 − 4 sin2 𝜃𝑊)𝑍 is the weak charge, 𝜃𝑊 the Weinberg angle, 𝑁
the number of neutrons in the target nucleus, 𝑍 the number of protons, 𝑇 the re-
coil energy, 𝐸𝜈 the neutrino energy, 𝑀 the mass of the target, 𝑄 =

√
2 − 2 cos 𝜃𝐸𝜈

the transferred momentum, 𝜃 the scattering angle, 𝐺𝐹 the Fermi constant and
𝐹(𝑄2) ∝ exp − 𝑅2𝑄2

6 (𝑅 being the nucleus radius) the elastic nuclear form-factor.
This has the important benefit that the detectors can be table-top sized in con-
trast to the gigantic devices necessary in order to detect neutrino interactions

1 More precisely the inconsistency was in the ratio of muon neutrinos and antineutrinos to
electron neutrinos and antineutrinos, which were expected to make up about one third of the
neutrinos born in the atmosphere.
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via different channels – this has many advantages for neutrino research, but it
also opens door to industrial applications, for instance it could be taken advan-
tage of for non-intrusive monitoring of nuclear reactors. Yet, it has taken over
four decades until this phenomenon was first observed experimentally by the CO-
HERENT collaboration [16] – that is because of the nature of the interaction: the
neutrino scatters elastically on the much heavier nucleus causing its recoil (refer
to Fig. 1.1.2), however due to the many orders of magnitude of difference in mass
between the two objects, the energy of this recoil transmitted from the neutrino
to the nucleus is very low and so very sensitive and precise detectors and a low
background are needed to make the detection possible.

Figure 1.1.1 Coherent elastic neutrino-nucleus scattering [1].

Figure 1.1.2 Nuclear recoil of CE𝜈NS [13].

1.2 𝜈GeN
The 𝜈GeN experiment [1, 2] was started at the Joint Institute for Nuclear Re-
search [17] in Russia with the goal of detecting CE𝜈NS (refer to Sec. 1.1.1). The
neutrinos used by the experiment come from a reactor at the Kalinin Nuclear
Power Plant (KNPP) in Udomlya, Tver Region, Russia. There, a high purity
germanium (HPGe) detector is located in a special chamber under the nuclear
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reactor of unit number 3. The detector performs measurements both with the
reactor on and off. To mitigate systematic errors connected with changes in back-
ground caused by this, the detector is installed on a special lifting mechanism
(see Fig. 1.2.1) which allows for an alteration of the neutrino flux through the
detector. The mechanism allows the detector to move between 10.869 and 11.935
meters from the center of the reactor core.

Figure 1.2.1 Schema of the detector lifting mechanism [1].

1.2.1 Detector construction
Based on the schemes2 provided by the detector manufacturer, the Mirion Tech-
nologies company [18], the main component of the custom-designed low thresh-
old detector is a cylindrical crystal made of high purity germanium (HPGe) with
70 mm in diameter and in height and it weighs 1.41 kg. This is surrounded by an
inner case of aluminum alloy and placed onto an insulator which is supported by
a cylindrical base made of copper. To this, a cooling pipe is attached at the bot-
tom. The pipe consists of an inner copper tube and an aluminum cover. Through
it, the detector is connected to a cooling device. Four detectors were manufac-
tured in total, each with one of two types of the cooling system: either electric or
nitrogen based. Both types are shown in Fig. 1.2.2. The outside of the detector
is plated with aluminum.

The detector is shielded by several layers of material to suppress gamma and
neutron background. The innermost layer covering the device, which is enclosed
in an aluminum shell, is made of a 3D printed nylon. This is split into blocks
with cylindrical cutout in the middle as is depicted in the drawing in Fig. 1.2.3.
Those are then stacked onto each other to cover the full height of the aluminum
shell. Around this, 10 centimeters thick walls made of oxygen free copper bricks
are built, followed by a layer of 3.5 % borated polyethylene. Next, the setup
is surrounded by a layer of lead, which is again followed by the 3.5 % borated

2 The schemes are of a proprietary character and thus it was not possible to include them.
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Figure 1.2.2 The detector used for the 𝜈GeN experiment together with
the two types of cooling.

polyethylene. Outer layer is an active muon veto made of polystyrene. Schematic
depiction of the shielding setup from which also thickness of each layer can be
read can be found in Fig. 1.2.4.

1.2.2 First measurements
Extensive calibration of the detector has been performed and at the end of 2019 it
has been installed in the detector room under the KNPP reactor with the electric
cooling device. In December 2020, an antivibration system intended to suppress
the microphonic effect was added and the data collection began during which the
reactor was off for about sixty days. Stable event rate was observed during the
entire time. The distance of the detector from the reactor center was 11.835 m,
where the antineutrino flux has been estimated to be 3.9 ⋅ 1013 cm−2⋅s−1 [2].
The collected data is shown in Fig. 1.2.5 – days with zero rates were dedicated
to further calibration. Comparison of the data and the expected signal, which
was calculated using Eq. (1.1.2) based on the estimated antineutrino flux at the
given distance from the reactor, is presented in Fig. 1.2.6. A region of interest
(ROI) has been chosen as ⟨320, 360⟩ eV as there the ratio of expectation to data
is the largest and low energy noises are not present. There, 2.32 ± 0.15 events
per day per kilogram were seen for the reactor on and 2.34 ± 0.21 events per
day per kilogram with the reactor off, whereas the expected contribution from
CE𝜈NS with the quenching factor 0.179 is 0.43 events per day per kilogram [2]. In
Fig. 1.2.7, the difference of observed events with the reactor on and off is plotted
along with the expected CE𝜈NS signal – no significant difference expected to be
contributed by CE𝜈NS can be seen between these two regimes of the reactor and
so no observation of CE𝜈NS has been made so far.
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Figure 1.2.3 The dimensions of the nylon shielding blocks, top and side
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Figure 1.2.4 Schema of the shielding construction [2].
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Figure 1.2.5 Data collected during the first 𝜈GeN measurement (graph
courtesy of the 𝜈GeN team).

Figure 1.2.6 Comparison of the measured data and the theoretically
expected signal from CE𝜈NS [2].

1.3 Interaction of neutrons with matter
Neutrons, discovered by James Chadwick in 1932 [19], are particles similar to
protons – they have nearly the same mass and together with them they form
nuclei of atoms, which is why they are collectively called nucleons. Just as protons,
they consist of quarks which are bound by the strong interaction via gluons,
specifically two down quarks and one up quark, whereas protons are made up of
two up quarks and one down quark – this is the reason why neutrons have no
electric charge while protons do, as up and down quarks have a fractional charge
of 2

3 𝑒 and − 1
3 𝑒 respectively, where 𝑒 is the elementary charge. Together they

constitute the majority of atomic mass and hence the mass of all matter. Unlike
a free proton, a free neutron is unstable and decays into proton, electron and
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Figure 1.2.7 Difference of the event count with the reactor on and off
along with the expected CE𝜈NS signal [2].

electron antineutrino in the beta decay (see Eq. (1.1.1)), which is only possible
because the neutron has slightly more mass than the proton.

By their energy, free neutrons can be classified into several types. Neutrons
with energies greater than 100 keV are usually denoted as fast [20], the range be-
tween 10 eV and 100 keV is designated as intermediate neutrons and energies be-
low 10 eV belong to slow neutrons. Thermal neutrons is a term for neutrons, which
are approximately in a thermal equilibrium with the environment. The energy dis-
tribution can then be assumed to be approximately Maxwell-Boltzmannian and
from this the most probable energy can be determined as 𝐸 ≈ 0.025 eV [21] at
the room temperature 𝑇 ≈ 300 K. At these energies, neutrons exhibit a gas-like
behavior [22].

As neutrons have no charge, they interact primarily via collisions [20]. During
elastic scattering, the energy is conserved and the neutron bounces off the target.
The energy transferred to the target depends on the angle under which the neu-
tron bounces. Elastic scattering is the most probable interaction for most targets
and neutron energies and forms the basic principle of neutron moderators. In an
inelastic scattering, some energy is lost to the excitation of the target nucleus,
which then emits a photon as it deexcites. Because there is a threshold energy
needed for the excitation of the nucleus, inelastic scattering does not occur for
neutrons with a lower energy. Neutrons can also be captured by the target nucleus.
This can lead to an emission of some other particle, such as a proton, and if the
nucleus is left excited after the interaction, it may also release a gamma photon
while returning to its ground state. Depending on whether there is a threshold
energy for the neutron, the reaction can either be exothermic (no energy required)
or endothermic (some minimal energy must be carried by the neutron in order
to activate the reaction). The cross-section of all these interactions depends on
the type of the target and the neutron energy. The neutron capture is most likely
with thermal neutrons.

These processes are taken advantage of for moderator and shielding design.
The principle of a neutron shielding is usually as follows [20]. First, a moderator
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is used to slow the neutrons down. Nuclear power plants are known to utilize
water for the moderation of neutrons, while for research applications plastic is
often used. Sometimes, iron or lead is used to slow down neutrons with very high
energies – in the case of lead, this generates gammas with energies of 0.8 MeV
and 2.6 MeV [23]. After neutrons are sufficiently slowed down, which increases
the probability of their interaction via capture, they are passed through some
hydrogenous material so that they are absorbed. Hydrogen captures neutrons in
the reaction

𝑛 + 1H → 2H + 𝛾, (1.3.1)

where the gamma photon carries off the energy of 2.2 MeV. Boron is often mixed
in because of the large cross-section of the neutron-boron capture and low energy
of the gammas produced [24]:

𝑛 + 10B → 4𝛼 + 7Li + (0.477 MeV)𝛾. (1.3.2)

Hydrocarbons are often utilized, where neutron-carbon interaction additionally
produces 4.4 MeV photons [23]. Thus produced gammas are then absorbed by a
high density material with a high atomic number [25].

1.4 Software
1.4.1 Geant43

Geant4 [26, 27, 28] is a particle physics simulation toolkit developed by a world-
wide collaboration of scientists and software engineers. It aims to simulate the
passing of particles through matter and their interaction. For this purpose, it
utilizes the Monte Carlo method [29] which employs probabilistic approach to
evaluate in principle deterministic but complicated situations. As such it relies
on a generation of random numbers, these however need not be truly random
and a pseudo-random generator can be used (just as is in Geant4), which is in
fact often desirable in order to be able to reproduce certain results. Implemented
as a C++ library, the toolkit uses object oriented programming to enable the
user to have a full control over the simulation. User is required to define several
mandatory components: the detector geometry, particles and physics processes
which should be simulated and the generation of primary events. The simulation
itself runs in small steps during which all physical processes relevant to the given
particle are evaluated with the Monte Carlo method. Various information about
the steps is available, such as the pre-step and post-step position or the total
energy deposited during the step.

1.4.2 ROOT
ROOT [30] is a data analysis framework created at CERN (European Organi-
zation for Nuclear Research). It provides statistical and mathematical tools for
data evaluation, including creating histograms and plotting graphs. It also enables
users to store the data in a native binary format designed for fast access which
can among others be taken advantage of for experiments which produce large
amounts of data, such as the Large Hadron Collider where it was among other
things utilized in the discovery of the Higgs boson. Another prominent feature of
ROOT is that besides being compiled into a program, it can also be launched

3 Version 11.0.0 of Geant4 was used for this thesis.

11



interactively or execute macros from files. ROOT exposes bindings which allow
for its native use in other programming languages besides C++, in which and for
which it is primarily written, such as Python or R.
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2 Simulation
2.1 Model of the experiment
The geometry of the experiment was modeled based on the information described
in Sec. 1.2.1 using the tools provided by the Geant4 framework. Several approx-
imations and simplifications were considered especially with regard to the inner
structure of the detector, due to the unclarity of some of the provided schemes
presented by the 𝜈GeN team but also to simplify the construction where it was
believed that it would not have any significant effect on the output of the simu-
lation. The most notable simplification outside of the detector was the omission
of the pipe connecting it to the cooling device.

In Geant4, volumes constitute a hierarchy where daughter volumes are
placed inside a mother volume which they appropriately overwrite. The outer-
most and main volume is called World and all other volumes are placed therein.
The detector was modeled as an aluminum cylinder. Into this, a cylindrical cavity
of vacuum4 was placed in accordance with the described thickness of the outer
aluminum shell. There, the HPGe crystal was put as a cylinder of appropriate
dimensions (refer to Sec. 1.2.1) surrounded by an inner case of aluminum. Be-
low the crystal, a disk of copper was placed followed by an insulation disk of
polytetrafluoroethylene (PTFE). This was then connected through a cascade of
copper cylinders to a leg of the cooling pipe, modeled as a copper tube enclosed
in a hollow pipe of a thin layer of aluminum. For a visualization of the model
generated by the Geant4 visualization driver refer to Fig. 2.1.1.

The various layers of shielding were represented by boxes, each made of the ap-
propriate material. These were then stacked into each other following the shielding
hierarchy described in Sec. 1.2.1. Into the innermost box of nylon, the detector
was placed, meaning that no gap between the detector and the shielding im-
plied by their respective dimensions was inserted. The visualization of the full
setup of the simulation is presented in Fig. 2.1.2. The muon veto was modeled as
polystyrene.

Where applicable, materials internally constructed by Geant4 were utilized
(muon veto: G4_POLYSTYRENE, polytetrafluoroethylene: G4_TEFLON, germanium:
G4_Ge, copper: G4_Cu, aluminum: G4_Al, nylon: G4_NYLON-6-6) with the excep-
tion of borated polyethylene. This was constructed manually from appropriate
chemical elements based on a common chemical composition of neutron shielding
[31] as a mixture of polyethylene CH2 and boric acid H3BO3 in a way so that
3.5 % of the mass of the resulting compound was made up of boron: molar mass
of boron 10.81 grams, of boric acid 61.83 grams [32], hence boric acid should con-
stitute 𝑥 = 61.83

10.81 ⋅ 3.5 % of mass of the resulting material. Density of the mixture
was calculated from the reciprocal relation

1
𝜌CH2+H3BO3

= 1 − 𝑥
𝜌CH2

+ 𝑥
𝜌H3BO3

.

Supposing 𝜌CH2
≈ 0.94 g/ml and 𝜌H3BO3

≈ 1.44 g/ml [32], a value of
𝜌CH2+H3BO3

≈ 1 g/ml is obtained.

4 In Geant4 (as in the real world), there is no such thing as vacuum and hence it is approximated
by a very low density gas (G4_Galactic) in the simulation.
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Figure 2.1.1 Visualization of the detector as generated by the Geant4
visualization driver (side and corner views) – in the image, volumes of
aluminum are colored gray, volumes of copper are brown, PTFE is white

and germanium is magenta.

2.2 Input neutron spectrum
Spectrum used for the generation of the primary events in the simulation was
based on an on-site measurement performed by the 𝜈GeN team in the detector
chamber under the reactor in the KNPP. A 3He detector was placed on top of
the outermost layer of shielding of the 𝜈GeN detector for the duration of thirty
days, half of which the reactor was on and half off – only the spectrum obtained
with the reactor on was considered and it is plotted in Fig. 2.2.1. Unfolding of
this spectrum and estimation of the real neutron flux around the experiment was
performed by Ing. Karel Smolek, Ph.D. The reaction occurring in the helium
detector is

𝑛 + 3He → 𝑝 + 3H, (2.2.1)

where the sum of energies of proton and triton is 764 keV plus the kinetic energy
of the neutron. Thence the entire spectrum from Fig. 2.2.1 was shifted by 764 keV
– the difference of the detected energy of the reaction products and the minimal
energy of 764 keV was caused by the energy transferred by the interacting neutron.
Special treatment was applied to thermal neutrons, where it was assumed, based
on an analysis of results of a similar measurement [33] performed in the LSM
[34], that thermal neutrons make up a portion of the peak around 764 keV (see
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Figure 2.1.2 Visualization of the simulation setup, top view – green
color corresponds to nylon, blue to polystyrene, red to polyethylene and

yellow to lead, other colors are the same as in Fig. 2.1.1.

Fig. 2.2.2) in the region from 660 keV to 830 keV (with respect to the original
spectrum). These events were hence added together and attributed to thermal
neutrons with an energy of 0.025 eV5. Such spectrum was then reweighed by the
reciprocal of the cross-section of the interaction described in Eq. (2.2.1) obtained
from the BNL database [35]. Thus an estimate of the relative spectrum was made.

The absolute flux, which is necessary in order to scale the simulation results
to time, was estimated again with the use of the LSM paper [33]. One neutron
per centimeter squared of the real flux was assumed to correspond to 243 de-
tected events in the region of thermal neutrons. After division by the time of the
measurement, the absolute flux was determined to be 79 neutrons per m2⋅s for
thermal neutrons and 274 neutrons per m2⋅s for higher energy neutrons. The final
spectrum can be seen in Fig. 2.2.3 – the formula for count in each bin is

bin(𝐸) = binmeasured(𝐸 + 764 keV)𝜎(0.025 eV)
𝜎(𝐸)

1
243 ⋅ 104 ⋅ 1.3 ⋅ 106 m−2 ⋅ s−1,

where 𝐸 is the energy of the given bin and 𝜎 the cross-section of the interac-
tion for a neutron with the given energy. As the helium detector was placed on
the experiment shield, this flux was assumed to originate in one half-space. For
the simulation, to approximate the gas-like behavior of thermal neutrons (see

5 As was discussed in Sec. 1.3, the distribution of energies here should be Maxwellian, this was
however neglected as it was not believed to be of high relevance to this simulation.
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Figure 2.2.1 The original signal measured in the detector chamber with
reactor on obtained over 15 days, provided by the 𝜈GeN team (image

courtesy of K. Smolek).

Figure 2.2.2 Detail of the 764 keV peak in the original spectrum (image
courtesy of K. Smolek).

Sec. 1.3), their flux was multiplied by six to account for the six sides of the
shielding cube – all of them, however, were still sent to the top side of the shield-
ing to simplify the simulation – and directions of their momenta were generated
randomly with the restriction that they should point to the half-space containing
the experiment. Higher energy neutrons were not multiplied in this way and their
momenta were directed perpendicularly to the surface of the shielding to reflect
the assumption, that they originate in the reactor and its surroundings, which
are located above the experiment in the real setup. All neutrons were generated
at the surface of the outermost layer of shielding.
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Figure 2.2.3 Deconvoluted spectrum used as an input spectrum for the
simulation (image courtesy of K. Smolek).

2.3 Simulation of the neutron background
Following recommendations of colleagues experienced in using Geant4 for sim-
ulating neutrons and of official Geant4 resources [36, 37], the QGSP_BERT_HP
reference physics list containing high precision model for simulation of neutrons
with energies below 20 MeV was utilized for description of physics processes oc-
curring in the simulation. Primary events were generated based on a spectrum
obtained as described in Sec. 2.2. It was loaded from a text file where each line
constituted one primary particle and contained its energy, type, momentum direc-
tion, starting position and ancestor information to allow for tracing its origin, see
below. In each event, a random integer was generated and the appropriate par-
ticle from the primary spectrum was selected. Its starting position, energy, type
and the direction of its momentum were set by calling the appropriate methods
of Geant4’s G4ParticleGun object and the event was processed. In each step
of the simulation (see Sec. 1.4.1) a check was performed: if the pre-step point
and post-step point both lay in the volume of the HPGe crystal, total energy
deposited in the step was added to a counter. At the end of each event, content of
this counter was written to an output file, along with identification of the primary
particle, and it was reset at the start of the next event. Thus the spectrum of
deposited energy was obtained.

However, the first runs of the simulation have shown that even for a relatively
large number of primary particles (107), only a handful of events deposit energy in
the detector. Thus to obtain a reasonable statistics, a very large number of events
would have to be simulated taking a large amount of time. Hence it was decided
to employ a technique called event biasing [38]. The principle of this technique is
an amplification of so called rare events – these would in this case be those that
passed all the way to the detector or caused a birth of some other particle which
or whose secondaries would reach it. Thence a functionality was added to monitor
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the spectrum of particles passing the boundary between two Geant4 volumes.
In each step, a check was performed to find out, whether the currently simulated
particle is passing the boundary between two volumes specified at the start of
the simulation. An oriented boundary was considered – that is, only particles
passing from volume A to volume B were considered, but not those passing from
volume B to volume A. For each particle meeting this requirement, its position,
energy, type, ancestor information and momentum direction were saved. Particle
was then marked as already processed and was ignored if it was seen crossing
the boundary again in some future step (for instance if it happened to bounce
back to the previous volume and then again crossed into the next one). Only
particles, whose direct parent was not marked as seen at the time of their birth,
were considered to prevent duplication.

Such a simulation was run for each layer of shielding: always the input spec-
trum was amplified by a fixed factor 𝑘 = 10, the simulation was executed and
both the energy deposited in the detector and the spectrum of particles leaving
the given layer for the next one were saved. This spectrum was then used as an
input spectrum for the next run – note that the positions of particles were saved
as well and were loaded in the next run so that the newly generated particles
started from the same position where they were saved in the previous run, that is
at the boundary of the two relevant layers of shielding. Thus, in the last run, the
spectrum of particles that was previously seen passing from the layer of copper
into the layer of nylon was amplified and sent against the layer of nylon, this time
saving only the deposited energy. In each run, for each saved particle, informa-
tion about its ancestor particles was saved. This was then used to attribute their
energy deposit to one virtual initial neutron – neutron of the original primary
spectrum for the first run of the simulation which would produce the secondaries
leading to this deposit if no amplification was employed. Sum of these deposits of
secondary particles was then taken for each virtual initial neutron to approximate
the behavior of a real detector which sees only the total energy deposited by all
secondaries, due to its limited time resolution. Spectra of deposited energy ob-
tained in each run were then divided by corresponding amplification coefficients,
calculated for the 𝑛-th run as 𝐶 ⋅ 𝑘𝑛 where

𝐶 = 𝑘0
𝑚

𝐴 ⋅ 3600 ⋅ 24

is a constant scaling the result to counts per day per kilogram of detector mass
𝑚 (see Sec. 1.2.1), with 𝑘0 = 100 being the initial amplification factor. The fact
that the area of the top side of the outermost layer of shielding 𝐴 ≈ 1 m2 was
included here as well.
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3 Results

3.1 Sanity check

Described implementation of the event biasing method (see Sec. 2.3) can also be
taken advantage of to check the consistency of the obtained results. Histogram
of energy deposits obtained from each run is shown in Fig. 3.1.1. Viewing it, it
can be observed that the energy deposit is the same (overlooking some marginal
inaccuracy introduced by the probabilistic nature of the processes and low statis-
tics obtained in the first runs) irrespective of on the surface of which volume the
primary particles were generated. From this, it can be inferred that the results
are consistent and in agreement with the situation where only the initial neutrons
were sent against the outermost layer of shielding.
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Figure 3.1.1 Histogram of energy deposited in each run – labels corre-
spond to names of Geant4 volumes on whose outer border the current

run generated primaries.

Furthermore, upon viewing the neutron and gamma spectra entering each
volume plotted in figure Fig. 3.1.2, it can be stated that the number of neutrons
decreases as they near the detector. Similar can be said about the gamma spectra,
where significant decrease occurs in lead. Moreover, some anticipated peaks can be
identified in the latter, such as the peak at 2.2 MeV caused by the neutron capture
on hydrogen or 0.48 MeV peak caused by the boron admixture (cf. Sec. 1.3),
suggesting that physics processes relevant for the simulation are implemented
correctly in the utilized physics list and that the simulation runs in accordance
with physical reality.
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Figure 3.1.2 Neutron and gamma spectra entering each run of the sim-
ulation.

3.2 Analysis and discussion6

Comparison of the simulated background with the reactor on with the expected
CE𝜈NS signal calculated by the 𝜈GeN team [2] based on Eq. (1.1.2) is plotted
in Fig. 3.2.1 for the low energy region. Special attention has been paid to the
deposited energy spectrum in the region of interest (ROI) indicated by the first
measurements of 𝜈GeN (see Sec. 1.2.2). A histogram of the energy deposit in this
region is shown in Fig. 3.2.2. Summing all the bins, a value of 4.61±0.05 events per
day per kilogram is obtained7. Comparing this to the value obtained from the first
measurements of 𝜈GeN (see Sec. 1.2.2), it can be observed that it’s approximately
double, well within the standard deviation, which is a good but also interesting
agreement considering the approximations made and especially the uncertainty
in the initial neutron spectrum. At the same time, because of the multiplication
of the flux of thermal neutrons by the factor of six (see Sec. 2.2), this should
be (again, within the reliability limit of the initial spectrum, which will not be
assessed here) an upper estimate of the neutron background influence. To get the
lower estimate, the simulation was rerun without applying such multiplication.
This yielded the histogram shown in Fig. 3.2.3, the sum being 4.65 ± 0.05 events
per day per kilogram. The effect of thermal neutrons is thus negligible. In fact, in
the region of interest, they have no influence on the data at all, which can be seen
from a two dimensional histogram putting the energy of the initial neutron on the
𝑥-axis and the energy deposited in the event on the 𝑦-axis, see Fig. 3.2.48. The
energy deposit in the ROI is contributed solely by neutrons with higher energies.

6 All data presented in this section come from the last run of the simulation, that is the primary
particles were generated on the surface of the layer of nylon based on the spectrum of particles
reaching it in the previous run.

7 For each bin, the standard deviation was taken to be the square root of the number of events
in the given bin as a first approximation of the standard deviation of the Poisson distribution. The
standard deviation of the total count was then calculated as the square root of the sum of second
powers of these deviations. Afterwards, the result was divided by the amplification coefficient.

8 Note: the counts are not scaled to day and kilogram of detector mass, as the purpose of the
plot is a relative comparison of influence of various energies possessed by the initial neutron.
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Figure 3.2.1 Comparison of the simulated background with the reactor
on and the expected CE𝜈NS signal plotted for quenching factor 0.179 in

the low energy range with highlighted ROI.
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Figure 3.2.2 Deposited energy in ROI with the flux of thermal neutrons
multiplied by six.

For comparison, same process as described in Sec. 2.3 was applied to the
initial neutron spectrum with the reactor off which was again deconvoluted as
described in Sec. 2.2 with the result plotted in Fig. 3.2.5. As can be seen from
comparison with Fig. 2.2.3, the most significant difference is in the low energy
region under 1 MeV and especially in the flux of thermal neutrons – the flux
of thermal neutrons is only 0.58 neutrons per m2⋅s here, while the flux of non-
thermal neutrons is 212 neutrons per m2⋅s. The observation made from the 2D
histogram would thus suggest that there will not be any significant difference in
the spectrum of deposited energy in the ROI contributed by the neutron back-
ground. Indeed, repeating the simulation with this spectrum (again with the flux
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Figure 3.2.3 Deposited energy in ROI without the multiplication factor
of thermal neutrons.
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Figure 3.2.4 2D histogram showing the dependence of the deposited
energy on the energy of primary neutron for reactor on and initial number

of thermal neutrons multiplied by six.

of thermal neutrons amplified by the factor of 6) taken as the source of initial
primaries, the histogram shown in Fig. 3.2.6 is obtained. Here the total number
of events is 5.19 ± 0.06 events per day per kilogram.

Curiously, this is more than when the initial spectrum for reactor on is used.
To better understand this peculiarity, the evolution of the neutron (Fig. 3.2.7)
and gamma (Fig. 3.2.8) spectra9 across the layers of shielding must be consulted.
These show that while the total initial flux of neutrons is greater with the reactor
on, this difference is most prominently contributed by the low energy part of

9 Again, as the comparison here is relative, the histograms were not scaled to any particular time
interval and are left as they were obtained from the simulation with the amplified input spectrum.
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Figure 3.2.5 Input spectrum of neutrons with the reactor off (image
courtesy of K. Smolek).
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Figure 3.2.6 Deposited energy in the ROI with the reactor off and with
the flux of thermal neutrons multiplied by the factor of six.

the spectrum, while at higher energies over 4 MeV, the flux with the reactor
off is slightly greater. The former leads to the generation of many more gamma
photons in the first hydrogenous layers of shielding in the case of the reactor on,
however this difference is evened out after the particles pass through the layer
of lead. There on the other hand the abundance of higher energy neutrons in
the spectrum with the reactor off finally fully manifests itself and leads to the
spectrum of gamma photons with the reactor off to overtake the one with the
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reactor on. The neutron spectrum then remains similar for the both states of the
reactor with the off state being slightly dominant in the higher energies. This is
then propagated to the lower energies as well by the layer of copper. Thus indeed
the slight difference in the higher energy part of the initial neutron spectra seems
to result in higher event rate for reactor off, while the difference in low energy
neutrons under approximately 1 MeV is lost as they pass through the shielding.
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Figure 3.2.7 Evolution of the neutron spectrum across layers of shield-
ing for the two states of the reactor (no amplification of the thermal

neutrons flux was made).
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Figure 3.2.8 Evolution of the gamma spectrum across layers of shielding
for the two states of the reactor (without the amplification of the thermal

neutron flux).

It however remains to assess and explain what causes the difference in the flux
at higher energies. One satisfactory answer is that the input spectrum was not
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unfolded adequately and that more careful analysis will reveal that the difference
is negligible – the low statistics in the high energy region leads to a great error
in the flux estimate. The other possibility is that some processes which were not
considered take place in the reactor when it is turned off, such as decay of some
products of the nuclear reaction occurring within which do not present themselves
as prominently when the reactor is running, and so truly the flux is greater in
the high energy range with the reactor off. Clearly some decay still occurs in the
reactor after it’s switched off, otherwise no flux would be seen then. It would also
be worth investigating whether some mechanisms which reduce the neutron flux
when the reactor is running might be turned off along with the reactor.
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Conclusion
A Monte-Carlo simulation of the neutron background in the 𝜈GeN experiment
focused on the detection of the CE𝜈NS was performed using the Geant4 simu-
lation framework and the output was compared to the expected CE𝜈NS signal in
the region of interest and to the actual measured data. Presented results indicate
that it’s possible that the signal observed during the first measurements of the
experiment was caused solely by neutrons. This is supported by the fact that no
difference in event rate was observed by the experiment within the bounds of the
standard deviation. Also it was discovered that thermal neutrons have no effect
on the signal in the region of interest. There, higher event rate was obtained when
the initial spectrum of neutrons with the reactor off was considered than for the
initial spectrum with the reactor on. Discussion of these effects was carried out
and suggestions were presented for their explanation.

To further assess the problem of the influence of the neutron background
and obtain more precise results, several steps can be taken. Most importantly,
the input neutron spectrum should be reevaluated and a more precise estimate
should be made, where the sensitivity and responsivity of the 3He detector which
was used for its measurement and also the spatial setup of the measurement will
be taken into account more delicately. A more sophisticated approach should
also be applied to the unfolding procedure of the spectrum. Also, an attempt to
better understand the difference in the neutron spectra with the reactor off and
on should be made, especially in the region of thermal neutrons where it is most
significant, as the reason for it is still unclear and the answer might suggest some
other implications for the experiment.

Regarding the simulation itself, better accuracy of results could be achieved if
even more events were simulated, choosing greater amplification factor 𝑘. Also, a
better approach could be chosen with respect to the directions of the momenta of
the initial non-thermal neutrons – some sort of method for generation of random
direction vectors could be devised which would however have bias in one direction
to reflect the assumptions that the neutrons measured around the experiment
come from the reactor above it and its surroundings.
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