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Abstract

The NEWS-G collaboration uses Spherical Proportional Counters (SPCs) to search for weakly
interacting massive particles (WIMPs) through direct detection. Due to their sensitivity to single
electrons from ionization, SPCs are also considered for the detection of neutrinos via coherent
elastic neutrino-nucleus scattering (CEvNS). We study the feasibility of an experiment conducted
near a nuclear reactor, and provide estimates of the CEvNS event rate in four different targets, and
provide preliminary event rates of backgrounds from materials intrinsic radioactivity. From these
calculations, we propose xenon and argon as viable targets for a CEvNS experiment with SPCs at
a nuclear power plant.

The detection of low-energy nuclear recoils induced by both CEvNS and WIMPs presents several
challenges. One of them is the energy calibration to nuclear recoils in the sub-keV region. We
explored the feasibility of measuring the nuclear quenching factor of neon nuclear recoils induced
by a neutron beam, produced at the TUNL facility, in an SPC filled with 2 bar of Ne+CHy (3%). A
new analysis technique was developed to extract the quenching factor between 0.43 and 11 keVy;, by
implementing a Bayesian analysis framework and simultaneously fitting multiple data sets recorded
during the experimental campaign. The energy dependence of the nuclear quenching factor is
modelled using a simple power law: aEgr, whose parameters were measured to be o = 0.2801 +
0.0050 (fit) £ 0.0045 (sys) and 8 = 0.0867 £ 0.020 (fit) & 0.006 (sys). These measurements provide

the first estimation of the nuclear quenching factor in neon gas.
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Chapter 1

Introduction

At the beginning of the 20" century two new theories were developed: quantum mechanics and
special relativity. Together, they established the basis of elementary particle interactions. In the
1960s and 70s a theory incorporating quantum chromodynamics, quantum electrodynamics and
weak processes emerged allowing physicists to describe all particle interactions but gravity. This
theory is called the Standard Model. It is based on two families of elementary particles: quarks
and leptons, called fermions, and 13 bosons.

The neutrino is an elementary particle from the Standard Model first postulated by Pauli in 1930 [1]
and is categorized as a neutral lepton. There are three flavors of neutrinos: the electronic neutrino,
the muon neutrino and the tau neutrino. The electronic neutrino was detected for the first time
by Reines and Cowan in 1956 [2], followed by the detection of the muon neutrino in 1962 by Stein-
berger, Lederman and Schwartz [3] and the tau neutrino detected by the DONUT experiment in
2000 [4]. Neutrinos interact only via the weak interaction, which makes them challenging to detect,
with a cross section of the order of 1 x 10743 cm?.

The Standard Model predicted a neutral interaction mediated by one boson. Emulating the well-
established elastic electron-nucleus scattering [5], Freedman postulated in 1974 the existence of a
similar interaction involving neutrinos: coherent elastic neutrino-nucleus scattering, or CEvNS [6].
Freedman noted first applications to CEvNS in probing the nuclear structure as well as in stellar

evolution, as neutrino transport strongly impacts the mechanism of supernovae explosion. More



details on the role of this neutral current can be found in [7]. Freedman also warned experimenters
of the difficulty of detecting CEvNS, since it requires the detection of nuclei recoiling with low

energies, a few keV.

One of the goals of this thesis is to investigate the feasibility of detecting CEvNS using a
Spherical Proportional Counter (SPC) at a nuclear reactor. SPCs were developed by the New Ex-
periments with Spheres-Gas collaboration (NEWS-G) in 2006 [8] in view to search for a low-mass
dark matter candidate: WIMPs [9]. These particles are assumed to have a weak interaction cross
section with the particles of the Standard Model. This technology consists of a grounded spherical
metallic vessel filled with gas. At its center, a small spherical anode is set to a high voltage, which
allows the ionization signal induced by a particle depositing energy in the gas to be collected. In
SPCs, the signals from both direct dark matter detection and CEvNS consist of nuclear recoils from
elastic scatters. The SPC detectors have appealing features for both searches, such as a sub-keV
sensitivity, a low intrinsic electronic noise and the ability to easily change the target material. Due
to the nature of the signals of interest, the calibration to nuclear recoils in our detectors is essential.
To the best of our knowledge, only two measurements were performed in gas [10] [11], and there is
no existing calibration for nuclear recoils in pure neon or mixture of neon and methane. The latter
is the primary gas mixture used by the NEWS-G collaboration for its search for dark matter and
target candidate for a CEvNS experiment with SPCs. For this reason, a nuclear recoil calibration
experiment was organized at the Triangle Universities Nuclear Laboratory facility to extract the
nuclear quenching factor of neon nuclei in the neon based gas mixture used by the NEWS-G collab-
oration. In this thesis, we present a new analysis approach to extract the quenching factor within

5 % uncertainty, in support of the dark matter and CEvNS communities.

In Chapter 2, we present the theory behind the CEvNS interaction, the applications of such an
interaction and the state of the art of the CEvNS detection experiments. Chapter 3 describes the
SPCs and their working principles. Chapters 4, 5, 6, and 7 represent the main work performed for

this thesis. Chapter 4 covers the theory behind the nuclear quenching factor and the experimental



procedures used or proposed as of today, to extract such quantity. Chapter 5 presents the nuclear
quenching factor measurements performed in the scope of this thesis: the experimental set up, the
energy calibration and stability of the detector. Chapter 6 covers the analysis approach to extract
the nuclear quenching factor from that experiment: the model developed to describe the nuclear
recoils, and the unbinned fit to the data in a Bayesian framework. Then, Chapter 7 presents the
results of the quenching factor measurement. Finally, Chapters 8 and 9 cover the feasibility of an
experiment using an SPC at a nuclear reactor. First, we estimate the induced CEvNS signal in four
different targets, as to estimate the best candidates. And then, we present a preliminary study of

the background induced by the materials used to build the detector and the shielding.



Chapter 2

Coherent elastic neutrino-nucleus

scattering

2.1 cross section for CErNS

Coherent elastic neutrino-nucleus scattering (CEvNS) involves an incident neutrino scattering
coherently off of all the nucleons in the nucleus. For most medium A nuclei, a neutrino with an
energy below roughly 50 MeV will scatter off of the nucleus as a whole. The nucleons in the nucleus
thus recoil in phase, and we model this as the whole nucleus recoiling. For the coherence to be

possible, the following condition must be met:

grn <1 (2.1)

with ¢ the momentum transfer from the neutrino to the nucleus, and, r,, the nuclear radius. The
reduced Planck constant, /i, and the speed of light, ¢, are set to 1.
The Standard Model predicts a neutrino-nucleus differential cross section as a function of the

recoil and the neutrino energies [6]:

do G%‘ 2Enr Em“ 2 METH’ QIQ/V 2 2
dEm(EmEn)—QWM<2— +( ) TR ) 1 F*(Q), (2.2)



where F, is the neutrino energy, E,, is the recoil energy of the nucleus, M is the target nuclear
mass, G is Fermi’s constant, F' is the nuclear form factor, () is the 4-momentum transfer and Q

is the weak nuclear charge, which can be written as follows:

Qw = N — (1 — 4sin® ) Z, (2.3)

where y is the Weinberg angle, N is the number of neutrons, and Z is the number of protons.
Because the recoil energy of the nucleus is much smaller than the energy of the neutrino, F,, < E,,

then the differential cross section can be written as:

do G* ME,,
W(EmEm“) = TTI:M (1 - >Q%/VF2(Q2)7 (24)
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Figure 2.1: Comparison of cross section processes: CEvNS on Ne target in blue, elastic neutrino-
electron scattering in orange and inverse beta decay in green. The CEvNS cross section is from [12].

The derivation of the nuclear form factor correction comes from Lewin and Smith [13] which
uses the Helm form factor function [14]. The form factor describes the distribution of nucleons
within the nucleus. The quantity depends on a dimensionless quantity Q=gr,/h. The coherence
of the interaction breaks when F(Q > 1)2 — 0. The momentum transfer ¢ = +/2M7E,, depends

on the target mass and the nuclear recoil energy is in keV. r, is an effective nuclear radius and is



approximated by:

7
Ty = \/02 + 57'[‘2&2 — 582, (25)

with ¢ = 1.234'/3 - 0.6 fm, s = 0.9 fm is a measure of the nuclear skin thickness and a = 0.52 fm.

The Helm factor is written as:

Flgra) = 1237“") x e~ /2 (2.6)

with:
sin(qry) — qry, cos(qry,)
(q’rn)2

jl(qrn) = (27)

The parameters in equation 2.6 are determined from experimental estimates, more details can be

found in [13].

The cross section is relatively high compared to other neutrino processes, due to the N? term;
see Figure 2.1. However, because the only detectable output of this interaction is the nuclear recoil
of the nucleus (~ few keV) and the technology available for the past 40 years did not allow an
energy threshold low enough, the first detection of CEv¥NS was not made until 2017 by the CO-
HERENT experiment [15].

Because of the cross section dependence on N2, the choice of target is important. Figure 2.2a
shows the comparison of cross sections of CEvNS for different targets: Xe, Ar, Ne and He. The
cross section on He is by a factor 4 lower than the cross section of inverse beta decay (IBD), thus
from a cross section point of view using He as target is not advantageous. The Xe, Ar and Ne

target are more interesting target candidates.

The recoil energy of the nucleus ranges from 0 to a maximum value, E]%*:

2E?
my + 2FE, ’

maxr __
Enr -

(2.8)

where my is the target mass nucleus. Figure 7.1 shows the maximum recoil energy reached for dif-
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Figure 2.2: Impact of the target on the CEvNS cross section and on the maximum nuclear recoils
energy.

ferent targets: Xe, Ar, Ne and He. From this figure, one can see that for a neutrino of energy 5 MeV
the maximum recoil energy from a He nucleus is about 14keVy,, Ne nucleus it is about 3keVy,
Ar nucleus it is about 2keV,; and Xe nucleus it is about 0.5 keV,;. Thus, the heavier nuclei which
have a higher cross section are more difficult to detect because the signal output is below 0.5 keVy,;.
It is also important to keep in mind that these energies will be “quenched” since most detectors

can only detect a fraction of the total nuclear recoil energy deposited (e.g. in the form of ionization).

2.2 Sources of detectable neutrinos

In this section we describe the possible sources of neutrinos from which CEvNS could be de-
tected. These tend to be sources that produce neutrinos in the intermediary energy regime (below

hundreds of MeV). They are presented in two categories: natural and artificial sources.



2.2.1 Natural sources of neutrinos

The natural neutrinos cover solar, atmospheric and supernovae neutrinos. These sources of
neutrinos constitute an ultimate background to the direct detection of dark matter: the so-called
“neutrino floor” [16]. It is thus important for the dark matter search community to have a strong
understanding of the CEvNS signal in their detectors. This section follows L. Strigari work [17],

which looked into neutrino induced background for WIMP detection.

Solar neutrinos

The main contribution from solar neutrinos is coming from the pp-chain, see Figure 2.4. Con-
sidering the energies of the neutrinos generated in the chain, only two sources of neutrinos are
considered for potential observations. Indeed, the nuclear recoil energies generated by such neutri-
nos would be below 30eV [18]. The two neutrino reactions considered are: ®B and hep neutrinos.
The energy spectra of neutrinos produced in such reactions are shown in Figure 2.3, where the
maximum neutrino energy reaches about 20 MeV, thus can generate a maximum nuclear recoil en-
ergy of about 5 keVy, for heavy targets such as as Xe, see Figure 2.5. Their position in the pp-chain

is shown in Figure 2.4.
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Atmospheric neutrinos

When cosmic rays interact with the atmosphere they produce an intense flux of neutrinos going
up to energies of few hundreds of GeV and down to few tens of MeV. Two flavors of neutrinos
are created, electronic and muonic neutrinos, along with their respective antiparticle. Figure 2.3
shows the energy spectra for such neutrinos. The neutrinos with energies within the lower limit

and 50 MeV constitute a source of CEvNS events, however quite a faint one.

Supernovae neutrinos

0°® neutrinos of all flavors in

When a supernova takes place it generates a burst of about 1
a time window of about 10s. The remnants of such explosions constitute a diffuse supernova
neutrinos flux. The flux is calculated from the neutrino spectrum per supernova and the core-
collapse supernova event rate as a function of redshift [17]. The neutrino energy spectrum of
core-collapse supernovae is approximated as a Fermi-Dirac spectrum, with energy ranging from 3
to 8 MeV [20]. Each temperature corresponds to a neutrino flavor: T,, = 3MeV, Ty, = 5MeV and
T,, = 8 MeV, where v, represents v, v, and their respective antiparticles. The energy spectra of
the three contributions are shown in Figure 2.3.

Figure 2.5 shows the expected event rates for the natural neutrinos sources: 8B and hep, at-
mospheric and diffuse supernovae background in four different targets: xenon, argon, neon and
helium. The contribution from 8B solar neutrinos is expected to produce the most intense signal in
the four targets. Considering an arbitrary energy threshold of 100 eV, the event rates are reaching
713, 220, 90 and 18.7 CEvNS events/t/year for xenon, argon, neon and helium, respectively. The

other contributions to the signals are listed in Table 2.1. They seem to constitute a faint signal in

the CEvNS channel.

Thus, in order to detect CEvNS, experimenters are opting for artificial neutrino sources, which

have a higher neutrino flux and thus a higher expected event rate.
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Figure 2.5: Event rate as a function of the nuclear recoil energy for four target nuclei, considering
the four astrophysical fluxes aforementioned: ®B and hep, atmospheric and diffuse supernovae
background neutrinos (DSNB).

2.2.2 Artificial sources of neutrinos

Neutrino beams

Neutrino beams can be produced from charged particle beams. For example, a beam of protons

is aimed at a target generally made of graphite or mercury, producing pions and kaons. These



CEvNS /t/year  Xe Ar Ne He

B 713 220.5 90.5 18.7

hep 2 0.63 0.25 5.1e-2
Atm. v, 7, 2.e-2 6e-3 1.6e-3  7.9e-5
Atm. v, U, 1.e-3 4e-3 8.2e-4 4.1e-5
DSNB T,, 2.3e-3  8e-4 3.6e-4  T.4e-5
DSNB Ty, 5e-3  1.5e-3  6.le-4 1.le-4
DSNB T,, 7.6e-3 2.36e3 93ed 1.3e-4

Table 2.1: Event rates above arbitrary energy threshold = 100eVy;.

particles decay over several hundreds of meters mainly into muons and muon neutrinos [22]:
=t +y, (2.9)

Finally, the u™ in turn decay in:

p = et e+, (2.10)

These sources generate a wide range of energy between 0 and about 50 MeV, thus, producing recoils
above 1keVy,. An advantage of such a source is the beam timing for background rejection, more
details are provided in Table 2.2.

Neutrino beams are used in varieties of neutrino physics experiments: the NuMI (Neutrino at
the Main Injector) beamline is used for the NOvA experiment [23] and will undergo upgrades for
DUNE [24], both focusing on studying neutrino oscillation. The SNS (Spallation Neutrino Source)
used by the COHERENT experiment focuses on CEvNS detection [25].

Electron-capture neutrinos

Electron-capture (EC) takes place when a proton-rich nucleus absorbes an inner atomic electron,

generally from the K and/or L shells, and then emits a neutrino:

IXN4 e — Yyl + ve (2.11)
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The neutrino carries almost all the energy of the decay, and generates a monochromatic electron
neutrino source. The neutrino energy of such sources ranges between about 0.5 and 1.5 MeV. Most
EC decays are visible thanks to one or more X-ray emitted after an outer electron replaces the
inner atomic electron that was absorbed.

Mega-Curie (MCi) scale EC neutrino sources have been developed in the last three decades [26] [27],
using ®'Cr and 37 Ar isotopes. If considering an 37 Ar source of 5 MCi, the resulting neutrino flux is
of the order of 1 x 10'7 v/MeV /s. These sources were developed primarily for calibration purposes
by GALLEX and SAGE [26] [27]. However, other applications were proposed like sterile neutrino
searches via short-baseline oscillations, neutrino magnetic moment searches, and searches beyond
the Standard Model [28]. In 2012, the Ricochet experiment, which aims at detecting CEvNS,

submitted a proposal in view of a possible CEvNS program [29].

Reactor neutrinos

Nuclear reactors provide the most intense artifcial source of neutrinos ~ 2 x 1020 GW—ts~ 1
The neutrinos are not the product of fission, but they result from the beta decay of the fission

products; thus nuclear reactors only generate .. The reactor neutrinos cover an energy range up

to about 12MeV. Section 8.1 will provide more details about 7, production at nuclear reactors.

Source Flux Flavor Energy Pros Cons
[s71] [MeV]
Reactor ~ 2 x 10?0 /GW Ve 0-10 large flux - lower cross section

- lower energy recoils

Stopped ~ 1015 Yy 0-50 - higher cross section - lower flux
-pion Ve - higher energy recoils - pulsed source
Uy - pulsed beam (background)

Table 2.2: Summary of pros and cons for CEvNS detection with two different artificial sources:
nuclear reactors and neutrino beam (stopped pion source) [30].
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2.3 Applications of CErNS

Once CEvNS is well characterized, the next phase is to use the process to probe further physics
questions. The following sections highlight some of the most straightforward physics to explore as

well as highlight directions for future research.

2.3.1 Application in monitoring reactor neutrino flux

The coherent elastic neutrino-nucleus scattering, as the inverse beta decay, can be used to probe
the core fuel of nuclear power plant. Indeed, the flux of . depends on the nature of the fuel. Two
main isotopes participate in the neutrino production of a reactor: 23U and 2Pu. The first rep-
resents about 5% of the total fuel and is directly fissile, while the other comes from the 238U that
form the rest of the core fuel. The plutonium emits less neutrinos per fission than the 23°U. One
can directly probe the reactor fuel at a nuclear power plant and check for plutonium production.
Currently, it is proposed to use inverse beta decay to probe the reactor fuel at a nuclear power
plant [31].

Another interesting application of CEvNS is to probe the reactor neutrino spectrum as this spec-
trum is not well known. Indeed, inverse beta decay has a threshold of 1.8 MeV in order to take
place, which is not the case of the CEvNS interaction. Thus, the CEvNS could provide comple-

mentary information, and help develop more accurate models to describe the neutrino flux.

2.3.2 Neutrino magnetic moment searches

The Standard Model predicts a magnetic moment of the neutrino to be [32]:

my

leV

fy ~ 3.2 % 10—19[ ]MB (2.12)

However, the current best limit is p,, < 1.4 x 10712 g, provided from solar neutrino data from the

Borexino experiment [34]. Other experiments use reactor neutrinos and set limits at 2.9 x 10~ g

14



for the GEMMA experiment [35]. The LSND experiment used the neutrino beam produced at Los
Alamos and provided limits for u,, < 6.8 x 10~"%p [36]. All of these measurements took place
using elastic v-e~ interactions. One could observe a non zero magnetic moment via a distortion of

the nuclear recoil spectrum of coherent elastic neutrino-nucleus scattering. Figure 2.6 shows such

distortion for Ge and CaWOQy targets.
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Figure 2.6: Expected distortion of the nuclear recoil rate due to the magnetic moment neutrino.
In [33] the author worked out the expected distortion on nuclear recoil rate considering two targets
at a nuclear reactor: Chooz reactor, in France, for the Standard Model in black, and with varying
neutrino magnetic moment: 2.2 x 1072 g, 2.9 x 10~ g, and 3 x 107!° 4, in blue, green, and,
red, respectively. The green shaded regions correspond to different detector phases with improved
energy threshold: 50 and 10eV,. for Ge and 20 and 7eV, for CaWo,. The red dashed line shows
the background after rejection.

The cross section can be expressed in terms of the neutrino magnetic moment:

do w2z 1 1 n
dE,, B mg Enr E,
m

Massive Majorana and Dirac neutrinos have different magnetic moment values, so this could shed

Enr 2
1 E3>F (@)

(2.13)

light on the nature of the neutrino [37].
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2.3.3 Nuclear form factor measurements

The coherent elastic neutrino-nucleus cross section is predicted by the Standard Model; therefore
investigations on the nuclear form factors could give information on the neutron spatial distribution

in a nucleus, and also on its radius [38].

2.3.4 Supernovae neutrinos searches

As mentioned by Freedman [6] the CEvNS process could be, in part, responsible for supernovae

0%, carrying roughly 6.2

explosions. The number of neutrino produced during a supernova is ~ 1
x 10% GeV [39]. It is thought that neutrinos play a key role in the shockwave leading to the
explosion [39]. CEvNS could be responsible for the energy containment in the stellar matter, with
neutrinos scattering off of nuclei that redeposit energy in the dense environment. However, the

overall impact of CEvNS in supernovae could be reduced by ion-ion correlations where the densi-

ties are high.

The relatively large cross section of CEvNS could provide a way to observe supernova neutri-

nos. The interaction could give us an opportunity of studying fundamental physics such as neutrino
oscillations and neutrino mass hierarchy for example [41].
As aforementioned, the densities in gravitational collapses are high, 1.0 x 10 g/cm? [40], which
leads to electron captures, which in turn produces a large number of v, in the stellar medium.
Thus, the number of neutrinos is so large that neutrino-neutrino scattering interactions, not only
occur, but are thought to be a dominant process [41]. These effects and the propagation of the
neutrinos through a high density medium can lead to flavor oscillations enhanced by matter by the
Mikheyev-Smirnov-Wolfenstein (MSW) effect [42] [43]. Hence, the outgoing neutrinos have distinct
spectral features depending on their flavor. Additionally, the flavor conversions by MSW depend
on 613 and the neutrino mass hierarchy.

The CEvNS process can not distinguish between neutrino flavors. However if CC supernova

experiments and NC supernova experiments join their efforts, it could be made possible to extract
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energy spectra of the neutrinos emerging from the stellar environment. These could help increase

our understanding of supernovae and supernovae neutrinos.

2.3.5 Weak mixing angle precision measurement

The weak mixing angle is related to the electroweak symmetry breaking in the cooling of the

Universe, when the neutral electroweak W and B bosons “mixed” to create the v and Z bosons.
This electroweak symmetry breaking hypothesis is part of the Standard Model.
The value of sin? @y depends on the momentum transfer; hence, several measurements with different
momentum transfer were performed. They are shown in Figure 2.7. Some existing measurements
are in disagreement with the Standard Model prediction. However, there are not enough measure-
ments with significant deviations to conclude to a disagreement with the Standard Model.

The coherent elastic neutrino-nucleus scattering cross section is predicted by the Standard
Model and depends on the weak charge given in equation 2.3. Itself depends on the number of
neutrons and protons inside the nucleus, which is known, and the weak mixing angle 6y. Thus,
it can be directly extracted from the cross section. A variation from the theory would indicate
physics beyond the Standard Model. Reactor experiments can probe the momentum transfer of
about 5 MeV [44], which has not any comparable existing measurement to this day. Accelerators,
or stopped-pion neutrino source, experiments can probe a momentum transfer of about 40 MeV,
which is comparable with measurements from proton and electron scattering experiments.

Thus, CEvNS proves to be an attractive tool towards weak mixing angle measurements in two

different momentum transfer regions.

2.3.6 Sterile neutrino searches

The reason for a discrepancy between expected and observed reactor neutrinos flux (”"reactor
anti-neutrino anomaly”) is still unknown [47]. Other experiments using neutrino beams also have
anomalous results [50] [51], as well as gallium experiments [48] [49]. To explain those anomalies a

fourth species of neutrinos has been postulated. This additional neutrino does not interact via weak
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Figure 2.7: Existing sin? fy measurements and projections in the renormalization scheme M S as
a function of the momentum transfer (). The prediction from the Standard Model is shown in blue.
The grey points correspond to past measurements [45], except for the projection for the DUNE
experiment [46]. This plot is coming from Reference [44], from the vIOLETA collaboration, which
is a future CEvNS experiment. In green and dark blue are the sensitivity of their experimental
setup to the weak mixing angle with two different quenching factor models.

interaction like other neutrinos, and is called “sterile”. A way to look for a sterile neutrino, would
be to compare the neutrino spectrum coming from a source in a short-baseline experiment with
CEvNS, which is not flavor dependent, and thus comparing the total neutral current disappearance
with CC current experiments. A significant disappearance in the neutral current would favor the

existence of a sterile neutrino.

2.4 Current CEvNS experiments

The only detectable output of the CEvNS interaction is the nuclear recoil induced by the neu-
trino scattering. Depending on the neutrino incident energy the recoil energies cover a range below

1keVy, and up to few keVy,,. Thus, the detection of such a faint signal is technologically challeng-
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ing.

One of the first proposals to detect CEvNS came from Drukier and Stodolsky [12] in 1984, where
they proposed to use superconducting grains detectors. The detector being held in a magnetic field
and at a certain temperature, it allows a particle to deposit energy when it interacts with the
medium. A temperature jump, 67", flips the grain from a superconducting state to a normal state,
which results in a change of the magnetic field around the grain and thus to be detected. 7T can
be set to the desired value by tuning the magnetic field or the temperature at which the system is
maintained, by using a phase diagram of the metal considered. The size of the grains depends on
the nuclear recoil energy we want to detect. If the energy is of the order of the keVy;, then 10 um
grains can be flipped at a temperature of —269.0°C, which is the liquid helium temperature. If
the recoil energy is in the sub-keVy, region, then a smaller grain is needed and/or lower temper-
atures are necessary, so that the 07 is large in comparison of the temperature of the grain, and
thus change the grain’s state. The drawback of such a method is that the detected signal does not

provide information on the energy of the detected particle.

Since then, we saw the proliferation of low-energy threshold detectors, making the detection
possible. Depending on the technology used, one must also include a nuclear energy quenching
factor, which makes the detection even more challenging.

Due to the signal constraint, an experiment aiming at detecting CEvNS wants to meet several
requirements. Having a low background environment is necessary, and in particular in the region of
interest. One need to have detectors having low-energy threshold in order to detect few keV down
to the sub-keV region.

Finally, an intense source of neutrino is required satisfying the coherent energy range. As afore-
mentioned in Section 2.2, there are currently two artificial sources that can satisfy both criteria:

nuclear reactors and neutrino beams.

This section focuses on the experiments involved in CEvNS detection. The COHERENT exper-

iment is described into more details due to its first detection of the interaction and achievements.
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2.4.1 The COHERENT experiment

The COHERENT collaboration achieved its primary goal of detecting CEvNS in 2017 [15],
using a neutrino beam produced at the Spallation Neutron source (SNS) at Oak Ridge National
Laboratory (ORNL). The particularity of the COHERENT experiment is the deployment of four
detectors with four different targets in order to show the N? nature of the cross section. The
detectors are deployed in the neutrino alley at SNS, a location relatively neutron quiet. Details on

the detectors are given below and in Table 2.3.

Target  Technology Mass Distance from Recoil threshold

[ke] source [m)] [keV.,]
CsI[Na] Scintillation 14.6 20 6.5
Ge Ionization 16 22 1
LAr  Scintillation 24.4/610 29 20
Nal[Tl] Scintillation 185/3000 28 13

Table 2.3: Summary of the three COHERENT detector subsystems parameters. See [52]. Note
that the Csl detector has been dismantled.

The 14kg CsI[Na] Scintillator detector (cesium iodine crystals dopped with sodium) had sev-
eral advantages to detect CEvNS: a low energy threshold and a large number of neutrons (Cs: 78
and 1:74) which boosts the cross section of the CEvNS interaction. The two recoiling species have
very similar masses (Cs: 132.9u and I: 126.9u). The commissioning of this detector took place in

2015, followed by 15 months of accumulated data. The detector was then decommissioned in 2019.

The P-Type Point Contact Germanium detectors combine several advantages for the CEvNS
detection: low energy threshold, high energy resolution (below 1keVee), a well known quenching
factor and a low internal backgrounds. Its medium-A nucleus optimizes the coherence process and
generates more energetic nuclear recoils than for heavier nuclei, which makes it a perfect candidate
for CEvNS detection. The low intrinsic noise of about 150 eV, allows detection of energies below
1keVyr. An array of 8 germanium modules of 2.2kg each are deployed at the SNS with the goal

of measuring the CEvNS spectrum, but also probe electromagnetic properties of neutrinos. The
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detector will be in commissioning phase in 2022.

The Liquid Argon single phase TPC, or CENNS-10 detector, has a relatively high light yield,
roughly 40 photons/keVee, moreover LAr presents a huge advantage of discrimination between nu-
clear recoils and electronic recoils. The detector is a 56.7 L cylindrical chamber filled with the
scintillator liquid with two photomultipliers (PMTs) on each extremities with a fiducial mass of

24.4kg. The detector will undergo an upgrade in 2023, and increase its fiducial mass to 610 kg.

The Nal[Ti] detector is the last detector that the COHERENT collaboration deployed. The
sodium isotope has the lowest neutron value of all the experiment’s target materials (N = 12 neu-
trons); therefore it will result in the highest nuclear recoil energies. The light yield is similar to the
LAr TPC subsystem roughly 40 photons/keVe.. The Nal[T1] subsystem consists of 7.7 kg Nal|[T1]
rectangular modules sealed in aluminum and combined with PMTs. The first phase of this detector
is to explore CC interactions (with I), and then several upgrades will be done to deploy a larger
detector volume. In the second phase the detector will be a 2 tonnes Nal[T1] subsystem sensitive

to CEvNS and CC interactions. The detector will be in commissioning phase in 2022.

In August 2017, the COHERENT collaboration released a paper [15] showing the first observa-
tion of coherent elastic neutrino-nucleus scattering interaction. This result comes from 15 months
of accumulated data with the CsI[Na] detector. Thanks to the pulsed beam the collaboration iso-
lated the environmental backgrounds from neutrino signals and was able to compare signals from
before protons-on-target triggers and after. They observed a high significance excess of events on
the second signal group (beam ON), in both the energy spectrum and the arrival time distribution,
see Figure 2.8. The excess signal follows the Standard Model prediction for both distribution. The
measurement show a confidence with the theory with a level of 1 sigma (134 + 22 events observed
against 173 + 48 predicted). Finally, the COHERENT collaboration observe the CEvNS process
at a 6.7 0 confidence level. The uncertainties were dominated by uncertainties on the neutrino flux,

10 %, and the quenching factor, 25 %. Additional data were taken to increase the statistics by a
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factor 2 and the quenching factor was re-measured and estimated with a new analysis, decreas-
ing its uncertainty contribution to 3.6 %. With these new data, and better understanding of the
quenching factor, the COHERENT collaboration was able to set a new confidence level of 11.6 ¢

(results communicated at conferences and not yet published).
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Figure 2.8: Figure from [25], which highlight the detection of the CEvNS interaction in the Csl
detector of the COHERENT experiment. The left two plots correspond to the residual differences
between signal events and background events. The top right plot shows the energy spectrum, in
photoelectrons, expected in green from the different neutrino flavors and the data in black dots.
The bottom right plot shows the arrival time spectrum, expected in green and in black dots the
data.

In 2020, the COHERENT collaboration released new results showing first detection of CEvNS
on argon [53]. The collaboration conducted two independent analyses that showed good agreement,
showing detection at 3.5 ¢ confidence level. The other efforts of COHERENT are summarized in
Table 2.4.

The two results of COHERENT are shown in Figure 2.9 in blue dots, and compared with the
expected cross section averaged to the neutrino flux as a function of the neutron number. They

agree within uncertainty with theory, in green.
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2.4.2 Other experiments

There are international efforts in detecting CEvNS, and several experiments made their primary
goal to detect and use the interaction to probe physics. In this section, we will talk about the main
experiments involved in CEvNS detection, with a particular focus on those that already took data

or will turn online in the next couple of years.

The experiments looking into detecting CEvNS are using different technologies and targets.
The most part of these experiments use a nuclear reactor as neutrino source and are listed in Ta-
ble 2.4: COvUS, CONNIE, Miner, Ricochet and Nu-CLEUS. The first two experiments: COvUS
and CONNIE, set first limits in the detection of CEvNS for reactor experiments, in 2021 [54] and
2019 [55], respectively. These two limits are shown in Figure 2.9 by red arrows and compared with
the expected cross section averaged to the neutrino flux as a function of the neutron number, in
red.

A first limit from solar neutrinos was provided by the XENONI1T experiment in early 2021 [56],
which is shown in magenta in Figure 2.9. As for the previous results/limits, it is compared with the

expected cross section averaged to the neutrino flux as a function of the neutron number in magenta.

Despite not listing them in Table 2.4, other experiments are expected to go online in the near
future: RED-100, TEXONO, and Xenon, which are reactor experiments.

We want to point out that the achievements of the past four years by the CEvNS community
are significant. All the efforts lead to two detections for accelerator experiments, using different

targets, and three limits for reactor and solar experiments.
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Experiment Target Technology Distance Energy  QF Status
threshold
Reactor
COvUS Ge HPGe 17m 300eVe  Yes 2018-20: Physics run
[57] 2021: 1% limit [54]
CONNIE Si CCD arrays 30m 40eVee  Yes  2019-20: Physics run
58] 2019: 1°¢ limit [55]
Upgrade: 7eVee Eip,
Miner Si & Ge Cryogenic 2-10m 0.1keVy,  Yes Phase-I: on-going
[59] movable core Phase-II: hermetic
2022: Shielding
NU-CLEUS  CaWOQq4 Cryogenic 72-102m 20eV No 2022: Physics run
[60]
Ricochet Zn & Ge Semi-conductor 8m 50eV No 2023: Physics run
[61]
Accelerator
COHERENT Csl Scintillation 19.3m Yes  2017: Detection [15]
2019: Decommissioning
Ge HPGe 21.1m 1keVy,  Yes  2021: Commissioning
LAr Scintillation 28.4m 20keVy,  Yes  2020: Detection [53]
2022: Upgrade 750 kg
Nal Scintillation 22m 13keVyy  Yes  2021: Commissioning
CCM LAr Scintillation 20m 20keV,  Yes 2021-22: Physics run
Solar
XENONI1T LXe TPC - 0.5keVy,  Yes 2021: 1% limit [56]

Table 2.4: Summary of the experiments involved in CEvNS detection. The target, the technology
used, the distance from the source, the recoil energy threshold, the sensitivity to QF and the
status of the experiments are listed. Based on the report of the experiment at the workshop The
Magnificent CEvNS 2020 [62].
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from CONNIE [55] and COvUS [54], with Si and Ge targets, respectively. The red curve is the
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neutrinos experiment. Courtesy of K. Scholberg for the COHERENT Collaboration.
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Chapter 3

Spherical proportional counters

This chapter describes the working principles of the Spherical Proportional Counters (SPCs).
First, we start with an introduction to gaseous detectors and then we cover the specificities of the

SPCs.

3.1 Introduction to gaseous particle detectors

3.1.1 Working principle

The gaseous particle detectors were invented in 1908 by E. Rutherford and H. Geiger [63]. They
consisted of a volume filled with gas between an anode and a cathode. There are three modes for
a gaseous detector, which depend on the high voltage (HV) applied on the anode: the ionization
chamber, the proportional chamber and the Geiger-Muller counter. The ionization chamber mode
uses low voltages producing low electric fields, which does not allow charge multiplication; the
output signal is proportional to the charges from the primary ionization. The proportional counter
mode operates in higher voltages and allow for a charge multiplication between 10? and 10°, but
generally 103. The output signal is also proportional to the charges produced during the primary
ionization. The Geiger counter mode operates at even higher voltages than the proportional mode,
inducing a strong electric field in the gas volume. As a result the charge multiplication reaches

105-10%, but the Geiger mode loses the primary ionization dependence for the amplitude of the
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signal output.

When an incident particle interacts in the gas, it can deposit its energy through different
processes depending on the particle and the gas: producing radiation, heat and/or ionizing the
gas. The number of charges produced by the ionization process, called the primary ionization, is
proportional to the total energy deposited in the gas. Thus, the estimation of the ionization energy
is a good estimation of the energy deposited by the incident particle.

All interactions have an ionization yield, or quenching factor, which is the ratio of the mean
ionization energy to the total kinetic energy of the incident particle. Depending on the incident
particle (e.g. mneutron, gamma), and respective target particle (e.g. electron or nucleus), the
quenching factor will be close to 1, for electronic recoils, and smaller than 1 for nuclear recoils.

The primary electrons will drift toward the anode, and depending on the mode, proportional
or Geiger, they will reach a high intensity field region, where each primary electron will gain
enough kinetic energy between each collision that they can further ionize the gas. For each primary
electron, hundreds or tens of millions of secondary ionizations take place, allowing very small signals
(corresponding to single primary ionization electrons) to be amplified and detected thanks to the
avalanche amplification process. For more details about gaseous detectors, the reader is encouraged

to review [64].
3.1.2 Particle interactions in a gas

Different particles will create ionization signals in different ways. These are summarized in this
section.

Charged particles

Charged particles interact with the electronic cloud of the gas atoms. By interacting with the
electrons, charged particles lose energy in different ways.
Ton-electron pairs creation take place when the charged particle interacts with the electronic cloud

of an atom, where the electron kinetic energy is equal to the energy deposited in the gas by the
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charged particle minus the ionization potential of the atomic electron.

Charged particles can excite an atom, which in turn releases a photon. The emitted photon can
in turn ionize the gas, depending on the quencher concentration in the gas. The quenching gas, in
general hydrocarbon molecules, prevents uncontrolled discharging.

Bremsstrahlung radiations can be created by S8 decays of the copper detector shell and lead shield-
ing, which produce Bremsstrahlung . These radiations can be a substantial contamination as they
can cross larger depth of material.

Heavy ions include all charged particles that are more massive than electrons. These particles can

interact with the nuclei of a gas mixture through scattering, whose ionization is quenched.

Photons

Photons are neutral radiations, which interact primarily with electrons. Then, the electrons
deposit their energy in the gas. The different processing involving photons energy loss are Compton
scattering and photoelectric effect. The processes become dominant based on the energy of the
photon and the atomic number of the target.

Compton scattering consists of a photon scattering off of an electron from an atom. The maximum
energy transfer through Compton scattering takes place when the photon back scatters.

The photoelectric effect consists in the absorption of a photon by an atom, which in turn ejects an
electron from the atomic cloud. The energy of the outgoing electron is equal to the energy of the
incoming photon minus the binding energy of the atomic electron.

Finally, the pair, or electron-positron production has an energy threshold of 1.022 MeV, which is
the sum of the masses of the electron and positron created. In the presence of a Coulomb field, like

a nucleus of an atom, a photon is absorbed and it produces an electron-positron pair.

Neutral particles

In the hundreds of keVs up to MeVs the principal mechanism of energy loss by neutrons is
elastic scattering off of nuclei. In this scenario, a small portion of the neutron energy is transferred

to the recoiling nucleus (few keV) and is scattered with a certain angle from its initial trajectory. A
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neutron can also undergo inelastic scattering with a nucleus, which lead to a nucleus in an excited
state followed by radiation. Neutrons can undergo capture from an atomic nucleus followed by an
electromagnetic radiation.

Within the tens of MeV region, neutrinos scatter off of nuclei, through coherent elastic neutrino-
nucleus scattering. There are many other interactions involving neutrinos, they will not be discussed
in this document.

WIMPs scatter off of nuclei and create a nuclear recoil depositing energy through ionizations.

In the three cases mentioned above, it is the induced nuclear recoil that is the only signal output
from the interaction, where the ionization energy is quenched in comparison to the total energy

deposited in the gas.

3.2 Principle of SPC

This section describes the Spherical Proportional Counters, their working principle and their

properties, which are common to all SPCs and independent of the size and gas used.

3.2.1 Description

SPCs consist in a grounded metallic spherical shell filled with gas [8]. At the center of the
sphere, a small spherical electrode is held at high positive voltage (~ 700-2500 V) and used to read
out signals. Particles are detected by the ionization charge that they deposit. The size of the
detectors vary depending on their purpose, with typical diameters ranging from 15cm to 140 cm.
The size of the sensor varies as well from 1 mm to 16 mm of diameter. The sensor is kept at the
centre of the sphere by a grounded rod which carries an HV wire, leading to an electric field that
goes approximately as 1/r2. We distinguish two regions in the electric field along the radius of the
SPC. The main region of the volume, where the primary electrons are created, is the drift region,
and a smaller region in the vicinity of the anode, where the electric field is large and the charge

multiplication takes place.
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When an ionizing particle interacts in the gas, it creates a cloud of “primary ionization” (e~ /ion
pairs). The electrons then drift towards the sensor within a few hundreds of microseconds, for a
SPC of 30 cm of diameter. They reach the high intensity electric field region within few hundreds
of micrometers from the electrode, while the ions drift toward the surface of the sphere, see Figure
3.1.

Near the sensor, the electric field is strong enough for the electrons to gain enough kinetic energy
to ionize more gas between each collision, which leads to an avalanche amplification process, known
as a Townsend avalanche [65]. Thanks to this avalanche process, a single primary electron reaching
the vicinity of the anode generates thousands of secondary e~ /ion pairs, allowing signals resulting

from a single primary electron to be detectable.

N

100

Figure 3.1: Cartoon showing the working principle of the SPC, with an ionizing incident particle
interacting in the gas and the primary electrons drifting towards the anode. After the secondary
ionization in the avalanche region the secondary ions are drifting towards the surface of the sphere,
inducing a signal on the sensor. The E gradient is indicative and does not represent an accurate
field, it is here to show the different zones of the electric field in the SPC: high and low E regions.

30



Figure 3.2: Electric field lines for a spherical proportional counter with a simple sensor design
using the COMSOL software [68]. Courtesy of F. Vazquez de Sola Fernandez [67].

As shown in Figure 3.2, the electric field is disturbed by the presence of the rod. In order to
resolve this anisotropy of the electric field lines in the northern hemisphere, a second electrode is
added close to the sensor. This second electrode nicknamed an “umbrella” as it is designed to
restore a near 1/r? field in the north hemisphere. Figure 3.3 shows two sensor designs: a simple
one with no umbrella and a sensor with a bakelite umbrella that was used to estimate the single

electron response of our detectors [66].

The gases used in the SPCs are mixtures of noble gases with another gas called a quencher
gas. Noble gases are used because they do not form chemical bounds with other atoms, thus they
allow the charges left by an incident particle to drift unimpeded toward the electrode. Noble gases
used in the NEWS-G collaboration are mainly argon, neon, and helium. The role of the quencher
is to absorb any UV radiation to slow down the avalanche and prevent sparks (discharging). The

quencher used is CHy, with a concentration of 2% of the total volume.
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(b) Scheme of sensor design with bakelite umbrella.

(a) Sensor design with bakelite umbrella.

(c) “Simple” sensor design: no umbrella.

Figure 3.3: Different sensor designs.

3.2.2 Pulse formation

When the avalanche takes place and secondary ion/e- pairs are created, the electrons are col-
lected within ns by the anode while the ions drift back toward the outer shell of the detector.
As they move away from the avalanche region, the secondary ions induce a charge on the anode,
described by the Shockley-Ramo theorem [69]. The induced charge is integrated by the preamp
and a pulse is formed on the digitizer.

J. Derré developed the formalism to calculate signal induced by drifting ions in a SPC [71]. We
consider the ideal case of a grounded metallic sphere of radius r; with a small electrode of radius
ro in its center, kept at a voltage V. First we want to estimate the electric field in the SPC and
then estimate the change of charge induced on the electrode by the drifting secondary ions.
The electric field can be found by using Gauss’ law and the spherical symmetry. The voltage can
be calculated from the electric field and depends on the charge, Q, contained in the electrode and
the permittivity of the gas, e:

Vi) =vop (-~ ). (3.1)

1
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1 1 1
with - = — — — and Vj = . Therefore, we can re-write the electric field in terms of Vg as
p T2 T mEp
well:
%
E(r)=-vv =22£ (3.2)
T

Now, we want to know the current induced on the anode by the drifting ions. By using the

Shockley-Ramo theorem [69], we know the change in charge induced by the drifting charges:

innd _ E(?“)

dt q; v (%

Iing = (33)

with ;4 the current induced, Q;,q the charge induced, ¢; the ions charge and v; the ions’ velocity.
The Shockley-Ramo theorem can be interpreted with the conservation of energy [70]. The work
done on the moving secondary ions comes from the energy stored in the electric field.

We can estimate the ions’ velocity by using their mobility, u, in the gas:

v; = pE(r) with ©= %

1o is the mobility of the ions in the normal conditions of pressure and temperature and P is
the pressure of the gas mixture. By substituting F(r) and v; in 3.3 we obtain:

2
dQind = —Gi % Vo dt (3.4)

We want to re-write 3.4 to have the time contribution appear. By definition, we know that:

1 dr

=By d (3.5)

By substituting E(r) and p, we find that a dt = r2dr, with a = uoVop/P. When we integrate over
the time and the distance: the ions leave the surface of the sensor, 79, at time t = 0 and reach the

distance r from the sensor at time ¢.

t r
/ adt = / ridr (3.6)
0 ro
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Then, we can express 7 in terms of the time, ¢:
r= (3ot +13)/3 (3.7)

By substituting 3.7 in 3.4 then we have the change in the charge and the current induced on the

electrode:

_ sznd
dt

Lina(t) = —gipar (3at +1r3) 43 (3.8)

If we integrate between 0 and ¢, then the charge induced on the electrode is:

t
Qind = / —qipa (3at +r3) "3 dt
0

I E O .
- wr ro  (r3 + 3at)l/3

Considering the time %,,,, when the ions reach the surface of the detector, r;:

3 3
ry —rTr
tmae = 13a 2 (3.10)

Then the induced charge on the sensor is: Qjna = —¢;.

The induced current is convolved with the response of the pre-amplifier:
flt) = Gpe /7 (3.11)

where 7 is the preamplifier decay constant (47 us for a Canberra 2006 and 140 us for a CREMAT)
and G, is the gain of the preamplifier in V/C. Understanding the signal formation is primordial,
it allows a proper extraction of the physical parameters we are interested in. The processing and

analysis of the pulses will be described in Section 3.3.

3.2.3 Response of the detector

In this section we discuss how the statistics of primary and secondary ionization affect the de-

tector response.
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The number n of primary electrons created is subject to statistical fluctuation around an ex-

pected number of primary electrons:

E@E

== 12
/"LEee W(Eee> ? (3 )

with E.. the observed energy in our detector (through ionization) and W, the mean ionization
energy necessary to create an electron-ion pair. W depends on the energy deposited, it is often
modelled with an asymptotic function to the minimum ionization potential of the medium. With
increasing energies, W rapidly reaches a constant value, which is generally of the order of few tens
of eV.

The observed number of events in particle scattering experiments is a particular case of the
Binomial distribution in the limit that the number of incident particles N is large and the probability
p of interaction and detection is small. It is generally assumed that the successive ionizations
are independent events, and thus, the number of primary ionization electrons follows a Poisson
distribution:

W,
PPoisson(n | ,uEec) = %6 #Eee7 (313)

However, U. Fano proposed that the primary ionization fluctuations from charged particles were
sub-Poissonian [72]. The variance of the fluctuations, 0%, is smaller than the variance expected for

a Poisson process by a factor F, the “Fano factor”:

F
2

ok = — 3.14
N (3.14)

In the case of a Poisson process F = 1, while for ionization fluctuations F < 1. However, it is
important to point out that for higher energies, the effect of the Fano factor is obscured by the
energy resolution.

In [73] a solution to include the Fano factor to the primary ionization is proposed, by using the

COM-Poisson distribution.
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The avalanche process is modelled so that the probability of ionization of a secondary electron
is independent of its past interactions. Experimental measurements showed that the number of

secondary electron/ion pairs follows the Polya distribution [74], [75], [76], [77]:

140 0
PPolya(S) = &m (<2,>> X exp ( - (1 + 9)%) (315)

where S is the number of secondary electrons for 1 primary electron entering the avalanche region,
G is the mean gain and 6 controls the shape of the distribution. The impact of such parameter
is shown in Figure 3.4. Each electron’s avalanche is considered independent from the others, thus
the probability of creating S secondary electrons given N primary electrons reaching the avalanche

region is given by the N** convolution of the Polya distribution:

) (1+0)(1+9) N g N(1+6)—1
P3N =5\ Fave ) \@

xexp< 1+9 ))

N-—
H (j +6,1+6)

For enough large values of N, the resulting convolution of Polya distributions tend to follow a

Gaussian distribution.
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Figure 3.4: Examples of Polya distributions, which demonstrate the impact of theta on the overall
shape distribution.

3.3 Events/pulses analysis

The automation of the pulse processing was performed by former Ph.D student F. Vazquez de
Sola Fernandez. For more details the reader is encouraged to read [67].
The signal coming out of the preamplifier is proportional to the energy deposited in the detector.
Thus, the amplitude of a pulse provides an estimate of the energy deposited in the gas. The second
parameter that we want to extract is called the rise time: it is the time that it takes for a pulse to go
from the baseline to the maximum of its height. We calculate it as the time difference between 90 %
and 10 % of the pulse amplitude. The rise time is a measure of the dispersion of the arrival time
of the primary electrons, which depends on the radial position of the event relative to the sensor
and the energy deposited. For point-like events, the energy is deposited at a “single” location, the
electrons diffuse as they drift towards the sensor; the further away from the electrode, the longer
it will take all primary electrons to reach it, the larger the dispersion and thus the longer the rise

time. As a result, the rise time is related to the drift distance, and thus, this quantity can be used
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Figure 3.5: Example of raw pulse recorded with an SPC detector. The red line shows the averaged
baseline, the two dashed black lines show the rise time: computed between the times at which the
pulse reaches 10 and 90 % of its amplitude. The green dashed line shows the maximum of the pulse.

to identify surface from volume events. For track events, the particles deposit their energy along a
trajectory in the gas. The rise time of such events is no longer dominated by the diffusion of the
primary electrons, but rather depends on the different locations of the event trajectory. Indeed,
for track events the rise time becomes the difference in drift time between the closest and furthest
parts of the trajectory relative to the anode. This, leads to longer rise times than for point-like

events, as a result we can discriminate track events from point-like events based on their rise times.

The method used to process the data is called the Double Deconvolution, as it deconvolves both
the electronic response and secondary ions drift, it corrects for the ballistic deficit and increases
our sensitivity to short rise times. The ballistic deficit is the impact of the preamplifier decay time

on the amplitude of the signal, which depends on the rise time. The method consists in:

1. Raw pulses are smoothed by a running average to diminish the noise amplification before the

deconvolution. Figure 3.5 shows an example of raw pulse.

2. Deconvolution of the preamplifier response function.
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ta23x000_000020 : Baseline Removed Integral of Double Deconvolved Pulse (in ADUs)

o

60000 4
50000§
40000

L

8 30000 -

< 20000§

10000 -

0 20 40 60 80 100 120

microseconds

Figure 3.6: This pulse corresponds to the integrated and treated (double deconvolved) pulse from
Figure 3.5.

3. Deconvolution of the ion-induced current, using division in Fourier space.

4. The resulting pulse is integrated and has an amplitude directly proportional to the energy

deposited, see Figure 3.6.

From that method, the energy and the rise time can be extracted from the pulse, along with

other parameters like:
— Width: Full-Width Half Maximum of the pulse.
— Time since last event.

Plotting these parameters against each other can make concentrations of events appear, and allow
for easy background rejection. In particular, plotting the rise time as a function of the energy allows
to identify volume events and surface events, and track events from point-like events. Figure 3.7
shows the rise time as a function of energy of data taken with a 15 cm diameter filled 700 mbar of
neon, with HV on the sensor of 850 V and on the umbrella 0 V. A source of %°Fe was placed at the

south pole and 37Ar was injected into the sphere. 5°Fe emits X-rays with mean energy of 5.9 keV
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Figure 3.7: Data taken with a 15cm diameter SPC filled with 700 mbar of neon. The voltage
applied on the sensor was 850V and on the umbrella 0 V. The orange box shows track events,
with high rise time, which are muons crossing the detector; the green box shows the *Fe event
(point-like events); the blue box shows the 2.82keV peak of the 37Ar.

and 37TAr emits X-rays at two energies: 270eV and 2.82keV. Different populations of events are
within colored boxes: the orange box shows the high rise time events corresponding to muon track
events; the green box shows the **Fe events; the blue box shows the 2.82keV peak of the 37Ar. By

applying a rise time cut we can extract the ®®Fe and 37Ar energy spectrum from these data.

3.4 Detectors

Spherical proportional counters were mainly developed for Dark Matter searches, and in partic-
ular largely focused on a favored class of low-mass particle candidates Weakly Interacting Massive
Particles (WIMPs). The direct detection of such particles relies on the detection of nuclear recoils
of few keV generated by elastic scatterings on a target.

The NEWS-G collaboration developed two detectors for dark matter searches, this section is pro-
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Figure 3.8: SEDINE detector and inside view of the detector.

viding a brief overview of both detectors.

3.4.1 SEDINE

In 2017, the SEDINE detector was installed at the Laboratoire Souterrain de Modane (LSM)
in France, for a long-running dark matter data taking. The SPC outer shell, the rod and the
sensor were made of pure copper. The detector was a 60 cm diameter SPC, connected to a copper
tube to feed HV to the electrode and the handling gas system. The location of the laboratory,
under the Fréjus Mountain, allowed to shield the detector from cosmic rays. At ground level,
the secondary particles of cosmic rays are mainly high energetic muons, called “cosmic muons”.
Because of their energy, these particles can not be stopped by shielding, thus, the best protection
is to install detectors underground. A compact shielding was developed in order to protect the

detector against natural radioactivity.

— The first, or outer layer of the shielding is made of polyethylene bricks 30 cm thick. Its purpose
was to thermalize neutrons induced by cosmic muons and stops part of the environmental ~y

background.
— The second, or middle layer is made of lead brick 10 cm thick. The purpose of this layer was
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Figure 3.9: Constraints in the spin-dependent WIMP-nucleon cross section as a function of the

WIMP mass. The results of the analysis of the data is shown in red [78].

to stop v radiation from the rock walls: environmental background.

— The last, or inner layer is made of copper 5cm thick. Its purpose was to stop - radiations

coming from the lead layer.

The collaboration released a new constraint in the spin-dependent WIMP-nucleon cross section [78]
after taking data in 2017. Figure 3.9 shows the constraint set by the experiment in a new region

below 0.6 GeV /c2.

3.4.2 NEWS-G at SNOLAB

The next generation of detector for dark matter searches took into account areas of improve-
ments from the SEDINE experience, and in particular optimize the background. For this, a new
detector was developed, SNOGLOBE, and installed at SNOLAB, located at 2 km below the surface.
This new location of the detector will help reduce the cosmic muon event rate compared to the

LSM. A series of improvements were performed on the new detector:

e New SPC shell:
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— Made of low activity copper (C10100).

— Larger detector: 140 cm of diameter and 10 mm thick in order to increase the target

exposure.

— 500 um of pure copper was electroplated [79] onto the inner surface of the detector to

remove contamination from the 2!°Pb decay chain.

e A new sensor was developed, the achinos [80], in order to maintain the balance between charge
amplification, high gain, and the strength of the electric field at high radial distances. This
new sensor is made of a set of anode balls at equidistance from the center of the electrode,

see Figure 3.11.
e New shielding, from outer layer to inner layer, see Figure 3.10:

— A 40 cm thick polyethylene (PE) panels stops neutrons induced from entering the detec-

tor.
— A layer of 25 cm of lead follows to protect against -y radiation.

— A layer of 3cm of Roman lead was used to shield the detector from 2'°Pb contamination

present in the previous layer of lead.

The development of the shielding was possible thanks to the work of former Ph.D. student
A. Brossard who estimated the nature and distribution of the different backgrounds for the new
experiment, using a Geant4 simulation [81]. For more details about the background estimation of
SNOGLOBE the reader is encouraged to read [82].

The detector was commissioned during the summer 2019 at the LSM, without the PE shielding,
using two gas mixtures, pure methane at 135 mbar and Ne+CHy at 1 bar. The analysis of the data
in methane is on-going. The experiment was relocated at SNOLAB at the end of 2019. The
installation was interrupted in 2020, due to the COVID-19 pandemic, and resumed in the spring
2021. The NEWS-G collaboration expects to take dark matter data at SNOLAB during this fall

2021.
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Figure 3.10: NEWS-G at SNOLAB. Left picture shows the installation of the detector inside of its
let shielding. The right illustration shows the detector and the different layers of shielding, courtesy
of K. Dering.

Figure 3.11: Picture of an achinos sensor. Courtesy of G. Savvidis, Ph.D. student.
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Chapter 4

Quenching factor theory and

experimental procedures

In this chapter, we will introduce two models that are widely used to describe energy loss from
nuclear recoils in a medium: the Lindhard theory [83] and a Monte Carlo software called SRIM
(Stopping and Range of Ions in Matter) [84].

As aforementioned, a WIMP or CEvNS neutrino interact in the gas producing nuclear recoils
with small kinetic energy, of a few keV. The energy deposited in an ionization detector, such as
a spherical proportional counter, can be calibrated with v or X-ray sources of known energy. As
mentioned in Section 3.1.2 these particles interact with electrons through Compton scattering or
photoelectric effect, producing electrons depositing their energy in the gas. However, a nuclear
recoil and an electronic recoil of the same energy do not produce the same amount of primary
ionization. Hence, a nuclear recoil will appear “quenched” (less ionization energy deposited) than

an electronic recoil of the same energy.
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4.1 Model predictions for quenching factor

The observed ionization energy from a nuclear recoil does not represent the total kinetic energy
of the recoil. Depending on the material, some of that energy will also be converted into heat or
light. Certain detector technologies are sensitive to the energy deposited in the various channels,
but spherical proportional counters are only sensitive to the ionization energy (since light and heat
are not detected). We introduce the observed nuclear recoil energy, E.., in electron volts electron
equivalent, eV, as the nuclear recoil energy that is measured by ionization and is associated to the
electronic recoil calibrations. The total kinetic nuclear recoil energy, F,,,, is expressed in electron
volts nuclear recoil, eV,

We introduce the nuclear quenching factor as the ratio of the observed energy, E.., to the total
nuclear recoil energy, E;:

Eee

QF (Eu) = (4.1)

We can note that the quenching factor depends on the nuclear recoil energy, and is expected to
decrease with the energy.

The quenching factor allows the observed energy to be converted to the total nuclear recoil energy,
which is the quantity of interest in detecting WIMPs or neutrino via CEvNS. Indeed, the limits set
on dark matter cross sections depend on WIMP energy and thus on the total nuclear recoil energy
deposited in the detector. As for detecting the CEvNS interaction, which is considered a counting
experiment, the number of events observed above a given detection threshold is the important

quantity. The rate depends on the quenching factor.

When it comes to describe the energy loss of nuclear recoils in a medium, the Lindhard theory
developed in 1963, is often chosen as model [83]. A brief explanation of the model is provided fol-
lowing [83] [85] and [86]. After a particle interaction, a nuclear recoil dissipates energy by a series
of atomic and electronic collisions before coming to a stop. In the Lindhard model, it is assumed
that the incoming recoiling nucleus and the target atoms have the same atomic and mass numbers.

A nuclear recoil dissipating energy involves a competition between energy transfer to atomic elec-
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trons, 77, and energy transfer to atomic motion, v, so that the total nuclear recoil energy: E,, =1
+ v. A fraction of the energy is transferred to atomic motion as heat, while the remaining energy
is transferred to atomic electrons and can be observed as ionization or scintillation. The nuclear
stopping power includes a screened Coulomb potential to model the nuclear scattering, which uses
a Thomas-Fermi screening function.

The fraction defined as ionization reduction factor, or nuclear quenching factor due to losses to the
nuclear stopping power is:

(Enr) n(Enr)

_n _
fo(Eny) = Fu 1B + 0B (4.2)

The average energy transfer to electron, 7, and atomic motion, 7, depends on the electronic and
nuclear stopping powers respectively. They are obtained by integrating over all nuclear recoil energy

possibilities. By writing the integral explicitly [86], we have:

Enr
Fo(B) = Jo " (dE/dx)e, dE @3)

Jo""dE/dz)e. + [y (dE/d2)nya. dE
In their paper, Lindhard et al. [83] described the stopping powers as a function of a scaling of

the energy, ¢, and stopping cross sections. Thus, if we re-write f,,, we have:

B

Fu(Bpy) = 1) (4.4)

m ‘

where 7] = ¢ - U, and the average energy transfer to atomic motion, after integrating over all possible

nuclear recoil energies, has a numerical solution parametrized by Lindhard et al. [83] as:

3

") = T (4.5)

The ionization energy reduction factor, or quenching factor, f,, as a function of nuclear recoil

energy can then be expressed as:

f = kg(e)

=T ke (4.6)
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with Z the nucleus atomic number, A the mass number, k = 0.1332%/3A~1/2 ¢ = 11.5E,Z77/3 and
g(e) was fitted by g(g) = 3%1540.7%6+¢, parametrization provided by [86].

In Lindhard’s model, there are four approximations:

1. When ionized electrons scatter off of nuclei they are not energetic enough to produce nuclear

recoils.
2. The atomic binding energy of electrons is negligible.
3. The energy transfer to electrons is much smaller than the energy transfer to atomic motion.
4. Electronic (77) and atomic (7) collisions are treated independently.

Lindhard’s model is known to be quite successful at modelling the energy loss of nuclear recoils
in solids, at the same time it is known that its validity at low energies is uncertain. In a second pa-
per Lindhard, Scharff and Schiott [87] state that at low energies, ¢ < 1072, corresponding to nuclear
recoil energies less than few keV ., the nuclear scattering and stopping becomes questionable. The
reason behind this statement, is that the Thomas-Fermi treatment is a “crude approximation” [87]
when the recoiling nucleus and atom do not come close to each other. Additionally, Lindhard’s

model does not take into account the density of the material investigated.

A numerical simulation package is also available to estimate quenching factors, the Trans-
port of Tons in Matter (TRIM) from the Stopping and Range of Ions in Matter software package
(SRIM) [84], introduced in 1985. SRIM approximates the travel of the nuclei with binary nuclear
collisions, hence, assuming each collision to be independent and their trajectory to follow a straight
path between each collision. The energy of the incoming nuclei is dissipated through nuclear and
electronic energy losses. The stopping power to nuclear motion implements a universal screening
potential, while a semi-empirical approach is considered for the electronic stopping power. One
important assumption is that electrons are treated as a free electron gas in the electronic stopping
power model. The nuclear and electronic stopping powers are assumed independent. The package

was developed for solids, hence, a phase correction is applied when calculating the stopping powers
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in gases. For the case of compound targets SRIM uses Bragg’s rule [88], which sums linearly the
stopping powers of all atoms in the molecule, and uses the the Core and Bond (CAB) method to

correct for the chemical bonds.

0.5
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Figure 4.1: Comparison of the expected quenching factors from Lindhard and SRIM using different
pressures. The Lindhard theory does not take into account the density of a medium. The model
used by SRIM takes into account the density of the medium, we show that the quenching factor
predictions are not impacted by the different pressures.

Figure 4.1 shows a comparison of the expected quenching factor in neon by Lindhard theory as
well as for three SRIM simulations: Ne:CHy (3%) at 1 and 2bar and Ne:CHy (0.7 %) at 3.1bar.
From this figure, we can see that the pressure is not expected to have a significant impact on the QF
returned by SRIM, of the order of 1% along the energy range covered. Also, SRIM and Lindhard
are in reasonable agreement at low energies (below 4keV,;) , after the discrepancy reaches about

6 % between Lindhard and SRIM (Ne:CHy (3 %) 2bar).

49



4.2 Experimental methods

In this section, we review the present methods to extract the quenching factor, as well as

proposed procedures for future quenching factor experiments.

4.2.1 Neutron scattering

A common method to extract the quenching factor is to use a neutral projectile, such as a
neutron, to mimic the momentum transfer of a WIMP or neutrino. Neutron beams can be produced
using an ion beam interacting with an appropriate target, based on the neutron energy of interest.

From kinematics we can calculate the total nuclear recoil energy from the neutron energy and
the scattering angle. The scattered neutrons are detected by a “backing detector” that is installed
after the target so that the scattering angle is known. The neutron energy is known from the beam
and target parameters and can be measured precisely with time of flight. More precise measurement

of the neutrons energy is possible, by directly probing the beam. The total nuclear recoil energy is

M2 M Mr\?
En.(0s, Ey) = 2Enm (ZWT +sin? 0, — cos 95\/(]\4T> — sin? 95> , (4.7)
n T n n

thus:

where 6 is the scattering angle of the neutron regarding its initial trajectory (beamline), E,, is the
incident neutron energy, M, is the neutron mass and My is the target mass (nucleus).

Figure 4.2 show the quenching factor measurements conducted with such an experiment set up.

4.2.2 Ion irradiation

It is possible to measure the quenching factor using an ion beam. In [10], the quenching factor
of a particles in *He+C4Hyo (5%) was investigated. The « particles were generated between 1
up to 50keV using an Electron Resonance Ion Source. With this set up, the incident ions mimick
the recoils induced by elastic scattering in the detector. The result of such experiment is shown in
Figure 4.3.

In [11], the authors use the COMIMAC facility, which is a table-top ion and electron beam, com-
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Figure 4.2: Preliminary results of the quenching factor measured by the COHERENT experi-
ment on Csl [89]. Five measurements were performed using scattering neutrons, which show good
agreement with each other.

posed of a COMIC ion source (Compact Microwave Coaxial) and a volume target. The beam is
able to produce energies within tens of eV up to 50keV. In the experiment, protons with kinetic

energies ranging from 1.5keV up to 25keV were produced and aimed to a gas mixture composed

of C4H 9 + CHF3 (50 %)

4.2.3 Neutron capture

Neutron capture can be a tool to measure the quenching factor at some recoil energies. The
reaction is inelastic and consists iof a nucleus absorbing a free neutron, which creates a heavier
isotope in an excited state. The heavier isotope decays by emitting one or multiple y-rays, which
produces a nuclear recoil of the order of 1keVy, for v-rays of ~ MeV [90].

The nuclear recoil energy, E,,,., depends on the energy of the emitted v-ray and the target mass

nucleus, M, [91]:
2

) —
nr 2M

(4.8)
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Figure 4.3: Quenching factor from [10] of helium ions in helium gas for different pressures. Here
we can notice the disagreement between the simulation and the data.

A study of measuring the quenching factor in neon and argon gas mixtures using this technique
was performed with an SPC, by D. Durnford [91]. The study investigated the nuclear recoil spectra
of neutron capture in the two gas targets. The nuclear recoil energy produced were mostly below
2keVy;. The conclusion of this work, was that using neutron capture as a method to extract the
quenching factor for these two gases was not feasible due to the lack of features of the energy
spectra of both neon and argon, and also the rather broad energy resolution of the SPC detector.
In [91] is pointed out that this technique might be used for other targets and other detector tech-
nologies. For example, neutron capture with hydrogen was performed by NEWS-G collaborators
at the Aristotle University of Thessaloniki using the reaction 'H(n, v)2H. The experiment was
conducted with an SPC filled with He + CH4 (10 %), the quenching factor of 2H in the gas mixture
is: QF = 0.82 at E,;, = 1.33keVy, [92] (unpublished results).
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4.2.4 Estimation using electron and ion W-values

A new method to extract the quenching factor from the mean ionization energy, or W-value,
was developed recently [93]. In the paper, the authors derive a quenching factor using the W-values

from electrons and ions in the same medium:

QF(E) = = =— (4.9)

where E,, is the total kinetic nuclear recoil energy deposited in the detector and is equal to F
the total kinetic energy of the electron, E.. is the ionization energy observed in electron equivalent
energy via ionization, N} is the mean number of e-/ion pairs created by an ion, W; is the mean
ionization necessary to create an e-/ion pair for an ion and W, is the mean ionization necessary to
create an e-/ion pair for an electron. Thus, by measuring the W-value of different ionizing particles,
electrons and ions, with same kinetic energy and in the same medium, the authors were able to
estimate the quenching factor for several ion species: HY, H, Hf, He™, N*, NJ, C*, OF, Art,
in several pure gas mixtures: Ho, CHy, Ar, No, CO2, C3Hg. Figure 4.4 shows an example of the

quenching factors estimated using this method in argon gas for different ion species.
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Figure 4.4: Quenching factors calculated for three ions in argon gas [93]. The QF data points
were calculated using existing W-value measurements. They are compared to their SRIM expected
values in dashed lines.

4.2.5 Nuclear resonance fluorescence

Nuclear resonance fluorescence (NRF) consists of the resonant excitation from an excited state
atom, or nuclei, by absorption and emission of radiation, which results into a momentum transfer
to the nucleus [94]. The process can be seen as elastic photo-nuclear scattering: with a photon
scattering off of a nucleus and inducing a low-energy nuclear recoil. The nuclear recoil energy,
E,., depends on the energy of the incident and emitted photons, which is approximated by the

resonance energy, E,, the angle of fluorescence, 6, and the target mass nucleus, M [95].

2(E, sinfy/2)?
Epy = 121127 4.10
M (4.10)

The description of the nuclear recoil energy by Equation 4.10 is valid for short lifetimes of the

excited nuclear state, allowing no momentum transfer to the medium.
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In [95] it is proposed to use NRF as a technique to estimate the nuclear quenching factor of targets,
using a photon beam to induce known nuclear recoil energies. To the best of our knowledge, this

technique has not been used yet for such purposes.
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Chapter 5

Quenching factor Measurement at the
Triangle Universities Nuclear

Laboratory

In order to measure the quenching factor of the neon-based gas mixtures used by NEWS-G,
it was chosen to use the neutron scattering method. In this section, we present our experiment
to measure the quenching factor using the neutron scattering method. This method was readily
available to us, through our collaborators at the Triangle Universities Nuclear Laboratory facility
(TUNL) [96], and was of particular interest as the method directly mimicks the interaction of a
WIMP /neutrino with a nucleus.

This section describes our measurement of the QF. First, we cover the neutron beam at TUNL,
then we present the experimental set up, followed by aspects of the energy calibration and stability

of the detector, and finally the data taking processing.
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5.1 Neutron beam

5.1.1 Neutron production at TUNL

The neutron beam used for our measurements was produced using a tandem Van de Graaff
accelerator at the TUNL facility. The facility can produce a variety of particles, including protons,
deuterons or tritons, which are accelerated and aimed at a target to produce neutrons. The neutron
energies can be controlled through their production mechanism. In order to produce a sub-keV

neutron beam, a proton beam on a lithium target was used.

For our measurement a H™ beam was produced by a duoplasmatron of a direct extraction
negative ion source [97]. Then the beam was directed towards a “chopper” and a “buncher” in
order to create a pulsed beam. The chopping technique consists in applying a transverse electric
field, which varies periodically. The bunching technique consists in modulating the beam energy
as a function of time. The combination of the two methods results in compressed beam segments.
The time separation between each beam segment was tuned so that the resulting neutron beam
segments would not overlap. The period of the neutron beam is 400 ns.

Then, the H™ pulsed beam enters the Van de Graaff accelerator, which has a maximum terminal
voltage of 10 MV. The negative ions are accelerated towards a positively-charged terminal at the
center of the accelerator. There, they go through a stripping chamber which removes the electrons.
The newly created positive ions are accelerated away from the positively charged terminal and exit
the tandem accelerator with an energy of 2.296 MeV.

An analyzing magnetic spectrometer and a series of magnets follows the tandem accelerator,
which measures the beam current and energy. The beam can then be sent to various target ar-
eas. In our case, a dedicated quenching factor measurement station developed by our colleagues at
TUNL was used. Figure 5.1 shows the tandem accelerator of the TUNL facility and show where
our measurement took place. The station was shielded from the rest of the beam line to eliminate

accidental background, thus provides a collimated neutron beam into the experimental areas.
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Figure 5.1: Scheme of the TUNL tandem accelerator facility [96]. Our measurement took place in
the quenching factor station.

Once the proton beam enters the quenching factor station it scatters off a suitable target for

neutron production. In our experimental set up the following reaction was used:
p+Li —s n+ Be+ry (5.1)

The neutron beam was focused onto a target made of a 700 nm lithium fluoride (LiF) layer on a
tantalum foil which produces a monochromatic neutron beam. The thickness of the target was
chosen to minimize the energy loss of the protons in the target, and hence to avoid a large neutron
energy spread. This reaction is endothermic with a negative Q-value, Q = —1.644 MeV and has an

energy threshold [98]:

_Q(mn + mBe)
MpBe

th
Bl ~ = 1.881 MeV. (5.2)

The energy range of the neutron beam produced can go from 40keV to 700keV. The neutron
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energy, E,, can be calculated by kinematics [98]:

E, =

E _
5 cos? ¢ + p(mpe = my) + mpQ , (5.3)
(mp +mpe)? My + MpBe

Mnp

/mymy, m,m
P pcos¢+ _mpma By,
+ mpe

where my,, m, and m; are the proton mass, neutron mass and beryllium-nucleus mass, respectively,
and ¢ is the angle of the neutrons’ trajectory with the beam line. We looked at a neutron collimated
beam at ¢ = 0. The collimation was performed thanks to a shielding, made of layers of lead and
polyethylene, installed at the LiF target, see Figure 5.3.
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Figure 5.2: TOF measurement of the neutron energy. Courtesy of L. Li.

5.1.2 Monitoring of the neutron energy

The neutron energy was measured using the time-of-flight method (TOF) at the beginning of
the experiment.
An important feature of the experiment was a Beam Pick-off Monitor, that triggered when the
pulsed proton beam crossed the Li target, providing the time when the neutrons and gammas are

produced in the target. A 0-degree backing detector was used to measure the neutron energy and
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its dispersion, using the time difference between the TOF of neutrons and gammas:

Aty =——=, (5.4)

with At,, , the arrival time difference between neutron and gamma events, L the traveling distance,
v, the neutrons’ velocity and c¢ the speed of light. Such measurements were performed by our
collaborators at TUNL. The TOF was measured from two distances (BPM - 0-degree BD): 127.4 cm
and 161.5 cm, resulting in neutron energy means of 544 keV and 546 keV, respectively. The neutron
energy for our quenching factor measurement was averaged between the two TOF: with mean
545 keV and standard deviation 20keV. The energy spread mainly comes from the target thickness.

Figure 5.2 shows the time of flight measurement and the respective neutron energy distribution.

5.2 Experimental set up

In January 2019, and for a period of two weeks, we took data in the target room 4, or quenching
factor station, at the TUNL facility.

A 15 cm diameter SPC, 3 mm thick, made of aluminum, filled with 2 bar of Ne + CHy (3 %), was
used to perform the experiment. The sensor was a 2mm diameter metallic ball, set to a positive
HV of 1700 V, with no umbrella. Digitized pulses from a charge-sensitive RC feedback preamplifier,
CANBERRA 2006 [99], were recorded using a Struck SIS3316 digitizer [100].

The SPC was exposed to the neutron beam: the southern hemisphere was aligned with the neutron
beam line to avoid the anisotropies of the electric field lines in the northern hemisphere caused
by the rod holding sensor. The neutron beam is contained in the south hemisphere, Figures 5.3
shows the size of the beam in the SPC, and 6.4 in the next chapter for a detailed view. Figure 5.3
shows the experimental set up. Backing detectors (BDs) consisting in a combination of Hamamatsu
R7724 photomultiplier tube [101] and liquid scintillator, EJ-309, made by Eljen [102], recorded the
scattered neutrons. The liquid scintillator allowed neutrons and gammas to be differentiated by
pulse shape discrimination. This technique relies on different ionization density, which produces

different signals characteristics. The target and beam line were shielded with lead and high density
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polyethylene, in order to eliminate or reduce gamma and neutron background, respectively. The
backing detectors were shielded from gammas with lead caps of 2mm of thickness. Figure 5.4 pro-

vides more details on the shielding and collimator dimensions.
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Figure 5.3: Diagram of the experiment not at scale. The protons interact with the Li target,
generating a neutron beam. A neutron from the beam scatters off of a neon nucleus with an angle
0s and is detected by a BD set at a given position. The diagram shows the experiment is shielded
from residual particles (neutrons/gammas) by a shielding enclosing the LiF target. The diagram
also shows the neutron interaction region in the SPC.

Two configurations for the backing detectors were used to record the data: the annulus structure
and the multiple energy configurations.
The annulus structure consists of a metallic structure in the shape of a ring holding the backing
detectors. This structure was designed and built by our collaborators at TUNL, with a radius of
29.4cm (as measured from the center of one backing detector to the center of the annulus). Our
colleagues at TUNL placed the annulus structure using accurately surveyed markings in the target
hall. Figure 5.5 shows such a configuration, with the SPC’s south hemisphere aligned with the beam
line and the center of the annulus structure. The structure holds 8 backing detectors, set at the
same scattering angle and thus, recording the same nuclear recoil energy. By changing the distance
between the SPC and the annulus structure, different scattering angles, and thus different nuclear

recoil energies, were recorded. Using this configuration, we recorded 5 nuclear recoil energies, or
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energy runs.
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Figure 5.4: Diagram of the shielding/collimator around the neutron beam line. The diagram shows
the different layers of lead and high density polyethylene (HDPE) that are shown in Figure 5.3.

In order to detect nuclear recoils with energies of 0.3keVy, with the annulus structure, the
required distance to the SPC resulted in too low of an event rate to be practical. Instead, another
option was adopted; a pair of BDs were placed at roughly 1 m from the SPC. We took the opportu-
nity of this configuration to record two additional energies, overlapping higher energies taken with
the annulus structure, see Figure 5.6. The two backing detectors recording the smallest energy
were at a transverse distance of 12.5 £+ 0.1 ¢cm from the beam line, the second pair of BDs recording
1keV was set at 22 + 0.1 cm from the beam line and the last pair of BDs was set at 31.25 + 0.1 cm.
The eight nuclear recoil energies investigated during the experiment are shown in Table 5.1 along

with other details specific to each energy run.
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Figure 5.5: Experimental set up 1: annulus structure. The annulus configuration holding 8 BDs
and used for 5 energy runs. We can see the SPC aligned with the center of the annulus structure.
Behind the SPC we can see the a part of the shield protecting the experiment from the beam line
background.

63



Run E,, [keVn| o0g,, keVu] 0s [°] op, [°] Distance [cm] Exposure
8 6.8 1.15 29.02 £ 04 2.45 446 £ 04 4h
7 2.93 0.46 18.84 £ 0.1 1.47 77.9 £ 0.2 7h1l4
14 2.02 0.29 15.63 £ 0.3 1.12 103.4 £ 1.6 36h21
9 1.7 0.26 14.33 £+ 0.06 1.1 106.8 £ 0.1 16h
10 1.3 0.2 12.48 £ 0.05 0.94 124.7 £ 0.1 23h
14 1.03 0.2 11.13 £ 0.3 1.1 103.7 £ 1.5 36h21
11 0.74 0.11 9.4 £ 0.03 0.69 169.3 £ 0.08 33h22
14 0.34 0.11 6.33 + 0.26 1.1 104.4 £ 0.5 36h21

Table 5.1: Table with the chosen eight nuclear recoil energies, their corresponding scattering angles
(from measurements taken on site), the distance from the SPC to the BDs, and time exposures.

L Nt X
neutron

interaction
region

neutron beam line

b) Scheme of the multiple energies configuration.
(a) Picture of the multiple energies configuration. (b) P 8 &

Figure 5.6: Experimental set up 2: multiple energy configuration. Three pairs of BDs recording
three nuclear recoil energies at the same time. The beamline goes through the two middle BDs.
The two quantities measured were y and z, and x was calculated based on these two distances and
reported in Table 5.1 for consistence. Each pair of x and y was averaged to calculate the scattering
angle. The number on the BDs is for analysis purposes and correspond to the channel used.
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5.3 Energy calibration

5.3.1 Energy scale

The electronic energy calibration of the SPC was performed primarily using an *Fe source that
was placed at the south pole of the SPC. The *°Fe emits X-rays at 5.9keV, providing an electron
ionization energy scale within the range of nuclear recoil energies that were investigated. We used
the source to calibrate the electronic recoil energy scale and to monitor for gain drifts. Calibration
data were thus taken for 5 min every hour to provide an energy scale and correct for time-variations
in gain (with the neutron beam on). By adding the %°Fe source, the event rate in the SPC with
the beam ON increased from about 330 Hz to 340 Hz. To select °Fe events we use the rise time
parameter of the pulses in order to select volume and point-like events. Figure 5.7a shows the rise
time as a function of energy, the ®*Fe events are shown mostly in green and blue on the Figure at
about 25000 ADC. We can see a large number of track events at higher rise times. To select the
%Fe events we apply a rise time cuts. From Figure 5.7a we observe that the rise times from 3°Fe are
between about 1 and 2 us. However, we applied an strong rise time cut from 1 to 1.51 us in order
to reject background events due to the beam (in particular Compton scatterings from gammas),
and thus, extract with more accuracy the **Fe mean.

An example of the energy spectrum of the selected °Fe events is shown Figure 5.7b. To obtain
the energy scale for each calibration run, we fitted the spectrum to a Gaussian for the peak and a

combination of a complementary error function with a linear function for the background:

fla) = exp(—

oV 2

(zp — 5.9(keV))?
202

) +p+ gz + rxerfc (:Us - 5.9(keV)), (5.5)

where N and ¢ are the height and the standard deviation of the **Fe peak, respectively, p is the
energy scale provided from the mean of the **Fe peak. p and ¢ are the parameters of the linear
function, r and s are the parameters of the complementary error functions. All these parameters

were let free in the fit.
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Figure 5.7: Energy calibration of the 2019 campaign using an >*Fe source.

Finally, the energy scale dependence as a function of time was determined, see Figure 5.8. As
the gain was not stable for the first few hours of the experiment, we modelled the energy scale as
a function of time with a partition of two linear functions: the first to describe the first few hours
when the gain was not stable and the second linear function for the stable gain time period.

Looking at the evolution of the energy scale, or gain, is also a good way to assess the degradation
of the gas quality in the detector. Hence, the monitoring of the energy scale was performed online
as a way to assess the gas quality. From Figure 5.8 we observe a decrease of 2 % of the energy scale,
in the stable region, over the entirety of the experiment, which shows no leaks in our detector. A
tool to assess the oxygen contamination is to look at the rise time as a function of energy of the
events. Indeed, the larger the concentration of oxygen in the gas the stronger is the correlation
between the rise time and the energy of the events. The explanation of the phenomenon is that
oxygen is an electro-negative atom that captures the primary electrons as they drift toward the
anode. Surface events are more impacted by this effect than volume events as their primary
electrons must travel further in the gas, hence, their probability to be captured is higher. Figure
5.9a shows no correlation between the rise time and the energy of the events, hence, there is no

oxygen contamination susceptible to impact our data.
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Figure 5.8: Evolution of the energy scale (mean of the **Fe peak) as a function of time. The blue

data points represent the mean and errors of the energy scale returned by the fit shown Figure
5.7b. In red we show the fit of the calibration data with the partition of two linear functions.

5.3.2 Energy response: linearity
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Figure 5.9: ®Fe and 3" Ar calibration data taken at the TUNL facility: beam off, HV = 1650 V and
P = 1.96 bar.

Prior to the experiment, we used an 37 Ar source to measure the linearity of the energy scale in
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the detector, on site. 37Ar is a radioactive gas which decays by electron capture. This radioactive
source was fabricated by the NEWS-G collaboration using a thermal neutron reactor flux [103],
using the reaction “°Ca(n, a)3"Ar. We added the 37Ar to the neon mixture that we used for
our experiment. Data were taken with 3”Ar and ®°Fe so that we could have calibration points at
2.82keV and the 5.9keV for 37 Ar and %°Fe, respectively. Figure 5.9a and Figure 5.9b show the rise
time as a function of energy of such data set, and the resulting energy spectrum after rise time
cuts between. These data calibration were taken with the neutron beam off, the SPC filled with
1.96 bar of neon and let the 37 Ar spread in the volume over night and HV = 1650 V.

The energy of *Fe events follows a Gaussian distribution. However, those from the 37Ar are
scattered at lower energies. The extraction of the 2.82keV peak was not possible with these data,
as the location of the peak varied by 10 % depending on the rise time cuts chosen: 1 us < rise time
<1.4 us or 1.6 us. A more in depth study showed that the energy spectrum per different slices of rise
time of the 3”Ar led to a dispersion of the mean (when extractable) of 20 %, against 4.5 % for the
9Fe for the same data set. Thus, we concluded that the anisotropy of the electric field in the north
had too great impact on the 37"Ar events, and thus, these data could not provide a trustworthy
calibration data point. Our sensor followed a very simple design and did not have an umbrella
to correct for the anisotropy of the electric field in the north hemisphere. 37Ar events sample the
whole volume of the detector, whereas the °Fe events sample a small region of the volume in the
southern hemisphere, where the neutron beam was directed. The linearity of other SPC detectors
with neon was measured in a previous calibration experiment [66] and with a similar S15 detector
used for the preliminary QF campaign in 2018, see Appendix A. These two measurements show
possible deviation from the linear energy response by similar orders of magnitude: 0.5 and 0.7 % for
the preliminary TUNL experiment and calibration experiment, respectively. Moreover, the recoil
events were located in the southern part of the detector, which was calibrated by the 5°Fe source,
precisely for the reason aforementioned. Section 7.2.5 shows a study of a possible non-linearity
of the energy response and shows that the effect on the quenching factor is rather small. An

uncertainty from a possible non-linearity is provided in the same section.
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5.3.3 Gain stability from background events
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Figure 5.10: Energy scale provided from the background data, which correspond to cosmic muons
and surface events, for time period of 5 minutes. The energy spectra are then fitted using a
Gaussian, the point recorded are the energy scale provided by the mean of the Gaussian fit, along
with the error bar provided by the fitter. Courtesy of P. Gros.

The gain stability of the detector was monitored by the calibration data. These data showed
that the gain was stable throughout the experiment; the energy scale as a function of time is shown
in Figure 5.8. This figure shows that three energy scale points are outliers. It is expected that
the gain is subject to fluctuation and some of them can be larger than others, but these are quite
punctual, thus not taking place for more than a few minutes. Figure 5.8 does not give us enough
information about the time scale of such change in gain, as the calibration data were only taken
every hour. Hence, as a check, we looked at the evolution of the gain of the data by looking at
the background (no PSD cut). The events selected have a rise time above 3.8 us and correspond to
track and surface events. The track events mainly come from high energy gammas coming from the
beam and interacting in the gas. The resulting mean of the energy spectra were used to monitor
the evolution of the gain over time. Figure 5.10 shows the resulting gain from such background
for the entirety of experiment every 5 minutes. The Figure shows the same trend as the energy
scale extracted from the **Fe calibration data: gain stabilizing for the first few hours of the experi-

ment and then global stability, see Figure 5.11. One can also observe sporadic gain surges, but they
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are rare in comparison to the stable periods of the gain: the outliers represent 0.83 % of all the data.
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Figure 5.11: Comparison of the energy scale provided by the calibration data, in blue, and the
background study, in orange. Each data point corresponds to 5 min of data taking. The calibratin
data monitored the gain every hour, while the gain monitoring from the background data is con-
tinuous through the experiment. From this figure, we observe that the gain was getting stable the
first 4 hours, and thus, the modelling of the energy scale as a function of time with a partition of
two linear functions is representative of the gain behavior.

5.4 Data taking and processing

5.4.1 DAQ

The backing detectors (BD), the beam pulse monitor (BPM), and SPC output signals were all
connected to a Struck Innovative SIS3316 16-bit 250MHz digitizer/ADC converter [100]. An upper
energy threshold of 8000 ADC was applied to the BDs pulses in order to reduce the event rate. The
digitizer readout was triggered by the BD signals. The SPC signal was readout at 250 MHz in a
120 us window adjusted so that the BD trigger is located at approximately 40 us on the SPC trace.
Thus, based on the DAQ configuration we expect to see an excess of events at 40 us resulting from
neutron interactions in the SPC and BDs. Finally, the SPC signals were down-sampled to 5 MHz,

as they do not require the same sampling needed to conduct pulse shape discrimination on the BDs
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signals.

5.4.2 Processing

The data were processed twice using two different methods. First, the data were processed
using a simple trapezoidal filter to estimate the energy in the SPC and a pulse profile to estimate
the energy in the BD to sort gamma events from neutron events. Thanks to the pulse shape dis-
crimination allowed by the backing detectors, we were able to identify the gamma events and to
only keep neutron like events for the rest of our analysis. The PMT of a BD produces a pulse
when receiving the light from the scintillator, where the tail of the pulse corresponds to the last
scintillator molecules to de-excite. The tail is sensitive to the incident particle, or the ionization
density. The technique uses the difference in decay of the pulse to identify particles, by comparing
the energy in the tail and the total energy. More precisely, in our analysis the PSD parameter
corresponds to the ratio of the total integral of the pulse to the integrated charge in the tail of the
pulse.

Thanks to this technique, we were able to significantly reduce our data files by rejecting events

with a PSD < 1.35, about 90 % of the data were identified as gamma events by the BDs.

As aforementioned, the data are processed using a trapezoidal filter for the SPC related quan-
tities and pulse profile for the BDs related quantities. Following this first step, the events having
a PSD < 1.35 were then “skimmed” out of the data, which allowed to reduce the files by several
orders of magnitudes. The events passing the PSD cut had their raw variables written in new data
file.

Then, the reduced data were processed by a double deconvolution treatment, see Section 3.3,
to account for the response of the preamplifier and the drift of the ions [67]. This method allows
for a precise estimate of the rise time of the pulses, thus giving an estimation of the diffusion of
the primary electrons along their drift toward the anode and thus about the radial distance of the
event. This method also allows us to have a precise estimate of the energy of the event. Section

3.3 provides more details on the processing of the data. Figure 5.13a and 5.13b show a raw SPC
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Figure 5.12: PSD as a function of the energy of the events in the backing detectors, corresponding
to 1h data of run8. The plot shows two population of events: the population with a smaller psd
corresponds to gamma events and the population of events with a larger psd are neutron like events.
The psd cut was set such as most of the gamma events, which are below 1.35, would be rejected.
The psd cut is shown with the dashed black line. The energy cut above 8000 ADC is visible.
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(a) SPC raw pulse. (b) Integral of a SPC treated pulse.

Figure 5.13: Example of a low energy event (~ 700eV) observed at TUNL. We show the raw and
corresponding treated pulses from the SPC S15 at TUNL. The treated pulse follow the double
deconvolution method introduced in Section 3.3.

pulse of energy 700eV and a treated and integrated pulse showing what the amplitude and thus

the energy corresponds to.
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Input parameters Values

Preamplifier decay time 50000 ns

HV applied on anode 1700V
Pressure 2 bar
Ton mibility 7cm?bar/V /s
Radius of the anode 0.1cm
Inner radius SPC 7.5cm

Table 5.2: Table summarizing the input parameters of the processing. While some of these parame-
ters are directly extracted from the experimental conditions: HV, pressure, radius of the anode, and
inner radius of the SPC, other parameters were tuned to allow for a better energy reconstruction.

The inputs of the parameters used in the processing for the TUNL data, are shown in Table 5.2.
The values of the HV applied on the anode, the pressure, the anode and SPC radii, were extracted
from the experimental conditions. However, the preamplifier decay time and the ion mobility
were tuned in order to better reconstruct the energy, and avoid any under or over deconvolution
[67]. The preamplifier decay time was measured to be 47000 ns, while the ion mobility in neon
is 4.14 cm?bar/V /s [104]. The values of these parameters were changed by about 7% and 80 %

compared to theoretical values.

5.5 Rise time stability

The rise time stability was investigated, as a rise time cut is applied to select the recoil data,
see Section 6.1, in particular we looked at the evolution of the quantity in the rise time region of
interest. To do so, we looked at the data with a PSD cut, in order to look at neutron like events.
Figure 5.16 shows an example of rise time spectrum for a period of 10 min. One can see an excess
of events between 1 and 2 us, this excess of events corresponds to nuclear recoils in the gas. Thus,
we looked at this particular population of rise time to check any drift in the rise time as a function
of time.

Figure 5.15 shows the rise time as a function of time throughout the experiment. We observe
the same population of events below 2 us, which corresponds to recoil events. We observe that

the rise time of this population stays stable for the entirety of the experiment. The overall rate
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changes, which depends on several factors: the configuration of the annulus structure and the beam
intensity; thus the rate is quite difficult to interpret. However, we see that indeed the rate changes
throughout the experiment without impacting the recoil events’ rise time distribution. Thus, the
rise time does not depend on the rate. From this Figure, we can also observe some sudden drop in

the rate, at about 13000 min and 14 200 min, for example.
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Figure 5.14: Example of rise time spectrum after PSD cut. This particular distribution corresponds
to the first 10 min of run7. We see an excess of event between 1 us and 2 us, which are recoil events
in the gas. We are using this population to probe any rise time drift, which is shown in Figure 5.16.

To complement Figure 5.15, we looked at the evolution of the mean of the population of events
shown in Figure 5.14. For this, we fitted the distribution with a truncated Gaussian and we re-
ported the mean and error on the mean (returned by the fit) on Figure 5.16. Figure 5.16 shows
the evolution of the rise time mean as a function of time, every bin corresponds to 10 min. We can

observe that the rise time is stable in time. The surges of the rise time values, or high uncertainties
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Figure 5.15: Rise time as a function of time. Only a PSD cut was performed on the data. The
population of events below 2 us (blue) is the recoil events, the other events represent background
from cosmic muons or unphysical events (purple). This plot allows to see that the rise time distri-
bution of the recoil events does not depend on the rate, which varies throughout the experiment.
Thus, the rise time cut used to select the data do not need to be adjusted with time.

on the returned means, are consistent with significant event rate drops.

In addition to the gain monitoring, we also investigated the evolution of the rise time as a
function of time and the impact of the event rate on the same quantity. The conclusion from this
study is that the rise time was stable in time and that except for the large event rate drops, the

event rate did not impact the rise time distribution.
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Figure 5.16: Rise time as a function of time. Each bin represents the Gaussian mean of the recoil
population, shown in Figure 5.14, for 10 min with its respective error. This plot allows to see that
the rise time is stable throughout the experiment.
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Chapter 6

Quenching factor measurement

analysis

In this chapter, we cover the analysis performed on the data taken at the TUNL facility. First,
we present the sets of cuts performed to the data in order to select the neon nuclear recoils. Then,
we describe the analysis approach to extract the quenching factor from our data. We propose a
new method, to extract the quenching factor by performing an unbinned posterior fit to the data,

and fitting all the data sets simultaneously.

6.1 Nuclear recoil event selection

In this section, we present the data cuts to select neon nuclear recoils.

As covered in Section 5.4.2, a first set of cuts was performed in order to select neutrons inter-
acting in the BDs. This primary cut on the backing detectors is a pulse shape discrimination cut
(PSD), designed to separate environmental and beam gammas from neutron events. Figure 6.1a
shows the PSD parameter as a function of energy. There are two populations of events: one is
centered at a PSD of 1.2 and another is centered at a PSD of 1.7. The first corresponds to gammas
events and the second to neutron events. By setting a cut below a PSD of 1.35 we are able to cut

gamma events. As mentioned in Section 5.4.2 90 % of the data were identified as gamma events
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Run number

TOF cut [ns]

8
7
9
10
11
14

95 - 140
135 - 185
140 - 205
150 - 215
205 - 265
145 - 205

Table 6.1: Table summarizing the TOF cut for the different runs.

and thus rejected. Figure 6.1b shows the PSD parameter as a function of time of flight (TOF).

To select neutrons coming specifically from the beam, a second set of cuts was performed. Fig-

ures 6.1b and 6.1c show the PSD as a function of TOF and the TOF spectrum for run 8. Figure

6.1b clearly shows a population of neutrons coming from the beam clustered around a PSD of 1.5

and a time of flight of 350ns. The TOF depends on the location of the annulus structure, thus

TOF cuts varied from one run to another. The TOF cuts for all data sets are summarized in Table

6.1.

TOF
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200 250 300 350
tof [ns]

(a) PSD as a function of energy (b) PSD as a function of time
of the events in the BDs, corre- of flight (TOF) for run 8. The

sponding to 1h data from run 8. TOF of the gammas and neu-
The PSD cut was determined to trons associated with the beam
reject most of the gamma events, are found at 225ns and 350 ns,
which are below 1.35. respectively.

0 50 100 150 200 250 300 350 400
time of flight [ns]

(¢) Time of flight (TOF) spec-
trum of the neutrons for the run
8 between the Beam Pick Off
Monitor and the triggering BD.
The spectrum is obtained after
the PSD cut.

Figure 6.1: Set of cuts to select events consistent with neutron beam interactions in the BDs: PSD

and TOF.

A third set of cuts was performed on SPC related quantities.

The first quantity we cut on is the onset time, which represents the time difference between the
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Figure 6.2: Set of cuts performed on SPC related quantities: the onset time and the rise time.

BD trigger and the start of the pulse in the SPC. This time difference is caused by the drift time
of the primary electrons from the interaction point to the sensor minus the TOF between the
interaction point in the SPC and the BD. Hence, by approximation the onset time is the drift
time of the primary electrons in the SPC. The start of the pulse in the SPC is defined as the time
the SPC signal reaches 10 % of its maximum amplitude. From the DAQ set up, which recorded
every coincident event between the triggering BD and the SPC with a trace starting at 40 us, we
expect to see an excess of events with an onset time of 40 us induced by neutrons. The onset time
spectrum, shown in Figure 6.2a, shows a clear excess of events between 40 us and roughly 60 us.
This peak corresponds to recoil events and the flat part corresponds to random background events.
The onset time signal (recoils) window was defined between 40 and 55 us.

Finally, we selected events occurring in the volume of the SPC to reject surface background events.
These events are selected by placing a cut on the rise time of the pulses from the SPC. Figure 6.2b
shows the rise time as a function of energy for SPC events passing the onset time and time of flight
cuts (events from several energy runs). One can see that the data are clean and we can identify the
recoil events in the rise time band between 1 and 2 us. The recoil events were thus selected within

this rise time range.
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Figure 6.2c shows the rise time of SPC events as a function of the onset time. There’s a well
defined population of events between 40 and 55 us in onset time and between about 1 and 2 s in
rise time, which is the recoil events. This plot shows a clear dependence in rise time and onset time
(drift time of the primary electrons), which is expected, and that the interactions took place in the

volume of the detector.

6.2 Energy spectra

The nuclear recoil energy spectra were obtained after applying the different cuts mentioned in
the previous section. The energy spectra were converted to keV by using the energy scale presented
in Section 5.3. Figure 6.3 shows the energy spectra obtained for the eight runs of the QF exper-
iment. From these, we observe a noise peak present below 80eV and a small, and seemingly, flat
environmental background. Moreover, we can see that the peak shapes of the recoil events are not
symmetric and cannot be modelled by a Gaussian. These asymmetric distributions preclude the
traditional method used to extract the quenching factor, which consists in calculating the ratio of
the mean of the observed distribution with the total kinetic nuclear recoil energy. Thus, we built

a model to describe the peak shape, including its dependence on the quenching factor.
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Figure 6.3: Nuclear recoils energy spectra for the respective energies investigated. The mean
nuclear recoil energies are: 6.8keVy;, 2.93keVy,, 2keVy,, 1.7keVy,, 1.3keVy,, 1keVyy, 0.74keVyy,
and 0.34 keVy; moving from left to right and top to bottom. We observe a clear nuclear recoil signal
for seven out of 8 spectra.

6.3 Physics model for the nuclear recoil spectrum

The shape of the recoil peak is governed by several factors: the scattering angle, the neutron
energy, the quenching factor, the resolution of the detector and the efficiency reconstruction of our
processing. In this section, we explain the model derived and each input to describe the expected

recoil distribution.
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6.3.1 Geometry of the experiment: scattering angle distribution

Because of the finite size of the SPC and neutron beam, we probe a distribution of scattering
angles and not a single value of scattering angle. Thus, each particular experimental configuration
probes a scattering angle distribution and thus different nuclear recoil energies, which results in a
widening of the peak. The scattering angle distribution depends on the size of the SPC and the
BDs, the shape and cross section of the beam and other distances relevant to the experiment. A
Monte Carlo simulation was developed, taking into account the geometry of the experiment, to

estimate the scattering angle distributions for all energy runs.

Our collaborators at TUNL determined the cross section of the beam to be 5cm X 5cm at
2.54cm from the exit of the collimator (without the last layer of lead bricks) and 6cm x 6cm
at 27.94 cm, which places the last measurement 2 cm before the SPC. All these quantities have +
1cm of uncertainties. We assume its shape to be square based on the collimator hole having a
square shape. The distribution of neutrons in a cross section profile of the beam is assumed to be
uniform based on an analysis performed by our collaborators at TUNL. This was determined by
looking at the beam profile in two locations along the beam line with a backing detector, and looked
for differences in the rate of the neutron population along the orthogonal plane to the beam line.
Figure 6.4 shows the geometry of the beam inside of the SPC resulting from these measurements.
Listed in Table 6.2 are the key quantities and considerations for the study of the expected recoil

peak distributions built through Monte Carlo simulation.

Figures 6.5a and 6.5b show the neutron interactions obtained through the Monte Carlo simu-
lation in the SPC and in the BDs using the same configuration as for run 8 (6.8 keVy,;). Figure 6.6
shows the corresponding scattering angle distribution for this configuration. From the simulation,
we estimated the scattering angle distributions for each energy run. These distributions were fit to
a Gaussian and we were able to their means and standard deviations for each run. These quantities

are reported in Table 5.1.
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Figure 6.4: Geometry of the SPC and neutron beam to estimate the expected peak shape of the
recoils events. The left view corresponds to the top view, with the neutron beam coming on the
left and exiting the detector on the right. The top right view corresponds to the front view of the
SPC with the beam coming out of the page and the bottom right view corresponds to the side view
of the experiement.

6.3.2 Neutron energy distribution

The neutron energy distribution directly impacts the shape of the nuclear recoil distribution.
The neutron energy was obtained by using the TOF of the neutrons recorded by a BD directly
in line with the beam, or 0-degrees BD. The energy of the neutron beam was measured by our
collaborators at TUNL, and estimated to be 545 £ 20keV (mean + standard deviation). The

neutron energy distribution was modelled by a normal distribution.

By taking into account the scattering angle and neutron energy distributions we were able to
obtain the expected nuclear recoil energy distributions. Figure 6.7 shows several of these energy
distributions, which display a rather large width relative to their mean. The figure also shows that

the energy distributions for different runs overlap.

83



Quantities Values

Outer diameter of the SPC 15.2cm
Thickness of the SPC shell 3mm

Width BDs 5.08 cm
Diameter BDs 5.08 cm
Distance from the anode to the center of the beam 3.8 cm

Cross section of the beam at 2.54 cm of the exit of the 5x5cm? + 1cm

beam line collimator
Cross section of the beam at 27.94 cm of the exit of the 6x6 cm? + 1cm
beam line collimator

Dispersion of the neutron beam ~ 1.12°

Beam profile Uniform distribution of neutrons
Distance between SPC surface and exit of the collimator 21.4cm + 5mm

Distance surface of the SPC (center of the south Varies depending on the nuclear recoil
hemisphere) to center of annulus energy investigated, see Table 5.1

Table 6.2: Table summarizing the key quantities and considerations for the Monte Carlo simulation
building the scattering angle distributions.
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(a) Side view of the interactions taking place in the (b) Front view of the interactions taking place in
SPC and in the BDs. the SPC and in the BDs.

Figure 6.5: Monte Carlo interactions in the SPC and BDs providing the scattering angle distribu-
tions.

Now that we have a model for the expected nuclear recoil energy, the next sub-sections will describe

the expected recoil energy distributions observed by our detector.
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Figure 6.6: Example of scattering angle distribution provided by the Monte Carlo simulation. This
distribution is associated with the run7 configuration.

6.3.3 Quenching factor parametrization

The energy observed in the detector from a nuclear recoil is quenched relative to an electronic
recoil of the same energy. Knowing the energy of the recoils, we can quench their energies prior to
get the number of primary electrons and applying the response of the detector.

To estimate the expected signal in our detector, the quenching factor needs to be included in
the model. Based on the expected nuclear recoil energy distributions from the MC simulation and
the energy spectra observed, the energy range covered by an energy run is quite large and the QF is
expected to vary within that energy range. Thus, the quenching factor used in our model depends

on the nuclear recoil energy.

As mentioned in Section 4.1, the Lindhard theory is one of the best predictions when it comes
to describe energy loss of nuclear recoils which have same mass and atomic numbers as the target

atoms. The Lindhard model includes 11 parameters as Equation 4.6 shows.
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Figure 6.7: Simulation of the energy distributions of the nuclear recoils for the energies recorded
with the annulus structure. The simulation takes into account the geometry of the experiment and
the energy distribution of the neutrons energy.

To describe the QF in our model, we opted for a simple parametrization having two variables:

QF(En,) = aEP, (6.1)

This parametrization was used by other dark matter experiments, like EDELWEISS [105], and can
reproduce the Lindhard theory and SRIM simulations well [84].

Although this parametrization is much simpler than the Lindhard model, it is able to reproduce
that theory over the energy range of interest. For example, with parameters «=0.23 and 5=0.15,
the Lindhard theory and our model agree to within less than 1%. Figure 6.8a shows a plot that
compares the two mathematical functions. Equation 6.1 is able to reproduce accurately Lindhard,
that is based on physical models. Although our parametrization only has two variables, it is able to
produce a wide range of different shapes depending on the values of o and 5. Therefore, we expect

that this parametrization is sufficient to parametrize the quenching factor. Figure 6.8 shows the
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wide range of shapes depending on the values of a and . In our analysis, the parameters o and

are free and estimated by the chosen minimizer, Minuit.
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Figure 6.8: Quenching factor parametrization compared with Lindhard theory and illustration of
the flexibility that the chosen parametrization covers in terms of shape.

6.3.4 Response of the detector

So far, we have described the expected energy deposited in the SPC. The next step in our model
is to describe the energy response of the SPC. This includes the primary and secondary ionization
processes. The response of the detector as described in Section 3.2.3 is included in the peak shape.

The primary ionization was modelled by assuming that the number of primary ionized atoms
follow a Poisson distribution, and include amongst other the scattering angle, the neutron energy
and the quenching factor. Hence, the expected nuclear recoil energy depends on the neutron energy
and the scattering angle. Then, the expected ionization recoil energy is calculated with the QF:
Ece = Epr X QF(Ey,-). Which leads to calculate the mean number of primary electron/ion pairs
created. This quantity is calculated using the W-value: p,c = E.. / W. Finally, we calculate the
probability of observing j,. primary electrons given the mean number of primary electron/ion pairs

created: P poisson (jpe ’ Mpt?)‘
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Although the number of primary electron/ion pairs created does not exactly follow a Poisson
distribution, see Section 3.2.3, we still choose to model it using this simpler shape. Our choice is
motivated by the rather wide recoil distributions, which shows a greater dispersion than anticipated
from modelling primary ionization in neon, with an expected Fano factor of about 0.2 [73]. The
energies investigated are also high enough that the Fano factor’s effect should be folded in the

energy resolution.

The secondary ionization is modelled using a convolution of Polya distributions. First, we
convert the energies E.. in number of secondary electrons. Thus, the two following probabilities

are equivalent:

PIJDVotl}gL/a(Eee | jpe) A Pljyotl}gl;a(nse | jpe) (62)

6.3.5 Energy reconstruction efficiency

A study of the energy reconstruction efficiency related to our processing, taking into account
rise time cuts, was performed so that it could be included in the model. To achieve this, empty
traces (or noise events) were selected randomly from the TUNL data. The empty traces were used
to simulate uniformly distributed energies up to 1keV with representative noise from the TUNL
data. F. Vazquez de Sola Fernandez provided such events, recreating the conditions of the TUNL
experiments, in a data file which gave access to the true energy of the events. Then, these events
were processed using the same inputs as for the TUNL data, providing the reconstructed energy
of the events. Figure 6.10 show an example of simulated pulses using the empty traces from the
TUNL experiment.

The simulated events were compared to the TUNL data as shown in Figures 6.9a and 6.9b. One
can see that the rise time and energy are correlated at low energies, which is well reproduced by the
simulation. The events in the correlated region are mostly events with a slope in the baseline where
the energy was not extracted properly by the processing (about 70 %). It is important to note that

at low energies (below 200 eV), approximately 10 % of events have this slope in the baseline.
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Figure 6.9: Comparison of the rise time as a function of energy for the TUNL data (left) and the
simulation (right). We can observe that the simulation reproduces well the data for both the recoils
and the %°Fe events (ignoring the background that is not modelled). The rise time distributions
are comprised between 1 and 2 us. Also, the two top plots show that the rise time decreases as a
function of energy, thus the simulation was also able to capture such behavior.

From Figure 6.9, one can see that the lower end of the rise time distribution for the TUNL
data is above 1 us for energies above 500 eV, whereas the simulated events’ rise time ends at about
0.8 s for energies above 500eV. Figures 6.9¢ and 6.9d show the **Fe from the simulation and the
calibration data taken for the experiment. Once again, the lower rise time end is lower for the
simulation than for the data. Thus, the lower rise time cut to select the simulated events had to be

adjusted to 0.85 s, by using the °Fe events from the simulation as it provided more events than
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Figure 6.10: Example of simulated pulses used to build the energy reconstruction efficiency. The
Figure on the left shows the raw pulse and the Figure on the right the integral of the treated pulse,
using the same parameters input as the TUNL data. The true energy of the event is 225 eV while
the reconstructed energy is 150 eV. The two green horizontal lines show where the average baseline
before the beginning of the pulse and the maximum of the pulse. The two vertical dashed lines
show where the pulse reaches 10 and 90 % of its amplitude, where the rise time is the difference of
the two.
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Figure 6.11: Example of the integral of treated pulses from the correlated rise time energy region.
We can see that the baseline is inclined. The two green horizontal lines show where the average
baseline before the beginning of the pulse and the maximum of the pulse. The two vertical dashed
lines show where the pulse reaches 10 and 90 % of its amplitude, where the rise time is the difference
of the two. The left plot, with the quite inclined baseline, shows that both the rise time and energy
are underestimated by the processing.

the simulated recoil events, and thus the **Fe allowed an easier estimation of the low rise time end.

To build the efficiency curve, a histogram is filled with the true energies of the events. Then, the
events with positive reconstructed energies and rise time between 0.85 and 2 us are selected and a
second histogram is filled with their true energy. The second row of plots in Figure 6.12 show such
histograms: the left plot corresponds to the true energy spectrum and the right plot corresponds
to the events that passed the reconstructed energy cut (positive energy) and rise time cuts. To

obtain the efficiency curve, one can divide the latter by the former spectrum. The efficiency curves
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Figure 6.12: Efficiency curve construction obtained from simulated data. First row: the left plot
corresponds to the rise time (reconstructed) as a function of the true energy and the right plot
corresponds to the rise time as a function of the reconstructed energy. Second row: the left plot
corresponds to the true energy histogram (eV) and the right plot corresponds to the true energies
of the events having a positive reconstructed energy. Third row: the plots are essentially the same
plots as the second row but the energies are in number of primary electrons.

as a function of the energy in eV and as a number of primary electrons are displayed Figure 6.13.
Based on the simulation, the efficiency of our reconstruction reaches about 80 % at roughly 400eV.

Thus, the analysis for runs 10, 11 and 14 (1keV and 0.34keV), which have events mostly below
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which takes into account rise time cuts and positive energy cut.

400 eV is impacted by the efficiency curve.

Efficiency curves of the reconstructed energy by our processing (pulse treatment),

1.0
Fit .
e Efficiency * at @
® LN L] [ ]

0.8 - ¢

0.6
=
(%)
=
@
o
[r—
[
Y 0.4

0.2 4

0.0 T T T T T T T

0 5 10 15 20 25 30 35 40
#pe

Figure 6.14: Efficiency curve as a function of the number of primary electrons, in blue. A fit was
performed using equation 6.3, represented by the red curve.
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The efficiency curve is fitted with an error function of the form:

] e be
e(jpe) = e X erf(jpc> (6.3)

where a., b. and c. are fitted coefficients, and j,. the number of primary electrons. Figure 6.14
shows a fit performed to the efficiency curve, the returned values of the parameters are: a. = 0.874
+ 0.0067, b, = -0.12 £ 0.19 and ¢, = 8.01 £ 0.43. The uncertainty on b seems quite large, but
the actual impact on the resulting efficiency curve is small. Figure 6.15 shows the impact of the

parameter b’s error on the curve.
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Figure 6.15: Demonstration of the small impact that the error on the parameter b has on the
efficiency curve. The red curve takes into account the mean returned by the fit, and the orange
and green curve represent the efficiency curve with b+ 0.19.

6.3.6 Energy scale distribution

In order to account for the variations of the gain throughout the volume of this detector due to
the anisotropy of the electric field lines, the energy scale is allowed to fluctuate to reproduce the

phenomenon. The energy scale follows a distribution within the volume of the detector. The en-
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ergy scale used to convert the data from ADC to keV units was extracted from the 5°Fe calibration
data that sampled a small region of the detector volume in comparison to the recoil events. To
support the idea that the energy scale extracted from the ®>Fe is sampling a smaller region than
the volume sampled by the recoil events a Geant4 simulation was created using the specifications
of the detector that were used for the experiment. Table 6.3 summarizes the values and conditions

used in the simulation.

Parameters Value
SPC material Aluminum
SPC inner radius 7.3cm
SPC thickness 3mm
Calibration window (drilled) 1mm
55Fe location South pole - 7.6 cm from center
Gas mixture Ne + CHy (3%)
Pressure 2 bar
Number of events simulated 1.0 x 106

Table 6.3: Table summarizing the parameters values used to simulate the ®*Fe events in the SPC,
with the same working conditions as in TUNL.

From this simulation we estimated that about 70 % of °Fe events interacted in the southern
hemisphere, while 30 % are taking place in the north. In our experiment we saw that the *Fe events
taking place in the northern hemisphere do not impact the overall resolution of the calibration peak,
as they are in a low energy tail. By comparing the regions of interactions between the °Fe events
and the recoil events, we observed that the volume sampled, or electric field lines sampled, by
these two types of events were significantly different. The 5°Fe events sampled a small fraction of
the electric field lines in the southern hemisphere compared to the volume sampled by the recoils,
happening uniformly throughout the beam line (Figures 6.16 and 6.17). Three views of the SPC
in the beam line are shown Figure 6.16: side view, top view and front view. Each of them is
providing a sense of where the neutrons scattered in the SPC solely based on the geometry of the
experiment. For a better visualization of the SPC, the sensor as well as the rod, were drawn for a

better distinction between the southern and northern hemispheres. Thus, events interacting in the
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95Fe sampled volume might be subject to a different electric field line density than events interacting
close to the equator plan, resulting in a different gain. To account for the different possible gain
in the different regions of the detector, we assume that the gain sampled by the neutron beam
fluctuates with a Gaussian distribution whose mean is that measured by the 5°Fe spectrum and a
width which is left floating in the fit. The energy points are then multiplied by the values of the

energy scale chosen.

Figure 6.16: Monte Carlo simulation displaying the neutrons interaction in the southern hemisphere
of the SPC. The left plot represents the side view of the experiment, the middle plot represents the
top view of the experiment and the right plot corresponds to the front view of the experiment.

Figure 6.17: Interaction points of the °Fe calibration source in the detector a spredicted by Geant4
simulation. The distribution of these points is not identical to the region sampled by the neutron
beam.
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6.3.7 Tests of the model

Two tests were performed to check the accuracy of our model. The results provided by the
Monte Carlo simulation generating the scattering angle distributions were compared to a Geant4

simulation. We also compared the peak shape returned by the model to calibration data.

Comparison of the scattering angle distributions from a Geant4 simulation

A Geant4 simulation recreating the conditions of the experiment and generating scattering angle
distributions was developed by A. Brossard. The scattering angle distributions were compared to
the scattering angle distributions generated with the Monte Carlo simulation developed in this
scope, and which only took into account the geometry. Figure 6.18 shows a comparison of such
scattering angle distributions. The means and standard deviations of such Geant4 simulation are
given in Table 6.4 and compared with the scattering angle distributions’ values from the Monte
Carlo simulation. Both simulations agree quite well, within 1o of the estimated errors from the
Monte Carlo simulation. Thus, we are confident in using these values to characterize the scattering
angle distribution in our model. The values reported by the MC simulation are thus used to

estimate the quenching factor.

Run Geant4 65 [°] Geantd gy, [°] MC 65 £ g, [°] MC oy, [°] Distance (cm)

8 29.23 2.7 29.02 £ 04 2.45 446 £ 0.4

7 18.9 1.53 18.84 £ 0.1 1.47 779 £0.2

14 15.68 1.17 15.63 + 0.3 1.12 103.4 £ 1.6
9 14.38 1.1 14.33 £+ 0.06 1.1 106.8 £ 0.1
10 12.5 0.93 12.48 £ 0.05 0.94 1247 £ 0.1
14 11.19 1.07 11.13 £ 0.3 1.1 103.7 £ 1.5
11 9.43 0.65 9.4 £ 0.03 0.69 169.3 £ 0.08
14 6.38 0.98 6.33 £ 0.26 1.1 104.4 £ 0.5

Table 6.4: Comparison of the scattering angle distributions between my Monte Carlo simulation
and the Geant4 simulation.
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Figure 6.18: Comparison of the scattering angle distribution obtained through Geant4 simulation
and simple Monte Carlo simulation. We can observe that the distributions are in good agreement
with each other: they both display a Gaussian like shape, their means are 29.23° and 29.02° for
the Geant4 and Monte Carlo simulations, respectively, and their standard deviations are2.7° and
2.45° for the Geant4 and Monte Carlo simulations, respectively.

Comparison of the peak shape with calibration data

The detector response component of the model was validated by using a simple Monte Carlo
simulation using the model developed in the scope of the TUNL data, to reproduce the *°Fe
calibration data. The Monte Carlo simulation took as input the mean energy emitted by an
%Fe source, 5.9keV, the characteristics of the gas used and the response of the detector. The
simulation produced an expected observed peak shape for *Fe events. Figures 6.19a and 6.19b
show the expected peak shape of the ®Fe generated by the MC simulation and the °°Fe data. We
used data taken in the Queen’s Lab with the same detector we used at TUNL within few days of the
experiment, and the data taken on site with beam OFF. We did not use the TUNL calibration data
for the comparison with the simulation because the extraction of a clean °Fe peak was challenging,
for reasons listed in Section 5.3. Table 6.5 shows the results of a Gaussian fit to the three *Fe
peaks: data and simulation. The means are in agreement within 1 ¢ error, which represents about
0.1% of the returned value. The standard deviations do not agree within error, which is 1.1 % of
the returned value by ROOT. The value of the standard deviation for the simulation is within 1o

with one of the ®Fe peaks and within 4.3 % away from the standard deviation of the other > Fe
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data. The simulation and the data are in good agreement, showing similar resolution, and thus,
it allows us to conclude that our model for the ®Fe is a successful at describing the calibration
data beam OFF. The %°Fe events are expected to follow the same behavior with beam ON, as
the resolution is not expected to be dependent on the beam activity, as observe during the 2018

preliminary campaign, see Appendix A.
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(a)  Comparison of the °°Fe data taken at
Queen’s a few days before the TUNL experiment
(ta23x000-DD2_q00.root) and the expected peak
shape of the %°Fe.

(b) Comparison of the ®*Fe data taken at TUNL
with 37 Ar (S1S3316.20190129211525.root) and the
expected peak shape of the %°Fe.

Figure 6.19: Comparison of the °Fe peak simulation and data at TUNL and at Queen’s University.
The two comparisons show good agreement between the data and the model, showing similar width,
and thus resolution, of the **Fe peak.

Mean Standard deviation

%Fe data taken at Queen’s 5.8946.38 x 10 3keV  0.58+7.52 x 10 3 keV
%Fe (37Ar) data taken at TUNL  5.9045.8 x 107 3keV ~ 0.55746.22 x 10 3 keV
Monte Carlo *°Fe 5.90£7.21 x 103 keV  0.55545.20 x 10 3 keV

Table 6.5: Comparison of the 5°Fe peak simulation and data at TUNL and at Queen’s University.
The peaks were fitted with a Gaussian, we are reporting the means and standard deviation as
returned by ROOT. The means reported by the fit show agreement within error, which represents
about 0.1 % of the returned value. The standard deviations reported by the fit show reasonable
agreement, the standard deviation reported for the simulation agrees within error with the *°Fe
peak from TUNL, but do not agree within error with the standard deviation of the °Fe peak from
Queen’s.

98



6.4 Background and noise peak model

In order to model the background in the SPC energy spectrum, we selected events outside of the
“signal onset time window”, which is between 40 and 55 us. Except for the onset time cut selection,
all the other cuts are the same as for the recoil events. Figure 6.20a shows the background spectrum
obtained for run 8 by selecting events in the background onset time window: 60 to 75 us. It shows
at low energy a noise peak below 80eV and a flat event distribution up to 10keV. The background
spectra that we built with this method displayed some discrepancies with observations from the
signal energy spectra: the mean of the noise peak is at higher energies shifted by 5.26 eV and the
amplitude of the flat background is smaller than the flat background observed in the signal energy
spectra. Figure 6.20b shows the signal and background energy spectra, which shows that the flat
background contribution from the signal spectrum (red) is less than expected. By looking at the
number of events of a background only region, we found that there were 2.6 times more events from
the signal onset time window than events coming from the outside onset time window, 57 against 22
events, respectively. The reason for such discrepancies between the signal and background windows

is unknown.

Figure 6.21 shows the noise peaks of all energy runs normalized by their time exposure. We
can see that after normalization, most of the runs have comparable noise peak’s integral. Table 6.6
shows the integrals of the noise peaks. Runs 8, 7, and 14 at 0.34keV; have the largest integrals.
The noise peak for run 14 at 0.34 keVy, was expected to have comparable integrals with the two
other energies taken during runl4. We think that the discrepancy between this particular energy

and the two others are coming from the very low nuclear recoils contamination in the noise peak.

In order to avoid difficulties associated with modelling a fluctuating noise peak, we imposed an
energy cut on the data and only implemented a flat background, modelled as a uniform distribution
in energy.

In order to determine a robust lower energy threshold for the analysis, we looked at the location
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Figure 6.20: Study of the background energy spectru

of the noise peak relative to the recoil data in the runs. A study of the noise peak was performed in
order to assess at which energy the noise peak is no longer a contamination to the signal or the flat
background. Figure 6.22 shows the eight signal energy spectra zoomed in to the noise peak. The
noise peaks were modelled with a gaussian, and their means and standard deviations are reported
in Table 6.6. An observation from Figure 6.22 and Table 6.6 is that the width of the noise peak
depends on the time exposure. Thus, the longer the time exposure is, the wider the noise peak
is. Thus, our energy cut will be set from run 14. Thus, a rather conservative low energy analysis

threshold of 100eV was chosen.

run8 run7 run9 run 10 run 11 run 14 2keV,, run 14 1keV,, run 14 0.34keV;

wleVee] 39.8 4420 39.73 37.45  40.02 35.03 38.01 35.50
o leVe] 17.05 1741 16.14 19.38  17.55 20.84 23.31 22.08
Integral 0.416 0.416 0.28 0. 22 0.29 0.26 0.30 0.46

Table 6.6: Mean, standard deviation and integral of the eight noise peaks. Note how the noise
peak becomes wider with the time exposure.
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Figure 6.21: Normalized in time noise peaks from the eight energy runs from the signal energy
spectra.
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Figure 6.22: Zoom of the energy spectra with a focus on the noise peak.The black line shows a fit
to the noise peak. The energy spectra are organized by experimental configuration: the energies
taken with the annulus structure are on the first two rows, then multiple energy configuration on
the last row. These fits were used to estimate the energy where the contamination from the noise
peak would be much less than the flat background and/or the recoil events, and thus to estimate
the energy threshold of the analysis.
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6.5 Bayesian analysis

This Section focuses on the analysis methodology used to extract the quenching factor. A

Bayesian analysis was performed using the model discussed in Section 6.3.

A joint unbinned fit over the data sets from the different run configurations was performed. The
energy ranges shared by multiple runs provided an increased statistical accuracy on the quenching
factor.

The minimizer chosen for this analysis is iminuit [106] a python package based on the Minuit

minimization library [107] [108].

6.5.1 Bayesian framework

Bayes’ theorem can be derived from conditional probability:

P(ANB)

PAIB) = =5 5

(6.4)

where P(A N B) is the joint probability of having both A and B true. The joint probability can be
written as:

P(ANB)=P(A|B)P(B) = P(B|A)P(A) (6.5)
and finally we get Bayes’ theorem:

P(a|B) = LB (B]‘;?]);)D )

Bayes’ theorem gives the probability of observing the model parameters given the data. The

posterior probability function is given by:
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where § are the N observations of x, and 0 are the parameters of the experiment.

The likelihood L(Z| _’) represents the probability to observe the data given the parameters. P( _))
represents the prior probability distribution for the model parameters, which describes the prior
knowledge of the parameters and is often provided by experimental measurements. In the case
where no knowledge on the parameters is available, the prior is called non-informative and it is
common to use a constant distribution, known as flat prior. P(Z) is called the evidence and is
the probability of observing the data Z and is independent of the values of the parameters, 6, of

interest. Since P(z) does not depend on the model parameters being fit, it appears as a scaling

factor which is not relevant when fitting a model to the data.

To extract the quenching factor, a Bayesian fit of the model to the recoil energy spectra using
the posterior probability was performed. One can use the maximum of the posterior to find the
central values of the parameters that are the most likely to reproduce the data. The posterior
probability was built using the likelihoods from each energy run as well as (informative) prior
distributions on neutron scattering angles obtained from the known geometry. The next section,

we derive the likelihood functions that were used in the analysis.

6.5.2 Likelihood

The extended likelihood for a single energy run, j, is:

N N;
L;(#)0) = AJ[ e M HP ), (6.8)

where I represents the set of data of the energy run, g represents the parameters of the experiment
we use in our model, u; represents the expected number of events in run j, and N; represents the
observed number of events in run j. The first term represents the Poisson probability of observing
Nj; events from an expected number of events ;. P(x;) represents the probability of observing the

energy ;. In our case we consider 2 types of events, the recoil events that constitute our signal

104



and background events. The total probability of observing an event of energy x; can be written as:
Piot(z;) = P(z; | s)P(s) + P(x; | BG)P(BG). (6.9)

Where s represents the signal, or recoil events, and BG represents the background. We can rewrite

this as:

Hs UBG
Piot(zi) = Ps(;) fs + P, T; = Py(x;))———— + P, T;)—————, 6.10
tot () (w3) f BG(7i) fBG ( )us+uBG BG( )us+uBG (6.10)

where P; represents the probability density function of observing the energy z; from a signal event,
fs represents the expected fraction of signal events, Pp¢ represents the probability density function
of observing the energy x; from a background event, fpq the fraction of expected background events,
s and ppg being the expected number of signal and background events, respectively.

For computational reasons the natural logarithm of the likelihood is used when computing the
maximum (or minimum) of the likelihood function. The logarithm is a monotonically increasing
function, this characteristic is important because it ensures that the maximum value of the log
likelihood is at the same point as the likelihood function.

The negative log-likelihood of Equation 6.8 is:

“In(L) = g — Nln(g) + In(N) Zln( )
— 4 — Nln(g) + In(NY) Zln( (; fg—i—ng(xz)fB(;) (6.11)

~ —Zhl( fs+PBG(£Uz)fBG)

where in the last expression, we removed the first three terms with @ and N since they are irrelevant
for the fit, as they do not depend on the investigated parameters. Thus, the likelihood function
only depends on the expected fraction of signal event (indeed fpg = (1-fs)), the probability density
function of getting the energy z; from a signal event, Ps(z;), and the probability density function

of getting the energy z; from a background event, Ppg(x;).
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To describe the background events we used the background model described in Section 6.4 and
to describe the signal events we used the model described in Section 6.3. The energy distribution
for the background is uniform in energy, while the model describing the recoil events takes into
account the scattering angle and neutron energy distributions, the quenching factor, the response
and resolution of the detector, and the energy reconstruction efficiency of the processing used on

the data.

We want to write P (xz|5, I) as a function of the parameters of our model. For this, we condition
the probability Ps (leg, I) relative to the number of primary electrons, jp., created in the gas, and

express P; in terms of the response of the detector subject to Poisson and Polya fluctutations:

Npe,maz

Py(zil0,1) = Y P(xi, jpeld, I)

—~
”” (6.12)

Npe,maz

= S Plailjpe, 0, 1) P el 1)
Jpe=1

Where Npemae is the maximum number of primary electrons, which is determined by the upper
limit of the fitting energy range.

This operation allows to derive Py(x;|6,1) as a function of the number of primary electrons.
] represents the free parameters of our model, amongst others the quenching factor’s parameters,
« and (8, while I represents the other parameters of our model which are fixed in the fit, like the
Wh-value. The expected number of primary electrons depends on the quenching factor, the W-value,
the neutron energy, the scattering angle and the gain.
As aforementioned, this step also allows to derive Ps(xi\é, I) as a function of other probabilities:
P(zi|jpe, 0,1 ), which represents the probability of observing the energy z; given a number of primary
electrons, and P( jpe|§, I), which represents the probability of observing j,. primary electrons given
the parameters of the model. From Section 3.2.3, we know that the probability of observing S
secondary electrons given a number N of primary electrons describes the avalanche process (or

secondary ionization), which is modelled by the convolution of Polya distributions. We also know
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that the probability of observing N number of primary electrons given an expected number of
primary electrons, set by the model’s parameters, describes the primary ionization and is modelled
following a Poisson distribution.

We assume the number of primary electrons is given by a Poisson distribution and the number of
secondary electrons is given by a convolution of Polya distributions, and so we can write Equation

6.12 as:

Npe max

$z|‘9 I) Z PPolya xZ‘Jp&g I)PPOISSOH(]peW I), (6.13)

Jpe=1

the negative log-likelihood becomes:

Npe max

= - Zln ( Z PPolya '1:7,|]p67 9 I)PPmsson(]pew I) + fBGPBG(':Ul)) (614)

Jpe=1

As explained in Section 6.3 the recoil peak depends on the neutron energy and scattering angle
distributions, thus they need to be included in the likelihood. For this, we integrate over all possible
neutron energy, F,, and scattering angle, 65, values that are within pg, + 40, and pg, £ 4oy,
ranges, respectively. Then, the probability of each neutron energy (scattering angle) sample is
calculated following a normal distribution of mean pg, (ug,) and standard deviation og, (o,).
For more clarity, let’s write explicitly the quenching factor parameters, a and 3, the neutron energy

and the scattering angle distributions in the negative log-likelihood:

Npc max

—In(L Zln <f5< Z PPolya T; ’jpe, / / Ppojisson ( ]pe | 05, By, 8, 1)

Jpe=1 (6.15)

X Pes(es | M@s?aes’EWJI)PEn (En | /"LETL?O_ETNI)) + (1 - fS)PBG(xZ)

where Py, represents the probability for a particular scattering angle, 6, and Pg, represents the

incident neutron energy probability. Py, only depends on uy, and og,, and Pg, only depends on
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wE, and og,. Thus, we can remove the other variables from these probabilities:

Npe max

Z Ppolya Zi ’ ]pe, / / PPoisson(jpe | 98, B, a, B, I)
_ 6s JE,
Jpe=1 (6.16)

N
“In(L) = me (f(

Now, we include the energy scale fluctuation. The energy scale distribution was modelled by
a normal distribution of mean 1, normalized to the ADC/eV conversion factor from the *>Fe, and
standard deviation o,, which is a free parameter of the fit. We note, that we allow the energy scale to
fluctuate by an arbitrary standard deviation in order to account for possible gain fluctuation in the
volume sampled by the recoil events. In the likelihood, this fluctuation is included by multiplying
the energy x; by a percentage of the energy scale, following the distribution aforementioned, and

summing over all possible values of the energy scale.
Npe max

—1In(L Zln (fs Z /Ppolya zi | a, Jpe, [)Po(a | pa, 0q) %

Jpe=1 @

/ Poisson (Jpe | 05, En, @, B, 1) x Py, (05 | po., 00,) P, (En | uEn,UEn)> (6.17)
0s JEp

+ (1 - fs)Pbg(wi)>

The reconstruction efficiency curve developed in Section 6.3.5 is included:

Npe,mam

S () / Pootya (@i | @, jpes ) Pala | fia, 00) %
a

Jpe=1

N
~I(L)=-> In (f(
| Prosontine |0 B, .1) % Po (00| 0,000 Pen(Br | pv0,)) - (618)
S En

+ (1 - fs)Pbg(l'i)>

We remind that I denotes fixed parameters of the model that are not specified: the mean gain:

(G)=1000, the W-value and 6,: 27.6eV and 0.12 respectively [66]. P,, Py and P, are the dis-
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tributions of the energy scale, the scattering angle and the neutron energy respectively. They are
modelled as normal distributions with means: pg, pg, and pg, and standard deviations: oy, oy,
and og,. a is the energy scale, F, is the neutron energy, 0, is the scattering angle, Npe maz is the

maximum number of primary electrons, o and 8 the parameters of the quenching factor function.

Isotopes 20Ne 22Ne 27TA1 2¢ 13C H
Number of interactions in the gas 25600 1887 7 541 8 3787

Table 6.7: Summary of the number of elastic neutron-nucleus scattering for different target isotopes.
These results were generated from a Geant4 simulations of 107 neutrons toward the SPC (A.
Brossard).

The gas mixture used for the experiment was Ne+CHy (3 %). The two most common isotopes of
neon present are 22Ne and ?°Ne with abundances: 9.25 % and 90.48 %, respectively. The abundance
of 2!Ne being of 0.27 % we assumed for the analysis that the neutron interactions with this isotope
is negligible. For more details on the interaction rates on other isotopes present in the gas mixture
a Geant4 simulation was developed by A. Brossard. Table 6.7 summarizes the different interaction
rates. The interaction rate of '?C recoils represents 1.7% of all interactions. The contribution
on hydrogen is significant, but the recoil energy observed are above 20keV,, and thus above our
fitting range (see Section 6.5.3). Thus, our model does not take into account interactions on such
isotopes. The contamination from aluminum recoils in the gas was estimated to be 0.02 %, which
is negligible compared to the other interaction rates.

The interaction fractions for the two neon isotopes were calculated by A. Brossard using Geant4.
The calculations took into account: the density of the gas, the composition of the gas, and the
cross section for neutrons of energy 545keV with the different isotopes. The interaction fractions

for 22Ne and 2°Ne were included in the likelihood:

N
~In(L) =Y lln (fg (0.924P820N6(xi) + 0.076P522N8(a:i)> +(1- fS)PB(;(xZ-)>] : (6.19)

In our model, we assume the ??Ne and ?’Ne have the same quenching factor and the same
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Wh-value. The only difference between the two isotopes is the nuclear recoil energy, which depends

on the mass of the target.

6.5.3 Posterior

The final function that we want to minimize includes Gaussian priors on the scattering angle

means, coming from measurements and simulations. The posterior for one energy run is:

N
~In(P)=->" lln (fg (0.924P;0N6(a:i) + 0.076P522Ne(:c,~)>+

7

(6.20)
(1- fS)PBG(ﬂﬂi)) - 1n(p03(9i))] ,

where py, the Gaussian prior on the scattering angle.

By including Equation 6.18, which was the likelihood contribution for one isotope, in Equation

6.20, we get:
N Npe,mam
—1H(P) = _Z lln (fs (fQONe Z 5(jpe) X /PPolya(xi | a?jpE)I)Pa(a ‘ ,limU)X
i Jpe=1 a

/ / PPoisson(jpe ‘ a‘) /87087E7’l7[) X PBS <0 ‘ I’L937093)PE71(E” | IU/En70.En))+
0s n

Npe,maz

fQQNe Z E(jpe) X /PPolya(xi ‘ a;jpeyj)Pa(a ‘ Ma70)x (621)
Jpe=1 @

/ / PPoisson(jpe | O‘767937En71) X PGS (08 ’ ,lLeS,O'es)PEn(En | /J’En7o-En)>+

(1- fs)Pbg(xi)> — In(pe, (6:))

Finally, the sum of the 8 negative log-posteriors (8 runs) is minimized, thus constraining the

common values of the parameters, a, 5 and o,:

runs

In (P(I,67|:z:i)> - Z In (Pj(I, 5|xi)> (6.22)

The fraction of expected signal events for each run, the parameters of the quenching factor, «
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and 3, the scattering angle mean for each run, 65, and the standard deviation of the energy scale
distribution, o, are free parameters of the fit. The quenching factor parameters and the standard
deviation of the energy scale are common to all energy runs. Overall, the fit has 19 free parameters
(fs and 05 for each energy run, a, § and o,) and 6 fixed parameters (E,, 0g,, 0y,, 0,, the W-value

and the mean gain). fs and o, were bounded by limits between 0 and 1.

Parameters Status in fit Values
Expected fractions of signal events: f; Free -
Scattering angle means: 0,; Free Prior
Quenching factor parameter: « Free -
Quenching factor parameter: 3 Free -
Standard deviation of the energy scale: o, Free -
Neutron energy mean: pug, Fixed 545 keV [*]
Neutron energy standard deviation: op, Fixed 20keV [*]
Scattering angle standard deviations: oy, Fixed Table 5.1
Mean ionization energy: W-value Fixed 27.6eV [66]
Mean gain: (G) Fixed 1000
Shape Polya: 6p Fixed 0.12 [66]

Table 6.8: Table summarizing the parameters in the analysis, their status in the fit and their
values if fixed. Their are 19 free parameters and 6 (more exactly 13) fixed parameters. [*] Values
communicated by our collaborators at TUNL, see Section 5.1.2.

6.6 Test: bias and pull plots

The first step before checking any bias is to generate fake data sets with the model we are using

in the analysis. We generate a fake data set, corresponding to an energy run, as follows:
1. We set a value for the quenching factor parameters: « and
2. We set a value for the fraction of expected signal events: f;

3. We set an expected number of total events, nes,: for both signal and background contribu-

tions.
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4. We randomly draw the number of signal events on ?2Ne and ?°Ne isotopes following a Poisson

distribution with means fa2 n. fsnezp and foopn, fsnesp, respectively.

5. We randomly draw the number of background events following a Poisson distribution of mean

fBGnexp
6. We calculate the total number of events of the fake data set: ny = n20y, + N22p5. + NBG

7. We randomly draw the scattering angle for the 4;, data set following a normal distribution
of mean pg, and standard deviation o._g,, which represents the error on the mean of the

scattering angle.
8. We randomly draw n2op, events following P; °Ne,
9. We randomly draw n22p, events following Pj *Ne,
10. We randomly draw npg events following Ppg.

By generating fake data sets with the model and then fitting them, we can determine if the
posterior is biased or contains programming errors. Table 6.9 lists the parameters and their values
that are used in generating such fake data sets. The values chosen are realistic values in the sense
that they are the same or close values for our experiment. Therefore, the fake data are generated

as close as possible to our experimental conditions and thus probe similar nuclear recoil energies.

As in the real analysis, the parameters in bold are free parameters of the fit (for a single energy
run). An example of such a data set is shown Figure 6.23. The histogram represents the fake data
set generated from the model with the parameters shown above. The black curve represents the
model with the original parameters and the red curve the model with the parameters returned by

the fit.

In order to ensure that the posterior is unbiased and is reporting the correct errors, pull plots

were created for each of the free parameters: «, § and o, fs and 0,. If a variable X is generated
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Parameters Value in fake data set

Maximum number of primary electrons: Ny,qz pe 360
Oy 0.12
W-value 27.6eV
Mean gain: (G) 1000
Neutron energy mean: ug, 545 keV
Neutron energy standard deviation: og, 20keV
Interaction fraction for 22Ne: faa . 0.1
Interaction fractions for 2°Ne: fao . 0.9
Total number of expected events: ney, 1000
Fraction of signal events: f; 0.9
Quenching factor parameter: « 0.29
Quenching factor parameter: [ 0.08
Energy scale conversion standard deviation: o, 0.23
The scattering angle mean: 6, 29°
The scattering angle standard deviation: oy, 2.45°
The error on the scattering angle mean: oy, 0.4°

Table 6.9: Table summarizing the parameters values used to generate a fake data set. The
values shown are similar values to those found in our experiment. The parameters in bold are free
parameters of the fit.

randomly following a Gaussian distribution of mean p and standard deviation o, then it is expected

that the following quantity:

p= , (6.23)

should also be a Gaussian distribution centered at 0 with width 1. To produce the pull plots, X is
the value returned by Minuit, u is the true value of the fake data set generated and o is the error
returned by the fitter. We discuss briefly in Section 6.7 how Minuit calculates the errors.

In order to generate pull plots, hundreds of data sets are created following the aforementioned
algorithm. Then, the fake data sets are fitted using the analysis model we developed, returning the
most likely values of the free parameters and their errors. Then, we use Equation 6.23 to look for
any bias for a given parameter.

Figure 6.24 shows an example of pull plot for the scattering angle variable. In black is shown
a Gaussian centered at 0 and of standard deviation of 1. The red curve shows the Gaussian fit of

the pull plot, it shows a very slight bias in comparison to the Gaussian with mean 0.
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Figure 6.23: The blue histogram corresponds to a fake data generated using the model, in black is
the corresponding function used to randomly generate the data and the red curve corresponds to
the best model resulting from the fitting data.

A test to check potential biases in the analysis was performed, for this test 400 data sets were
generated. Five different energies were generated simultaneously, reproducing the energy runs
recorded during our experiment, and fitted simultaneously. The general variables are the same as
mentioned above, the specific quantities to each run are mentioned below in Table 6.10. There
are 13 free parameters of the fit: the fractions of expected signal events, f;, the scattering angle,
0s;, the quenching factor parameters, a and 3, and the standard deviation of the energy scale

distribution, or resolution, o,.

Figure 6.25 shows the pull plots for the 13 parameters of the model. In general the shapes
of the pull plot distributions are Gaussian like. The Freedman-Diaconis rule [109] was applied to
the pull plots, in order to have the optimal number of bins in each histogram. Gaussian fits were

performed to the pull plots to extract the means and standard deviations. The results of such fits
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Figure 6.24: Pull plot of the free parameter scattering angle, for a given energy, in blue. The
black curve corresponds to a Gaussian centered at 0 with a standard deviation of 1, which is the
expected distribution for the pull plots generated for the free parameters of the fit. And in red is
the corresponding Gaussian distribution function of the pull plot returned after fit.

E,, [keV,,] Lo, 09, Opy,
6.8 29° 3° 0.5°
2.7 18° 1.5° 0.3°
1.6 14° 1.1° 0.3°
1.3 12.5° 1.0° 0.1°
0.74 9.5° 0.7° 0.1°

Table 6.10: Table summarizing the parameters and the values, used to generate the five fake data
sets. The values are the mean scattering angle, py,, the standard deviation of the scattering angle
distribution, og,, and the error on the mean of the scattering angle distribution, o,, . The values
used to generate the fake data sets were chosen to produce nuclear recoil energies similar to runs
8, 7,9, 10, and 11.

are shown in Figure 6.25. Figure 6.26 shows a summary of the means and the standard deviations
of the pull plots’ parameters along with the errors reported by the fit. Some parameters show a
slight bias, as well as an overestimation of the errors. The parameters of interest, a and 3, show
a small bias consistent with the errors returned by the fit. It was suggested to investigate the

results of the fit with different binning conditions, twice as many and twice as less as indicated
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by the Freedman-Diaconis rule. We also looked at the mean and standard deviations of the pull
plots without histogramming these quantities from the NumPy package [110]. Figure 6.26 shows
such comparisons. The four method show the same trends for both the means and the standard
deviations, however, when some disparities exist, the calculation is generally off the values reported
by the fits with the three different binning.

Figure 6.27 shows the distributions of returned o« and S. We fitted the distributions of «
and [, while these were following the Freedman-Diaconis rule. This choice was motivated by the
good agreement between the result of the fit with the fits resulting from larger or smaller binning.
Moreover, the values reported by the fit are more conservative than the values calculated by NumPy.
Both o and 8 show a consistent bias. The mean of the « distribution returned by the fit is 0.289,
when the true a value to generate the data was 0.29, thus there’s a bias of 0.001 or 0.34 %. We used
The mean of the § distribution returned by the fit is 0.0813, when the true value used to generate
the data was 0.08. Thus, there’s a bias of 0.013 or 1.6 %. The biases for « and 8 are smaller than
the errors returned by Minuit: by a factor 5.2 and 16.15 for « and S respectively. The maximum
impact on the QF is 0.47 % at low energy and 0.07 % at high energy. Because the biases are small,

we report them as systematic uncertainties.
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Figure 6.25: Pull plots for 5 sets of data generated simultaneously and fitted simultaneously. We
display the errors for each bin of the pull plots’ histograms, as well as the Gaussian fit that was
performed. The values of the fit, the mean and the standard deviation, and their respective errors,

are shown on each plot. We can note, that the errors on both the mean and standard deviation
are similar when rounded at 5 digits.
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Figure 6.26: Summary of the mean and standard deviation of the pull plots for the parameters:
fs8, fs7, fs9, fs10, fs10, fs11, 04, @, B and the five scattering angles tested. The upper plot shows
significant biases for o and [, the different means are distributed around 0. The small biases on
«a and [ are discussed in the text. As for the standard deviation, most of the parameters are
consistent with 1. We compare the means and standard deviations from fitting the pulls plots with
different binning: Freedman-Diaconis binning, Freedman-Diaconis binning times 2 and Freedman-
Diaconis divided by 2. We can observe that for the majority of the cases, the values of the fits are
in good agreement, within error. We also investigated the means and standard deviations of the
pull plots as returned by the NumPy package. The values seem in general in good agreement with
the three fitting conditions, however, the unbinned means and standard deviations, tend to show
more “optimistic” values of the mean and standard deviation, pulling the values closer to 0 and 1,
respectively.
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Figure 6.27: Distributions of a and . The values were returned after each fit of the fake data set.
The means of the two distributions are close to the values used to generate all the data sets. The
shift with the true value represents the bias of the analysis for these two variables. The red curve
represents the Gaussian fits performed on the distributions to extract such values.
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Figure 6.28: 2D histogram of o and 8. The values were returned after each fit of the fake data
set. The means of the two distributions are close to the values used to generate all the data sets.
This figure shows an anti-correlation between « and f.
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6.7 Errors returned by Minuit

Minuit can compute the errors using three different methods: MIGRAD, HESSE and MINOS.
In our analysis, we use the MIGRAD method, which assumes that the function to be maximized

is Gaussian: )
D)
P(z) = N 202 (6.24)

Minuit minimizes functions, thus, we take the negative log-function, which is a parabola:

_ 1y (z—p)?
I {P(m)} _1n[ 2%0} s (6.25)
and the second derivative is:
dQ[—l P( )}— ! (6.26)
vl Rl e |

MIGRAD calculates the 15t derivative of the function to minimize. When it finds the minimum
it approximates the second derivative matrix by assuming that the minimized function is a Gaussian
and returns the corresponding errors. The diagonal elements of the 2" derivative matrix gives the
second derivatives with respect to one parameter at a time. When this matrix is inverted, to give
the error matrix, the diagonal elements include contributions from all of the other elements of the
204 derivative matrix (correlation). The error on each free parameter of the function is provided

by the diagonal elements of the error matrix, see equation 6.26.

A common approach of obtaining parameter estimates and errors for a posterior is to use a
Markov Chain Monte Carlo (MCMC) to sample the distribution. These samples can then be
used to create marginal distributions for all the parameters. However, this method is often time
consuming and prone to errors if the chain does not properly sample the whole space. If the
posterior is Gaussian, the errors and covariance matrix returned by Minuit completely specify the

distribution and the results obtained are identical to the results from a MCMC. In this analysis we

120



assume that the posterior distribution is Gaussian, or Gaussian like, and thus, we directly use the
errors and covariance Matrix returned by Minuit.

A common technique to visualize the posterior function is to plot a “profile distribution”. A
profile distribution is created by plotting the posterior as a function of one of the parameters,
where all other parameters are at their minimum. When the posterior function is Gaussian-like,
both the profile posterior and the posterior distribution obtained through sampling, are in good
agreement [111]. If the posterior function is not Gaussian-like, then the posterior distributions
have to be sampled from the posterior with a Monte Carlo method. Figure 6.29 shows three profile
log-posteriors out of the 19 free parameters of the fit: the fraction of expected events for run8, fsg,
and the quenching factor parameters, o and 5. While we acknowledge that a profile posterior is
not equivalent to a posterior distribution, it shows the behavior of the posterior near the minimum
for a given parameter. Hence, by showing that the profile posterior is Gaussian or Gaussian-like
near the minimum of the profile function, we show that the approximation chosen for our analysis,

Gaussian-like posterior, is supported.
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Figure 6.29: Profile (log)posterior for three variables out of the 19 free parameters of the fit: the
fraction of expected events for run8, fss and the quenching factor parameters, o and 3. Here, we
show that the profile of the log-posteriors have a parabola shape, which is expected from a posterior
that is Gaussian-like. In red we show a fit to the profiles with a parabolic function. Although the fit
performed on the profile of f.g shows some discrepancies with the fit, however the fit is reasonable
near the minimum. The parabolic fits for the quenching factor parameters match their respective
profiles really well. The black dashed line shows the minimum returned by Minuit, and the shaded
grey region shows the error returned by Minuit. A change in the (log)posterior probability function
of 0.5 relative to 0, shows the corresponding 1 o error of the distribution. We can see for the profile
of fss, that the change of 0.5 in the profile corresponds with the error returned by Minuit. However,
we can see for a and S that the change of 0.5 in the profile posterior does not correspond to the
errors returned by Minuit. The reason is that the profile method does not take into account the
correlations between the parameters, and hence, a change in 0.5 of the profile posterior gives a
smaller “error” than the one returned by Minuit. We acknowledge that the profile posterior is not
equivalent to the posterior distributions. However, it is a good indication of the posterior shape,
and thus validates our approximation of considering the posterior Gaussian in our analysis.
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Chapter 7

Quenching factor measurement results

In this chapter, we present the results of the nuclear recoil response in 2 bar of Ne + CHy (3 %)
in an SPC. We fitted the data simultaneously using the minimizer Minuit and the model described
in the previous chapter. We first present the results of the fit and the different sources of systematic
uncertainties impacting our results. Then, we discuss the parametrization impact on the QF results

by fitting individually the energy runs.

7.1 Results from the Bayesian fit

The fit to the data was performed for a different energy range depending on the energy run.
The noise peak was cut off of the data at the same energy for all the runs; 100eV, as explained in

Section 6.4. The upper energy limit of the fit varied, Table 7.1 provides such values.

run8 run7 run9 run 10 run 11 run 14 0.34keV runl4 1keV runl4d 2keV

Emaz [keV] 6 3 2 1.4 0.8 0.8 1.4 2

Table 7.1: Table summarizing the upper energy limit of the fit in the analysis.

The values of @ and 8 and their errors (stat + sys #5) returned by the joint fit are:

a =0.28014+0.005 and S =0.0867+ 0.020
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Figure 7.1 shows the resulting quenching curve using the «,3 parametrization. The results of the
fit will be further discussed in Section 7.3. We provide the covariance and correlation matrices in

Appendix B. First, we will provide details on uncertainties and tests performed on the analysis and

model.
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Figure 7.1: Quenching factor as a function the nuclear recoil energy. The orange curve corresponds
to the QF mean and the error band corresponds to 1o error. The right plot shows a zoom of the
left plot.

7.2 Systematic uncertainties

7.2.1 Scattering angles

In this analysis one of the non negligible sources of uncertainties comes from uncertainty on the
scattering angles, and in particular for run14. Indeed, the distance between the backing detectors’
plane and the surface of the SPC was measured for each new angle configuration 3 times.

To calculate the error on the scattering angle values, the uncertainties were propagated from the
measured distances (adjacent: distance from BDs’ plane to SPC and opposite: annulus radius)
through Monte Carlo simulations. All other sources of uncertainties that could impact the mean of
the scattering angle, as well as the spread, were included to a Monte Carlo simulation and showed
that they were negligible. This includes: the distances from the exit of the collimator to the surface

of the SPC, the size of the beam in the SPC (from cross section uncertainty), SPC’s size, and BDs’
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size. For each configuration the mean and uncertainties are given in Table 5.1.
As a result, it was chosen that the error on the scattering angle mean would be included in the

analysis by including a prior to the function to minimize.

7.2.2 Neutron energy uncertainty

The uncertainty on the neutron energy was determined from errors in measuring distances
between the 0-degree backing detector and the exit of the collimator and fitting errors. Our collab-
orators at TUNL estimated the error on the neutron mean energy to be 2keV, which has a 0.36 %
impact on the nuclear recoil energy. As this systematic has a negligible impact on the nuclear recoil

spectrum, it was not included as a source of uncertainty in the analysis.

7.2.3 Noise contribution

The fluctuation of the electronic baseline noise was also investigated. We looked at the noise
peak of each energy run and found that in average the mean of the noise peak is at 38.7eV and
the standard deviation of the peak is 19.22eV. By convoluting the energy response of the detector
with a Gaussian of mean 0 and standard deviation of 0.02keV we estimated the impact on the

quenching factor parameters to be of 0.2 %, thus being negligible.

7.2.4 Efficiency curve uncertainty

We consider the uncertainty in how we determined the efficiency to reconstruct events as a
function of energy. Indeed, as explained in Section 6.3.5, to build the efficiency curve we had to
adapt the lower rise time cut to select the reconstructed events. Thus, the lower rise time cut was
set at 0.85 us instead of 1 us as in the selection of the data. To study the impact of the efficiency
curve on the values returned by Minuit, we generated two other efficiency curves but with a different

lower rise time cut. It was decided to investigate the impact of a stricter and a looser rise time
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Figure 7.2: Rise time as a function of the energy of simulated events to construct the efficiency
curve (already shown in Section 6.3.5). The three different lines represent the different values of
the low rise time cut to select the reconstructed events.

cut. Figure 7.2 shows the corresponding low rise time cuts chosen to build new efficiency curves:
0.9 us and 0.8 us, called condition 2 and 3 respectively (condition 1 being the original rise time cut
chosen in Section 6.3.5).

Figure 7.3 shows the resulting efficiency curves for the low rise time cuts’ test compared with
the nominal energy efficiency. As expected, the stronger cut (0.9 us) results in a higher energy
threshold for reconstruction of the events, while the looser cut results in a lower energy threshold
for reconstruction. Fits were performed to these efficiency curves using an error function, see

Equation 6.3. The resulting parameters’ values for condition 2 and 3 are shown in Table 7.2.
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Figure 7.3: Efficiencies to reconstruct the events’ energies obtained from the nominal rise time cut
(condition 1), and additional rise time cuts tested: condition 2 and 3, are shown in different shade
of blues. As expected, the energy efficiency resulting from the stronger rise time cut (condition
2: 0.9 us) display a lower successful reconstruction rate than the other efficiencies built with lower
rise time cuts. The efficiencies were fitted with an error function, Equation 6.3. The resulting fit
functions of the energy efficiencies are shown in shade of red.
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Condition 1 Condition 2 Condition 3
a. 0.874 4 0.0067 0.863+ 0.0084 0.8774 0.0066

be -0.12 £0.19 -0.08 +£0.25 -0.167 £ 0.19
Ce 8.01 £ 0.43 8.54£ 0.56 7.57 £ 0.415

Table 7.2: Values of a., b., and c. returned by the fit for the nominal efficiency and the two
efficiencies resulting from higher and lower rise time cuts. We also report the errors returned by
the fit on each parameter. The differences between condition 1 and condition 2, and 3 are called
systematic uncertainties. Except for the parameter b., the systematic uncertainties are larger than
the errors returned by the fit (minimum of times 2).

Condition 1 Condition 2 Condition 3

a  0.2801 0.2789 0.2811
B 0.0867 0.0899 0.0839
oo 0.0050 0.0050 0.0050
op 0.02 0.02 0.02

Table 7.3: Values of a and § returned by the fit with the different efficiency curves, as well as the
errors returned by the fit.

The analysis was then run with the three different efficiency curves. Table 7.3 lists the values
of the quenching factor parameters, a and § and their errors, for the different conditions of the
efficiency curve. Figure 7.5 shows a comparison of the two quenching factor curves obtained from
condition 2 and 3 with the original quenching factor curve, or condition 1. The differences between
the means of o and § for condition 1 with the mean values of o and /3 for condition 2 and 3 represent
potential systematic errors: « is impacted by 0.35-0.4 % and (3 is impacted by 3.2-3.7 %. There is
an asymmetry between the two systematic errors reported, we chose to report the maximum error
between the two.

Thus, the systematic uncertainty from the efficiency curve is (mean + error from fit 4+ systematic):

a = 0.2801 £ 0.005 £ 0.0012 B = 0.0867 £ 0.02 £ 0.003

The efficiency curve systematic error can change the quenching factor by 0.8 % at low energy
(0.43keVy,) and 0.3 % at high energy (10keV,,), which is small compared to the error returned by
the fit.
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Figure 7.5: Building the alternative energy responses.

We investigated the possible effect of non-linearity in energy response of the detector. For this,
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we implemented quadratic energy responses, that we used to correct the data and then looked
at the results of the fit. The choice to study quadratic responses over other forms was arbitrary.
Figure 7.5a shows how such quadratic responses were built: the positions of the **Fe (5.9keV) from
experimental data and a hypothetical 37 Ar peak (2.82keV) were reported in ADC and in keV. The
dashed black curve is the linear energy response, the black dot shows where the hypothetical 37 Ar
peak should be for the response to be linear. If the hypothetical 37Ar peak is shifted by some
percentage from its linear position, one obtains the blue dot on Figure 7.5a and the new energy
response can be estimated using a quadratic form.

From [66] it was shown that the energy response was linear in our detectors using an 37 Ar source
in 1.5bar of Ne+CHy (98:2). Figure 7.6 shows the energy spectrum of the 270eV and 2.82keV
lines along with the fit to the data. The W-value was determined by fitting both peaks, and the
same value was returned within 0.7 %. The 0.7 % difference in W-values between the two calibra-
tion energies necessarily incorporates expectation variation in W as a function of energy, statistical
uncertainty on W, as well as any potential non-linearity in the detector response. Therefore, 0.7 %
represents an upper limit on the non-linearity measured in this SPC set-up. Furthermore, other
data using 3" Ar were collected in the NEWS-G laboratory at Queen’s University for neon based gas
mixture and lead to the same observation. An 37Ar and %°Fe data set was taken for the 2018 pre-
liminary QF campaign and is discussed in Appendix A.2. Thus, we used the 0.7 % uncertainty from
this analysis in the study of the non-linearity response. Figure 7.5b shows the resulting quadratic
responses for a shift of the 37 Ar peak by 0.7 %, corresponding to a shift of 84 ADC from its linear
position. Thus, we expect the impact from this uncertainty on the quenching factor to be small or

negligible.

The data were corrected with the two non-linear responses, then the fit was performed to
the data. Table 7.4 shows the values of a and § returned by the fit for such responses. For
condition 2, a and 8 are impacted by 0.21 % and 4.6 % respectively. For condition 3, a and 8 are
impacted by 0.03 % and 3.5 % respectively. Once again, the systematic uncertainty from this source

is asymmetric. We will report the larger one on the QF.
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Figure 7.6: Energy spectrum of the 37Ar taken with a 30 cm diameter SPC filled with 1.5bar of
Ne+CHy (98:2). The 270eV and 2.82keV lines of X-rays are visible. The red curve shows the
fit to the data performed. Figure 4 of paper [66]. For more details, the reader is encouraged to
review [66].

Condition 1 Condition 2 Condition 3

a  0.2801 0.2795 0.2802
B 0.0867 0.0907 0.0837
oo 0.0050 0.0050 0.0050
o3 0.02 0.02 0.02

Table 7.4: Table summarizing the values of o and S returned by the fit with the different energy
responses, as well as the errors returned by the fit. Condition 1 corresponds to the nominal linear
energy response, while condition 2 and 3 correspond to a -0.7 % and +0.7 % shifts, respectively, in
the position of a 2.82keV and following a quadratic response.

Figure 7.7 shows a comparison of the quenching factor as a function of the nuclear recoil energy for
the linear and quadratic responses, built from a 4 0.7 % shift in the position of the hypothetical
3TAr peak. The orange quenching factor curve corresponds to the linear energy response, and the
orange error band corresponds to 1 ¢ error for a given energy. The purple and red quenching factor
curves correspond to the + 0.7 % shift in the the hypothetical 37 Ar position, quadratic responses,
along with their respective error bands. In this work, the errors are calculated from the covariance

matrix provided by Minuit and thus takes into account the correlations between the parameters of

the fit.
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The maximum difference between the linear QF and the quadratic QFs is 0.6 % at low and 0.7%
at high energy. We report the systematic uncertainty from the possible non-linear response (mean

=+ error from fit £+ systematic):

a = 0.2801 £ 0.005 £ 0.0006 £ = 0.0867 + 0.02 4+ 0.004
0.5 — 0.38
——— QF returned by the joint fit
—— QF returned by the multiple fit: -0.7%
QF returned by the multiple fit: +0.7% 0.36
Error band representing 1o uncertainty on the QF.
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Figure 7.7: Quenching factors as a function of the nuclear recoil energy, for + 0.7 % shift (yellow
and red, respectively) and linear response in orange. The plot on the right is a zoom of the left
plot.

Finally, we allowed the quadratic term, or position of the 3”Ar peak, to vary in the fit with a
prior on its position based on [66] with + 0.7 %. The returned parameters are within less than 1o
with the linear response. The values of o and 3 are within 0.08 ¢, or 0.14 %, and 0.33 ¢, or 7.7 %,
respectively from the linear response. The value of the shift of the 37 Ar position is 1.6 %, which is
2.2 ¢ from the linear position and corresponds in a shift of about 190 ADC from the linear position.

The values of o and S and their errors returned by the fitter are:
a = 0.2805 £ 0.005 B =0.08 £0.021

The quenching factor as a function of the nuclear recoil energy for the floating quadratic re-
sponse is shown Figure 7.8 along with the linear QF. From the shift of 1.6 % of the 37 Ar position,

which shows that the fitter prefers a small non-linearity of the energy response, the impact on the
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Figure 7.8: Comparison of the quenching factor for the linear response and a quenching factor
with floating energy response (floating shift of the 3"Ar position): floating quadratic term. The
right plot is a zoom of the left plot.

QF is 0.95 % at low energy and 1.3 % at high energy. For future studies, a Bayesian posterior ratio
for the two models: linear and floating quadratic energy responses, could be performed in order to
estimate if the floating quadratic energy response model is over-fitting the data, and thus, if the

small non-linearity is a real effect.

7.2.6 Offset in the energy response

We looked at a possible offset of the energy response. For this, we looked at the noise peak of
the SPC without any cuts, and looked where the mean of such peak was lying. By fitting the noise
peak with a Gaussian, the mean of the noise peak was found to be shifted from zero by -13.7 ADU.
We re-ran the analysis with an offset applied to the energy response, which was then applied to the
data. The impact of such energy response on the quenching factor parameters was defined as the
systematic uncertainty coming from such offset.

The values returned for a and 3 are:

o = 0.2823 £ 0.005 B =0.0836 £+ 0.021
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The impact on the mean values of a and § are 0.78 % and 3.6 %, respectively. This possible
electronic offset leads to an impact on the mean of the QF of 1% at low energy (430eVy,) and
0.06 % at high energy (10keV,,). We report the systematic uncertainty from the electronic offset

on the quenching factor parameters (mean =+ error from fit + systematic):

a = 0.2801 £ 0.005 £ 0.0022 B = 0.0867 £ 0.02 + 0.0031

7.2.7 Energy scale

Finally, a study of the energy scale uncertainty was performed in order to assess its impact
on the QF. For this, we used the uncertainty on the mean of the energy scale, returned by the
fit, see Section 5.3 for more details. We remind that the energy scale mean was extracted from
the mean of the °Fe peak by performing a Gaussian fit. By taking into account the hundreds of
calibration data taken through the experiment, the average uncertainty on the energy scale mean,
was estimated to be 1.35%.

The energy scale of the experiment was then shifted by + 1.35%, and the analysis was rerun in
order to determine the impact on the QF. Table 7.5 gives the values of a and 3 after shift of the

energy scale.

Condition 1 Condition 2 Condition 3

a  0.2801 0.2765 0.2836
B 0.0867 0.0868 0.0865
oo 0.0050 0.0050 0.0050
op 0.02 0.02 0.02

Table 7.5: Table summarizing the values of o and S returned by the fit with the shift in the energy
scale, as well as the errors returned by the fit. Condition 1 corresponds to the nominal mean energy
scale, while condition 2 and 3 correspond to a -1.35 % and +1.35 % shifts, respectively, in the energy
scale.

For condition 2, the impact on o and 3 are 1.23 % and 0.11 %, respectively, while for condition 3,
the impact on o and 8 are 1.25% and 0.23 %. We chose to report the largest of these uncertainties
as systematic uncertainty of the quenching factor.

Figure 7.9 shows the impact of the energy scale shift by +1.35% on the QF. The orange curve
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represent the quenching factor with the nominal energy scale, with corresponding error band in
orange. The blue curve corresponds to the quenching factor after shift of the energy scale by +
1.35 %, with associated error band in blue.

The maximum impact on the QF from the energy scale systematic uncertainty is 1.3% at low
energy (0.43keVy,;) and 1.24 % at high energy (10keVy,). We report the systematic uncertainty

from the uncertainty on the energy scale mean (mean + error from fit + systematic):

a = 0.2801 £ 0.005 £ 0.0036 B = 0.0867 £+ 0.02 + 0.00015
0.5 0.400
0.375 A
0.4
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5 5
8 + 0.325
g 031 // :
o o
£ £ 0.300 A
£ =
] ]
S 0.2 g
a 0.2 3 0.275 A
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Figure 7.9: Comparison of the quenching factor for the nominal energy scale, in orange, with
associated error band, in orange, with the resulting QF from an energy scale shifted by 1.35 % from
its central value, in blue, with associated error band. The right plot is a zoom of the left plot.

After investigating all the sources of uncertainties in our experiment and model as described
above, the uncertainty on the scattering angle has a significant impact on the nuclear recoil distri-
bution and thus on the quenching factor. To account for this source of systematic uncertainty a
gaussian prior on the scattering angle was implemented in our model. We report the systematic
uncertainties from the energy response, the reconstruction efficiency, the possible electronic offset,

and the energy scale decoupled from the error returned by the fit in Section 7.3.
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7.2.8 Discussion: individual fits

A final test was performed to check if the parametrization adopted to model the quenching
factor would affect the estimate of QF. For this, an independent fit to each of the data set was
performed using the same model as described in 6.3 and the same fitting procedure using iminuit.
However, the energy scale’s standard deviation was fixed as it is a common parameter of all the
runs, which depends on the detector and not on the experimental configuration. The value used

for the width of the energy scale distribution was the value returned by the joint fit.

Figure 7.10 shows the energy spectra and the comparison between the joint fit results, solid line
and orange error band, and the independent fit results, dashed line and blue error band, for the
energy runs. The energy runs taken with the annulus structure (run 7, 8, 9, 10 and 11) show a
good agreement between the joint fit’s and the single fit’s results, within error of the independent
fits errors.

However, the three energy runs not recorded with the annulus structure (run 14) show quite a
discrepancy between the single and the joint fits. Moreover, the error bands of the independent
fits for each energy of run 14 is larger than the error bands from comparable energies taken with
the annulus structure. Both behaviors can be explained by the accuracy with which the distances
were recorded for run 14. Indeed, as previously mentioned the backing detectors were not installed
on a pre-designed structure. Despite our care, the distances measured could have been off by a few
mm (2mm), thus shifting the position of the recoil peak. Another possibility is the orientation of
the backing detectors which might not have been perfectly parallel to the beam line, which was not
the case for the annulus structure, and assumed for all configurations to calculate the scattering
angle distributions. This issue in particular would impact the width of the nuclear peak, as the
solid angle angle of the BDs would be larger. With all these uncertainties linked to run 14, it is not
surprising that the single and joint fits differ. Hence, we recommend for future quenching factor

measurements to use pre-designed structures in order to control those uncertainties.

A common observation between the energy spectra is the error band for the multi fit is narrower
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Figure 7.10: Comparison of the single fit (dashed line and blue error band) to multi fit (solid line
and orange error band) for the 8 energy spectra.

for the recoil distribution than the error band of the single fit. This behavior is expected as the
joint fit has access to more statistics and imposes more constrains on the values of the parameters,
in particular the values for « and 8 that are constrained over the energy range covered by all the
runs. One can observe a feature in the multi fit error band (orange), the errors become larger for

some energy spectra (lower in energy) at the upper end of the energy range covered (background).

In order to test the quenching factor parametrization that we used in our model, we report one
point from each of the five energy runs taken with the annulus structure. We chose not to report

the QF from runl4 as the errors were quite large and thus did not provide meaningful informations.
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The energy point reported for each energy run is the mode (roughly) of the recoil distributions, see
Table 7.6. Figure 7.11 shows the independent QFs (determined from the modes), along with their
error bars. The five points were fitted with the oES, parametrization, the resulting curve of such fit
is given by the solid blue curve along with its error band. Figure 7.11 shows that the independent
QFs are consistent with the a8 parametrization. The same figure shows a comparison of the inde-
pendent QFs and their fit with the QF curve from the joint fit to the data in orange along with its

error band. Again, the independent QFs are in reasonable agreement with the joint fit, less than 1 o.

rung run’ run9 runl0  runll

Mode [keVy] 6.5 2.9 1.7 13 0.74
Range [keVee] 3.8-9.0 1.7-4.4 0.88-248 0.6-2.0 0.4-1.0

Table 7.6: Table summarizing the modes of the energy distributions and the energy ranges used
to report the independent QF's.

Finally, we looked at the behavior of the independent QF's for an energy range and not only for
the mode of the distribution. Typically, the energy ranges investigated correspond to 4+ 1 ¢ of the
modes, they can be found in Table 7.6. Figure 7.12 reports the independent QF curves along with
the joint fit in black. This figure is another illustration of the energy overlap between the different
energy runs, in particular at about 2keVy,, where three energy runs overlap. Runs 10, 9 and 7
display an error band feature already observed in the joint fit error band: larger at the edge of the
energy range and narrower at the center. However, the feature for the three independent QFs is
stronger than that of the joint fit. The reason being that the correlation between « and  is quite
high for these three runs: > 0.98. Moreover, the feature is explained by the statistics available in
the energy distributions. Indeed, at the mode the error bands are the narrowest due to the high
statistics constraining « and 8. Thus, the narrow region of the error band of the joint fit is caused

by the higher statistics available in that region.

In conclusion, the independent fits confirms that the «,5 parametrization adequately describes

the behavior of the QF in the energy range investigated. The independent fits also display the

138



same error band feature as the joint fit’s error band, which is caused by a high correlation between

the quenching factor parameters and statistics of the energy runs.

Quenching factor as a function of E,,
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Figure 7.11: Shows the QF for the modes of 5 of the energy runs (annulus structure): 5 points
in maroon, red, orange, yellow and green, along with the error bar for the energy. Fit in blue,
performed by ROOT, of the 5 independent quenching factor points with the quenching factor
parametrization: aEﬁr, along with the 1o error band returned by the fit. Comparison with the
joint fit to the data and 1 ¢ error band in orange.

139
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Figure 7.12: Shows the QF for the modes 41 o of five of the energy runs (annulus structure), along
with the multi fit result, solid black line, and 1 ¢ error band, black dashed line. The right plot is a
zoom of the left plot.

7.3 Conclusion

Figure 7.13 shows the eight energy spectra, in blue, with the resulting unbinned joint fit, in
red. The values returned for each free parameter are given in table 7.7. The expected fractions of
signal events are consistent with each other for the runs taken with the annulus structure. Indeed,
the exposure time was adjusted so that we would record similar statistics for each run. For run
14, the fraction of expected signal events decreases with the energy (or scattering angle), which is

observed in other experiment [112] and expected from calculation.
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Parameters Values Errors FExpected (angles)

fss 0.922  0.020 -
for 0.947  0.022 -
fso 0.954  0.018 -
fs10 0.958  0.023 -
fs11 0.898  0.035 -

f614,0.34kev 0.234 0.039 -
fo14.1kev 0.668 0.033 -
fs142kev 0.733  0.029 -

o 0.2801 0.0050 -
B 0.0867  0.020 -
0s 28.55 0.34 29.02 £ 04
67 18.89 0.09 18.84 £ 0.1
Oy 14.33 0.06 14.33 £ 0.06
010 12.47  0.048 12.48 £+ 0.05
011 9.41 0.033 9.4 £ 0.03
014,0.34keV 6.57 0.26 6.33 £ 0.26
014,1kev 11.55 0.18 11.13 £ 0.3
014,2kev 14.51 0.15 15.63 £ 0.3
Oa 0.238 0.01 -

Table 7.7: Table summarizing the most probable values of the free parameters returned by the fit,
their errors, as well as the expected values and errors for the scattering angles.

The scattering angle means returned by Minuit are consistent within 1o error with the measure-
ments, except for run 14 at 2keV and 1keV and run 8, which are at 3.70, 1.40 and 1.17¢ from
their measured scattering angle respectively. From this, the only strong discrepancy from the mea-
surements is run 14 at 2keV, which means that 7/8 scattering angles are in agreement or reasonable
agreement with their measured value. This result is important to both validate our measurements
but also our model.

The standard deviation of the energy scale distribution is 23.8 % in our model. Which indicates
non negligible fluctuation of the energy scale (or gain) throughout the volume of the detector we
used: simple sensor with no umbrella to correct the anisotropy of the electric field lines in the north

hemisphere.

As presented at the beginning of Chapter 7, the returned values of the quenching factor param-
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eters a and [, from the fit, are constrained by all the energy runs:

a =0.2801+£0.005 and B = 0.0867 £ 0.020

The systematic errors from the possible non-linearity of the detector response, the efficiency curve,
the possible offset, the energy scale, and the bias described in Section 7.2 were added in quadrature.
The values of the quenching factor parameters o and 8 with the errors from the fit and the

systematic uncertainties are:

a = 0.2801 £ 0.005 (fit) & 0.0045 (sys) and 3 = 0.0867 % 0.020 (fit) % 0.0069 (sys)

The systematic uncertainties are reviewed and listed in Table 7.8. We show the impact of each

systematic on « and 3, as well as on the quenching factor at low and high energies.

Q I5; QF(HE) QF(LE)
Noise 0.04%  0.4%  Negligible Negligible
Efficiency curve  04%  3.7% <0.80%  <0.29%
Non-linearity — 0.21% 46%  <0.60%  <0.70%
Offset 021% 4.6% <0.06 % <1%
Energy scale  021% 4.6%  <1.24% <1.3%
Analysis bias  -0.34% +1.6% <0.07%  <0.47%
Total 1.6% 6.9% <2.9% <1.1%

Table 7.8: Table summarizing the uncertainties investigated for the analysis and their impact on
«, [, and impact on the quenching factor. The fluctuation of the baseline noise has a negligible
impact on the QF. The total systematic uncertainty counts the uncertainties from the efficiency
curve, the possible non-linearity, the electronic offset, the energy scale and the analysis bias. The
last two columns evaluate the maximum impact on the quenching factor at high and low energies
(HE: 10keVy, and LE: 0.43keV,,) from these sources of uncertainties considering the as and Ss
returned from the different studies. The last raw corresponds to the total uncertainties on «, 3
and QF by adding in quadrature the different systematic contributions from the efficiency curve,
the possible non-linearity, the electronic offset, the energy scale and the analysis bias.

The quenching factor reported in this work applies to an energy range between 0.43 and 11 keV ;,
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Runs x> ndf x?/ndf p-values

run 8 89.55 82 1.09 0.26
run 7 67.46 80 0.84 0.84
run 9 59.75 78 0.77 0.93
run 10 74.74 77 0.97 0.55
run 11 65.79 81 0.81 0.89

run 14: 2keV 140.4 87 1.69 2.5e-4
run 14: 1keV 92.75 89 1.04 0.37
run 14: 0.34keV 88.75 87 1.02 0.43

Table 7.9: Table summarizing the x?, the number of degrees of freedom (ndf), x?/ndf and p-
values for each run. The x?/ndf and p-values are satisfactory except for run 14 at 2keVy,, where
the x?/ndf is close to 2 and the p-value smaller than 5%. This values are indicative, we remind
that the fit performed in this analysis was unbinned.

that was estimated by converting the results of the fitting curves in Figure 7.14a into Figure 7.14b

using the results of the quenching factor.

The fit shows good agreement for the most part of the energy runs except for runl4 at 2keV.
A Pearson’s x?/ndf test was performed as well as calculating the p-value for each run, they are
summarized in table 7.9. It is still unclear why the model seems to be unsatisfactory for runl4
at 2keV,. However, the accuracy with which the scattering angles were determined for runl4, is
known to be less precise than for the runs recorded with the annulus structure. Thus, when giving
the prior on the scattering angles for runl4, the error on the mean might have been underestimated

and thus over-constrained the fit.

The quenching factor as a function of the nuclear recoil energy is plotted Figure 7.15, between
0.4 and 10keVy,. The orange curve represents the quenching factor mean returned by the fit. The
error band represents 1o error for a given energy and was calculated using the covariance matrix
returned by Minuit, thus takes into account all statistical errors and the systematic error from the
scattering angles. The systematic errors coming from the non-linearity of the detector response,
the efficiency curve, the possible offset, the energy scale, and the bias are provided separately from

the errors returned by the fitter, and are shown by the orange dashed region on Figure 7.15.
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Figure 7.13: Results of the unbinned joint fit on the quenching factor data. The spectra are ordered
by decreasing values of the recoil energies. Recall that the mean gain, the W-value, 6, the neutron
energy, neutron energy’s standard deviation and scattering angles’ standard deviations are fixed,
and that the fraction of expected signal events for each run, as well as the scattering angles, the
standard deviation of the gain fluctuation (or energy scale), o and 8 are free parameters of the
joint fit.

The Lindhard theory is often used to compare with experimental results, it shows reasonable
agreement in silicon and germanium but also in LXe and LAr [113], [114]. Two measurements
in gases were performed in “He and isobutane, [10] [11]. They showed some discrepancy between
Lindhard and their experimental results as well as with the SRIM simulation. To stay consistent

with other reports on QF measurements, we compared our results with the quenching factor of the
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(b) Overlap of the resulting fitting curves converted

a) Overlap of the resulting fitting curves in eV..
(a) Overlap e § curves 1 e in eV, by using the quenching factor result.

Figure 7.14: Overlap of the different energy runs using the fitting curves to the energy spectra,
in eV and in €Vy,,. Each curve corresponds to the energy range covered by a single run. These
figures allow to illustrate the overlap in energy between the different runs, thus we have several
energy runs constraining the same energy for the quenching factor. These figures also illustrate the
motivation behind fitting all the energy runs simultaneously.

Lindhard theory, black dashed line, and the SRIM simulation, blue dots, in neon. The Lindhard
theory and the SRIM simulation show good agreement for neon. The quenching factor that we
extracted from our data is larger than the Lindhard theory and SRIM at energies below roughly
9keVy,. The maximum discrepancy between our quenching factor and Lindhard/SRIM is 24 % at
low energy. Our results show that the quenching factor in neon is more optimistic than expected,
which will allow us to reach lower nuclear recoil energies. Figure 7.12 shows the QF curve obtained
from the multi fit along with the single fits. We were able to show that the multi fit and single fits
were consistent with each other, and in particular confirmed the shape of the final error band for

the multi fit.

With this experiment we demonstrated the feasibility of measuring the quenching factor of gas
mixtures using a Spherical Proportional Counter in a neutron beam below 1keV. To our best
knowledge, it is the first time that a quenching factor is extracted using a joint fit and report values

for a quenching factor parametrization (aEgr), so that the quenching factor is known for each energy
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Figure 7.15: Quenching factor as a function of the nuclear recoil energy, using the values of a and 3
returned by the fit. The orange curve corresponds to the quenching factor mean for a given nuclear
recoil energy. The orange error band corresponds to 1o error on the quenching factor for a given
nuclear recoil energy, as returned by the fit. The orange dashed region correspond to the total
systematic uncertainties resulting from non-linearity of the detector response, energy efficiency,
electronic offset, and energy scale uncertainties, as well as systematic from the analysis’ bias. In
dashed black is the Lindhard theory curve and the blue dots correspond to the quenching factor

calculated by SRIM with the same gas conditions.
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across the range covered: 0.43 and 11keV,;. This is also the first time such measurements were
performed in neon gas, which allow the NEWS-G collaboration to have a nuclear recoil calibration

for the neon gas mixture used for WIMP searches.
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Chapter 8

Expected Coherent elastic
neutrino-nucleus scattering signal in a
SPC detector from a nuclear reactor

source

The NEWS-G collaboration is interested in detecting CEvNS at a nuclear reactor using an SPC.
The main motivation comes from understanding the neutrino flux at a nuclear reactor and also to
search for sterile neutrinos. The high neutrinos flux at a nuclear reactor is a compelling advantage
compared to spallation sources despite the technical challenges induced by lower neutrino energies.
In this section, we briefly cover the nuclear fission principles before describing our calculations to
evaluates the CEvNS detection rates for different conditions. We consider four different targets, to
estimate the best candidate to detect CEvNS. This section is the first step in our study to assess

the feasibility of an experiment using a NEWS-G SPC at a nuclear reactor to detect CEvNS.
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8.1 Nuclear reactor physics

8.1.1 Fission principles

Nuclear reactors provide a strong source of pure 7.: up to 10 MeV. In the nuclear core, nuclear
fissions take place continuously using the principles of nuclear chain reaction to produce energy.
The nuclear fission takes place when a heavy nucleus (Z > 90) splits into two lighter nuclei. Fissions
can be spontaneous if the nucleus is very heavy (Z > 95), or induced by an incident particle like
a neutron. The two fission fragments are rich in neutrons and in an excited state, thus are highly
unstable. They emit energy in the form of gamma rays and several neutrons to become more stable.
On average, a fission reaction release about 200 MeV [115] [116], depending on the fissioning isotope,
see Table 8.1. This energy is mainly contained in the reactor, while a small fraction is lost with
escaping neutrinos. The neutrinos are emitted by the 5~ decays from the fission products, see the
scheme in Figure 8.1.

In nature, only 235U is fissionable, i.e. it undergoes fission when hit by an incident thermal neutron
(~ 10MeV), it is said to be fissile. However, typically nuclear fuels do not only contain 23°U as the
isotope is quite rare on Earth: 0.7 % of the total uranium present on the planet. An other isotope,
2387, accounts for over 99 % of the uranium on Earth, but is not fissile. However, 238U can undergo

radiative capture, which leads indirectly to produce 239Pu that is fissile. 238U is said to be fertile.

PU+ b — U — 3N — FPu 81
Increasing the nuclear fuel concentration of 23U to about 5% is used for most of commercial
nuclear reactors. This is known as enrichment. This process can reach up to 20 % concentration in
research nuclear reactors.
The principle behind nuclear reactors is the chain fission reaction, where the fission-induced
neutrons’ flux is stable and where this newly created neutrons will result in subsequent fissions.
The reaction can be described by Figure 8.2. A system’s ability to maintain such a flux of neutrons

is defined as criticality. Nuclear reactor are said to operate in a critical state, a typical fission
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Figure 8.2: Chain reaction principle [117].

reaction of 23°U is as follow:
25U 4+ fn — MFPy + 2FPy 4+ kin+ 1, (8.2)

where 412FP are the fission products and k is the mean number of emitted neutrons per fission.

8.1.2 Nuclear reactors

A nuclear reactor is composed of three main components: the fuel, the coolant and the mod-

erator. The second is used to recover the heat produced and the third thermalizes fast neutrons.
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The choices of these components define the class of nuclear reactor. There are two main types of

reactor:

— Thermal reactors: the fission-induced neutrons are thermalized in order to use the large
cross section of thermal energies (n-isotope). Thus, the neutrons need to collide with light
nuclei, located as close as possible to the fuel in order to decrease neutron losses and maximize
the number of fissions. Hence, often the moderator is also used as coolant, like water (H20)
and heavy water (D20), which are widely used in thermal reactors. The choice of moderator
often drives the choice of fuel. Indeed, the cross section of thermal energies with 23°U allows
to use lowly enriched uranium (up to 5%) or even to use natural uranium in the case of
heavy water. Thermal reactors are the most common class of nuclear reactor, and themselves
are subcategorized in two classes. Nuclear reactors using water as moderator and coolant,
and thus having an enriched core to 23U, include Pressurized Water Reactors (PWRs) and
Boiling Water Reactors (BWRs). The nuclear reactors using heavy water as moderator and
coolant, and thus, not requiring enrichment are called Pressurized Heavy Water Reactors

(PHWRs).

— Fast neutrons reactors: it is chosen to keep fast neutrons to generate more fissions. The
cross section of fast neutrons with 23U is low (in comparison to thermal neutrons), thus, one
needs to keep the flux of neutrons constant in order to maximize the interactions with the
fuel as well as having a compact core. Because of the lower cross section of fast neutrons with
the available isotopes, it is necessary to have a higher enrichment of the fuel, which is of the
order of 20 %. The high neutron flux allows to create more fissile isotopes from the fertile
ones: this is called fuel regeneration. The coolant needs to use heavy atoms in order to avoid
any moderation of the neutrons, thus, molten metals (sodium, lead) or gases (helium, COs3)

are chosen. Fast neutron reactors are for the most part research reactors.

In this work, we will consider thermal reactors as they represent the majority of the reactors in
the world.

In Canada, the choice was made to use heavy water as a moderator and a coolant. This design is
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call the CANDU reactor (Canada Deuterium Uranium), they are classified as Pressurized Heavy
Water Reactors. CANDU reactors were developed after the Second World War. Because the access
to enrichment facilities was difficult (expensive to build and operate), heavy water was chosen as
moderator to reduce the absorption of the neutrons by the moderator (like in light water). Heavy
water is also more efficient at slowing down neutrons, thus it makes it more likely for a neutron to

induce a fission. Hence, CANDU reactors can use natural instead of enriched uranium.

8.2 Reactor neutrinos

As mentioned previously, the 7, produced by a nuclear reactor are not directly a result of the
fission reaction, but produced by the radioactive decay of the fission fragments. In general the
fission fragments have different masses and can cover a wide range of isotopes, thus the radioactive
decay period and energy can vary quite significantly. As a result, the estimation of the reactor
antineutrino flux is a complex task, combining data from electron reactors spectra and distribution
of beta branches provided by nuclear databases.

Since 99.9 % of reactor 7, are from U, 28U, 9Pu, and 2*'Pu [118], we consider only these
four isotopes for the neutrino energy spectrum. The number of neutrinos emitted is proportional
to the thermal power of the reactor. For example, a 1 GW reactor generates about 2 x 10%° 77, /s.
Table 8.1 summarizes the impact of the different isotopes on the neutrinos and energy released.

In order to estimate the reactor antineutrinos flux, models were developed combined with data

using inverse beta decay as detection channel. There are not many models in the literature: Vogel

235U 238U 239Pu 241Pu
Qi, E (MeV)/fission  202.36 + 0.26 205.99 & 0.52 211.12+ 0.34 214.26 + 0.33
E;, (MeV) 1.46 1.56 1.32 1.44
Ve / fission 5.58 6.69 5.09 5.89
p; PWR 0.560 0.080 0.300 0.060
p; PHWR 0.543 0.411 0.022 0.024

Table 8.1: Table summarizing the impact of each isotope to the reactor antineutrino flux: average
energy released by fission [115], average neutrino energy, number of neutrinos released by fission
[116] and the fraction of total thermal power produced by the isotope [119].
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and Engel’s [120], which is the “classic model” used for neutrino reactor, Kopeikei’s [121], Mueller’s
[122], Huber’s [123]. We decided to use the work proposed by M. Baldoncini [124], which uses the

neutrino flux parametrization from Huber-Mueller [122]. The neutrino flux is defined as:

4
S(Ep) = PyLF Y %/\(E;) (8.3)
i=1 "

with P, the thermal power, considered to be 1 GW here, ; the average energy released per fission
for the i isotopes, see Table 8.1, p; is the power fraction for the i** isotope, which is the fraction

of the total thermal power emitted by fission by the i** isotope, and:
6 .
M Ep) = e:pp( Z a;ngl) (8.4)
p=1

a; are the coefficients of the polynomial, their values can be found in Table 8.2. These coefficients
were estimated from a fit to the data (energy spectra of each isotope) performed by [122]. LF is
the load factor, or capacity factor, that is the percentage of the effective working condition of a
nuclear core. LF is the ratio:

LF = 100 Zreat (8.5)

ideal
FEreqr is the net electrical energy output over a given period of time and FEjgeq is the maximum
net electrical energy output possible over the same period. Load factor data are provided by the

IAEA [125].

The neutrino spectrum, 10m from the core, is shown in Figure 8.3, with a load factor of
100 %. The change in LF only affects the overall amplitude of the neutrino flux. We note that the
Huber-Mueller parametrization gives an unrealistic neutrino flux below 1.8 MeV, although this is
a negligible effect for our purpose.

Figure 8.4 shows a comparison of neutrino spectra from a PWR and PHWR reactor. The difference
between the two types of reactors comes from the power fraction of the i*" isotope. The energy

spectrum from the PHWR reactor is shifted at higher energies by 0.7%. This is expected, as
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Isotope aq as as ay as ag

235y 3.217 -3.111 1.395 -0.369 4.445.1072 -2.053.1073
28U 4.833.107! 1.927.107! -1.283.107! -6.762.1073 2.233.107% -1.536.10"%
239py 6.413 -7.432 3.535 -0.882 1.025.1071  -4.55.1073
241py 3.251 -3.204 1.428 -3.675.107!  4.254.1072 -1.896.1073

Table 8.2: Table summarizing the coefficients of the polynomial of order 5 used in equation 8.4 [122].

PHWR reactors are not using enriched uranium and that the mean energy released per fission is
higher from 2**U, 239Pu and 24! than from 23°U.
The Darlington power plant station, in Ontario, comprises four nuclear reactors with a total output

of 3.512 GW when the four units are online. The typical thermal power of the unit 1 is 878 MW.
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Figure 8.3: Neutrino spectrum for a PWR reactor, using Huber-Mueller parametrization. We
consider the detector to be 10m the source, a load factor of 100 %, and a thermal power of 1 GW.
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Figure 8.4: Comparison of neutrino spectra for a PWR and PHWR reactors with a load factor of
100 % and thermal power of 1 GW. The spectrum from PHWR goes to energies that are slightly
higher than the one found in a PWR reactor.

8.3 Differential event rates

In this section, we estimate the CEvNS signal in a SPC detector placed 10 m away from the
nuclear core. We will first estimate the differential event rate as a function of the total nuclear
recoil energy, F,,, then, we will calculate the differential event rate as a function of the nuclear

recoil energy in electron equivalent, F..

8.3.1 Differential event rates as a function of the nuclear recoil energy

To calculate the neutrino event rate from CEvNS in a detector, one must first obtain the

differential event rate as a function of the nuclear recoil energy:

dR — N d(f) % dU(EmEnr)
dEnr E‘l'l/nzn dEV dE’VLT

dE,, (8.6)
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where d¢/dFE, is the neutrino flux and A is the number of target nuclei per unit mass (kg). In the
case of CEvNS the target mass nucleus my is greater than the neutrino energy, m, > F,, thus
the miminum neutrino energy necessary to generate a nuclear recoil is:

myEp;
2

min __
B =

(8.7)

do(E,, Eny)/dE,, is the CEvNS differential cross section as a function of the nuclear recoil energy

shown in Section 77:

do %* 2Enr Enr 2 MEnT QIQ/V 2 2

The differential event rates reported are expressed in /day/kg/GW /keV. Table 8.3 shows the
different pressures depending on the target, for a 60 cm diameter SPC placed 10 m from the source
and 1kg of target material exposed. The pressures were calculated using the perfect gas law. The
size of the SPC was chosen to match the dimension of the future surface experiment NEWS-G3
shield’s detector, which goal is to assess surface backgrounds, and in particular cosmic muons
and cosmogenic activation, in view of a CEvNS experiment. More will be presented about the
NEWS-G3 shield experiment in Section 9. The size of the detector will be constrained by the
space available on site, at the nuclear power plant station. Indeed, one must also take into account
the size of the shielding which will be a cube of minimum 1.6 m of edge (based on the NEW-G3
shield design). From this table, we can see that the pressures needed to be achieved for xenon,
argon and neon are feasible. In the other hand, the pressure for detecting CEvNS in helium might
be challenging considering the high pressure required: 53.8 bar at 293 K. The pressure feasibility
comes from several aspects: the safety, where the SPC vessel has to be certified for pressures above
2bar and can not go above 11 bar (specifications for the NEWS-G3 SPC), and the gain, as when
the pressure increases so does the HV applied on the anode in order to have a gain that allows to
reach a low enough energy threshold. Sparks are created when the HV is too high, thus preventing

us from reaching the ideal gain for such high pressures.
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Pressure (bar)

Temperature Xenon Argon Neon Helium
273 K 1.5 5 9.9 50
293 K 1.64 5.38 10.68  53.8

Table 8.3: Table summarizing the different pressures depending on the gas mixture in a 60cm
diameter SPC.

For our purpose, we will be looking at both PWR and PHWR reactors. For the PHWR reactor,
in addition to looking at the event rate with a LF of 100 %, we use the load factor of the Darlington
1 nuclear power plant (out of the four present on site), located on Lake Ontario in Canada, with
an average load factor of 84.6 % [126]. In 2018, the load factor of the Darlington nuclear power
plant facility reached 97.2 % [126]. We look at the impact of such changes of the load factor on the

event rate of neutrinos.

Using Equation 8.6 the differential event rate of CEvNS events was calculated for the four dif-
ferent target nuclei: xenon, argon, neon and helium, in a SPC of 60 cm in diameter. The targets
which seem to be the most advantageous are xenon, argon and neon, due to their highest event
rates and achievable running conditions. By applying an energy detection threshold of 100eVy,,
which is the standard energy threshold in the literature [17] [127] and reachable by an SPC detector,
by integrating the differential event rate above that threshold, we expect the event rates listed in
Table 8.4. We also present the rates for the two load factors mentioned previously as well as the
type of reactor. The impact of the load factor is non-negligible for the heaviest isotopes, with a
difference in rate of 12.7 % in xenon. The impact of the reactor type (PWR/PHWR) is important,
up to 21 % on the rate of xenon, and goes down with the target mass, with a difference of 16.3 %,

9.5% and below 1% for argon, neon and helium, respectively.
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Figure 8.5: Differential event rate as a function of the nuclear recoil energy for different targets:
Xe, Ar, Ne and He. We consider the SPC detector be 10 m away from the source and LF = 100 %.
The differential event rate shown is for a PWR reactor.

Xenon Argon Neon Helium

PWR LF =100% Event rate 364 90 35 7
Event rate > 100eV 60 36 19 5

LF =97.2% Event rate 354 86 34 7

Event rate > 100eVyy 58 35 18 5

LF = 84.6 % Event rate 308 75 29 6

Event rate > 100eVy, 50 30 16 4.5

PHWR LF =100% Event rate 308 79 31 6
Event rate > 100eVy; 76 43 21 5

LF =97.2% Event rate 300 77 30 6

Event rate > 100eV, 73 41 18 5

LF = 84.6% Event rate 261 66 26 5

Event rate > 100eVy; 64 36 18 4.6

Table 8.4: Table summarizing the CEvNS rates for different gas targets in a SPC detector placed
10m from the nuclear core. We consider 1kg of target material and several LF. The event rates
are in kg/day/GW.
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8.3.2 Expected CEvNS signal in a SPC detector

Including the quenching factor and the energy response of the detector allows for the expected

detectable signal of CEvNS to be estimated in our target materials.

For the quenching factor, we used Lindhard theory, which was introduced in Section 4.1, as:

I = kg(e)

eyt (8.9)

where Z is the nuclei atomic number, A the mass number, k = 0.133Z2/3A~Y/2 ¢ = 11.5E,77/3 and
g(e) = 3e9154.0.7e064¢.

The impact of the quenching factor on the event rate will be studied in Section 8.3.3.

For the response of the detector, we saw in Section 3.2.3 that for spherical proportional counters
the primary and secondary ionization can be modelled following a Poisson and convolution of Polya
distributions, respectively.

The analytical differential event rate of CEvNS in a detector is:

dR En'r,mu:c dR
E(E@e) / E(Em)R(Eee\Em) (8.10)

with R(Fee|Ey,) the response of the detector. By replacing the response with the response of an

SPC detector, we have the differential event rate of CEvNS in our detector:

dR Burmes R Nemas
dT(Eee) = / dT(Enr) Z P}%lya(Eee|jpe)PPoisson(jpe|Em“) (8.11)

ee nr .
Jpe=1

To calculate the differential event rate of the CEvNS process including the response of the
detector and the QF, we chose to develop a Monte Carlo simulation. Here is the algorithm to

produce such differential event rate:

1. Pick randomly a nuclear recoil energy, E,., following the differential event rate: T
nr
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Xenon Argon Neon Helium
W-value (eV/ion pair)  22.6 264  27.6 41.3

Table 8.5: Table summarizing the W-values for the different nuclei targets investigated. The W-
values for argon and helium were found in [128], the W-value for neon in [66] and for xenon in [129].

Xenon Argon Neon Helium

Upper energy bound (eVe) 250 800 1000 > 1000
Observable range (eVe) 200 550 950 > 1000

Table 8.6: Table summarizing the upper and observable energy range for each target investigated.

2. Apply Lindhard quenching factor to the energy: Eecqf = QF(Ep, )X Ep,.

3. Using the W-value for the respective target, calculate the mean number of primary electron

Eee,qf

for the given Eee qr: fipe = W-value

4. Pick randomly a number of primary electron(s) following Poisson: ny,. = Poisson(tpe).
5. Pick randomly a number of secondary electrons following Polya: ng. = Polya(nye).
6. Normalization.

The W-values for the different targets were obtained from [128] for argon and helium. The W-value
in neon used in this calculations was estimated in [66], using a SPC and Ne:CHy (98:2). The W-
value for xenon was obtained by averaging the values from [129], which gave a review of different
measurements. The W-values are listed in Table 8.5. It is important to point out that in our model,

the W-value does not depend on the energy, but has a fixed value.

Figure 8.6 shows the differential event rates as a function of the nuclear recoil energy in electron
equivalent energy, Fe., for xenon, argon, neon and helium. From these, we can see that the upper
observable threshold varies with the target. We consider a detection threshold achievable by the
NEWS-G detectors, 50eVee, the rates for the different targets are using this limit. The upper

energy bound and the observable energy ranges are listed in Table 8.6.
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Figure 8.6: Differential event rates as a function of the nuclear recoil energy in eV.. obtained
through Monte Carlo. The SPC detector is placed 10m away from the source. The calculations
take into account the response of the detector and the quenching factor, and were calculated for
1 kg for four targets: xenon, argon, neon and helium. We consider a PWR reactor with a LF =
100 % and 1 GW thermal power.
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Xenon Argon Neon Helium

PWR LF=100% Event rate 192 60 25.6 5
Event rate > 50eVe  13.5 16.4 11.2 3.6

LF =97.2% Event rate 186.6 57.8 25.0 4.8

Event rate > 50eVee 13.0 15.9 10.9 3.5

LF = 84.6% Event rate 162.3 50.2 21.8 4.5

Event rate > 50eVee 11.2 13.8 9.5 3.0

PHWR LF =100% Event rate 181.8 58 25 4.4
Event rate > 50eVee 17 20 13.2 3.6

LF =972% Event rate 176.6 56.3 24.3 4.3

Event rate > 50eV, 16.4 19.6 13 3.5

LF = 84.6% Event rate 154 49 21 3.7

Event rate > 50eV, 14.3 17 11.2 3

Table 8.7: Table summarizing the event rates for the 1kg of target material, we considered four
targets: xenon, argon, neon and helium. The SPC detector is placed 10 m away from the source.
The calculations take into account the response of the detector and the quenching factor. We show
the event rates for different LF. The event rates are in /kg/day/GW.

The resulting rates from the Monte Carlo simulation are listed in Table 8.7. It appears that
the best candidate for CEvNS detection with NEWS-G detectors is argon gas, regardless of the
kind of nuclear reactor and load factor. Xenon and neon are also interesting targets that could be
used in order to probe more targets and investigate any deviation in the Standard Model’s cross
sections. On the other hand, helium with its low rate and high pressure necessary to reach 1kg of

target material, seems to be an unlikely target choice for detecting CEvNS with an SPC.

These rates, despite giving us an order of magnitude of the expected signals in our detectors,
have to be taken cautiously. Indeed, there’s an important unknown in these calculations: the nu-
clear quenching factors of the investigated targets. As aforementioned, there are quenching factor
measurements of liquid xenon and argon but not in gas. First measurements of quenching factor of
neon nuclei in neon were presented in this work, and quenching factor measurement of helium ion
in helium gas were performed in [10]. Moreover, the role that the pressure of the gas plays in the
nuclear quenching factor is not well understood, it is expected to have a negligible impact from the

prediction provided by SRIM, but the data shown by [10] in helium could imply a pressure depen-

162



dence. More experiments have to be conducted in order to establish the impact of the pressure on

the nuclear quenching factor.

8.3.3 Impact of quenching factor on the CEvNS event rate

One should measure the quenching factor of the proposed targets, at the desired conditions,
prior to performing the CEvNS experiment, since the QF can significantly impact the event rate.
In the mean time, in response to the uncertainty linked to the quenching factor for the targets
investigated, we establish the impact of the quenching factor on the event rates presented in the

previous section.

Impact of SRIM quenching factors on the CEvNS event rate in a SPC

Xenon Argon Neon Helium

QF SRIM PWR Event rate 192.7 60 25.7 5
Event rate > 50eV, 12.7 18.6 11.5 3.4
PHWR Event rate 183 59.3 25.2 4.4

Event rate > 50eVe, 16.1 22.7 13.6 3.5

QF data PWR Event rate - - 26.4 -
Event rate > 50eVee - - 13 -

PHWR Event rate - - 25.7 -

Event rate > 50eV, - - 15.2 -

Table 8.8: Event rate using the quenching factor from SRIM for the two kind of nuclear reactors,
as well as the impact from the quenching factor of neon nuclei in neon gas from the TUNL data.
The event rates are expressed in /kg/day/GW

In this section, we look at the impact of the quenching factor on the rate of signal events. First,
we looked at the quenching factors predicted by SRIM for the four different targets at their specific
pressures to get 1kg of target material in the detector.

Figure 8.7 shows a comparison between the quenching factors predicted by SRIM and by Lindhard.
One can see that the two predictions (Lindhard/SRIM) are quite close, thus it is expected to have

a small impact on the event rate. Table 8.8 shows the total and above threshold event rates for the
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two kind of reactors we are looking at (PWR/PHWR). The impact of the SRIM quenching factors

on the event rates above threshold are:

Xenon Argon Neon Helium

PWR —6% 12% 3% 5%
PHWR 53% 135% -3% -2.7%

Table 8.9: Impact of the quenching factor on the CEvNS event rate, with 50eV., threshold, in a
SPC detector for the four targets investigated. We compare the event rate between two predictions:
Lindhard and SRIM, Lindhard is considered the nominal condition. Depending on the target, the
impact can range from 2.7 % for helium up to 13.5 % for argon.

The impact in argon is the greatest as the quenching factors’ discrepancy takes place at low
energies, where it is expected to have the most events. Despite these changes, argon remains the

most promising target.

We investigated the impact of the quenching factor extracted from the TUNL data for the
neon gas mixture on the CEvNS event rate. The event rate for the neon target is listed in Table
8.8 and shows an increase of the event rate (above threshold) of 16 % and 15% for PWR and
PHWR reactors, respectively, relative to an event rate derived using Lindhard. Despite this more
optimistic quenching factor in neon, argon remains the best target for a CEvNS experiment if it

has a quenching factor within the Lindhard and SRIM models, or above.
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Figure 8.7: Illustration of the differences in quenching factor between different models: Lindhard
and SRIM.

Impact of the uncertainties linked to quenching factor measurements on the CEvNS

event rates in a SPC

In this section, we show a preliminary study of the quenching factor (relative) uncertainty’s
impact on the expected CEvNS event rate in an SPC. The motivation for this study, is to estimate
with which uncertainty we will need to measure the quenching factor in the region of interest: <
5keVyyr, for the targets under investigation in order to have an uncertainty of 10 % or less on the

estimation of the event rate.

Table 8.10 shows the estimated required uncertainty on the quenching factor in order to have
an uncertainty of about 10 %, or less, on the event rate of CEvNS. From this preliminary study, we
estimated that the uncertainty on the quenching factor of argon, which is the favored candidate for

a CEvNS experiment with an SPC, had to be of 10 %. The uncertainty on the quenching factor in

165



xenon should be 5% in order for the event rate uncertainty to stay below 10 %. As for neon and
helium, these two targets allow more flexibility in the quenching factor uncertainty, as an uncer-
tainty of 20 % would lead to uncertainties below 10 % on the event rate. The uncertainties reported
in quenching factor measurement experiments in the region of interest: < 5keVy,, are of the order
of 15-20 % in scintillation crystals [130], [131], between 10-20 % in liquid xenon [132], [133], [113].
To the best of our knowledge, as of today, there are no existing quenching factor measurements in
argon (liquid nor gas) below 5keVy;.

While an uncertainty of 10 % on the CErNS event rate might not impact the detection of the
interaction, we remind the 33 % total uncertainty in the 2017 COHERENT results. However, such
precision will be required when aiming for precision measurements such as: any deviation of the
observed CEvNS spectrum relative to expected spectrum, deviation in the cross section, sterile
neutrino searches, monitoring reactor neutrino flux, and others. Hence, minimizing the uncertain-
ties will be necessary. We conclude that the method developed to extract the quenching factor and
presented in Section 6, could be a tool of interest in the CEvNS community in order to reach 5%

order uncertainty in the region of interest.

Uncertainty on QF required Uncertainties on R with QF uncertainty < 10 %

PWR Xenon ~ 5% 10-20 %< — 12.7-25%
Argon ~ 10% 15-20 %< — 11.8-14.2%
Neon <20% 20-25 %< — 7.3-16.3%
Helium <20% 20-25 %< — 7.06-8.2 %
PHWR Xenon ~ 5% 10-20 %< — 12.-25%
Argon ~ 10% 15-20 %< — 11.2-14%
Neon <20% 20-25 %< — 7-13.5%
Helium <20% 20-25 %< — 5.5-6 %

Table 8.10: Impact of the quenching factor on the CEvNS event rate in a SPC detector for the four
targets investigated. We estimate the impact of the quenching factor (relative) uncertainty on the
event rate. By targeting 10 % uncertainty on the CEvNS event rate, we can estimate the required
uncertainties on the quenching factor.
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8.4 Conclusion on the event rate

We calculated the event rate of the CErNS interaction in a 60 cm diameter SPC detector lo-
cated 10m away from a nuclear reactor of 1 GW. We considered three load factors: 100 %, 97.2 %,
and 84.6 %. To model the neutrino flux we used the parametrization developed by Huber and
Mueller [116] [122] and complemented by Baldoncini [124]. The neutrino spectrum model takes
into account the four main isotopes contributing to the neutrino spectrum: 23°U, 238U, 239Pu, and
24Py, We investigated four targets as to estimate the best candidate for a successful CEVNS ex-
periment. The investigated targets were: argon, helium, neon, and xenon. In our calculations we
consider 1kg of target material, which corresponds to different pressures depending on the target.
We developed a Monte Carlo simulation, which takes into account the response of our detectors
and the quenching factor to estimate the observed CEvNS signal in our detector. To calculate
the event rate in our detector, we considered an energy threshold of 50 eV, which corresponds to
about 2 electrons for argon, neon, and xenon, and 1 electron for helium. Argon has the highest
event rate, closely followed by xenon, then neon, and finally helium. The relatively high pressure
required to have 1kg of helium in a 60 cm diameter SPC, and its low event rate makes helium an

unlikely candidate for a CEvNS experiment.

We investigated the impact of the quenching factor on the CEvNS event rate in an SPC. We
tested two models of quenching factors: Lindhard and SRIM, on the four targets investigated. The
impacts on the different targets varied from about 3 % up to 13 %. However, it did not change the
ranking of targets in terms of detectable event rate. We estimated the quenching factor uncertainty
required to impact the CEvNS event rate by 10 % or less. A relative quenching factor uncertainty
impacted differently each target. Hence, an uncertainty of 5% of the quenching factor in xenon was
estimated necessary to impact the CEvNS event rate by 10 % or less, while an uncertainty of 10 % of
the quenching factor in argon would have the same effect on the CEvNS event rate. Neon is a more
flexible target, where an uncertainty on the quenching factor of 20 % or less, impacts the quenching

factor by 10 % or less. In Section 8.3.3, we discussed that the impact of the quenching factor un-
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certainty might not prevent from detecting CEvNS, as we have seen with the successful detection
of the interaction by the COHERENT experiment [25]. But the knowledge of the quenching factor
within 5% (or less) will be required for precision measurements, where some of them were listed in
Section 2.3. We propose the method developed in this work to extract the quenching factor with
a 5% uncertainty in the sub-keV region, as a tool for future quenching factor measurement as to
optimize the statistics provided and thus minimize the uncertainty on the quenching factor.

We also looked at the impact of the type of nuclear reactor on the event rate: Pressurized Wa-
ter Reactors and Pressurized Heavy Water Reactors. PHWR reactors provide a higher detectable
event rate for all targets. For the three heavier targets: xenon, argon, and neon, the impact is of
about 20 %, which is not negligible. Thus, when choosing a site, a CANDU reactor might be the
best choice, as it provides a higher event rate of CEvNS events in our SPC detector. However,
CANDU reactors do not require to be shut down when changing the fuel of the core. Hence, the
background estimation on site might be challenging. Finally, the load factor also plays a role in the
CEvNS event rate. Thus, a study of the recent load factors (per year) of candidate sites must be
performed, and discussions needs to take place with different candidates in order to estimate the

most reliable nuclear power station while the experiment is running.
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Chapter 9

Preliminary estimation of background
for a CEvNS experiment using an

SPC detector at a nuclear reactor

The NEWS-G collaboration mainly focuses on dark matter searches, hence, the collaboration
has limited experience with the backgrounds on surface. In response to this, the NEWS-G3 exper-
iment was launched as a first step to assess surface backgrounds.

We are considering the NEWS-G3 detector and shielding as our experimental condition for a
CEvNS experiment. First, we will present the NEWS-G3 detector and shielding, then, we will
present the various backgrounds taking place in the SPC shell and shielding. Then, we will show
the result of background contamination of a preliminary Geant4 simulation for the targets that were
qualified as feasible for a CEvNS experiment with an SPC: argon, neon and xenon. Finally, we
will briefly discuss other background contaminations, such as background coming from the nuclear

reactor and cosmic muons.
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9.1 Detector and shielding description

The NEWS-G3 experiment will take place in the laboratory of the NEWS-G group at Queen’s
University. The main goal of the experiment is to assess the background at sea-leavel in our detec-
tor in view to a CEvNS experiment. In particular, we want to estimate the backgrounds from the

cosmogenic activation of the materials (copper) and the cosmic muon flux.

The detector is an SPC made of C10100 copper of 60 cm in diameter and 10 mm thick. The SPC
is enclosed in a compact shielding, which follows a design similar to the GIOVE experiment [134].
The shielding has one layer of C10100 copper, two layers of PE, four layers of commercial lead, by
MarShield [135], and a muon veto. The muon veto will be a combination of plastic scintillator made
by Eljen, EJ-200 [136], with Hamamatsu R8520-406 PMTs [137]. The SPC is held by a structure
made of C10100 copper. Finally, a steel structure allows to move the wall of the shielding holding
the SPC.
Figure 9.1 shows an illustration of the NEWS-G3 detector and shield. Table 9.1 shows the dimen-
sions of the NEWS-G3 shield and detector.

Dimensions [cm]

SPC inner radius 30

SPC thickness 1

Copper shielding layer 10
Polyethylene shielding layers (each) 5
Lead shielding layers (each) 5
Plastic veto muon layer 5

Table 9.1: Detailed dimensions of the NEWS-G3 detector and shielding. The compact shielding
comprises one layer of copper, two layers of polyethylene, four layers of lead, and a layer of muon
veto between two lead layers
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Figure 9.1: Tlustration of the NEWS-G3 experiment. One of wall is movable and holds the 60 cm
SPC. The shielding has successive layers of copper, lead, polyethylene, and a muon veto. Courtesy
of S. Crawford.

9.2 Background from material

In this section, we will estimate the background coming from the SPC shell and the shielding.
First, we will investigate the background coming from first layer of the lead, and then we will
investigate the background from the copper SPC and shield. In our estimations, when looking at
decay chains, like 232Th decay chain, we assume secular equilibrium. Secular equilibrium exists
when the production and decay rates are equal, which can take place when the half-life of the

parent nucleus is much longer than the daughter nucleus.

9.2.1 Background contamination from the first layer of lead shield

The purpose of the lead layers is to stop the high energetic gammas (~ MeV) coming from the

nuclear core and environmental radiations, before interacting in the SPC. Hence, the shielding is
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made of four 5cm thick layers of lead. However, the lead itself is contaminated by radionuclides:
23877, 282Th, and 2'9Pb, which can be problematic for rare events experiments. When manufactured,
238U and 232Th are substantially removed, however, the lead isotopes remain in the material. We
do not know the exact contaminations of the lead chosen for the NEWS-G3 shield for these different

radionuclides. Hence, we used upper limits from SuperCDMS and Edelweiss [138].

238U and ?*’Th decay chains

The 233U and 232Th isotopes are created in the core of supernovae and scattered around follow-
ing the explosions. Their long half-lives of 14.1 Gyr and 4.5 Gyr for 238U and 232Th, respectively,
explain the presence of such isotopes in the Earth’s crust 4.5 Gyr after the formation of the solar

system.

Figure 9.2 show the decay chains of both isotopes 238U and ?32Th. Both decay by a-emission,
followed by long decay chains of o and S-emissions. Because the half-lives of the daughter radionu-
clides of both chains are much shorter than the half-lives of the two parent radionuclides, then
secular equilibrium of the chain is assumed. Following the work done in [82], we use the equilib-
rium assumption for the 232Th decay chain. However, the equilibrium is broken in the 2**U chain,
at the level of 2!°Pb. Thus, in our study we consider the whole decay chain for the thorium, and
the decay chain up to 21°Pb for 238U, to be in equilibrium.

The activities of 223U and 232Th used in our study are listed in Table 9.2.

Isotopes Activity [mBq/kg]

238y 16.44
2321y, 2.16+0.2

Table 9.2: Upper limit activities of the 233U and 232Th from the SuperCDMS experiment [138].
No error was communicated on the upper limit of the 23%U.
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Figure 9.2: Decay chains of 238U [144], on the left panel, and 2*?Th [145], on the right pannel.

20Pb decay chain

As aforementioned, 2'°Pb is part of the 238U decay chain, it decays with S-emission to 219Bi.
The decay of 21°Pb is followed by the emission of one or several gammas up to 46.5keV. Then,
210Bi decays by beta with energies up to 1.3 MeV and produce bremsstrahlung radiations. As for
2387 and ?32Th, we used an upper limit contaminations from another rare events experiment, Edel-
weiss [138]. Two measurements were available, hence we used the mean of these measurements.

The contamination from the 2!°Pb isotopes was estimated at 18 Bq/kg.

9.2.2 Background contamination from the copper SPC shell and shielding

The choice to use copper over different materials for the SPC shell and the last shielding layer
is motivated by its rather low intrinsic radioactivity. The purpose of the 10 cm thick copper layer
in the shielding is to protect the detector from the 30 mBq/kg of the 21°Pb.

In this section, we cover the contaminations from the copper SPC shell and the layer shielding.
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Cosmogenic activation of the copper

The cosmogenic activation of copper is the production of radioactive isotopes induced by cosmic
rays. Indeed, at the Earth’s surface cosmic neutrons create spallation of nuclei, hence the event
rate of isotope production depends on the neutron flux. The neutron flux has been estimated by
several measurements at sea level [139] and several altitudes above sea level [140].

The main isotopes produced by cosmogenic activation in copper are: °°Co, 5¥Co, 57Co, 5Co,
%Mn, %Fe, and “6Sc. Figure 9.3 shows the activity as a function of time of these isotopes (cour-
tesy of A. Brossard). More than half of the isotopes are in equilibrium after one year of exposure
and after two years all isotopes but °Co are in equilibrium. Table 9.3 summarizes the activities
for all isotopes after 1 and 2 years. Both activities will be used in order to assess the contamina-

tion from cosmogenic activation, as the time exposure of the copper will most likely surpass 2 years.

In our calculations, we chose to report only the contaminations from the main contaminants:
60Co, %8Co, °"Co, and 5Co, **Mn. This choice was motivated by the small activity that **Fe and

46S¢ have, and thus have an small expected contribution to the background.

g %g¢
g *Mn
—%Co
57C0
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— Fe
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Figure 9.3: Activity of isotopes produced cosmogenically in copper. After one year of exposure,
the largest contaminations are coming from the following isotopes: %°Co, %8Co, 57Co, ?6Co, and
%Mn. Courtesy of A. Brossard: using [141].
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Isotopes Activity after 1year [Bq/kg] Activity after 2years [Bq/kg]

60Co 1.5 x 1074 2.6 x 107*
%Co 1.8 x 1073 1.8 x 1073
57Co 6.5 x 1074 8.6 x 10~*
56Co 2.6 x 1074 2.6 x 1074
54\ n 2.25 x 10~* 3.0 x 107*
59Fe 7.5 x 107° 7.5 x107°
463 4.3 x 107° 4.5 x 107°

Table 9.3: Activities of the cosmogenic isotopes after 1 and 2 years. Values extracted from Figure
9.3.

238U and ?*’Th decay chains

The copper grade used in the NEWS-G3 detector and shielding is C10100. The activities of the
238U and 232Th chains are assumed to be the same as the copper used for SNOGLOBE [82]. The
activities were measured by the Pacific Northwest National Laboratory (PNNL), eleven samples
were extracted from the copper C10100 SPC to accurately estimate the contaminations from 238U

and 232Th. Table 9.4 gives the activities for the two isotopes.

Isotopes  Activity [uBq/kg]

28y 3+0.1
2327 134+0.2

Table 9.4: Mean activities of the 233U and ?*>Th from the SNOGLOBE 11 samples.

20Pb decay chain

The 2'9Pb contamination was estimated by the XMASS collaboration to be between 17 and
40mBq/kg. They used a low-background alpha particle counter to measure the activity of their
samples [142]. A sample of the copper used to make the SNOGLOBE shell was measured with this

method and showed an activity of 28.5 £+ 8.1 mBq/kg [82].
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9.3 Background estimation through Geant4 simulation

In order to estimate the background coming from the shielding and the SPC shell and contam-
inating the gas, we developed a simple Geant4 simulation [81]. We investigated the background
coming from the first lead layer, the copper layer and the SPC shell. The copper structure holding
the detector was not simulated. Figure 9.4 shows the parts of the NEWS-G3 shielding that were
simulated. The layers of lead, polyethylene and copper were simulated by extruding cubes, and
not by simulating 6 panels as will be the case with the NEWS-G3 shield. Hence, no fasteners were

simulated.

Dimensions [cm]

SPC inner radius 60

SPC thickness 0.6
Copper shielding layer 10
Polyethylene shielding layer 5
Lead shielding layer )

Gases Pressure [bar]

Argon (2%CHy) 5.3

Xenon (2 %CHy) 1.6

Neon (2 %CHy) 10.6

Table 9.5: Summary of the quantities used in the Geant4 simulations: for the geometry and the
gas conditions. Note: the thickness of the SPC simulated is smaller than the NEWS-G3 detector.

The Geant4 simulation package simulated the decays of the various radionuclides mentioned in
the previous sections, and resulting energy deposition in the gas. We recorded their energy, posi-
tion, momentum, mother particle etc. Then, using a simulation developed by the collaboration, a
number of primary electrons corresponding to the interactions are generated. Then, this simulation
uses Magboltz, which is a Monte Carlo software developed to solve transport equations for electrons
in a gas and subject to an electric and magnetic fields [146]. Hence, the primary electrons created
are drifted in the SPC, and their diffusion is used to generate a pulse. For more details about
this simulation, the reader is encouraged to read [82] and [67] theses of former Ph.D. students A.
Brossard and F. Vazquez de Sola Fernandez. Figure 9.5a shows an example of simulated pulse in

argon gas. Finally, the pulses generated are processed with the double deconvolution method.
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Three independent simulations were performed in order to estimate the background contam-
inations in three different gases: argon, neon and xenon. The contaminations are reported in
differential rate unit (dru), which is equivalent to events/kg/day. The following sections present
the parameters used to generate the primary electrons, and subsequent pulse formations, as well as
the parameters used to process the data. Finally, we provide preliminary background event rates

from the different radioisotopes contaminations in the three gas mixtures.

D e

/| Pb
Cu

Air

Gas

Figure 9.4: Scheme, not at scale, of the first three layers of the shielding and copper SPC, simulated
in the Geant4 simulation.

9.3.1 Background in argon based gas mixture

First, we simulated the contamination from the radionuclides in an argon based mixture. All
the details about the parameters used in the drift-pulse formation simulation are shown in Table
9.6. For this simulation, we assumed an ideal electric field condition. The choice of the parameters

were chosen to match working conditions in view of a CEvNS experiment. As aforementioned, the
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pressure corresponds to 1kg of target material in a 60 cm diameter SPC. The W-value and mini-
mum ionization energy were found in [128], and the mobility of the argon ions in argon in [104].
The SEDINE geometry was referenced after the 60 cm diameter SEDINE detector from Section 3.4,
with no electric field corrector. Hence, an ideal electric field is chosen in such geometry. The HV
was chosen to have a gain allowing to access the sub-keV region. The preamplifier decay time is the
decay time in a Canberra preamplifier [99]. The number of samples per events and the sampling

period of the digitizer produce traces which are 1600 us long.

Parameters Values
Gas and fraction Ar - 0.98
Gas and fraction CHy4 - 0.02
Pressure 5.3 bar
W-value 26.4eV
Minimum ionization energy 15.7eV
Mobility 1.5 (cm?/V /us)bar
Detector Geometry SEDINE
Electrode radius 0.315cm
SPC radius 30 cm
Voltage sensor 3500V
Voltage umbrella 0V - Ideal
Mean gain 6800
Preamplifier decay time 47000 ns
Sampling period of digitizer 480 ns
Samples per event 3333

Table 9.6: Table summarizing the parameters used to simulate the drift and pulses in argon with

our simulation. Note: the HV on the umbrella was set to 0V as we assumed an ideal electric field
in the SPC.

The simulation, with these parameters, produced pulses as shown in Figure 9.5a. The corre-
sponding treated pulse is shown in Figure 9.5b. The processing used the same inputs as in Table
9.6. From the simulation, we estimated that the maximum drift time of the primary electrons in
the detector with such conditions was about 2.5 us.

Figures 9.6a, 9.6b, and 9.6¢c show examples of energy spectra of v events obtained with the Geant4

simulation. We can observe that the energy spectra of the different isotopes shown do not have the
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same behavior as the energy spectrum from nuclear recoils induced by a neutrino interaction.

Xx00g000_S60_Ar5.3bar_3500V_Bi210_lead_000 : Baseline Removed Xx00g000_S60_Ar5.3bar_3500V_Bi210_lead_000 : Baseline Removed Integral of Double Deconvolved Pulse (in ADUs)
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(a) Example of raw pulse. (b) Example of treated pulse.

Figure 9.5: Example of pulse generated with our simulation, integrating the energy and position
provided from Geant4, and the diffusion of the primary electrons in our detectors. These pulses
corresponds to a 528 keV gamma depositing 63.9 keV through Compton scattering.

Table 9.7 shows the resulting v contamination in the gas from the copper C10100 SPC shell
and layer of the shielding, and the first lead layer. The rate contamination was calculated below
1keV as to match the CEvNS energy region. The SPC produces 5.24+0.84 dru below 1keV after
1year and 5.534+0.87 dru after 2 years. The copper layer produces 9.61+1.27 dru below 1keV after
lyear and 10.25+1.33dru after 2years. Finally, the first lead layer creates 1.01£0.35dru below
1keV in the gas. The total gamma contamination reaches 15.85+2.46 dru below 1keV after 1 year
and 16.7942.55 dru after 2 years.

We also calculated the contamination below 0.8keV, as we have shown in Section 8.3.2, that is
the upper threshold for CEvNS events in argon. Considering this upper threshold, the number
of v background is 12.4042.21 dru and 13.36+2.31 dru after 1 ad 2years of exposition on surface,
respectively.

From this study, we can state that the contamination of the gas is strongly dominated by the
cosmogenic activation of the copper vessel and copper layer of the shielding.

We remind that the number of CEvNS events in argon at both a PWR and PHWR predict 16.4 and
20 dru, respectively. The CEvNS signal is 1.3 and 1.5 times larger than the background for PWR

and PHWR, respectively. Hence, the contamination from this preliminary study is encouraging in
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view to a CEvNS experiment with argon.
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Figure 9.6: Example of energy spectrum produced with the Geant4 simulation: + contamination
in the region of interest for CEvNS detection, in argon.
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(b) Histogram showing the relative distance to the
center of the SPC at which the interaction of the par-
ticle took place. The interactions of the electrons in
the SPC take place in the first few cm after entering
the gas. On the other hand, the v are interacting
in the whole volume of the gas. This histogram of
the location of the interactions is consistent with our
interpretation of the rise times of the events.

Figure 9.7: Repartition of electron and gamma events in 5.3 bar of argon from 233U in the copper

shielding layer.

Figure 9.7a shows the rise time as a function of the energy of the events from 238U. We show the
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betas events and gammas events in two different colors. This figure illustrates why we reported only
the contaminations from the gamma events and not from electrons. The electrons are what we call
surface events. Thus they have high rise times of about 120 us, while the CErNS interactions take
place in the whole volume of the detector, like the gamma events. Figure 9.7b shows the depth of
gas travelled by a particle, gamma or electron, before interacting in the gas. The electrons interact
within the first 2cm of the gas. Hence, it is possible to remove the beta background by applying
a rise time cut. This cut will however, impact the fiducial volume, and thus the fiducial mass.
Figures 9.8 and 9.9 allow nice illustrations of the rise time cut’s impact on the spacial distribution
of the events. The most part of the electrons interacted within the first 3cm of the gas. Hence,
the volume loss and mass loss are impacted by 27 %, as well as the CEvNS event rate. Going
forward, an important study will be to characterize the best rise time cut as to optimize the signal

to background ratio.

Isotopes dru v < 1keV dru v < 1keV dru v < 0.8keV dru v < 0.8keV
1 year 2 years 1 year 2years

Copper SPC 80Co 0.14 &+ 0.010 0.24 + 0.018 0.10 + 0.0092 0.18 + 0.016
57Co 0.94 4+ 0.058 1.13 £ 0.076 0.79 4 0.052 1.05 + 0.069
58Co 1.30 &+ 0.11 1.30 4+ 0.11 1.05 £+ 0.10 1.05 &+ 0.10
56Co 0.38 + 0.024 0.38 £ 0.024 0.29 + 0.021 0.29 + 0.021
54Mn 0.096 + 0.015 0.13 £ 0.020 0.077 £ 0.013 0.10 £ 0.018
210py, 2.31 + 0.62 2.31 + 0.62 1.98 + 0.57 1.98 + 0.57

238y 0.0059 + 0.00014  0.0059 #+ 0.00014  0.0047 4 0.00012  0.0047 % 0.00012

232 0.035 £+ 0.0013 0.035 + 0.0013 0.028 + 0.0011 0.028 + 0.0011
Total: Copper SPC 5.24 + 0.84 5.53 £ 0.87 4.31+0.76 4.68 + 0.79
Copper layer 80Co 0.68+0.074 1.18 £ 0.13 0.53 &+ 0.065 0.91 £+ 0.11
57Co 0.20 £+0.026 0.26 + 0.035 0.14 + 0.022 0.19 + 0.030
58Co 5.77 £ 0.74 5.77 £ 0.74 4.61 £ 0.66 4.61 + 0.66
56Co 1.86 &+ 0.16 1.86 4+ 0.16 1.45 + 0.14 1.45 £ 0.14
54Mn 0.53 + 0.079 0.70 + 0.11 0.46 + 0.075 0.61 &+ 0.10
210py, 0.40 £0.18 0.40 + 0.18 0.40 + 0.17 0.40 + 0.17

2387 0.012 + 0.001 0.012 + 0.001 0.010 + 0.0011 0.00091 + 0.00091

232 0.076 + 0.0081 0.076 + 0.0081 0.060 £ 0.0072 0.060 £+ 0.0072
Total: Copper layer 9.61+1.27 10.25 4+ 1.33 7.65 £ 1.14 8.24 + 1.21

157 lead layer 210py, 0.0064 £ 0.0046  0.0064 + 0.0046  0.0032 £ 0.0032 0.0032 £0.0032
2387 0.88 + 0.29 0.88 + 0.29 0.64 + 0.26 0.64 + 0.26
232Th 0.13 £ 0.058 0.13 £ 0.058 0.10 £ 0.051 0.104 0.051
Total: 1% lead layer 1.01+0.35 1.01+ 0.35 0.44£0.31 0.44 £+ 0.31
Total 15.85+£2.46 16.79£2.55 12.40£2.21 13.36+£2.31

Table 9.7: Gammas background event rates from the different radioactive isotopes in the SPC
copper shell, first layer of copper, and first layer of lead shielding in 5.3 bar of argon. We provide
the contaminations of the different isotopes mentioned in the previous sections below 1keV and
0.8keV energy threshold. For the cosmogenic background, we consider both 1 and 2 years of the
copper shell and shielding exposure at the surface.
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Figure 9.8: Spacial distribution of the events in cylindrical coordinates. The top plot shows the
distribution of the electrons and the gammas events from 238U in the copper layer of the shielding.
The bottom plot shows the events passing a rise time cut of 110 us. The electrons being mostly
on the surface were cut out, while the gammas interacting in the volume remains. We also can see
how much of an impact such a cut would have on the fiducial volume.
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Figure 9.9: Histogram showing the relative distance to the center of the SPC at which the inter-
action of the particle took place, after a rise time cut of 110 us. In comparison with Figure 9.7b,
we can see that the electrons were removed.

9.3.2 Background in neon based gas mixture

A second simulation estimated the + background from the radionuclides in a neon based gas
mixture. The parameters used to simulate primary electrons and subsequent pulse formations from
the Geant4 interactions in the gas, are found in Table 9.8. As mentioned previously, the choice
of some parameters were motivated to match the conditions of a CEvNS experiment. Hence, the
pressure chosen for the simulation was 10.6 bar, which corresponds to 1 kg of neon in a 60 cm diam-
eter SPC. The W-value was found in [66], the minimum ionization energy in [64], and the mobility
of neon ions in neon in [104]. The HV chosen allows to reach the sub-keV region.

Figure 9.10a shows an example of simulated pulse in neon. We also show the corresponding

treated pulse in Figure 9.10b. From the simulation, we estimated that the maximum drift time of
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the primary electrons in the detector with such conditions was about 2.5 ps.

Parameters

Values

Gas and fraction
Gas and fraction
Pressure
W-value
Minimum ionization energy
Mobility
Detector Geometry
Electrode radius
SPC radius
Voltage sensor
Voltage umbrella
Preamplifier decay time
Sampling period of digitizer
Samples per event

Ne - 0.98
CHy - 0.02
10.6 bar
27.6eV
21.6eV
4.14 (em?/V / us)bar
SEDINE
0.315cm
30 cm
5000V
0V - Ideal
47000 ns
480 ns
3333

Table 9.8: Table summarizing the parameters used to simulate pulses in neon with our simulation.

Note: the HV on the umbrella was set to 0V as we
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(a) Example of raw pulse.

assumed an ideal electric field in the SPC.
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(b) Example of treated pulse.

Figure 9.10: Example of pulse generated with our simulation, integrating the energy and position
provided from Geant4, and the diffusion of the primary electrons in our detectors. These pulses
corresponds to a 1.77MeV gamma depositing 447 keV through Compton scattering, following a

%Co decay in the copper layer.

Table 9.9 shows the resulting v background in the gas from the copper C10100 SPC shell and

shielding layer, and the first layer of lead. The contamination rate was calculated in the sub-keV

region as it matches the CEvNS detection range. From the simulation, it was found that the copper

184



SPC shell produces 9.03£1.0dru v below 1keV after 1year and 9.564+1.03 dru after 2 years. The
copper layer of the shielding creates 9.91+1.14 dru v below 1keV after 1 year and 10.76+1.24 dru af-
ter 2 years. Finally, the first lead layer produces 1.3740.40 dru. Overall, it was found that the SPC
shell, the copper layer of the shielding and the first layer of lead shielding produce 20.314+2.54 dru

~ below 1keV and 21.69+2.67 dru after 1 and 2 years, respectively.

Isotopes dru vy < 1keV dru v < 1keV
1year 2 years
Copper SPC 60Co 0.18-+0.012 0.30 £ 0.020
57Co 1.1240.062 1.49 + 0.082
%8Co 4.374+0.20 4.37 £ 0.20
%6Co 0.4040.025 0.40 4+ 0.025
54Mn 0.11 + 0.016 0.15 &+ 0.022
210py, 2.79 + 0.68 2.794 0.68
28U 0.023 £ 0.00077 0.023 £ 0.00077
22Th  0.040 + 0.0013  0.040 + 0.0013
Total: Copper SPC 9.03 + 1.0 9.56+1.03
Copper layer %0Co 0.78 £+ 0.079 1.36+0.14
57Co 0.22 + 0.028 0.2940.037
%8Co 6.10 + 0.76 6.10 + 0.76
56Co 2.09 + 0.17 2.09 + 0.17
54Mn 0.58 + 0.083 0.78 + 0.11
210py, 0.04840.019 0.0484 0.019
28y 0.015 + 0.0011  0.015 £ 0.0011
Z2Th  0.080 + 0.0083  0.080 + 0.0083
Total: Copper layer 991 + 1.14 10.76+£1.24
1% lead layer 210py, 0.013 £ 0.006 0.013 £ 0.006
2381y 1.26 4+ 0.35 1.26 4+ 0.35
232Th 0.10 £ 0.051 0.10 £ 0.051
Total: 1% lead layer 1.37 £ 0.4 1.37 £ 0.4
Total 20.31 + 2.54 21.694+2.67

Table 9.9: Background event rates from the different radioactive isotopes in the SPC copper shell,
first layer of copper, and first layer of lead shielding in 10.6 bar of neon. We provide the backgrounds
of the different isotopes mentioned in the previous sections. For the cosmogenic background, we
consider both 1 and 2 years of the copper shell and shielding exposure at the surface.

These results should be compared with our estimations of CEvNS event rate in our detector

filled with 10.6 bar of neon gas. With load factors of 100 % and considering both PWR and PHWR
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the event rate was calculated to be 11.2dru and 13.22 dru, respectively.
In the light of this preliminary background estimation, it seems that detecting CEvNS in a neon

based gas mixture would be more difficult than with an argon based gas mixture.

9.3.3 Background in xenon based gas mixture

Finally, we simulated the background from the radionuclides in a xenon based mixture. The
parameters used in the drift-pulse formation simulation are shown in Table 9.10. As for the previous
simulations, the electric field was assumed ideal. The W-value and minimum ionization energy were
found in [128]. The mobility of the ions was found in [104]. To this day, the NEWS-G collaboration
never tested a xenon based gas mixture in an SPC. From a private conversation with I. Giomataris,
the voltage necessary to obtain a similar gain to an argon based gas mixture at the same pressure,
should be 20 % higher with xenon. Hence, we calculated that a realistic HV on the sensor should
be 2520V for a pressure of 1.6 bar. Because electrons are more subject to diffusion in xenon than
in the other gas mixtures we are using, the size of the traces had to be adjusted to contain the
events. Hence, the number of sample per events had to be increase to 73000, resulting in 35 ms
long time windows.

Examples of pulses obtained with the simulation and these parameters can be found in Fig-
ure 9.11. A typical pulse in xenon looks like the first pulse (on the left). Figure 9.12 shows the
corresponding trajectories of these events in the SPC. From the simulation, we estimated that the
maximum drift time in a 60 cm diameter SPC filled with 1.6 bar of xenon was 18 ms, which is 9

times larger than the drift time in argon and neon gas mixtures.

Table 9.11 shows the resulting v contamination in the xenon gas from the copper C10100 SPC
shell and layer of the shielding, and the first lead layer. As for argon, we calculated the contami-
nation rate below two energy threshold: 0.3 and 1keV.

Considering the events below 1keV the SPC produces 4.46+0.59 dru after 1 year and 4.744+0.61 dru
after 2 years. The copper layer of the shielding produces a v rate of 6.95+1.09 dru after 1year and

7.46£1.16 dru after 2years. Finally, the lead layer produces 0.695+0.29 dru. Hence, the overall
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Parameters Values

Gas and fraction Xe - 0.98
Gas and fraction CHy4 - 0.02
Pressure 1.6 bar
W-value 22.6eV
Minimum ionization energy 12.13eV
Mobility 0.57 (cm?/V /ps)bar
Detector Geometry SEDINE
Electrode radius 0.315cm
SPC radius 30 cm
Voltage sensor 2520V
Voltage umbrella 0V - Ideal
Preamplifier decay time 47000 ns
Sampling period of digitizer 480 ns
Samples per event 73000

Table 9.10: Table summarizing the parameters used to simulate pulses in xenon with our simu-
lation. Note: the HV on the umbrella was set to 0V as we assumed an ideal electric field in the
SPC.
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Figure 9.11: Examples of simulated pulses in 1.6 bar of xenon. The first pulse on the upper left is
a 7.98keV event, the second pulse on the upper right is a 653 keV event, and the third pulse on the
bottom left is a 908 keV event. The last event, which has two pulses, is a 46.5keV event. The first
pulse was generated by a v of 29.5keV and the second pulse corresponds to and electron depositing
12keV. The corresponding trajectories of these events in the SPC is shown in Figure 9.12.
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Figure 9.12: Corresponding trajectories of the events shown in Figure 9.11. Courtesy of F. Vazquez
de Sola Fernandez.

event rate below 1keV is 12.104+1.97 dru after 1 year and 12.89+2.06 dru after 2 years.

We also looked at the event rate below 300eV. As we have shown in Section 8.3.2, the maximum
observable energies in xenon are below that threshold. Hence, the v event rate produced below
300eV by the SPC is 1.14+0.29 dru after 1 year and1.21+ 0.31 dru after 2 years. The copper layer
produces 1.1440.95dru after 1year and 2.09+0.97dru after 2years. Finally, the lead layer pro-
duces 0.641+0.63 dru. The total contamination rate below 300eV is 3.73£1.87 dru after 1year and
3.941.91 dru after 2 years. For these last calculations, the statistical errors reported is of the same
order of magnitude as the background rates, hence, simulations with a higher number of trials need
to be computed. Despite, the order of magnitudes of the errors, the background event rates below
0.3keV provides a good estimate of the background rates.

These contamination rates have to be compared with the CEvNS event rate calculated in Section
8.3.2. The event rates were 13.5dru and 17dru for PWR and PHWR with LF of 100 %, respec-
tively. Hence, the CEvNS signal is 3.6 and 4.4 times larger than the expected background in the

same energy region. As for the argon target, this preliminary study is encouraging in view of a
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CEvrNS experiment using xenon.

Isotopes dru < 1keV dru < 1keV dru < 0.3keV dru < 0.3keV
1 year 2 years 1 year 2 years
Copper SPC 80Co 0.10 + 0.0092 0.18 £ 0.016 0.026 £ 0.0045 0.045 £ 0.0078
57Co 0.53 £ 0.042 0.69 + 0.056 0.16 £ 0.023 0.21 + 0.031
58Co 2.79 + 0.17 2.79 + 0.17 0.71 4+ 0.088 0.71 4+ 0.088
56Co 0.27 + 0.021 0.27+ 0.021 0.055 + 0.010 0.055 £0.010
54Mn 0.091 + 0.015 0.13 £+ 0.020 0.028 £ 0.0083 0.038 + 0.011
210pp 0.66 + 0.33 0.66 + 0.33 0.16 £+ 0.16 0.16 £+ 0.16
2387 0.0029 + 0.00028  0.0029 + 0.00028  0.00087 £ 0.00015  0.00087 + 0.00015
232Th 0.021 + 0.0010 0.021 + 0.0010 0.005 £ 0.00051 0.005 £ 0.00051
Total: Copper SPC 4.46 + 0.59 474 £ 0.61 1.14 £ 0.29 1.56+ 0.31
Copper layer 60Co 0.51 4+ 0.064 0.89 £ 0.060 0.14 £+ 0.034 0.25 £+ 0.060
57Co 0.080 + 0.017 0.10 + 0.022 0.028 + 0.033 0.037 + 0.013
58Co 4.26 4+ 0.64 4.26 + 0.64 0.97 + 0.31 0.97 + 0.31
56Co 1.38 + 0.14 1.38 + 0.14 0.25 + 0.060 0.25 =+ 0.060
54Mn 0.34 + 0.064 0.45 4+ 0.086 0.061 £ 0.027 0.081 + 0.036
210py, 0.32 + 0.16 0.32 + 0.16 <0.49 <0.49
2387 0.0093 £ 0.00087  0.0093 4 0.00087  0.0021 % 0.00043 0.0021 + 0.00043
232Th 0.056 + 0.007 0.056 + 0.007 0.014 + 0.0035 0.014 + 0.0035
Total: Copper layer 6.85 + 1.09 7.46 £ 1.16 1.95 £ 0.95 2.09+ 0.97
15% lead layer 2I0pp 0.0065 + 0.0046 0.0065 % 0.0046 <0.49 <0.49
2387 0.59+ 0.24 0.59+ 0.24 0.099 + 0.099 0.099 =+ 0.099
2327 0.10 & 0.052 0.10 & 0.052 0.052 + 0.037 0.052 + 0.037
Total: 15¢ lead layer 0.695 0.695 0.64+0.63 0.64+0.63
Total 12.10 £ 1.97 12.89+2.06 3.73 £ 1.87 3.23 £ 1.91
Table 9.11: Gamma background from the different radioactive isotopes in the SPC copper shell,

first layer of copper, and first layer of lead shielding in 1.6 bar of xenon. We provide the background
of the different isotopes mentioned in the previous sections. For the cosmogenic background, we
consider both 1 and 2 years of the copper shell and shielding exposure at the surface.

The upper plot of Figure 9.14 and Figure 9.15a show the locations of the simulated interactions,
following 238U decays, depending on the nature of the interacting particle: 3 vs v. As shown with
the argon gas mixture, the electrons and 7 events are interacting within two distinct regions of the
detector. The ~ interact in the volume of the detector, while the electrons interact within the first
few cm of gas. Hence, a rise time cut will be necessary to reject the 8 events. Figure 9.13 shows the
rise time as a function of the true energy of the events from the 2**U present in the copper layer of
the shielding. In blue are shown the location of the £ interactions and in orange the - interactions.
We see that the [ interact rarely at low rise times, hence, in the volume, and prefer to interact on
the surface of the detector. A feature of the rise times that was noticed in the TUNL data and

the simulation in argon, however, less obvious, is the rise time correlation with the energy below
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30keV. Indeed, while this behavior was already observed in the sub-keV region by the NEWS-G
collaboration in several data sets, this strong correlation will impact the volume loss. To illustrate
our argument, we selected the events with a rise time below 600 us, which is the strongest rise time
cut we could choose. The resulting impact on the distribution of events within the SPC is shown
in Figures 9.14 and 9.15b. We show that not only the electrons were removed, but also v events
within the first 6 cm of the SPC. Naturally, this is just an example, but it also illustrate that the
optimization of the rise time cut will be necessary in order to maximize the signal over background

ratio.
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Figure 9.13: Rise times as a function of the true energy of the events in xenon. The blue data dots
are the electron events and the orange dots are the gammas events. The behavior of the rise time
decreasing with the energy, which was observed with our data at TUNL, and also reproduced with
the simulated argon data, starts at 30keV, instead of the sub-keV region. The rise time range of
the electrons is quite large, which will result in a larger volume loss than with argon.
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Figure 9.14: Spacial distribution of the events in cylindrical coordinates. The top plot shows the
distribution of the electrons and the gammas events from 2**U in the copper layer of the shielding
in the gas. The bottom plot shows the events passing a rise time cut of 600 us. The electrons being
mostly on the surface were cut out. On the contrary to the rise time cut in argon, the rise time cut
does not only cut out electrons, but also the gammas. We can see how much of an impact such a
cut would have on the fiducial volume, which is significant: 51 %.
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Figure 9.15: Histograms showing the location of the interactions in the xenon based gas mixture.
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9.4 Other backgrounds

Other external backgrounds include the background from the nuclear reactor, which produces
gammas and neutrons, and cosmic muons. In this section, we will summarize in what way these
particles are background events to our future CEvNS experiment and present proposed solutions

to reject them.

9.4.1 Background from nuclear reactor

As aforementioned, fissions are taking place in the core of a nuclear reactor, creating a high flux
of neutrons, 5, and . While 3 particles are not a problem for our experiment, v and fast neutrons

escaping from the core can interact in our detector.

Gammas

Gamma rays are produced within the core of the nuclear reactor. The energy range produced
is wide, going up to few MeVs. The high energy gammas can travel through the moderator and
concrete structure, which is generally used as shielding to protect against both internal and external

hazards from the core, and thus be attenuated.

To prevent this background in the gas of the SPC, our detector is surrounded by four lead
layers. Each layer is 5 cm thick, hence, adding up to 20 cm of lead, which is typically used for such
experiment [61] [58]. However, an exact characterization of such background will be necessary, in
particular in the CEvNS region of interest. For this study, the gamma spectrum from a typical
thermal reactor can be used for a preliminary estimation of the background. The gamma spec-
trum from the nuclear reactor chosen to conduct the experiment will be required to estimate the

background accurately.
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Neutrons

The typical average neutron energy created during a fission is 2 MeV. PWR and PHWR, which
are thermal reactors, these neutrons are slowed down by the moderator, and reach average energies
of 0.025eV. However, the reactor neutron spectrum covers a wide range of energies across eight
orders of magnitude. The fast neutrons escaping the nuclear core vessel slow down by going through
concrete. Hence, these neutrons have intermediate energies, which can produce nuclear recoils in

the CEVNS energy region if their energies are of the order of hundreds of keVs.

In response to this background, many experiment choose to shield their detector with polyethy-
lene (PE), which is a thermoplastic polymer rich in hydrogen atoms: (CoHy),. Hence, this material
is ideal to slow down neutrons down to thermal energies, which do not induce nuclear recoils above
our energy threshold. As previously mentioned, the NEWS-G3 experiment has two layers of PE,
5cm thick and one layer of polystyrene (muon veto). A dedicated study of the reactor neutrons
contamination in the SPC detector will be required once a suitable experimental site will be found.
This study will allow to estimate the efficiency of the PE panels as well as the contamination from

such background in our detector.

9.4.2 Cosmic muons

The interactions of cosmic rays with nuclei of the upper atmosphere create showers of particles
such as hadrons and leptons. In particular, the muons created during such process travel far and
easily reach the surface of the Earth. On the ground the cosmic muon flux is about few hundred
muons /m?/s.

When cosmic muons interact with matter they can create new particles, and in particular neutrons
by spallation. In turn, these neutrons will interact by elastic or inelastic scattering. Nuclear recoils
produce by neutron elastic scattering constitute a background mimicking perfectly nuclear recoils
induced by neutrinos in the energy range of interest. Hence, we imperatively want to prevent these
kind of events in our detector. As a response to this background, the detector will be surrounded

by a muon veto stopping the acquisition for a given time when a muon is detected. The detection
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efficiency of the muons and the “dead time” have to be estimated in order to reject successfully

such background.

A study to estimate the dead-time due to muon interactions in the detector was performed by
summer student C. Mitchinson. For this study, a Geant4 simulation was developed with the same
geometry as the NEWS-G3 shield detector. T'wo muon veto panels, 5cm thick, cover each face of
the shielding. The detector is filled with 1bar of a neon gas based mixture with 2% of CH4. The
simulation considered the source of the muons to be a plane of 10x10m above the shielding and
detector. The number of muons simulated corresponded to about 3h long data taking.

The active time in the SPC was estimated considering two different conditions. The first condition
used a single panel interaction above threshold in order to be detected. The impact of the energy
threshold, from 0 up to 4 MeV, had a negligible impact on the efficiency of the muons to be detected.
The second condition considered coincidence interactions in 2 panels above energy threshold to be
detected. The energy threshold impacted by 1% the detection efficiency between 0 and 4 MeV,
with 98 and 96.8 %, respectively. Finally, the active time was estimated as a function of the dead
time after a pulse. The best and worst case scenarios were estimated with: 1 panel interaction
with no energy threshold (96.8 % detection efficiency) and coincidence interactions in 2 panels with
4MeV threshold (99.994 % detection efficiency) to be detected. The study showed that considering
a maximum dead time of 1000 us in both scenarios give similar results for both conditions with an

active time of about 50 % at sea level.

9.4.3 Cosmogenic activation of the gas

The target gas can also be subject to cosmogenic activation from cosmic ray neutron interac-
tions. The long-lived isotopes produced in xenon have half-lives too great to create a background
of interest to us. At last but not least, we need to investigate the possible contamination of the

gases to the long-lived isotope tritium.
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Cosmogenic activation of argon

The argon extracted from the Earth’s atmosphere consists of three stable isotopes: “0Ar, 36Ar,
and 38Ar with typical abundances of 99.60 %, 0.33 %, and 0.06 %, respectively [147]. However, the
atmospheric argon also contains three unstable radioisotopes: 3?Ar, 37Ar, and *?Ar. The activities
of each isotopes for 1kg of atmospheric argon is given in Table 9.12. The isotopes which are the
most relevant in terms of background are 3Ar and 37Ar. The first isotope, 3°Ar, decays by
emission with a continuous energy spectrum going up 565keV. The 37Ar emits two X-ray lines at
270eV and 2.82keV. Hence, these two isotopes constitute a background in our region of interest for
CEvNS detection. Additional studies have to be performed in order to estimate what the induced
background would be in our detector for using atmospheric argon.

If atmospheric argon is a source of too great background, then, underground argon could be an
option as a gas target. In [148], the authors provide the number of production rate from cosmic ray
neutrons at sea-level for 3?Ar and 3"Ar in argon. They measured 759 + 128 atoms/kg and 51.0 +
7.4 atoms/kg for 3 Ar and 37Ar, respectively. Considering these results, the cosmogenic activation
of the target gas would produce 6.2 x 1078 Bq/kg/day and 1.17 x 10~* Bq/kg/day 3?Ar and 3"Ar,
respectively. Figure 9.16 shows the activity as a function of time of the 3°Ar and 37Ar isotopes.
3T Ar reaches equilibrium in less than a year, at 0.6 mBq/kg. The X-ray line that is in the CEvNS
region of interest, 270 eV, has a branching ratio of 0.0872 [154]. Hence, we can estimate that the

background rate from such contamination is 4.52 dru, which is not negligible.

Isotopes Abundances Half-life  Activity [Bq/kg]

WAy 0.9960 stable stable
36 Ay 0.0033 stable stable
38Ar 0.0006 stable stable

Ar  8.2x10716  269years 1.0 [150] [151]
STAr 1.3 x 10720 35.1days 4.5 x 1072 [152]
2Ar  6.8x1072!  329years 6.8 x 107° [153]

Table 9.12: Table summarizing the stable and radioisotopes of argon. We provide the abundances
[147], the half-lives [149], and the activities.
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Figure 9.16: Activity of the argon isotopes 3°Ar and 37Ar as a function of time. The largest
contamination is coming from 37Ar.

Presence of tritium in the gas

Finally, due to the exposition to cosmic rays, tritium can be produced in the various gas targets.
This long-lived isotopes has a half-life of 12.32 years, and decays by emitting [ particles with Q =
18.5940.001 keV. In this section, we cover the contaminations expected from such isotope in our
gas mixtures.

For neon, the production rate of 3H from cosmogenic activation is 228 + 16 atoms/kg/day [155]. It
was calculated by former Ph.D student A. Brossard, that the tritium activity in neon after 1 year
of exposure at the surface would be 0.14+0.01 mBq/kg. Figure 9.17 shows the activity of tritium
a function of time in argon.

In the same paper [155], the authors estimated the production rate of tritium from cosmogenic
activation in argon. The estimated rate it 146 +£31atoms/kg/day. The corresponding tritium
activity in argon after 1year of exposure at the surface would be 0.09+0.02 mBq/kg.

Finally, the authors in [156] calculated the production rate of tritium in xenon based on the work
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presented in [140]. Their estimate is 35.6 atoms/kg/day, resulting in an activity in xenon after
1year of exposure of 0.023 mBq/kg. Figure 9.17 shows the activity of tritium a function of time in
neon. Figure 9.17 shows the activity of tritium a function of time in xenon.

We acknowledge these possible sources of backgrounds for a CEvNS experiment. Hence, future

studies will be conducted as to estimate their background rate in the region of interest for CEvNS

detection.
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Figure 9.17: Activity of tritium in argon, neon and xenon as a function of time, induced by cosmic
rays.

9.5 Conclusion on the preliminary background estimation for a

CEvNS experiment

We investigated the background contaminations from the SPC shell and copper layer, and first
lead layer, following the NEWS-G3 shielding design. As to complete our study on the CEvNS event

rate presented in Section 8.3.2, we estimated the background in the three targets that produced an
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event rate above 10events/day/kg/GW. These targets are: argon, neon, and xenon. With these
preliminary estimations of the background contaminations, we can propose argon and xenon as
serious candidates for a CEvNS experiment using a SPC at a nuclear reactor. The signal from
CEvNS is about 4 and 1.5 times larger than the estimation of the background, after 2years of
material exposure, for xenon and argon, respectively. However, the background contamination in
the neon based gas mixture is about 1.7 times larger than the expected CEvNS signal.

Further studies of the background will be necessary, accounting for the complete ensemble of layers
of the compact shielding, the copper holder of the SPC, and so on. Moreover, background con-
taminations from external sources will require dedicated studies, such as the reactor neutrons and
gammas contaminations. A preliminary study of the impact of the dead-time induced by muons
interacting in the muon veto was performed. It was shown that the active time of the detector
would be impacted by about 50 % with a worst case scenario dead-time of 1000 us. The cosmic
muon study is still underway. The next steps will allow to estimate an optimization between the
dead-time and the active time in the detector, and lead to a corresponding background estimation

in our detector.
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Chapter 10

Summary and conclusion

The context of this thesis was to estimate the feasibility of an experiment; detecting Coherent
Elastic Neutrino-Nucleus Scattering with an SPC detector at a nuclear reactor. In our study we
considered a nuclear power plant having a thermal power of 1 GW, our detector to be 10 m away
from the nuclear core, and a 60 cm diameter SPC detector. We investigated the signals induced by
neutrinos in four gas targets: argon, helium, neon, and xenon, to determine the best candidate for
a successful CEvNS experiment. The event rates were determined by a Monte Carlo simulation,
taking into account the response of our detector and the nuclear quenching factor. From this study,
we found that helium was not a competitive target for a CEvNS experiment, as a pressure of 53 bar
would be required to reach 1kg of target material, and hence, 3.6 events/kg/day/GW. We also
explored two kinds of nuclear reactors: Pressurized Water Reactors and Pressurized Heavy Water
Reactors, to estimate the neutrino flux’s impact on the CEvNS event rate. It was found that the
kind of reactors impacts between 15 and 20 % the CEvNS event rate in argon, neon, and xenon, in
favor of PHWR. Hence, PHWR are proposed to conduct a CEvNS experiment, instead of a PWR.
Finally, we looked at the background contamination induced from the intrinsic radioactivity of the
materials used to build an SPC detector and appropriate shielding for a CEvNS experiment. For
this study, we developed a simple Geant4 simulation using the geometry of the NEWS-G3 exper-
iment, which aims at assessing the background on the surface. For the background sources, we

considered the copper SPC vessel, the copper shielding, and the first lead layer of the shielding. We
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found that argon and xenon were promising candidates with about 1.5 and 5 times more CEvNS
events than background events, respectively. However, we estimated that a neon based CEvNS
experiment would be dominated by the background, having twice as many background events as
CEvNS events in the region of interest. Additional studies will be performed, taking into account
the complete design of the detector and compact shielding in order to estimate accurately the ex-
pected background in the detector. Furthermore, studies dedicated to external backgrounds, such
as cosmic muons, or reactor neutrons and gammas, are either under way or will be performed in

the near future.

A nuclear quenching factor measurement was performed between 0.43 and 11keVy, in a neon
based gas mixture using a SPC exposed to a neutron beam. We investigated eight nuclear re-
coil energy “points”, whose distributions overlapped significantly and were not Gaussian-like. In
response to this, we developed a new analysis technique to extract the quenching factor. We devel-
oped a model to describe the nuclear recoils, taking into account the scattering angle distribution,
the neutron energy distribution, the response of the detector, the resolution of the detector and
the quenching factor. We performed an unbinned-joint fit to the data in a Bayesian framework
to extract the most likely values of the quenching factor parametrization variables. The available
statistics provided by the joint fit allowed to set excellent uncertainties on the quenching factor,
no larger than 5% in the sub-keV region. We have demonstrated the feasibility of measuring the
quenching factor of a gas target using a neutron beam.

Future nuclear quenching factor measurements will see an improvement of the sensor design,
and use a new generation sensor with an electric field corrector. This improvement will allow to
reduce the uncertainties related to the energy response of the detector. The uniform response of the
detector will allow in situ energy calibrations with 37 Ar, providing X-rays at 270eV and 2.82keV,
in addition to the existing 5.9keV calibration point obtained from an ®°Fe source. Future mea-
surements will explore various gas mixtures and pressures in order to broaden our knowledge to
the nuclear recoil response in gases, and extend the reach of the NEWS-G collaboration to various

physics programs, amongst others CEvNS searches.
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Appendices

A Preliminary quenching factor experiment: 2018

Prior to the quenching factor measurements presented in this work, we performed a preliminary
campaign as to assess the feasibility of a quenching factor experiment using a neutron beam in a
SPC filled with gas at the TUNL facility. For a period of about ten days we performed the first
step of our quenching factor experiment, in the target room 4. In this appendix, we will present

amongst others the experimental set up and the nuclear recoil data obtained.

A.1 Experimental set up
Neutron beam

During this preliminary campaign, we aimed at investigating nuclear recoil energies above
5keVyy, hence, the neutron beam energy targeted was of a few MeV. The choice of accelerated
particles and target were chosen carefully in order to reach such neutron energies. We used a

deuteron beam of 1.9 MeV on a deuterium gas cell:
D" +D — n+Be+ (1)

The neutron energy was measured using the time of flight method (TOF) presented in Section 5.1.2
of this work. After analysis of the TOF data, our collaborators at TUNL calculated the neutron
energy to be 3.68 + 0.295 MeV. A scan of the neutron beam was performed, estimating the cross

section of the beam to be 3cm x 3cm.
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Experiment

For the experiment, we used a 15cm diameter SPC, 2mm thick, made with stainless steal.
The sensor was a 2mm diameter metallic ball set to a positive voltage of 850V, with an electric
field corrector, or umbrella, set to 0 V. The detector was filled with 480 mbar of Ne + CHy (3 %).
The digitized pulses from the CANBERRA preamplifier [99] were recorded using a Struck SIS3316
digitizer [100].

The SPC was exposed to the neutron beam: the south hemisphere was aligned with the neutron
beam line to avoid the presence of the sensor and the rod in the north hemisphere. The scattered
neutrons were detected by 11 backing detectors (BDs). The backing detector were on an annulus
structure, allowing the record the same same scattering angle for all BDs. The annulus structure
had a 29.4 cm radius. The BDs were the same as the BDs used in the 2019 campaign: they consisted
in a combination of Hamamatsu R7724 photomultiplier tubes [101] and liquid scintillator, made by
Eljen [102], allowing for pulse shape discrimination between gamma and neutron events. Figures

la and 1b show the experimental set up.
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(b) Alignment of the center of the south hemisphere
pf the SPC with the center of the annulus structure
and the center of the beam line. We can see the
laser lines in red on the surface of the detector. Be-
hind the SPC we can see the shielding protecting the
detector from, gammas produced at the same time
as the neutrons and scattered neutrons. The shield-
ing consisted in bricks of polyethylene surrounding
(a) The annulus structure holds 11 BDs, the center ~ the beam line and a wall of lead bricks between the

of the structure is aligned with the neutron beam  Polyethylene shielding and the SPC.
line and the south hemisphere of the SPC.

Figure 1: Experimental set up for the 2018 quenching factor campaign. The annulus structure
holds 11 BDs, the center of the structure is aligned with the neutron beam line and the

Using this experimental set up, we recorded four nuclear recoil energies, from about 5 up to
30keVy;. The details about each run configuration is given in Table 1. The nuclear recoil energy
means were not calculated using the Monte Carlo simulation that generates the scattering angle
distribution. The reason being that we did not take as many measurements of the SPC within its
environment, for example the distance between the exit of the collimator and the SPC. Hence, to
calculate the nuclear recoils we considered that the interactions of the neutrons in the SPC were

taking place in the center of the south hemisphere and at the surface of the BDs.
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Run number Recoil energies [keV,,|  Angle [°] Distances [m|  Exposure [h]

6 28.74 22.83 £+ 0.69 69.83 + 0.12 8
5 14.95 16.40 £ 0.52  99.90 +£ 0.081 12
3 8.76 12,53 £ 0.41  132.30 £ 0.14 8
4 4.75 9.22 £ 0.31 181.033 £ 0.047 16

Table 1: Table with the chosen nuclear recoil energies, their corresponding angles, the distance
between SPC detector and annulus, and time exposures.

A.2 Energy calibration

The energy calibration of the experiment was performed using and °Fe source located at the
south pole of the SPC. The calibration window was made of an aluminum foil As aforementioned,
the ®Fe emits X-rays of 5.9keV. This calibration gave an electron ionization energy scale within
the range of nuclear recoil energies that we investigated, and provided a source of monitoring for
eventual gain drifts.

The source was left on the detector during data taking (triggering on the BDs), but calibration
data were also taken every hour for 5 min (triggering on the SPC). Figure 2a shows the rise time as
a function of the energy of the events. We can see the %°Fe events with energies between 20000 and
25000 ADC. In order to select the **Fe events, we applied a rise time cut between 1 and 1.51 ys.

An example of resulting energy spectrum of the °Fe is shown in Figure 2b.
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(b) Energy spectrum of the °Fe obtained by ap-
plying a rise time cuts between 1 and 1.51 us. The
red curve represent the truncated Gaussian fit to the
data.

(a) Rise time as a function of energy for a calibra-
tion data set. The %°Fe events are the population of
events between 20000 and 25000 ADC.

Figure 2: Energy calibration performed with an 5°Fe source placed on the south pole of the SPC.

To obtain the energy scale, we fitted the spectrum to a Gaussian (truncated) with the following

function:

N zp— 5.9 (keV)?
- 2
ol 5,2 (2)

fz) =

where N and o are the height and the standard deviation of the °Fe peak, respectively, u is the
energy scale provided from the mean of the °Fe peak.

Figure 3 shows the energy scale as a function of time, for the calibration data and the beam data.
We can see that the gain of the detector was decreasing with time. In order to scale the data from
ADC to keV and to correct for the gain drop, we fitted the energy scale time evolution with a

quadratic function.
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Figure 3: Energy scale of the °Fe as a function of time. In blue we show the energy scale extracted
from the beam data. In orange we show the energy scale extracted from the beam data. In red, we
show the quadratic fit to the data. We see that both energy scales have the same trend: the gain
of the detector is decreasing with time.

Prior to our experiment at TUNL, we investigated the response in energy in our detector. We
took data in the NEWS-G laboratory, at Queen’s University, with the same detector, filled with
700 mbar of Ne+CHy (2%). The high voltage applied on the anode was 800V, and the voltage
applied on the umbrella 0 V. To test the energy linearity of our detector we used an *Fe source and
an 37Ar gas source, hence, providing two calibration points at 5.9keV and 2.82keV, respectively.
Figure 4a shows the rise time as a function of energy of such data set. We can clearly see the two
population of events interacting in the volume of the detector, with rise times comprised between
0.3 and 5 us. We selected the two populations by applying a rise time cut between 0.3 and 4 us. The
resulting energy spectrum is shown in Figure 4b, we can see clearly the two peaks corresponding
to the 37Ar and the ®>Fe. By fitting a Gaussian to the peaks, we were able to extract their means.
The results of the fits are shown in Table 2. We used the °°Fe as the energy scale. Hence, by
calculating the mean energy of the 37 Ar peak from the result of the fit, we found that the energy
mean was 2.838keV, thus, being 0.6 % away from 2.82keV. The uncertainty on the peaks position
is dominated by the statistic available, and are larger than the possible non-linearities. From these

data, we can conclude that our detector has its energy response linear, with an upper limit of 0.6 %,
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which is in agreement with the limit given by [66].
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(a) Rise time as a function of the energy of two (b) Energy spectrum of the 5°Fe and 37Ar calibra-
energy calibrations. The peak at highest energy is tions with rise time cuts between 0.3 and 4 us. In red
the 5°Fe peak and the lowest peak is the 37 Ar peak.  we show the Gaussian fits performed to each peak.

Figure 4: Investigation of the energy response of our SPC detector by using an *°Fe and 37Ar
sources providing calibration points at 5.9keV and 2.82keV, respectively.

Energy mean [ADC] Standard deviation [ADC] Energy mean [keV]

55Fe 2189 + 24 229 + 21 5.9
37TAr 1053 +34.5 168 + 38.6 2.838

Table 2: Values of the Gaussian fit to the ®*Fe and 37Ar peaks. For the last column we use the
%Fe as the energy scale and calculate what is the corresponding energy mean of the 37Ar.

A.3 Data taking and processing

The data taking configuration for the 2018 campaign was the same as for the 2019 experiment.
The beam data, or nuclear recoil data, were triggered on the BDs. The calibration data triggered
on the SPC.

The processing procedure was the same for the two campaigns. The data were twice processed.
Once with a simple trapezoidal filter on the SPC pulses, and pulse profile for the BDs pulses, so
that we could reject gamma events using the PSD parameter. Then, a second time with the double
deconvolution method.

For more details about the processing and the data taking see Section 5.4.2.
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(b) Time of flight (TOF) spectrum of the neutrons
for the run 6 between the Beam Pick Off Monitor
and the triggering BD. Spectrum obtained after PSD
cut.
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(d) Rise time as a function of the energy of the
events in the SPC, for run 6. At 5.9keV we can ob-
serve the *Fe events and the population at higher
energies corresponds to neon nuclear recoils. We se-
lected the events having rise times between 1 and
1.51 pus

Figure 5: Sets of cuts performed to the data.

A.4 Data selection

In order to select the recoil events, we applied different sets of cuts to the data. These cuts were

explained in details in Section 6.1. First, we applied a PSD cut to reject gamma events. Figure

5c shows the PSD as a function of the energy of the events in the BDs. We can see two distinct



Run number TOF cut [ns]

3 315-360
4 320-375
5 310-345
6 295-340

Table 3: Table summarizing the TOF cut for the different runs.

population of events, the neutrons centered at a PSD of 1.5, and the gammas centered at a PSD
of 1.2. We can see that the shape of the populations changed in comparison to the populations of
the 2019 campaign. In particular we can see that the discrimination between neutron and gamma
events is easier at higher neutron energies. Hence, the events having a PSD above 1.3 were selected.

Then, to select the neutrons coming from the beam, we performed a TOF cut. The TOF varies
with the distance between the SPC and the annulus structure. The different values of the TOF
cuts are shown in Table 3.

Finally, two other cuts were performed on the SPC related quantities. We cut on the onset
time, which represent the time difference between the BD and the start of the pulse in the SPC.
Based on the onset time spectrum we defined the onset time signal window between 40 and 50 us.
The last cut applied to the data allowed to select events occurring in the volume of the SPC and
to reject background events occurring at the surface of the SPC. Figure 5d shows the rise time as
a function of the energy of the events in the SPC. We can observe three population of events. The
first, at high rise time correspond to track events induced by comic muons or high energy gammas
coming from the beam. The second population of events centered at 5.9keV correspond to the
%Fe events. And the last population, with energies at about 10keV, corresponds to neon nuclear

recoils. To select this particular population we applied rise time cuts between 1 and 1.51 us.

A.5 Nuclear recoil energy spectra

After applying the cuts mentioned above, we obtained the energy spectra of the 2018 QF
campaign. Figure 6 shows such energy spectra. We can see the **Fe peak in all spectra, and

the nuclear recoil signal moving from high to low energies. For run 5 and 3, we can see that the
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recoils are located in an energy region overlapping with the ®*Fe events. Hence, the extraction of
the recoils and thus the quenching factor from these two energy runs has to take into account the
9Fe peak. Learning from that experience, during the 2019 quenching factor experiment, the **Fe
source was removed while taking data, as to avoid this situation. Looking at the recoil peaks we
can observe the best: run 6 and 4, the first one has a rather symmetric shape, while we can guess
an asymmetry in recoil shape of run 4. Asymmetry that we find in the 2019 energy spectra. Thus,
it seems that the asymmetry is driven by two factors: the geometry of the experiment, but also
the energy response of the detector. In terms of statistics available for each run, they seem to be
reasonable except for run 3, where the recoil events are embedded in the ®*Fe and environmental
background. The time exposure of 8 h was not long enough in order to have satisfactory statistics.

We do not present a QF results for these data, as the analysis methodology to extract the

quantity was rather naive in comparison to the technique proposed in Chapter 6.

A.6 Conclusion and discussion of the 2018 preliminary campaign

Despite the fact that this preliminary campaign did not provide final results of the quenching
factor of neon ions in neon gas at 480 mbar, we showed the feasibility of a successful quenching
factor measurements using an SPC filled with gas and using a neutron beam. This preliminary
campaign allowed us to identify areas of improvements for the following QF experiment, which took
place in 2019 and is presented in this thesis. We decided to have dedicated calibration times, and
to remove the *Fe source during the data taking. Our collaborators at TUNL designed and built a
new shielding around the target and the neutron beam line in order to reduce backgrounds coming
from the beam in the detector target. We found that the current of the beam could fluctuate, which
impacts the event rate in the SPC. In response to this, we developed a quick analysis to perform
on site, in order to estimate the statistics available for each run and adapt the time exposure

accordingly.
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nuclear recoil signal.

B Covariance and correlation matrices

The covariance matrix is provided to the reader as is it necessary to compute the correct errors

on « and B for a given nuclear recoil energy. The correlatio