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Abstract

The NEWS-G collaboration uses Spherical Proportional Counters to search for Weakly
Interacting Massive Particles (WIMP). The first detector, SEDINE, developed for this
goal is a 60 cm diameter sphere installed at the Laboratoire Souterrain de Modane
in France. In 2015, the collaboration took a run with neon as the target mate-
rial for an exposure of 9.7 kg - days. This run allowed new limits to be set on the
spin-independent WIMP-nucleon cross-sections with 90% confidence upper limit of
os1 < 4.4 x 10737cm? for a 0.5 GeV/c? WIMP. The study of the background events
observed during this run shows that it is dominated by the presence of the 2°Pb
decay chain in the different materials composing the detector, its shielding, and on
the inner surface of the sphere. The experience acquired in running the detector
SEDINE and the analysis of its data allowed procedures to be developed to mitigate
radioactive contaminations and the resulting background events in the experiment.
For the next detector a more stringent selection of radio-pure materials surrounding
the detector is carried out. The radioactive background affecting the experimental
set up is then estimated via the measurements of material radioactive contaminations
and the simulation of the different components. The development of new sensors al-
lows a better homogeneity of the detector response and improved data acquisition

in a larger detector. The new detector is a 140 cm diameter copper sphere, to be
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installed at SNOLAB in Canada in 2020. Its performances will be also enhanced by

the development of new methods of signal characterisation and energy calibration.
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Résumé

Les compteurs proportionnels sphériques sont utilisés pour la recherche de matiere
noire par la collaboration NEWS-G depuis 2013 avec le détecteur SEDINE installé
au Laboratoire Souterrain de Modane. Ce premier détecteur a permis d’établir une
nouvelle limite de la section efficace d’interaction WIMP-nucléon pour des WIMPs
(Weakly Interactive Massive Particles) de masse inférieure & 0.6 GeV/c®. Depuis,
la collaboration travaille a la mise au point d’'un nouveau détecteur. Cette these se
concentre sur deux aspects de I'expérience, la réduction du bruit de fond radioactif
et le développement de nouvelles anodes permettant de réduire le seuil en énergie
du détecteur jusqu’a la détection d’électrons uniques afin de garantir les meilleurs
performances pour le prochain détecteur. Le premier chapitre est une introduction a
I’ensemble de la these.

Le second chapitre se concentre sur le probleme de la matiere noire. L’existence
de matiere noire a été postulée au cours du vingtieme siecle par plusieurs observations
a différentes échelles. Le premier indice vint de ’astronome Fritz Zwicky qui postula
I'existence d'une forme de matiere inconnue en observant la vitesse des galaxies au
sein de I’amas de Coma. Au cours des années 70, Vera Rubin, observa que la matiere
lumineuse présente dans les galaxies n’apportait pas une masse suffisante pour ex-

pliquer la vitesse de rotation des étoiles. Plus récemment, I’étude du bruit de fond
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cosmologique confirma que environ 26% de I’Univers est composé de matiere noire.
Plusieurs hypotheses on été formulées afin d’expliquer ces observations. L’existence
d’objets macroscopiques tels que des trous noirs et des naines brunes ou des modi-
fications des lois de la gravité ont été évoquées mais mises en défaut par plusieurs
observations. L’hypothese la plus populaire est I'existence de WIMP. Ces partic-
ules massives et interagissant faiblement pourraient étre détectées via leur diffusion
¢lastique avec les noyaux de matériaux cibles de détecteurs présents sur terre. Les
WIMPs sont la classe de particule principalement recherchée par la collaboration
NEWS-G. La collaboration est spécialisée dans la recherche de matiere noire légere,
d’une masse inférieure a quelques GeV /c?. Cette spécificité impose d’utiliser des noy-
aux cibles légers tels que I’hydrogene ou I’hélium et d’avoir un seuil de détection en
énergie le plus faible possible, jusqu’a la détection d’électrons uniques. Le fait que
ces particules interagissent faiblement impose d’avoir un bruit de fond le plus bas
possible. Cette particularité pour la détection des WIMPs est commune a toutes les
expériences. Plusieurs autres expériences, utilisant d’autres technologies ainsi que
d’autres matériaux cibles tels que 'argon ou le germanium recherchent la matiere
noire. En conclusion, ce chapitre présente un état de I'art de la recherche de WIMP.

Le chapitre suivant présente la technologie des compteurs proportionnels sphériques
utilisée par la collaboration NEWS-G pour la recherche de matiere noire. Ce détecteur
consiste en une sphere de cuivre remplie de gaz. La sphere est reliée a la masse et une
tension est appliquée sur une anode placée en son centre. Le détecteur offre alors un
large volume de gaz baigné par un champ électrique. Lorsqu’une particule interagit
avec un atome du gaz, elle dépose de I’énergie qui se traduit par une ionisation et

I’émission d’électrons primaires. Sous l'influence du champ électrique, les électrons



primaires dérivent vers l'anode au centre de la sphere. Lorsque qu’un électron est
proche de 'anode, a moins de 100 pm, sous l'effet du champ électrique suffisam-
ment intense, il acquiert une énergie cinétique supérieure au potentiel d’ionisation du
gaz et déclenche une avalanche qui crée plusieurs milliers de paires électrons-ions sec-
ondaires. Le signal est alors induit par le mouvement des ions secondaires en direction
de la sphere. Ce courant électrique est intégré par un pré-amplificateur puis digitalisé.
L’étude de la forme des impulsions mesurés permet d’identifier la nature des dépots
d’énergie. L’amplitude des impulsions est liée a I'énergie déposée et leur temps de
montée est lié a la distribution spatiale du dépot. La discrimination de la forme
des pulses permet d’identifier les dépots d’énergie ponctuels. Ce type de détecteur
offre plusieurs avantages. D’abord il est possible d’utiliser plusieurs matériaux cibles
et de comparer la compatibilité d’un éventuel exces avec I’hypothese d'un signal de
matiere noire. La géométrie du détecteur lui confere une faible capacité électrique qui
ne dépend que de la taille de 'anode centrale. Cette faible capacité procure un tres
faible bruit électronique intrinseque et donc un seuil en énergie faible. Finalement, la
discrimination de la forme des pulses permet d’identifier les dépots ponctuels et donc
le dépots attendus résultant de la diffusion élastique des WIMPs.

Le quatrieme chapitre se focalise sur le détecteur SEDINE. Ce détecteur est une
sphere de cuivre de 60 cm de diametre installée au Laboratoire Souterrain Modane
(LSM) en France. La sphere est placée dans un blindage fait de 5 a 7 cm de cuivre, 10 a
15 cm de plomb et finalement 30 cm de polyéthylene. En 2015, SEDINE a été utilisée
avec un mélange de gaz composé de 99.3% de néon et 0.7% et méthane. Les données
prises durant cette acquisition permirent de définir une nouvelle limite de la section

efficace d’interaction WIMP-nucléon. L’analyse de ces données permit de définir
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plusieurs points faibles du détecteur a améliorer pour le suivant. La calibration du
détecteur faite avec de I’Argon-37 permit de mettre en évidence la non-homogénéité de
la réponse du détecteur du fait de 'utilisation d’une anode simple ainsi que 'impact de
la contamination en oxygene du gaz. Ces deux aspects ont été intégrés a la simulation
de la réponse du détecteur. Une fois qu’une simulation correcte du détecteur fut mise
en place, les différents bruits de fond radioactifs ont été étudiés. Une premiere analyse
mit en lumiere le fait que les contaminations des différents matériaux composants le
détecteur, son blindage et la roche du laboratoire en Uranium-238, Thorium-232 et
Potassium-40 de I'ordre de quelques dizaines ou centaines de uBq/kg, ne pouvaient
expliquer le bruit de fond observé. En 2017, une nouvelle méthode de mesure de la
contamination de Plomb-210 dans le cuivre fut publiée et montra que I'hypothese de
I’équilibre de la chaine de I’'Uranium-238 était incorrect et que 'activité de Plomb-
210 est de l'ordre de plusieurs dizaines de mBq/kg. Une seconde étude prenant en
compte de tel niveau d’activité de Plomb-210 dans les différents matériaux composant
le détecteur ainsi que sa surface interne permit de montrer que, a basse énergie, la
chaine du Plomb-210 est responsable de 85% du bruit de fond observé.

Le cinquieme chapitre présente I’étude menée afin de réduire le bruit de fond du
prochain détecteur qui sera installé a SNOLAB au Canada. Ce détecteur est plus
gros avec un diametre de 140 cm, et fait de meilleurs matériaux. Le blindage est
composé d’une coquille de 25 cm de plomb dont les 3 cm les plus proches de la
sphere sont faits de plomb archéologique. Cette coquille est finalement entourée de
40 cm de polyéthylene. Plusieurs techniques ont été développées afin de réduire les
différents bruits de fond. Premierement, le temps d’exposition du cuivre utilisé pour

la fabrication de la sphere aux rayons cosmiques a été limité a trois mois afin de réduire
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I’accumulation principalement d’isotopes de cobalt radioactif. Une boite a gants a été
installée au dessus de la sphere afin de pouvoir manipuler les différents composants
sans exposer la surface interne du détecteur a l'air du laboratoire contaminé par du
Radon-222. Finalement, 500 um de cuivre pur ont été plaqués sur la surface interne
du détecteur afin de réduire le bruit de fond induit par la présence de la chaine de
désintégration du Plomb-210 dans le cuivre.

Le dernier chapitre se concentre sur le développement de senseur. Le senseur est
un parametre clé du détecteur. L’utilisation de senseur simple tel que celui utilisé
avec SEDINE limite les performances du détecteur. La tension pouvant étre ap-
pliquée sur la bille est limitée par les décharges pouvant se produire avec la canne la
supportant. La présence du fil reliant la bille déforme le champ électrique et induit
une non-homogénéité de la réponse du détecteur. Ces deux faiblesses peuvent étre
corrigées en appliquant une seconde tension sur un ”parapluie” fait d’'un matériel
résistif placé autour du fil et proche de la bille. Ces senseurs avec parapluie résistif
ont montré leur capacité a avoir des seuils de détection tres bas, jusqu’a la détection
d’électrons uniques. Finalement, pour les détecteurs larges tels que celui qui sera
utilisé & SNOLAB, des senseurs de type ”Achinos” (oursin) ont été développés. Ces
senseurs sont composés d’un corps central sur lequel est appliqué un matériel résistif
et onze billes. Ce type de senseur a montré ses capacités a détecter des électrons
uniques dans de grands volumes (1m?).

Pour conclure, cette these présente des améliorations de la technologie des comp-
teurs proportionnels sphériques pour la recherche de matiere noire. La réduction du
bruit de fond ainsi que le développement de nouveaux senseurs offrant un seuil de

détection d’un électron unique vont améliorer la sensibilité de I'expérience pour des
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WIMPs de moins de 1 GeV /c?.
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Chapter 1

Introduction

Astrophysical observations, from galactic to cosmological scales show that a signif-
icant part of the Universe is made of invisible or ”dark” matter [1]. None of the
particles described in the standard model of particle physics or a combination of
them have characteristics allowing a description of this invisible matter [2]. Thus,
identifying a particle responsible for this amount of unknown mass is a challenge ben-
efiting for both our understanding of the Universe and the incomplete Standard Model
of particle physics. Several candidates were postulated to solve the dark matter issue.
The most relevant one is weakly interacting massive particles (WIMPs). WIMPs are
assumed to have a weak scale interaction cross-section with standard model parti-
cles [2]. Three ways of detection are used to look for WIMPs. The indirect detection,
where particle detectors are used to search for an excess of events due to the self-
annihilation of WIMPs [3]. The production, where detectors surrounding particle
accelerators are used to search for missing transverse energy, a possible signature of
WIMP production [4]. And finally the direct detection, where detectors are used to
search for WIMPs scattering on target nuclei. The WIMP mass being unknown, dif-

ferent detector technologies covering a large range of targets from hydrogen to xenon



are exploring the possible accessible masses. Exploring the mass and cross-section
parameters implies several challenges. First, low cross-section requires a very low
background environment. Any interaction of 7, 8, p or neutron can mimic a WIMP
pulse, reducing the sensitivity of the experiment. The NEWS-G collaboration with
Spherical Proportional Counters (SPC) [5] is exploring the lower part of the mass
range with a WIMP mass region of interest lying below 1 GeV /c?. This specificity im-
plies a second challenge, having a very low energy threshold down to single-electron
detection. The goal of this work is to improve and optimize the SPC technology
to meet the criteria of low background experiment and low energy threshold. The
optimization of the background is done through the selection and simulation of the
materials composing the experiment. Optimization of the detector response relies
on the development of sensors sensitive enough to ensure a single electron detection.
Chapter 2 will describe the different dark matter evidences, candidates, and meth-
ods of detection. Chapter 3 presents the main interactions of radiation with matter
followed by a general description of gaseous proportional counters and properties of
electron drift under an electric field. The remainder of the chapter will focus on the
specificities of the SPC and the pulse formation under a spherical electric field. The
characteristics of the electric pulses, their amplitude and rise time, allow for deter-
mining some properties of the interacting particle such as the energy it deposited or
the spatial distribution of this deposition. Then, a description of the pulse treatment
and their shape discrimination is given, to finally present the tools and methods used
for the detector simulation. In 2015, the NEWS-G collaboration set a new limit for

WIMP masses lower than 0.5 GeV/c? at a cross-section of 4.4 x 10737cm? with a 60



cm detector filled with a neon and methane mixture at 3.1 bar placed at the Labo-
ratoire Souterrain de Modane in France for 41 days of data acquisition. This result
will be briefly described in chapter 4 followed by the description of the background
recorded during the WIMP search run. This description relies on the estimation of
radioactive contamination of the detector materials and the environment where it
takes place. Chapter 5 will describe the optimization of the background of the next-
generation detector: a 140 cm copper sphere to be installed in SNOLAB in Canada in
2020. The promising results obtained with the first detector will be strongly improved
by an intensive material selection and background mitigation. The method used for
radio-purity measurement in all materials composing the detector, its shield and the
different methods to reduce their contributions to the background budget, and an
estimation of the remaining background and its impact on the experiment sensitivity
will be presented in this chapter. Chapter 6 will present improvement of the detector
technology, specifically on the sensor, done to achieve low energy detection in a large
SPC, in addition to the calibration method developed to ensure a good understanding

of the detector behaviour at such low threshold.



Chapter 2

Dark matter

2.1 Introduction

Decades of astronomical observation brought strong evidence that our universe con-
tains a large amount of invisible or ”dark” matter. These observations were done
on different scales from the galaxy to the cosmological scale. It is estimated that
70.4 + 0.6% of the total matter content of the observable universe is in the form of
non-relativistic, non-baryonic matter [6] at the cosmological scale. The first section
of this chapter will describe the different observations which brought this intuition of
dark matter. Following the evidence of invisible matter, theorists postulated several
objects of different nature and size, micro or macroscopic, able to provide a signifi-
cant amount of mass without producing light. The second part of this chapter will
review some of the most popular candidates postulated during the past decades. As
mentioned in the introduction chapter, the most popular candidate is WIMPs. The
last section of this chapter will focus on WIMP detection. The three approaches to
WIMP detection will be described with more details the direct detection approach

used by the NEWS-G collaboration.
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2.2 Evidence for dark matter

Evidence for dark matter existence has arisen from several astrophysical and cosmo-
logical observations. Astrophysical observations include velocity dispersion of stars in
galaxies, galaxy cluster dynamics and large scale object mass measurement by grav-
itational lensing. Anisotropies in the cosmic microwave background have brought
evidence that at a very large scale, the Universe is made of more than only baryonic

matter.

2.2.1 Velocity of galaxies in the Coma cluster

In 1933, the Swiss astrophysicist Fritz Zwicky [7] used the virial theorem to postulate
the existence of an unseen matter. The total kinetic energy E of a system of N

self-gravitating objects of average mass m and orbital velocity v is given by:

B = L Nme? (2.1)
2

With an average separation of r between the N objects of the cluster, the potential

energy of the N(N — 1)/2 pairings is:

1 Gm?
U=—=N(N -1 2.2
SNV - 1) 22)
The virial theorem states that for such a cluster:
E = —% (2.3)
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The mass of the cluster M can be estimated from the measurements of v and r

2rv?

G

M= Nm = (2.4)

While measuring radial velocities of galaxies in the Coma cluster and its radius,
Zwicky estimated the average mass of the galaxies within the cluster and obtained
a value about two orders of magnitude greater than expected from their luminosity.
To explain the difference between the visible mass of the Coma cluster and the mass
measured from the galaxies‘ velocities in the cluster, Zwicky postulated a new type of
non-visible matter which only contributes to the cluster dynamic by the gravitational

effect. He named this matter ‘Dark Matter.

2.2.2 Rotation curve of galaxies

During the 1970s, Vera Rubin observed the circular velocity of stars and gas inside
spiral galaxies. In such a system, stars and gas rotate around the galactic center on
almost circular orbits. For a circular velocity v at a radius r from the galactic center,
the condition for the stability of the orbit is that the centrifugal acceleration is equal

to the gravitational acceleration:

- = (2.5)

Where M (r) is the mass inside the orbit of radius r. Then, the radial dependence of

v would be expected to follow Kepler’s Law:

(2.6)
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Rubin’s measurements showed a different behaviour. The galaxy rotation-curves do
not follow this law but stay almost constant after attaining a maximum of around 5
kpc as shown in Fig 2.1. The solution to this is that in addition to stars and gas, the
galaxies are made of a diffuse halo of dark matter, M(r) proportional to r, leading

to v(r) ~ constant.
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Figure 2.1: Rotation curve of few galaxies, showing the necessary contribution from
a dark matter halo (dash-dot) in addition to the contributions of the gas
(dot) and disk (dash) to produce the observed velocity distribution [§]
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2.2.3 Galaxy cluster merging

A photon in a gravitational field moves as if it has mass and light rays bend around
gravitating masses. It is possible to construct a map of the gravitational potential of a
massive object by measuring the distortion of the images of background galaxies. On
the other hand, it is possible to construct a map of the baryonic matter distribution
by observing typical photons that it emits. Clowe et al. [9] observed the Bullet cluster,
a unique object formed by the merging of two galaxy clusters. In such a collision,
galaxies behave as collisionless particles, while the gas cloud that composes most of
the cluster mass experiences pressure. Figure 2.2 shows the gravitational potential
(green line) and the distribution of interstellar gas (color gradient). The discrepancy

of the two maps is direct proof of the existence of dark matter.
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6"58M428 36° 30° 245 18° 128

Figure 2.2: The Bullet cluster. The green contours are the gravitational potential.
The colors indicate the X-ray temperature of the plasma which corre-
sponds with the distribution of baryonic matter. [9] .

2.2.4 Cosmic microwave background anisotropy

The Cosmic Microwave Background (CMB) is the photons emitted during radiation-
matter decoupling. Before decoupling, the early Universe consisted of a plasma of
free electrons and light nuclei. The CMB was coupled to this plasma via Thomson
scattering from the free electrons. Then, when the universe was =~ 300000 years old,
electrons and nuclei combined to form atoms. At this point, photons ceased to interact
and travelled toward us. These photons composing the CMB contain information on

the state of the universe at the time of the decoupling. Several experiments have
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observed the CMB. The latest map of the CMB was obtained by the Planck mission
(Fig 2.3) and published in 2015.

—300 K 300

Figure 2.3: Cosmic Microwave Background measured by the Planck spacecraft. The
color scale indicates the fluctuation of the temperature [10].

When emitted, these photons were in thermal equilibrium with the electron-nuclei
plasma at a temperature of T ~ 3000K. The CMB has a today mean measured
temperature of 7' = 2.725+ 0.001 K due to the expansion of the Universe. Figure 2.3
shows a non-uniform universe. The coolest parts of the CMB correspond to higher
density because photons are red-shifted as they escape the gravitational potential
wells. We can extract from this mapping a relationship between anisotropy and

angular scale.
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Figure 2.4: Fluctuation of the CMB with regards to the angular scale. The red curve
is obtained with the theoretical ACDM model with free parameters ad-
justed by maximum likelihood [11].

The fit of the spectral fluctuation of the CMB allows us to extract several pieces of
information about the universe [11]. More specifically, three parameters describing the
energetic content of the universe can be obtained, {2, the baryon density parameter,
Q). the dark matter density parameter and €2, the dark energy density parameter.

These three parameters have been estimated to:
e (), =0.0486 £+ 0.0010
e .= 0.2589 4+ 0.0057

o O, =0.6911 £ 0.0062
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This latest evidence brought the remarkable results that the energy content of our
universe is made of an unknown form called ‘dark energy‘. Secondly, the baryonic
matter described by the standard model of particle physics forms only 4% of the
universe. The remaining 26% of the content of the universe is made of non-baryonic

dark matter.

2.3 Dark matter candidates

Several hypotheses have been formulated during the past decades to explain the
observations described in the previous section. These hypotheses can be divided into
three categories: a new theory of gravitation, a large amount of mass brought by
macroscopic objects, and finally the possibility of the existence of some unknown
elementary particle. The three hypotheses will be discussed with particular attention

on the last one, investigated by the NEWS-G collaboration.

2.3.1 MOND

The MOdified Newtonian Dynamics (MOND) [12] model attempts to explain the flat-
ness of the rotation curve of galaxies by modifying the acceleration due to gravity for
very low acceleration, ag ~ 107%ms~2. The MOND model assumes a force of gravity
given by F = mypu(a/ag)a instead of the well known F = ma described by Newton’s
second law, p is a function of the acceleration and assumes the value of © ~ 1 for
a/ag >> 1 and p ~ 2 for a/ag << 1. This model allows for a constant orbital veloc-
ity at very large radii and very low acceleration and is consistent with the observations

done by Vera Rubin. However, the model is not consistent with other astronomical



2.3. DARK MATTER CANDIDATES 14

observations such as the Bullet cluster mass distribution and cosmological observa-
tion supported by the ACDM model claiming the existence of a non-baryonic form

of matter.

2.3.2 MACHOS

Another alternative to explain the excess of mass in the universe consists of Massive
Compact Halo Objects or MACHOS. MACHOS consist of undetected astronomical
objects such as black holes, neutrons stars, white or brown dwarfs or planets. The
search for such objects in sufficient quantity to explain the astronomical observations
did not succeed [13]. Also, MACHOs are composed of baryonic matter, and it is known
from the CMB measurements that the amount of baryonic matter is not enough to

form a large fraction of the dark matter.

2.3.3 Non-baryonic dark matter

The standard model (SM) of particle physics describes all known particles. The
model was developed during the 20th century and showed its strength at multiple
times. The experimental confirmation of the existence of quarks, neutrinos, and
gauge bosons during the past century brought strong evidence of the validity of the
standard model [14]. The discovery of the Higgs boson in 2012 by the Large Hadron
Collider (LHC) at the CERN in Geneva magnified its solidity [15] [16]. However,
it is well known that the standard model is limited and is not sufficient to describe
all observations, such as the neutrino mass. Additionally, the Standard Model does

not give any description of gravity. These last considerations pave the way for a
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new physics, ‘beyond the standard model* potentially providing new massive can-
didates able to explain the observations. Candidates for non-baryonic dark matter
must satisfy several conditions. They must be stable on the cosmological scale, they
must interact weakly with electromagnetic radiation, and they must have the right

density [17].

Neutrinos

Neutrinos are a natural candidate for dark matter because they are non-baryonic,
massive, and weakly interacting. Although they are abundant in the universe, their
low mass leads to an insignificant contribution to the total dark matter estimated
in the universe. The analysis of the cosmic microwave background allows setting an
upper limit to the neutrino density parameter, 2, < 0.014 [18]. Thus, is it possible
that neutrinos contribute some amount of dark matter but they can not provide the

Q. = 0.2589 £ 0.0057 alone.

Axions

Originally introduced by the Peccei-Quinn theory in 1977 to resolve the strong CP
problem in Quantum Chromodynamics (QCD), axion particles are viable Dark Matter
candidates. The strong CP problem is due to the observed conservation of the Charge
Parity symmetry in QCD while this symmetry is expected to be violated in the frame
of the Standard Model. Peccei and Quinn introduced a new symmetry whose spon-
taneous breaking leads to the CP conservation by the creation of a pseudo-Nambu-
Goldstone boson called the axion. Cosmological and astrophysical observations re-

quire axions to be very light with a mass in the range 107 < m, < 1073eV/c%
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Axions could be detected via axion-photon interactions.

WIMPs

Weakly Interacting Massive Particles (indicated by x) are particles with masses
roughly from GeV/c? to TeV/c?>. In the early universe, right after the period of
inflation, WIMPs are supposed to have been in thermal and chemical equilibrium
with the hot ‘soup‘ of Standard Model particles. The high temperature of the uni-
verse allows for the creation of particle - anti-particle pairs, including WIMPs. These
creations were counter-balanced by the annihilation of these pairs of particle and
anti-particle. As the universe cooled down the production rate of pair of particles
decreased. However, they could still annihilate, and the WIMP density decreased
exponentially. However, as the universe kept expanding, the WIMP annihilation rate
decreased and became negligible due to their small interaction probability. This point
is known as the ‘freeze-out’ point. The WIMP density in the universe became roughly
constant with that measured today, this is known as the WIMP relic density and has

been approximated to be [2]:

3 10727 3o—1
Oh2a 22 B (2.7)

< Oy U >

where oy, is the annihilation cross-section and v the velocity. If we assume the anni-
hilation cross-section of WIMPs to be weak-scale, in the order of ov ~ 10~26cm3s!
(where v is the relative velocity between the annihilating particles) [19], their esti-
mated relic abundance is found to be of the same order of magnitude as suggested

by the cosmological observations of dark matter density. This fact is known as the

‘WIMP miracle’. In addition to this miracle, WIMPs are a good candidate for dark
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matter because several theories beyond the Standard Model propose massive particles
with the property to be weakly interacting. The most prominent example of such a
theory is supersymmetry (SUSY). The symmetry of SUSY relates particles with the
same strong, weak and electromagnetic quantum numbers and with spins differing by
1/2 unit [20]. As partners of the quarks and leptons, we introduce new spin 0 squarks
and sleptons, and as partners of the vector bosons, we introduce spin 1/2 gauginos.
SUSY requires a new discrete symmetry that makes its lightest new particle stable.
Such particle is called the neutralino and is notated ¥°. The neutralino satisfies all

of the primary requirements of the WIMP model.

2.4 Search for WIMPs

The search for WIMPs is done in three different ways. High energy collisions of Stan-
dard Model particles can produce WIMPs, and this possibility is under investigation
at the Large Hadron Collider in the form of a search for supersymmetric particles.
The second possibility is the indirect search for WIMPs. Indirect detection experi-
ments aim to detect the daughter products of possible WIMP self-annihilation into
Standard Model particles. Finally, direct detection relies on the scattering of WIMPs
on nuclei of target material on earth. This last possibility is the one explored by the

NEWS-G collaboration.

2.4.1 Production

A neutralino pair may be produced in a particle accelerator which is operated at
energy higher than twice the neutralino mass. The search for neutralino is done

by looking at missing transverse energy. Once produced by a collision of standard
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model particles, neutralino particles could leave the detector surrounding the colli-
sion point without interacting. The reconstruction of transverse momentum would be
unbalanced, highlighting the presence of an undetected particle. To date, no WIMP
production has been reported by experiments at any of the colliders, (LHC, Teva-
tron, LEP,...) [21]. Results from the Run-I LHC dataset recorded by the Atlas and
CMS experiments are consistent with SM background expectation, limits have been
set on different models, emphasizing the complementary nature of collider and direct
detection searches. Collider searches can constrain the low WIMP mass region where
direct detection suffers a lack of sensitivity. Figure 2.5 illustrates the complementar-
ity of both methods where detection is more sensitive for dark matter masses higher
than 10 GeV/c? and collider production is more efficient at lower masses. We em-
phasize that the exclusion regions obtained in this way will depend strongly on the
assumptions of the model. The extrapolations are done with full knowledge that the
simplified model is merely a crude guess, and one must be careful not to overgener-

alise [21].

2.4.2 Indirect detection

The indirect detection of dark matter relies on the detection of WIMP annihilation
or decay products which are SM particles [22]. These particles include neutrinos,
gamma rays, positrons, antiprotons, and antinuclei. WIMPs can be slowed down,
captured and trapped in celestial objects like earth or the sun, thus enhancing their
density and their probability of annihilation [17]. The product of such annihilations
could be muons neutrinos which can interact in the earth. Incoming muons could be

detected in large neutrino telescopes such as SuperKamiokande [23] or IceCube [24].
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Figure 2.5: The 90% — CL constraints from the CMS experiment mpy-Spin-
independent DM-nucleon plane for a vector mediator, Dirac DM, and
benchmark couplings gpy = 0.25 and gpy = 1.0 [21]

Another indirect detection method relies on the gamma-ray spectrum in the galaxy.
Galactic models can be used to derive the total gamma flux and their spectrum.
WIMP annihilation in the galactic halo would lead to a deviation from these mod-
els. This signal would strongly depend on the size of the halo but is expected to be
most prominent near the galactic center. Interesting results from such a search come
from the FERMI/LAT satellite experiment which detected an excess of ~ 133 GeV
photons from the galactic center. However, the detailed analysis set a global signifi-
cance estimated to 1.6 standard deviations [25]. In addition to the gamma spectrum,
galactic models predict a spectrum for positrons, antiprotons, anti-deuterium, and
anti-helium. Satellite-based experiments such as PAMELA [26] or AMS02 [27] can

measure this spectrum. Both experiments detected a rise of the positron fraction in
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cosmic rays. The possibility that annihilating dark matter might be responsible for
this signal generated a great interest. However, it was pointed out that nearby pulsars
or the acceleration of secondary positrons in supernova remnants could potentially
account for the excess positrons. The combined data from PAMELA, AMS02, and
Fermi show that for dark matter to generate this signal, the particle would have to
be heavy,~ 1 — 3TeV/c? [22]. Similarly to the electron/positron ratio, AMS02 ob-
served an excess of antiprotons at energies between 10 and 20 GeV. This excess has
no simple explanation and has been interpreted as a possible signal of annihilating
dark matter. However, systematic uncertainties related to the antiproton production
cross-section, solar modulation and cosmic-ray transport make the significance of this
feature difficult to assess at this time [22]. This excess is a suggestion for dark matter

masses between 60 and 80 GeV /c?.

2.4.3 Direct detection

The direct detection of WIMPs relies on the detection of nuclear recoils induced by
the elastic scattering of WIMPs on a target material. Due to the assumed weak-scale
interaction cross-section between WIMPs and standard model particles, detecting
such interaction demands large detectors placed in a low background environment.
This section will summarize the theory of such detection, the interaction cross-section,
expected differential recoil energy spectrum and characteristics of a WIMP signal and

will be concluded by a summary of the current detection limits.
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Cross sections

The WIMP-nucleus cross section may be written in terms of a spin-independent and

a spin-dependent term. The spin independent is given by:
44>
o =22+ (A= 2D)f] (28)

and the spin dependent by:

b B0 T 41

- 7 (ap(Sp) + @n(Sn))” (2.9)

where pa = M, My/(M, + My) is the WIMP-nucleus reduced mass, with M, the
mass of the WIMP and M4 the mass of the nucleus. Z is the atomic number of the
nucleus, J is the total nuclear spin and Gp is the Fermi constant. f,, a,, f, and a,
are the effective spin-independent and spin-dependent couplings of the WIMP to the
proton and neutron. (S,) is the expectation values of the proton and neutron spins
within the nucleus [28]. The total WIMP-nucleus cross section is the sum of equations
2.8 and 2.9. For many spin-independent models, f, ~ f,, so the spin-independent

WIMP-nucleus cross-section can be rewritten as:

SI 1 A2
2
where the dependence on the target material may be factored as:

4 2 r2
os1 = —“;f” (2.11)
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is the spin-independent cross-section of a WIMP on a single nucleon. The spin-
independent cross-section with a single nucleon is used in the literature because it is
independent of the target nuclei.

For spin-dependent, the contributions of nucleons with opposite spins cancel, so the
total spin-dependent cross-section depends on the net spin of the nucleus. Nuclei with
even numbers of protons or neutrons have nearly no net proton or neutron spin and
have almost no sensitivity to spin-dependent interactions on protons and neutrons
respectively. For example, argon is mainly composed of “°Ar and neon is mainly
composed of ?°Ne, so these targets are insensitive to spin-dependent interactions.
Many materials used as WIMP targets such as neon, germanium, silicon or xenon have
even numbers of protons and hence are insensitive to spin-dependent interactions on
protons, and only a fraction of the isotopes of these targets have a sensitivity to spin-
dependent interactions on neutrons. Experiments such as PICO [29] are sensitive to
spin-dependent interactions on protons by using fluorine as a target material. NEWS-
G can also be sensitive to spin-dependent interactions on protons using hydrogen in

the form of CH, as a target.

Recoil energy spectrum

Due to their low velocity in the galactic frame, around 220 km /s, WIMPs will interact
with the nucleus as a single target by elastic scattering. The recoil energy F, given

to a nucleus of mass my4 is then:

1 — cosf
E, = Br— %Y (2.12)
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where E; is the WIMPs initial kinetic energy, E; = M, v*/2, 6 is the scattering angle

and r is a dimensionless parameter defined by:

AM, M4
= X & 2.13
i (Mx + MA)2 ( )

The energy momentum transfer is maximum for r = 1 meaning M, = M,. Which
means that the average recoil energy from a WIMP interaction is largest when the
target mass is similar to the WIMP mass.
The differential interaction rate per kilogram of detector is then defined by the product
of the number of interaction per nucleon with the number of nuclei per kilogram of
material:

No

dR = Znof(ﬁ—l— v ) ovd> T (2.14)

where Ny is Avogadro’s number, so that Ny/A is the number of nuclei per kilogram of
material and o is the cross section. ny is the local WIMP number density no = p, /M,
where p, is the mass density of WIMPs in the galaxy. p, is estimated from galactic
dynamics to be about 0.3 GeV/(c?*cm3), or roughly a third of a proton mass per cubic
centimetre [30]. o is the WIMP-nucleus cross section.

We can reasonably assume that the WIMP velocities in the frame of the Galaxy follow
the Maxwellian distribution:

6(76+VE)/U(%

f(T+vg) = - (2.15)

where k is a normalisation factor and vy = 220 + 20km/s is the local circular veloc-

ity [28]. Considering the simplified case ignoring the earth velocity (vg = 0) and the
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galaxy’s escape velocity (vese = 00), we get:

dR oo 1 Ry =% ) Ry =Er
E — v 4 d = ——¢ Eor 216
T /ER/T (EM?) r 2m0f (4rvidv) = e ™ (2.16)
where
2 N,
Ry “ngov (2.17)

= ﬁ )
and Eg = M, v3/2 is the most probable WIMP incident energy. The equation (2.16)
gives a good approximation of the expected recoil energy spectrum. Figures 2.6
and 2.7 were produced assuming a velocity of the earth in the WIMP halo to be
v = 220km/s and a nucleon cross section on the order of the weak scale, ¢ = 1pb =
1073%cm?.
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Figure 2.6: Recoil energy spectrum of WIMPs with different masses on a neon target.
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Figure 2.7: Recoil energy spectrum of 1 Gev/c? WIMP on different target mass

We can derive two main facts from fig 2.6 and 2.7. Due to the kinematics of the
interaction, light WIMPs produce a recoil spectrum that drops earlier compare to the
larger masses. Secondly, the recoil energy spectrum of light WIMPs (M, ~ 1 Gev/c?)
is extended by using light target masses. This fact is of particular interest to the
NEWS-G collaboration. Using gases with low A, such as neon or hydrogen, enhances
its sensitivity to light WIMP candidate below 1 GeV /c?. At the present time, using a
detector filled with methane, NEWS-G is the only experiment able to look for WIMP

scattering on a hydrogen target.

Exclusion curve

Dark matter experiments count events. The number of events N expected for a given
cross section o and exposure follows a Poisson distribution. Without good knowledge

of the background, we can assume that all detected events are dark matter candidates.
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The excluded cross section at 90% confidence o, is then the one that would have
10% probability of giving the number of events observed or more. This cross section

is given by:
0 X Ngx

N (2.18)

Oex =

where N, is the integral of the differential recoil energy spectrum for a given WIMP
mass M, and cross section 0. Ny is the upper limit on the number of events that the

experiment should observe if the cross section is o and is given by:
1
Nex = 51@;}(0.9; 2(N +1)) (2.19)

where F;} is the quantile of the chi-square distribution [17] and N the number of events
observed. If 0 (1, 2, 3) event is observed, 2.3 (3.89, 5.32, 6.68) events can be excluded
at 90%. It is instructive to compare the effect of the different characteristics of
detectors on the exclusion curve, determined on a range of M,. First, we can compare
the exclusion curves for different target masses. Figure 2.8 shows the WIMP exclusion
curves for different target masses, where the recoil energy spectrum was determined
with formula 2.16 in a range E,, from 0.1 to 500 keV, assuming vy = 220km/s, 100
kg-day of exposure and no events detected. Although the exclusion is strongly related
to the energy range and other parameters, the assumptions used allow us to clearly
identify the advantages of each target. We can remark that the best sensitivity occurs
for WIMP masses close to the mass of the target. At lower masses, the excluded cross
section rises rapidly as the cut-off of the recoil spectrum approaches, and then reaches
the energy threshold of the experiment. At higher masses, the excluded cross-section

increases as the number of expected WIMP events decreases due to the fixed mass
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density of WIMPs. This figure shows clearly that to search for light WIMPs, we have

to use light targets.
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Figure 2.8: WIMP exclusion curve for different target, assuming an exposure of 100

kg-day, a threshold of recoil energy range in [0.1;500] keV and no events
detected.

Secondly, we can study the WIMP exclusion curves for different energy thresholds.
Figure 2.9 shows the exclusion curves on a neon target with different energy thresholds
for exposure of 100 kg-days and the same other assumptions as for the previous
figure. The exclusion curves rise as the WIMP mass reaches the energy threshold,
so it fundamental to keep the threshold as low as possible, typically down to the

ionization potential of the target material used.
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Figure 2.9: WIMP exclusion curve for different energy threshold, assuming an expo-
sure of 100 kg-day on a neon target.

Finally, we can compare the effect of the number of events detected on the limits,
assuming that without any possibility to distinguish if an event is from a WIMP inter-
action or background radiation, all are considered as WIMP candidate. Figure 2.10
shows the effect of the background on the exclusion curve for exposure of 100 kg-day
on a neon target. The exclusion curve is strongly related to the number of events
observed and the limit roughly scales with it. It is crucial to keep the background as
low as possible to be able to set a competitive limit on the dark matter cross section.
This is true for all dark matter search experiments and more generally for rare event

detection experiments such as neutrinoless double beta decay.
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Figure 2.10: WIMP exclusion curve for different number of events detected, assuming
an exposure of 100 kg-day on neon target and a threshold at 22 eV.

The three preceding plots explain the challenges to be overcome to detect WIMPs
and especially sub-GeV WIMPs. We need to have a detector made of low A target
masses (H, He, Ne), with an energy threshold as low as possible, to ensure a single
electron detection and with the lowest background radiation possible. This thesis
gives an optimization of these requirements, chapters 4 and 5 focus on the background,

and chapter 6 on the hardware needed for single-electron detection.

Annual modulation

Due to the rotation of the earth around the sun, its speed in the galactic frame of

reference is given by [28]:

t —152.5
vp(t) ~ 232 + 15 cos (2%—) km/s (2.20)
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where t is the day of the year and with maximum occurring at ¢ = 152.5 days, or June
2. Due to this change of velocity during the year, the expected WIMP interaction
rate is expected to modulate with a variation of roughly 3% between its maximum in
June and its minimum in December. This annual modulation in the expected WIMP
event rate is a unique characteristic, and it allows one to validate WIMPs as the

source of the signal.

WIMP experiments

There are a variety of different experimental approaches to detect dark matter directly.
All the different technologies rely on the detection of the energy deposited by the
scattering of a dark matter particle on a nucleus. We can classify experiments in
three main categories: detection of charges, light, and heat or a combination of two

of them. Figure 2.11 illustrates the different techniques used for direct detection.
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Figure 2.11: Summary of direct detection experiments [31]. The names correspond
to experiments and they are related to the searched signal, heat, charge,
light, and combination of two of them.

Light detection The detection of light in noble gas can be used for WIMP detection
and is employed by the DEAP-3600 collaboration [32] installed at SNOLAB. The
detector consists of an 85 cm radius acrylic vessel capable of holding up to 3600 kg
of liquid argon (LAr). 255 photomultiplier tubes (PMTs) surround the vessel. A
particle interaction in the LAr produces 128 nm scintillation light detected by the
PMTs after being shifted to visible light. A powerful pulse shape discrimination
mitigates the background. LAr excitation can form singlet or triplet states with

lifetimes of 6 and 1300 ns respectively. Particles interacting with different linear
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energy transfer populate these states differently. Nuclear recoils populate mostly
singlet states and electronic recoils populate mostly triplet states. In 2017, DEAP-
3600 set a leading limit on the WIMP-nucleon spin-independent cross-section on argon
of 0 < 1.2 x 107*cm? for a 100 GeV /c> WIMP mass (90%C.L.) [33]. Solid crystals
made of Nal and CsI coupled to PMTs are also used for the detection of light. Solid
crystals used by DAMA [34] or COSINE-100 [35] also have a powerful pulse shape
discrimination. The most famous experiment using this technique is DAMA that
claimed the observation of an annual modulation of the signal to be evidence of a
dark matter detection. The results are controversial and will be discussed in the

‘state of art section’.

Heat detection Heat detection is used by superheated bubble chambers such as
PICO [29] where the nuclear recoil causes a phase change of the liquid into a gas which
produce a bubble. This technique has the tremendous advantage to be insensitive to
£ and ~ radiation giving a low background composed of neutrons and a. Acoustic
sensors allow for a rejection. In addition, combining an external neutron shield and

a careful selection of the material provides a practically background free detector.

Charge detection Several collaborations search for dark matter through charge de-
tection using three different targets. DAMIC [36] uses charge-coupled devices (CDDs)
where WIMP signal results in a silicon nucleus recoil. The CCD’s low electronic noise
allows for a low energy threshold of a few tens of eV and its high spatial resolution
and the excellent energy response results in very effective background identification
techniques. CoGenT [37] use P-type high purity germanium detectors. With their

low energy threshold and ability to reject surface backgrounds, this type of detector
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allows for exploring 10 GeV/c? WIMP candidates. Other experiments using germa-
nium detectors can detect both charge and heat and will be discussed in the next
section. Finally, the charge detection can be done using gas as a target. We can first
mention NEWS-G; this technology will be discussed throughout this thesis. Other
gaseous WIMPs detectors rely on large gas volumes coupled to bulk micromegas [38]
producing electron multiplication in a very tiny gap. This method is used by the
MIMAC collaboration [39]. Running at low enough pressure, the MIMAC collabora-
tion aims to perform directional WIMP detection at the Laboratoire Souterrain de
Modane. The TREX-DM [40] collaboration uses a similar method with a 20 litre
cylindrical chamber that can hold pressurized gas up to 10 bar, enclosed in a mi-
cromegas readout plane. The advantage of a gaseous detector is to combine the use

of light elements and a low energy threshold.

Heat and charge detection Heat and charge detection is done using a Ge or
Si cryogenic detector. Energy deposition in the crystal results in the production of
two signals. The primary ionization produces both charges and phonons. During
their drift toward the anode, primary charges generate secondary phonons with a
total energy proportional to the potential difference traversed. This is known as the
Neganov-Luke effect [41]. The recoil energy E, is reconstructed from the total phonon
energy Ep by subtracting a term proportional to the ionization-derived recoil energy

E, to account for the Neganov-Luke effect [42].

v
E, =E, - %Eq (2.21)
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where e is the elementary charge, V' is the absolute value of the operating potential
and e the average electron-hole pair creation energy. This effect allows for powerful
discrimination of nuclear and electronic recoil using the ionization yield. The ioniza-
tion yield is defined as the ratio of the ionization energy to recoil energy (E,/E;).
A nuclear recoil produces less ionization than an electronic recoil. Lastly, position
reconstruction of the energy deposition allows for the suppression of surface events
that dominate the background. Using such technology, in 2105 the CDMS collab-
oration set a new limit of 1.8 x 10~* cm? and 1.18 x 10™*'cm? at 90% confidence
for 60 and 8.6 GeV/c?, respectively. In 2016, the EDELWEISS collaboration set
limit of 9.4 x 10~*cm? and 4.3 x 107*%cm? at 90% confidence for 20 and 5 GeV /c?

respectively [43].

Charge and light detection Charge and light detection are done in large Time
Projection Chambers (TPC) filled with a liquid noble gas, usually argon or xenon.
Under the influence of an electric field, charges drift toward the anode. The anode is
placed on top of the TPC where the target material is in the gaseous phase allowing
for signal amplification. The light is detected by PMTs placed below and above the
target material. A first prompt scintillation signal (S1) generated in the liquid phase
is recorded by the PMTs followed by a second signal (52) induced by the ionization
electrons. This technology benefits from a strong background suppression by the
charge to light ratio (S2/S1) and the multiplicity of the S2 signal [44]. In addition,
a spatial reconstruction of the events is possible. The relative amount of light in
the different PMTs allows for the xy reconstruction of the energy deposition, and
the z is constructed based on the time difference between S1 and S2. This allows

for the rejection of surface events. Using this technique, the Xenon-1T collaboration
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based at the Laboratori Nazionali del Gran Sasso (LNGS) in Italy set a limit of
7.7 x 107*cm? for 35 GeV/c? and PandaX-IT [45] set a limit of 8.6 x 107*"cm? for
40 GeV /c?, both in 2017. Using large dual-phase TPCs filled with xenon is the most
competitive technique for spin-independent dark matter searches with masses above
10 GeV/c?. This technology also shows competitive results at lower masses when
filled with argon. The DarkSide-50 collaboration used an argon TPC to set the most

stringent limit on the spin-independent dark matter with masses down to 1.8 GeV /c%.

Light and heat detection The detection of both light and head is done with scin-
tillating crystals. The CRESST-III collaboration used CaWQO, crystals as cryogenic
calorimeters [46]. Each interaction in the CaWO, crystal produces a phonon signal
and a light signal measured by a second calorimeter. The light signal allows for the
discrimination of nuclear and electronic recoil. The CRESST-III collaboration set the

most stringent limit for WIMP masses below 1 GeV /c?.

2.5 State of the art of WIMP direct detection

After decades of searching for WIMPs, there has not yet been any conclusive obser-
vation. Figures 2.12 and 2.13 show the current limits on WIMP masses and nucleon

cross-sections in a mass range 0.5 to 10® GeV/c? and 0.2 to 20 GeV /c?.
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Figure 2.12: Parameter space for elastic spin-independent dark matter-nucleon scat-
tering [17]. The DAMA /LIBRA and CDMS-Si enclosed areas are regions
of interest from possible signal events. The NEWS-G results are indi-
cated by the purple dashed line [47].
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Figure 2.13: Parameter space for elastic spin-independent dark matter-nucleon scat-
tering zoomed in the low mass region. Between 2 and 6 GeV /c?, the most
stringent limit is from the Dark-Side 50 collaboration (red curves) [48]
. The solid dark grey curve show the current most stringent limit for
sub-GeV WIMPs from the CRESST-III collaboration [46]

Figure 2.12 shows two coloured areas. The purple one shows the space parame-
ters where the DAMA/LIBRA claimed a detection [34] by measuring the expected
annual modulation of the WIMP event rate. However, the region of WIMP parameter
space tagged by DAMA /LIBRA has been excluded by multiple other experiments.
This lack of evidence from other experiments throws the DAMA /LIBRA results into
doubt. The green area shows the space parameters where CDMS reported having
observed events with a Si detector [49] although they do not claim this as an evidence
for dark matter detection. Figure 2.13 shows the parameter space where NEWS-G

will be competitive. The current most stringent limit for sub-GeV WIMPs is about
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~ 107 cm? and was set by the CRESST-III experiment in 2017.

2.6 Discussion

WIMPs are investigated in three ways: production, and direct and indirect detection.
Today, after decades of investigation, a tremendous investment of thousands of physi-
cists around the world, no non-ambiguous signal of a dark matter signature can be
claimed. The direct detection of WIMPs is an intensive field of research and employs
a variety of detection techniques. Exploring the possible mass range of the WIMPs
candidates is challenging. For masses higher than a few GeV/c?, dual-phase TPCs
set the most stringent limits. The low mass part of the range is currently explored
by cryogenic and gaseous detectors. The NEWS-G collaboration explores this part
of the spectrum. The NEWS-G detectors are particularly effective in this parameter
space because of their low energy threshold and the possibility to use low A target

nuclei such as hydrogen. The next chapter will detail the SPC technology.



39

Chapter 3

The spherical proportional counter

Gaseous particle detectors have been developed for a century. The single-wire pro-
portional counter was invented in 1908 by E. Rutherford and H. Geiger [50]. Several
technologies involving different geometry, size, gas pressure, and electric field are used
in many areas from particle physics to industry and medicine. Gaseous detector can
be divided into three categories: the ionization chamber, which uses low electric fields,
where the signal is induced by ions and electrons from the primary ionization; the
Geiger counter, which uses a strong electric field and where all pulses are of the same
amplitude regardless of the number of original ion-electron pairs that initiated the
process [51]; and, the proportional counter which uses intermediate electric fields. In
such a device, the signal from primary ionization is amplified inducing pulses con-
siderably larger than for an ionization chamber. However, the amplification is much
smaller than in a Geiger counter: the pulses are proportional to the initial number of
primary electron-ion pairs, allowing for energy discrimination. The NEWS-G SPCs
operate as a proportional counters.

Spherical proportional counters consist of a grounded spherical vessel with a sensor

placed in its center. Under the influence of the electric field, electrons from a primary
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ionization drift toward the center of the sphere. Close to the anode, an avalanche
occurs, creating a large number of secondary ion-electron pairs. The motions of the
secondary ions then induces the signal. This chapter describes the functioning of
an SPC, from the energy deposition to the signal treatment. The next chapters are
based on simulations of the detector. These simulations are done using several soft-
ware packages, each reproducing a specific interaction and detector function. These
software packages will be presented at the appropriate step along with the chapter.
The first section describes the interaction of particles with matter, producing the pri-
mary ionization. The second section focuses on the properties of the signal common
to all proportional counters and will be followed by the specificities of the spherical
proportional counter. The penultimate section focuses on the sensor, one of the crit-
ical points of the detector to ensure the best working conditions. The last part will

then link all the properties described previously to the search for dark matter.

3.1 Interaction of particles with matter

Particles crossing the detector are detected by the ionization produced during their
journey through the gas volume. Depending on their charges, masses, and ener-
gies, different particles produce characteristic deposition. Charged particles such as
electrons or muons deposit energy all along their path and neutral particles such as
neutrons or photons ionize matter at a particular point of interaction. This section

describes the different mechanisms of energy loss proper to each type of particle.
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3.1.1 Charged particles

When charged particles pass through gas within the detector, they interact with the
electrons of the gas molecules and lose energy. These interactions lead to excitation
and ionization of the gaseous medium. Other interactions such as Bremsstrahlung,
Cerenkov, or transition radiation are of little importance for the gaseous proportional

counter.

Heavy ions

The general class of heavy ions includes all charged particles more massive than
electrons. It includes pions, muons, or alphas. The energy loss is due to the effect of
the Coulomb force between the charged particle and the electron cloud of the atoms
constituting the medium being traversed. Although interactions of the particles with
the gas nuclei are possible, they are rare and not significant for gaseous detectors.
The average energy loss in an absorber with respect to the path length is called the
linear stopping power:
dE

= —— 1
Se dx (3.1)

The formalism of this phenomenon was described by Bethe using relativistic quantum

mechanics. The electronic stopping power is given by the Bethe-Bloch formula [51]:

dE 47Te4z22 {ln (2m0v2

dx mov?

)-l(-g) -5 (32

where v and ze are the velocity and charge of the incident particle, N and Z are the

number density and atomic number and, [ is the ionization potential of the target
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material. mg is the electron rest mass, e is the electronic charge, and § = v/c.

Fast electrons

Due to their low mass, the behaviour of electrons differs from heavy ions. Because
their mass is the same as the electron in the atomic cloud, they lose much more energy
per interaction. Each interaction is able to change the trajectory of the incoming
electron abruptly. Electrons also differ from heavy charged particles in that energy
may be lost by radiative processes as well as Coulomb interactions. The stopping

power in then the sum of a collisional and radiative component:

o= (). (), 63

A similar equation to Equation 3.2 was derivated by Bethe to describe the specific

loss due to ionization and excitation for fast electrons:

_(dE) _27T64NZ[ ( mov’E

o 2]2(1_62)>—1n(2)(2 1—52—1+ﬁ2>+

-8+ (1-VI—P)] (34)

- 2
¢ mov

where the symbols have the same meaning as in Equation 3.2. The radiative losses
take the form of Bremsstrahlung radiation. The linear specific energy loss through
this radiative process is:

- <dE)T _ NEZ(Z + 1)é* (4111 28 é) (35)

dx 137mdc moc® 3




3.1. INTERACTION OF PARTICLES WITH MATTER 43

It is of some interest to remark that the ratio of the two energy loss mechanisms is
roughly equal to:
(dE/dz), EZ
(dE/dx). ~ 700

(3.6)

where E is in MeV. With an SPC filled with a low A gas (low Z) the radiative loss
from Compton scattered or  electron is negligible. However, the detector shell is
made of copper and surrounded by lead, and high energy 3 decay in these materials
produces a large quantity of Bremsstrahlung v. Gamma rays can cross a much more
substantial thickness of material than electrons, so Bremsstrahlung v produced in the
copper and the lead are an important source of background for the experiment. This

is discussed in the next chapter.

Energy loss distribution

The Bethe-Bloch formula gives a mean value of the energy loss of an incident particle
per ionization or excitation of the traversed medium. However, when the medium
is thin enough or made of gas at low enough pressure, there are few collisions. The
the energy deposition thus depends on fluctuations due to 0 electrons. The energy
loss distribution shows significant fluctuations and is approximated by the strongly

asymmetric Landau distribution as shown on Fig 3.1, which can be approximated by:

FO) = —— exp <—%(A+6A)> (3.7)

Where:
(3.8)
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Here AF is the energy loss, AEjy is the most probable energy loss and x is the mean

energy loss within a thickness = of traversed matter.

300 T T T [ [
A
i
'-1::
250 - -:: ------- SIMPLE THEORY (GAUSSIAN) _]
2) H
— LANDALU THEORY
r{—| EXPERIMENTAL POINI
N
200 + .
w fl
o '
A . ]
= 150 | : 1
—d L]
- ! MOST PROBABLE TOTAL
] " " ENERGY LOSS
' AVERAGE TOTAL
' e ENERGY LOSS
IOU — ’} : : - —
¥ )
[if
1
* :‘: MAXIMUM ENERGY
el LOSS [N SINGLE
- ] - .
50 E i COLLISION
R
Rl
-} HE
I 1
' '
0 . Y0 N

0 10 20 30 40 50 60 70
PULSE HEIGHT (a.u.)

Figure 3.1: Experimentally measured energy loss distribution in an argon carbon

dioxide counter, compared to the corresponding Landau and Gaussian
distributions [52].

3.1.2 Photons

Photons are neutral electromagnetic radiation. They do not lose energy via Coulomb
interaction as charged particles do. They interact with matter by three mechanisms,
the photoelectric effect, Compton scattering, and pair production. These interactions
lead to a partial or total energy transfer to the electrons. These electrons are the
particles which then deposit their energy to the medium and allow the photon to

be detected. Figure 3.2 shows the predominance of each process with respect to the
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energy of the incident photon and the atomic number of the medium.

Atomic number

of absorber
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Photoelectric effect
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Pair produiion
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Compton effect
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energy
0 . . " (MeV)
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Figure 3.2: The relative importance of the three types of interaction of gamma rays
with matter.

Photoelectric effect

This effect leads to the absorption of a photon with energy F., by an atomic electron
with the subsequent ejection of the electron from the atomic cloud. The energy of
the outgoing electron is then:

E..=E, —Ejp (3.9)

where Fp is the binding energy of the electron. For photon energies above the K-shell,

the photo-absorption cross section can be approximated by [53]:

7
2\ 2
& = 4042270, (mec ) (3.10)
£,
where « is the fine structure constant a ~ 4=, and ¢y = 87T§ ~ 6.651 x 10~%cm?.

The Z° dependency of the cross section makes atoms with high Z value interesting
for detection of photons. This interaction will leave the atom in excited state. De-

excitation can occur by emission of X-ray photons or an Auger electron (Fig 3.3)
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Figure 3.3: Graphical illustration of the phenomena taking place during the photo-
electric scattering process.

Compton scattering

Compton scattering is one of the best-understood type of photon interaction. It is
the scattering of photons on free electrons. Of course, in matter, the electrons are
bound. However, if the photon energy is high compared to the binding energy of the

electron, this binding energy can be neglected and the electrons can be considered as
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Figure 3.4: Compton scattering.
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Applying energy and momentum conservation, the following relations can be ob-

tained: the energy of the scattered photon is

hv
h' = A1
v 1+ ~(1—cos@) (3:11)
and the energy transferred to the electron is
1—
T=hv—h'/=hv (1 = cosf) (3.12)

1+~(1 —cosf)

Where v = hv/m.c?, hv is the energy of the incoming photon and hv/ is the energy
of the scattered photon. From the above equation, we can determine the maximum
energy that can be transferred to the electron. It occurs when 6 = 180deg. In this

case, the photon is back scattered and the electron acquires an energy Tiax:

1
Tmax = hv (1 - —2ﬂ> (313)

1+ mec?
Pair production

In the presence of a Coulomb field, like the one from the nucleus of an atom, a photon

can produce an electron-positron pair like shown in Fig 3.5.

ho = 0.511 MeV

ho =0.511 MeV

ho (>1.02 MeV)

nucleus

v g e

Figure 3.5: Graphical illustration of the pair production process.
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The process has a threshold of 1.022 MeV which is the sum of the masses of the
electron and the positron. The electron and positron created will split the excess

energy of the incoming photon.

E.- +E+ = hv —1022keV (3.14)

The probability to have pair production is a function of the photon energy and the

atomic number Z of the absorbing medium.

Gamma detection with an SPC

Figure 3.6 shows the mass attenuation coefficient of gamma rays in a gas mixture
made of 98% of argon and 2% of methane for energies between 1 and 100 keV. At low
energy, the photoelectric effect is dominant but its influence decreases and Compton

scattering becomes dominant for gammas with energy higher than ~ 75keV.
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Figure 3.6: Mass attenuation coefficient of gamma in a gas mixture made of 98% of
argon and 2% of methane. The red curve shows the Compton scattering
and the blue curve show the photoelectric effect.

59.5 keV y source spectrum in Ar+2%CH, at 500 mbar

6000

#events [AU]

5000

III]IIIIIIII

4000

3000

2000

1000

_Illllllllllllllll

ll[lll[llllll[llllll[llllllllllll

10 20 30 40 50 Eﬁnoergy [ke\ao

Figure 3.7: Spectrum of a 59.5 keV gamma source recorded with an SPC filled with
98% argon and 2% methane.
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Figure 3.7 shows the spectrum recorded by placing a 59.5 keV gamma source
(**'Am) closed to a 30 cm diameter SPC filled with a gas mixture made of 98%
argon and 2% methane at 500 mbar. The peak A is due to the photoelectric effect.
The initial energy of the gamma is fully transferred to an electron, and the energy is
fully reconstructed. Figure 3.6 shows that at this energy the probability of Compton
scattering is roughly half than for the photoelectric effect. The Compton scatterings
are clearly identified by the flat component dropping around 12 keV (B). For 59.5 keV
gamma ray, the Compton edge corresponding to the maximum energy transferred to
an electron is at 11.2 keV. The peak C is due to X-rays coming from the sphere itself.
The sphere is made of stainless steal, so mainly iron. The interaction of photons
occurring within the metal shell excite atoms which de-excite by the emission of a 6.4
keV X-ray. This characteristic X-ray is proper to each atom. For example, copper
de-excitation produces 8.1 keV X-rays which are useful calibration, and are discussed
in the next chapters. Finally, the continuous spectrum between the peaks is due to

cosmic muon and surface electrons coming from the inner surface of the sphere.

3.1.3 Neutrons

Like photons, neutrons carry no charge and therefore cannot interact in matter
through the Coulomb force. The interaction of neutrons with matter is only through
the strong nuclear force. Neutrons must come within ~ 10~ cm of the nucleus before
any interaction can happen. This makes neutrons very penetrating particles. They
can travel several centimeters inside a medium without interacting, making them al-
most undetectable in a detector of comparable size. When a neutron interacts, it may

happen through a variety of nuclear processes depending on its energy [53]:
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Elastic scattering from nuclei A(n,n)A: This is the principal mechanism of
energy loss for neutrons in the MeV region. During the process a part of the
kinetic energy of the neutron is transferred to the nucleus and the velocity and
direction of the neutron changes. The average energy loss will be 2E, A/(A+1)?
where F, is the initial kinetic energy of the neutron and A the mass number of
the nucleus. This means that to reduce the kinetic energy of neutrons, material
rich in hydrogen A = 1 like polyethylene are the most efficient with a mean

energy loss of E,,/2 per collision.

Inelastic scattering A(n,n')Ax,A(n,2n')B, etc: In this reaction, the nucleus is
left in an excited state which may later decay by gamma-ray or some other form

of radiative emission.

Neutron capture n+(Z, A) — v+(Z, A+1),(n/p), (n,d), (n,a), (n,t), (n, ap), etc.:
In general, the cross section for neutron capture goes approximately as 1/v.
Where v is the velocity of the neutron. Absorption is most likely at low ener-

gies.
Fission (n, f) Again this is most likely at thermal energies.

High energy hadron shower production. This occurs only for very high energy

neutrons with £,, > 100 MeV.



3.1. INTERACTION OF PARTICLES WITH MATTER 52

3.1.4 Ionization yield

The ionization yield is defined as the fraction of the energy released by a recoil in a

medium through ionization compared with its total kinetic energy.

EeVee
F = 3.15
Q EeVnr ( )

Where QF corresponds to the ionization yield (Quenching Factor), Eevee the en-
ergy released through ionization and E.y,. the total energy of the nuclear recoil
(Eevir > Eevee). Knowing the ionization yield of a detector is a key parameter to
determine the energy deposited by the elastic scattering of a WIMP on a target
nuclei and convert the energy measurement in electron equivalent recoil (eVee) to
nuclear recoil (eVnr). This measurement is being done using the COMIMAC [54] ion

beam or a neutron produced by a TANDEM accelerator.

Geant4 for simulation of energy deposition

Simulation of the detector starts with the simulation of the energy deposition of
particles crossing the detector. It is done with Monte Carlo methods handled by
the software Geant4. Monte Carlo methods are numerical techniques for calculat-
ing probabilities and related quantities by using sequences of random numbers [55].
These methods are often used to solve a problem with no analytical or very complex
solutions. GEometry ANd Tracking (Geant4) [56] is an open-source toolkit devel-
oped by an international collaboration of laboratories and research institutes. The
software is developed in the C++ object-oriented programming language. It allows

for the simulation of the propagation of different particles through the geometry of
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a detector. In a Geant4 simulation, primary particles are produced one by one and
transported through the various regions of the geometry by a series of steps. The
length of a step is determined by the physics process. At the beginning of each step,
the different processes registered for this particle type suggest a step length and the
shortest suggested length is taken. If a process involves energy loss, the energy is
deposited at that point. If a process produces secondary particles, they are simulated
if their expected range in the given material is at least the minimum required range;
otherwise, their energy is deposited. All particles are tracked until they have no more
kinetic energy, disappear by a reaction or leave the detector geometry. To save time
and make the simulation more efficient, the information given by Geant4 is saved
only for steps occurring in a given volume of interest. In the case of the SPC, the
sensitive volume is given by the volume of gas enclosed in the copper sphere. There
is no standardized output format with Geant4. Several options are possible such as
ROOT or ASCII files. For the simulation done in the context of this thesis work, the
raw output from Geant4 was printed in ASCII files before being treated with ROOT
programs. For each step inside the gas volume, information (such as the position, the

energy deposited, the particle kinetic energies...) are printed in the output file.

Geant4 requires at least three inputs: a description of the geometry of the de-
tector (G4 VUserDetectorConstruction), a list of the particles and physics processes
(G4 VUserPhysicsList), and a primary particle generator (G4 VUserPrimaryGeneratorAction).
In addition to these three classes, a class based on step (G4 VUserSteppingAction) is

used to print the results of the simulation for each step.
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There is no fixed set of physical processes that are automatically included in a
Geant4 simulation. The user has to select all types of particles and processes involved
in the simulation. One way is to build a class selecting all particles and processes.
Another way is to select one of the pre-defined reference physics lists. For the NEWS-
G experiment, we used the pre-defined Shielding Physics List. The different particles

and processes taken into account are described below [57]:

-Photon:
e~ /et pair production is implemented by the Bethe-Heitler model with the LPM
effect at high energies and Compton scattering is implemented by the Klein-Nishina
model. The photo-electric effect and Rayleigh scattering are both handled by the

Livermore models.

-Electrons and Positrons:
Multiple Coulomb scattering is handled by the Urban model from 0 to 100 MeV
and by the WentzelVI model from 100 MeV to 100 TeV. This is combined with
the single Coulomb scattering model, which is applied for large-angle scattering.
Bremsstrahlung is implemented by the eBremSB model and the eBremLPM model,
which takes into account the LPM effect at high energies. The Moller-Bhabha formu-
lation models ionization, and positron annihilation is implemented by the eplus2gg

model.

-Muons:

Multiple Coulomb scattering is handled by the Wentzel VI model combined with the
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single scattering model at all energies, and by the eCoulombScattering model at all
energies. The MuBrem model handles Bremsstrahlung. Ionization is implemented by
several models depending on energy and particle type. From 0 to 200 keV, the Bragg
model is used for ™ and the ICRU73Q0 parameterization is used for p~. Between
200 keV and 1 GeV, the BetheBloch model is used for both u™ and 1, and from 1
GeV to 100 TeV, the MuBetheBloch model is used for both p* and p~. The muPair-

Production model handlese™ /e~ pair production caused by either pt or p~.

-Alpha and Ions:
Only two EM processes are applied. Multiple Coulomb scattering is implemented by
the Urban model at all energies. For alphas Bragg ionization is performed below 7.9
MeV and BetheBloch ionization above. For generic ions, Bragg is used below 2 MeV
and BetheBloch above.

-Neutrons:
Neutrons of 20 MeV and lower use the High Precision neutron models and cross-

sections to describe elastic scattering, inelastic scattering, capture and fission.

3.2 Gaseous proportional counter

Section 3.2 presents the functioning of the proportional counter. All properties men-
tioned in this section are common to all proportional counters independently of their

geometries. The functioning of the detector is briefly illustrated by figure 3.8.



3.2. GASEOUS PROPORTIONAL COUNTER 56

E Field [V/m]
10°

10*

H 10°

Figure 3.8: Schematic view of the spherical proportional counter and detection prin-
ciple.

When particles interact in the gas volume, they ionize some gas, inducing the
emission of a primary electron (1). The number of primary electrons produced de-
pends on the gas properties: its ionization potential and the mean energy to create
one ion-electron pair (W-value). Under the influence of the electric field, the primary
electrons drift toward the anode at the center of the sphere (2). During the drift,
they diffuse such that they reach the sensor at different times. Typical drift times
vary from ps to ms depending on gas pressure and composition. When primary elec-
trons reach the amplification region, within ~ 100um around the anode, the strong
electric field gives them sufficient kinetic energy to produce secondary ion-electron
pairs, creating a charge avalanche (3). The signal is then induced by the motion of

the secondary ions toward the cathode (4).
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3.2.1 Primary ionization

When a particle passes through the detector, it dissipates energy and produces
electron-ion pairs inside the gas by the processes described in the previous sections.
These primary electrons can be energetic enough to ionize other gas molecules. By
summing all their contributions, we recover the total energy deposited and then the
total number of ion-electron pairs. This number is related to the mean ionization

potential of gas molecules composing the medium:

W = ﬁff?) (3.16)

W is the mean energy to create one ion-electron pair, AF is the total energy deposited
in the medium and n;(AFE) the number of ion-electron pairs produced. The W value
is always greater than the ionization potential I of a gas. It is because not all the
energy dissipated goes to ionization, but also other mechanisms, such as excitation.
The W value increases with decreasing ionizing particle energy due to the fact that
in low energy region, the ratio of the ionizing cross-section to the cross-section for
the non-ionizing process becomes smaller. The W-value also depends on the kind
of ionizing particle due to the different cross-section ratio between ionizing and non-

ionizing interactions for every particle type inside a certain medium.
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First ionization potential [eV] W-Value [eV /ion pair]

Gas Fast electrons Alpha particles
Ar 15.7 26.4 26.3

He 24.5 41.3 42.7

H, 15.6 36.5 36.4

Ny 15.5 34.8 36.4

(02 12.5 30.8 32.2
CHy 14.5 27.3 29.1

Table 3.1: W values for different gases for electrons and alpha particles [58].

In addition to the mean number of ion-electrons pairs formed by each incident
particle, the fluctuation in their number for incident particles of identical energy is
also interesting. These fluctuations set a fundamental limit on the energy resolution
that can be achieved in any detector based on ionization. In the simplest model, the
formation of each ion-electron pair can be considered as a Poisson process. Therefore,
the total number of pairs formed should be subject to fluctuation, characterized by a

standard deviation equal to the square root of the average number of pairs formed.

3.2.2 Thermal diffusion of charged particles

In the absence of an external electric field, ions and electrons released in a gas behave
like neutral molecules. The properties of particles under such conditions are described

by the classic kinetic theory of gases. The probability for a particle of energy ¢ at the
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absolute temperature T, is given by the Maxwell-Boltzmann law:

F(e) =2 ert (3.17)

where k is Boltzmann’s constant. The Maxwell-Boltzmann law is shown on figure 3.9
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Figure 3.9: Energy distribution of ions and electrons at normal conditions (7' =
293.15K)

The average thermal energy is obtained by integration over the distribution ey =
ET. Under normal conditions, €7 ~ 0.025eV. The corresponding distribution of

velocities v for a particle of mass m is:

lwo

m 2 _mo?
f(v):47r<27TkT> Ve B (3.18)
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The average value of v is then given by:

8kT
U=\ — (3.19)
Tm
and its most probable value by:
2kT
UVMP — — (320)
m

A localized charge distribution diffuses symmetrically by multiple collisions following

a Gaussian distribution:
dN N —g2
- = e 1Dt 3.21
dx Var Dt ( )

where z is the distance from the creation point, ¢ the time elapsed and D the diffusion

coefficient. The standard deviation of this distribution is given by:
o, = V2Dt (3.22)

3.2.3 Drift and diffusion of ions in an electric field

Under the action of an electric field E, ions acquire a net motion along the direction
of the field. Along their path, ions are subject to elastic scattering. Because of their
high mass, their diffusion is very weak. As a result of a large number of collisions,
the drift velocity of ions is quickly saturated. The average velocity vy of this slow
motion is proportional to the electric field or to the reduced electric field £/ P where
P is the gas pressure, up to a very high value of ' (Fig 3.10). We call this constant
factor the ion mobility:

(3.23)

H=F
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The value of the mobility is specific to each ion moving in a given gas, values for
several gases are summarized in table 3.2. It is proportional to the temperature and

inversely proportional to the gas pressure through the expression:

u(P.T) = ——u(Fo, Tp) (3.24)

A constant mobility is the direct consequence of the fact that, up to high fields, the

average energy of ions is almost unmodified.
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Figure 3.10: Drift velocity of several ions in their own gas as a function of the reduced
electric field [52].
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Gas Tons Mobility [em?V~—!s™!]

He He™ 10.40 +£0.10
Ne Ne* 4.144+0.2
Ar  Art 1.535 £ 0.007
Kr Krt 0.96 + 0.09
Xe Xet 0.57 £0.05

Table 3.2: Mobilities of various noble gas ions in their parent gas [59].

The relationship between mobility and diffusion coefficient is given by the Nernst-

Townsend formula [52]:

_ M (3.25)

Ions drifting for a time ¢ over a length z diffuse with a probability distribution given

by equation 3.22 with a linear standard deviation along the drift direction:

2kT x
=\ —— 2
Or =1/ — (3.26)

3.2.4 Drift and diffusion of electrons in an electric field

On the microscopic scale, electrons drifting through a gas are scattered on the molecules
so that their direction is randomized in each collision. Under the action of an electric
field E, between two collisions, in addition to their instantaneous velocity v;, the elec-
trons acquire a net motion in the direction of the field with a drift velocity vg equal to
its acceleration along the field, multiplied by the average time that has elapsed since
the last collision [60]:

Vg — —T (327)
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where 7 is average time between two collisions. The drift velocity v, is much smaller
than the instantaneous velocity v;. This extra energy, on average is lost during
collision. There is a balance between the picked up and the energy lost during collision.

For a drift distance x the mean number of collisions n is given by:

z 1
- - 3.28
n T (3.28)

The energy balance along the path of length z is given by:

nf(e)e = ebx (3.29)

where f(€) is the average fractional energy loss per collision. The average time be-
tween collision 7 can be expressed in term of cross section ¢ and the number density
N:

= No(e)v; (3.30)

1
€= —meu; (3.31)
2
From these considerations, we can derive the two equilibrium velocities
2 ek f(e)
= 3.32
Va meNo(e) Vo 2 (3:32)
E 2
2= (3.33)
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As long as € is below the excitation levels of the gas molecules, the scattering is elastic
and f(e€) is approximately equal to twice the mass ratio of the collision partners. It is
on the order of 10~ for electrons. In a gas mixture composed of several components 1,
the effective cross-section and fractional energy loss per collision have to be calculated

from the properties of individual component:

o(e) = Xn;o;(e) /N
o(€)A(€) = S \i(€)oi(e) /N (3.34)

As a result of multiple collisions with gas molecules giving a randomly oriented ve-
locity, electrons diffuse spreading the initially localized charge cloud. The size of the
cloud depends on the gas and also strongly on E due to the increase of the electron
energy. To take this into account, the Nernst-Townsend formula can be modified by

introducing the phenomenological characteristic energy €, name defined by:

_ eED(e)
€ = oaE) (3.35)

Then, the linear space diffusion over the drift distance x can be written as:

2¢;, x

- (3.36)

Oy =

3.2.5 Electron loss effect

Two phenomena can lead to a loss of electrons and, therefore, a degradation of the

signal. First, when a positive ion and a negative electron collide, they might recombine
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to form a neutral atom releasing a low energy photon. The recombination rate can

be written as:

B dn™ _dn”

- - —antn
R, = o o =ann (3.37)

with nt and n~ respectively the ion and electron concentration and alpha the recom-
bination coefficient. Recombination is not a critical effect under the influence of an
electric field, because the charges are strongly separated by the field.

The second and more problematic cause of electron loss is the electron capture by a

molecule having electron affinity creating a negative ion.
e +M— M~ (3.38)

Assuming p the fraction of electronegative pollutant in the gas and A the electron
mean free path, the number of collisions per unit time of an electron with the elec-

tronegative molecules is vgp/A and the probability of attachment is:

hv;p 1
S 3.39
)\Ud )\c ( )
where A, is the mean free path for capture defined by:
m Vd
Ae =4/ =— 3.40
2¢ Nhpoe ( )

and h the probability of attachment per collision. The loss of electrons along a drift

distance zx is then:

T e/ (3.41)
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Our primary concern is the contamination of oxygen and water vapor. Figure 3.11
shows the fraction of electrons surviving after 20 cm drift in two gas mixtures as a
function of the oxygen content. The value of h, frequency of collision, and average

attachment time for these two contaminants at normal conditions are given in Tab 3.3.
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0

Ar-CO, (80-20)
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Figure 3.11: Fraction of electrons surviving after 20 cm drift in two gas mixtures, as
a function of the oxygen contamination. (E =200V /cm) [52]

Gas h N [s71] th [s]

O, 25x107° 21x10" 1.9x10°"
H,O 25x107° 2.8 x 10" 14x 1077

Table 3.3: Electron attachment probability, frequency of collisions and average at-
tachment time for oxygen and water vapour at normal condition [52]
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3.2.6 Charge multiplication

When the energy of a drifting electron exceeds the ionization potential of an atom

or molecule of the medium, bound electrons can be ejected producing an ion/electron
pair while the ionizing electron continues its path. Then, both primary and sec-
ondary electrons can ionize more gas molecules leading to an exponential increase
of ion/electron pairs known as a Townsend avalanche. A is the average distance an
electron has to travel before having an ionizing collision; its inverse, & = 1/\, is
known as the first Townsend coefficient and represents the number of ion/electron
pairs produced per unit length. It is related to the ionization cross-section through
the expression:

a=No (3.42)

where N is the number of molecules per unit volume. The Townsend avalanche results
in charge amplification. The amplification process occurs at high electric field, close
to the anode. Figure 3.12 shows the dependency of the Townsend coefficient with
the strength of the electric field, and Fig 3.13 shows where the secondary ion-electron
pairs are created. The avalanche starts roughly at 100 gm around the anode and the

number of pairs created rises exponentially as we approach its surface.



3.2. GASEOUS PROPORTIONAL COUNTER 68

Townsend coefficient
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Figure 3.12: Simulation of the Townsend coefficient. The detector is a 60 cm diameter
sphere filled with Ne + 0.7%CH,4 at 3.1 bar with a 6 mm diameter sensor
biased at 2520 V.
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Figure 3.13: Simulation of the radius where secondary ion-electron pairs are created
by 50 primary electrons reaching the sensor. The detector is a 60 cm

diameter sphere filled with Ne + 0.7%CH, at 3.1 bar with a 6 mm
diameter sensor biased at 2520 V.
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Consider one electron released in a uniform electric field. After a path 1/«, one
ion/electron pair will be produced. The two electrons continue to drift, and after
another mean free path 1/«, they create two more ion/electron pairs and so on. If

ng electrons initiate an avalanche, the number of ion/electron pairs after a path dx is

given by:
dn = noadz (3.43)
Integrating over a path length x:
n = noe®” (3.44)
The ratio
G=—2 = (3.45)
o

represents the charge multiplication factor and is also called the ‘gas gain‘. In the
general case of a non-uniform electric field, « is a function of the position. The
multiplication factor along a path between coordinate x; and x5 can be obtained as

follows:

G = ¢lel @ (3.46)

A simple approximation of the parameter « is given by [52]:
= Ae B% (3.47)

where A and B are constants depending only on the gas mixture. This formula shows
the dependence of a on the electric field and the pressure explicitly.

Gain fluctuations can be caused by many different processes such as pressure variation,
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geometrical imperfection or attachment. If we want to determine the mean number N
of ions in the total avalanche, we sum over the probability P(n) of getting n electrons

in the individual small avalanches.

N =n1+ny+n3+..+n; (3.48)

where each of the independent variables n; has a distribution function P,. If the
number £ of initiating electrons is large, the central limit theorem of statistics applies.
If the mean of P(n) is called @ and the variance is 02, the central-limit theorem states

that in the limit & — +oo, P(N) is Gaussian:

1

oV 2T

P(N) =

exp [(N — N)?/207] (3.49)

For a large number of primary electron k, the exact shape of P(n) is not needed for
the distributions of avalanches. For low energy events, and especially single-electron
events, P(n) is defined by the Polya distribution [61]

P = vy G 6

n

The variance of the Polya distribution is given by:
0" = ——" (3.51)

The shape of the Polya distribution is driven by the value of the parameter 6 (Figure
3.14 ), from an exponential distribution for # = 0 to a Gaussian distribution for

0> 1.
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Figure 3.14: Polya distribution for different values of the parameter 6

The probability distribution function of secondary electrons created by N primary

electrons is given by the N convolution of the Polya distribution [62]

N
N n _ (14 6)(+9) (NO+N-1) 140 T(i +i0)T(1+6)
Froiya (ﬁw) - ( T(1+6) (ﬁ) 8 H TG+ 1+ (i+1)0)

(3.52)

As shown on figure 3.15, for large value of N, the Polya distribution tends to a

Gaussian distribution.



3.2. GASEOUS PROPORTIONAL COUNTER 72

N™ convolution of Polya distribution 6=0.3
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Figure 3.15: N*" convolution of the Polya distribution.

In some gas mixture, such like Ne and CHy4, the avalanche is amplified by Penning
transfer [63]. This effect occurs when during the avalanche, Ne* atoms with excitation
energy higher than the ionization potential of the CH4 will ionize it, increasing the

number of secondary ion-electron pairs.

3.2.7 Simulation of electron drift

The simulation of the drift of electrons in gas and an electric field relies on two software
packages. The first one, COMSOL multiphysics, allows for a detailed description of
the electric field within the detector. The second one, Magboltz,models the properties
of electron motion such as drift velocity, diffusion and Townsend coefficient at a given

electric field.
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COMSOL Multiphysics

COMSOL Multiphysics is a general-purpose simulation software for modeling de-
signs, devices, and processes in all fields of engineering, manufacturing, and scientific
research [64]. The AC/DC Module add-on of the COMSOL Multiphysics platform
provides a wide range of modeling features and numerical methods for investigating
the electromagnetic field by solving Maxwell’s equations. For our purpose, COMSOL
is used to produce a detailed map of the detector’s electromagnetic field. Figure 3.16
shows the meshing used by COMSOL to compute the voltage and electromagnetic
field in the detector volume, equipotential lines, and the direction of the electric field,
determined for a 30 cm diameter detector with a 3 mm diameter sensor biased at

1750 V and supported by a grounded rod.

Figure 3.16: Left: Meshing used by COMSOL to compute the voltage and magnetic
field in the detector volume. Centre: Equipotential lines. Right: Electric
field direction.
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Magboltz

Magboltz is a software developed by S.F. Biagi [65]. It models electron transport in
gas mixtures. Magboltz allows for the calculation of drift velocity, diffusion, Townsend
coefficient, and electron attachment. These parameters are determined by numeri-
cally integrating the Boltzmann transport equation, simulating an electron bouncing
around inside a gas. After each collision with the gas molecules, the position, energy,
and direction of the electron is updated. The solution of the Boltzmann equation

converges to equilibrium after 107 collisions.

3.3 Specification of the SPC

The Spherical Proportional Counter was developed by loannis Giomataris in 2006
[5] at the Commissariat a I’Energie Atomique (CEA) in Saclay, France. The first
prototypes were made by converting old Large Electron-Positron Collider (LEP) ac-

celerating cavities (Fig 3.17) into SPCs.

3.3.1 Detector description

The detector consists of a grounded metallic spherical vessel filled with gas. The
anode is a small ball made of metallic or resistive material, on which a positive high
voltage is applied, placed at the center of the sphere and supported by a grounded
metallic rod. The electric field varies with the inverse of the distance from the anode
squared (1/r?) and is highly inhomogeneous along the radius. The large variation of
the electric field, from the sensor to the sphere, divides the detector volume naturally
into two regions. Most of the detector volume is the drift region. Electrons produced

in this region drift towards the sensor. Within a few hundreds of pm around the
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Figure 3.17: Accelerating cavity from LEP converted into SPC.

anode, electrons enter the amplification region. In this small region, the electric field
is strong enough to accelerate electrons above the ionizing potential of the gas, and
an avalanche occurs (Sec 3.2.6). Figure 3.8 briefly describes the functioning of the

detector.

3.3.2 The ideal electric field

The angular isotropy of the electric field is a crucial parameter for the optimal op-
eration of an SPC. Although the spherical symmetry is broken by the presence of
the grounded rod, this section describes the ideal electric field. The effect of the rod
on the detector response is discussed later. In the ideal case where a potential V' is
applied to the anode with radius 7, and the cathode of radius r; is grounded, the

anode ball contains an electric charge (). Gauss’ Law can be used to calculate the
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electric field inside the detector volume:
Y{E d5= ¢ (3.53)
S €

where € is the gas permittivity, of the order of 0.1 pF/cm. The integration around a

sphere of radius r gives:

Q 1
Elr)= —=—— .54
(r) 4dre r? (3.54)
Using £ = —VV, we have:
B B dr Q1 ot
By applying the boundary conditions V' (ry) = Vi and V(ry) = 0, we obtain:
1 1
Vi) =Vip (- - — 3.56
0 =vin (5~ ) (3.56)
with:
1 1 1
LR (3.57)
p T2 N
and
Q
Vo = .
0= Trep (3.58)

We deduce the capacitance of the detector from the previous equation:

C= % = 4dmep (3.59)
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This capacitance of less than 1 pF, is a remarkable property of the SPC. Notice this
value is independent of the size of the spherical vessel, a big difference compared to
the parallel plate detectors where the capacitance is proportional to the surface of
the detector. Its very low value gives the detector a very low intrinsic noise. Finally,
the electric field can written as:

BE(r) = %p (3.60)

3.3.3 Response of the detector, induced pulses

Jacques Derré developed the formalism of the pulse formation in 2007 [66]. After
the drift of primary electrons, the signal is induced by secondary ion-electron pairs
produced during the avalanche. Since the avalanche occurs within a few pm around
the anode, the electrons are collected quickly within a few ns. The positive ions travel
a longer distance during a much longer time. The induced pulse is then mostly due
to the motion of secondary ions; the contribution of electrons is negligible. The signal
induced by an avalanche created at a time ¢ = 0 can be calculated analytically for the
case of the ideal electric field. The ion mobility in the gas u is taken as independent

of the electric field but inversely proportional to the pressure P:

r=7 (3.61)

where 1 is the mobility at 1 atmosphere and is on the order of 2 - 10 %cm?V—tus=1.

By definition:
1 dr
E(r) dt

w= (3.62)
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Replacing E(r) by equation 3.60:
ridr = adt (3.63)
with:

Ve
a= ,uofop (3.64)

Integration of equation 3.63 on the drift range gives:

r t
/u2du:/ adt (3.65)
[ 0

The ions arrive at the time ¢ at the distance r given by:
r(t) = (3 + 3at)3 (3.66)

By substituting equation 3.66 into equation 3.56, we can derive the potential at a

point where an ion is at ¢

1 1
V(t)=Vop |(Bat +73)75 — — (3.67)

(8]

The duration of the ion drift corresponds to r = ry:

3 3
rE— Ty

tmax = 3.68
" (3.68)
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The ion drift time is long, typically a few seconds. Now we apply the Shockley-Ramo

theorem to compute the charge on the anode induced by the motion of ions:

E(r)
d ind = — ionsd

(ind Gonstlr =7

E(r)

d ind — ~ {ions ionsdt—

(ind ionsV v
AQina = —qionsuEdtr—pQ (3.69)

dt

innd - _Qionsapﬁ

dQuna = —Gonsep (3 + 3a) % dt

By integration over time, we get the charge pulse given by the detector for an

avalanche created at time ¢y = O:

1 1
ind — ions 3.70
Q d q P [T2 (T;’ 30(25)% ] ( )

We can remark that at the maximum ion drift time t,,,, given by equation 3.68, which
is the duration of the detector pulse, the induced charge is equal to sum of charges

on the avalanche:

Qind = —(ions (371)

Now we can derive the expected shape of the induced signal by taking into account
the pre-amplifier response. As the transfer function of the pre-amplifier, we can take
an exponential:

A=e! (3.72)
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The electric signal given by an avalanche created at ¢ = 0 is then given by the

convolution of the detector response by the amplifier transfer function:

t .
S(t) = / A(t—u)ded(u)du (3.73)
0 du
t 4
() = ~awaape "™ [ " (1 + 3a0)  du (374)
0

We can now derive the expected signal for a point-like energy deposition such as
from photon conversion. The N primary electrons reach the anode with a temporal
dispersion o due to the longitudinal dispersion the electron cloud during its path in
the gas. The total signal Sy, is the convolution of each individual amplified signal

and the dispersion o:

N t
1 u?
Stot = E S;(t —u)e2zdu 3.75
ot — 210 J_in ( ) (3.75)

The signal induced by the motions of charges in the sphere decreases and returns to
equilibrium before t,,.,, the time taken to positive ions to reach the cathode due to
the time constant 7 of the pre-amplifier. ¢,,., is on the order of few seconds while 7
is on the order of tens of us. Figure 3.18 shows the induced charge and the output
voltage from a single electron. For this example, the detector is a 60 cm diameter
sphere filled with 3 bars of neon with a 3 mm radius sensor biased at 2520 V. The
signal is read through a pre-amplifier with a time constant of 140 us. With such

conditions, ty.x &~ 8.5, is much larger than the time constant of the pre-amplifier.
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Induced charges and output voltage by one electron
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Figure 3.18: Induced charge and output pulse of a single electron.

3.3.4 Charge induced by electrons and ions

The Shockley—-Ramo theorem states that in a system of a stationary conductors,
the charge induced on a conductor ¢ by a unit charge moving from point A to B is
¢ = Vs — Va4 where is V is potential assuming 1 V on the conductor ¢ and 0 on
the other. Following their creation within a few pum around the anode, electrons
experience a small potential difference and induce a negligible charge compared to
ions that travel from all along the radius of the sphere, from the potential V4 to the
ground. In SPCs, the signal is predominantly induced by the motion of ions. In the
example of the simulation of the avalanche in Fig 3.13, 96.9% of the induced charge

is from ions and 3.1% from electrons.
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3.3.5 Ballistic deficit

The ballistic deficit is the loss of output signal amplitude due to the interplay between
the finite charge collection time in a detector and the characteristic time constant of
the amplifier [67]. When the time constant of the amplifier is much smaller than the
total drift time the ions t,,.x, the amplitude of the output signal does not correspond
to the total charge produced during the avalanche. This effect biases the amplitude of
the output signal, especially when the signal is induced by several primary electrons
reaching the sensor at different times. Figure 3.19 shows the induced charge (red)
and output voltage (blue) created by two electrons reaching the sensor with a time
difference of 200 ps and producing the same number of secondary ion-electron pairs

integrated by a pre-amplifier with a time constant of 140 us.

Induced charges and output voltage by two electrons
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Figure 3.19: Induced charge and output pulse of two electrons.

We see that the total amplitude of the pulse is not simply double the amplitude of

the signal induced by one electron (B < 2A). In such conditions, we can not rely on
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the amplitude of the pulse to determine the energy deposited in the gas. The pulses
need to be treated to obtain a value directly proportional to the energy deposited in

the gas.

3.3.6 Pulse treatment

As mentioned in the previous section, the amplitude of the recorded pulses can be
biased by the transfer function of the pre-amplifier shorter than the time taken by
secondary ions to fully induce the current. The solution is to treat raw pulses to take
into account the transfer function of the pre-amplifier and the shape of the current
induced by ion motion. The processing of the pulses is shown in Fig 3.20. The
example shows a laser-induced pulse where three electrons reach the anode. This
event comes from a run taken with a 30 cm diameter sphere filled with 500 mbar of
Ar + 2%CH,. The sensor is a 3 mm ball biased at 1900 V. The raw pulses (upper
left) are first smoothed by a trapezoidal filter and then double deconvolved for the
pre-amplifier response (upper right) and the shape of the ion-induced (lower left)
current with a Fourier deconvolution method [68]. This produces a roughly Dirac
delta-shaped signal corresponding to the arrival time of primary electrons. The Dirac
delta shapes are then integrated (lower right). Two main parameters can be extracted
from the integrated pulses. The amplitude of the event is defined by the height of
the integrated pulse which is proportional to the energy deposited. The rise time of
the pulse is taken between 10% and 75% of the maximum height, and is related to

the spatial distribution of the energy deposition.
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Figure 3.20: (A) upper left: Raw pulse smoothed, (B) upper right: Pulse deconvolved
from the amplifier response, (C) lower left: Pulse deconvolved from am-
plifier response and ion induced current, (D) lower right: Integral of the
double deconvolved pulse.

3.3.7 Gain of the detector

The amplitude of the integrated pulses is related to the number of secondary charges
produced by the avalanches. This amplitude is expressed in ADU (Analog-to-Digital
Unit). The ADU measurements can then be converted to charge using the gain of the
pre-amplifier (Gp_a) and the gain of the digitizer (Gpig). The gain of the digitizer
is estimated by measuring the output signal with a 1 V test signal input. Knowing
these two parameters, it is possible possible to estimate the gain of the avalanche
using a calibration source. The number of secondary electrons Nsg producing a pulse

of amplitude A expressed in ADU is:

A
Nepe = ——— 3.76
BT T Gp_aGoie (3.76)
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Knowing the energy E that induced the pulses and the W value of the gas mixture,

the gain of the avalanche G,y is given by:

A w
Gav =

=" 3.77
Gp-aGpic (3.77)

3.3.8 Pulse shape discrimination

The combination of the rise time and amplitude allows for a fiducialisation of the
detector volume. The amplitude of the integrated pulse is proportional to the energy
deposited within the gas volume. The rise time of the pulses is correlated to the
spatial distribution of the energy deposition. For point-like energy deposition, the
rise time of a pulse is related to the dispersion of the arrival time of primary electrons
on the anode. For a point like deposition close to the sensor, the longitudinal diffusion
of electrons is smaller than for deposition close to the sphere, producing a pulse with
a shorter rise time. The rise time of track-like events is correlated to the difference
of drift time between the closest and farthest energy deposition from the sensor.
Figure 3.21 shows an example of pulse shape discrimination with the SEDINE detector
(Chapter 3.5 ) filled with 3.1 bar of Ne + 0.7%CH,4 and a 6 mm sensor biased at
2520 V. The events in rectangle A are tracks with a large rise time (high energy
and Compton scattering). Rectangles B and C containe point-like events originating
from the inner surface of the detector and the gas volume of the detector volume

respectively. A dark matter signal is expected to sit in rectangle C.
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Figure 3.21: Pulse shape discrimination: (A) Track-like events, (B) Point-like events
from the surface of the sphere, (C) Point-like events distributed in the
gas volume.

3.3.9 Electronic noise

Gas detectors can be seen as a charged capacitor of capacitance C' where a voltage V'
is applied. The charge @ on the anode is then given by () = C' x V. A noise voltage
will then induce a charge variation proportional to C. One of the main advantage
of the spherical geometry is its natural low capacitance. For such a geometry, the
capacitance is given by:

C(sphere = 47T€0P (378)

where € = 8.85 x 1072 Fm™! is the vacuum permittivity. A 60 cm diameter sphere

with a 3 mm radius sensor has a capacitance of Cgppere =~ 0.33pF. To compare the
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capacitance of a cylindrical and parallel plates detectors are given by:

2meg L
Ccylinder = 0
ln (Tout>

Tin

(3.79)

where L is the length of the cylinder, 7y, the radius of the wire and r.,; the radius of
the cylinder and

€A
Cplates = 07 (380)

where A is the surface of the plates and d the distance between them. We can
compare detectors with a similar volume of detection. For a sphere, with r; >> r2,
Csphere = 4mery does not depend on the volume but only on the size of the sensor.
With a 3 mm radius sensor, SEDINE has capacitance of Cgyhere = 0.33 pF for volume
of V~0.1m? A similar volume is obtained with a 1 m? parallel-plate detector
separated by 10 cm for which the capacitance is Cpjates = 88 pF. A similar volume
can be obtained with a 1 m long cylinder with a radius of 56 cm. Assuming the anode
is made of 10 um radius wire, the capacitance of the detector is Cgyiindger = 12 pF.
Depending on their dimension, cylindrical and parallel-plate detectorss would have a
capacitance two to three orders of magnitude higher than that of a sphere. A similar
perturbation external to the detector would have an impact two to three orders of
magnitude more important. The low noise level of the detector is clearly visible in
Fig 3.20 where the charge induced by a single electron is much higher than the charge

induced by the noise.
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3.4 Importance of the sensor and electric field corrector

The sensor is one of the key points of the detector. It induces the electric field in the
whole volume of the detector allowing for electrons to drift toward it and also creates
the high field region within a few tens of micrometers around it, where the signal is
amplified. The sensor is made of a tiny ball, from 1 to 6 mm in diameter where a
high voltage is applied through an insulated cable. The ball is usually made of iron
or silicon. The wire and ball are supported by a grounded rod. The ideal, spherical
geometry of the electric field is broken by the presence of the grounded rod as shown

in Fig 3.23.

Figure 3.22: The sensor used in SEDINE for the neon WIMP search run.
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Figure 3.23: Electric field lines in the SEDINE detector with 2520 V applied on a 6
mm sensor.

The anisotropy of the electric field results in a non-linear path for primary elec-
trons. Electrons drifting in the northern hemisphere, the hemisphere containing the
rod, have a longer drift time than those drifting in the southern hemisphere. The
anisotropy of the electric field close to the sensor (Fig 3.24), where the avalanche

occurs produces a gain that depends on the arrival position of the primary electrons

on the ball.
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Figure 3.24: Norm of the electric field at 0.1 mm (blue), 0.5 mm (green) and 1 mm
(red) form the sensor surface.

The presence of the grounded rod also produces temporal instability. At high
voltage, higher than the breakdown voltage of the gas mixture used, a spark between
the sensor and the rod can occur. This effect limits the voltage that can be applied
to the sensor and consequently, its gain. These different problems can be handled by
applying a second voltage on a so-called umbrella. The umbrella first insulates the
rod in order to avoid sparks with the ball. Second, applying a second voltage modifies
the geometry of the electric field and gives a more homogeneous detector response.
The choice of material is crucial. It has to have a large resistivity, to avoid any charge
accumulation which could disturb the electric field and induce sparks and to ensure a

fast evacuation of positive ions to avoid charge effect that makes the detector response
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correlated to the event rate. Several umbrella technologies have been tested. Chapter

5 summarizes results obtained with new sensors.

3.5 Discussion, SPC for dark matter search

The spherical proportional counter has several advantages for the search for dark mat-
ter. The combination of the significant amplification from Townsend avalanches and
its low natural capacitance and electronic noise allows for a very low energy thresh-
olds allowing the detection of single electron events. The pulse shape discrimination
allows for fiducialization of the detector volume, also allowing for the discrimination
of point-like and track-like events; WIMP induced signals are expected to be point-
like. The detector can be operated with different target material and especially low
A targets such as hydrogen. The target materials are affordable and commercially
available. The next two chapters focus on the background of SPCs for dark mat-
ter searches. These studies rely on the simulation of the detector and the radiation
surrounding it. The next chapter shows a comparison of the simulation and data
taken with SEDINE at the LSM, and the following presents an estimation of the
expected background in the next-generation detector. Chapter 6 finally presents the

development of new sensors.
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Chapter 4

Background of the SEDINE detector

4.1 Introduction

The SEDINE detector is a 60 cm diameter sphere made of commercially available cop-
per. It has been operated at the Laboratoire Souterrain de Modane in France since
2013. In 2015, the collaboration operated SEDINE for 41 days with a gas mixture
made of 99.3% neon and 0.7% methane and set a world-leading limit on WIMPs mass
and nucleon cross-sections for WIMP masses below 0.6 GeV /c? [47]. A presentation
of these results followed a detailed description of the detector and its shield. The pur-
pose of this chapter is to explain the background events observed during this run and
the different effects of electron attachment and non-homogeneity of the electric field
on pulse formation. During this run, the detector response was not perfect. The rise
time and amplitude correlation of the recorded pulses shows an electron loss effect.
In addition, the non-gaussianity of the 37Ar is a sign of a non-homogeneity of the
detector response (Fig 4.3). The electron attachment effect is simulated with Mag-
boltz, and the effect of the field anisotropy in the amplification region is determined

empirically. Once the detector response is known, it is then possible to estimate the
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effect of different contaminants in the detector and its surrounding environment on
the observed count rate and energy spectrum. These estimations are based on Geant4
simulation [56], and the different contaminations were measured or estimated from
the available data. The results of this analysis show a lack of events in the dark mat-
ter region of interest. This chapter concludes with a list of possible contamination

that could explain the missing events.

4.2 The SEDINE detector

The SEDINE detector is a 60 cm diameter detector made of ultra-pure NOSV copper.
It is placed in a cubic shielding made of 5 to 7 cm of copper, 15 cm of lead and finally
30 cm of polyethylene. The experiment is located at the Laboratoire Souterrain de
Modane (LSM), under ~ 1700 m of rock. Figure 4.1 shows the detector inside its

shielding seen for the top and a schematic view of the sphere and shielding.

(a) Top view of SEDINE (b) Schematic view of the shielding

Figure 4.1: The SEDINE detector and its shield
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4.3 First WIMP search run

In 2015, the detector was operated with a gas mixture made of 99.3% of Ne and
0.7% of CHy4 at 3.1 bar, corresponding to 280 g of target mass, for 42.7 days without
interruption. The sensor was made of a 6.3 mm silicon ball biased to 2520 V. A CAN-
BERRA Model 2006 charge sensitive pre-amplifier was used to read-out the signal.
A conservative analysis threshold was set at 150 eVee, above the trigger threshold
of ~ 36eVee, to ensure a ~ 100% trigger efficiency. Further on, a quality cut was
applied to reject events within a 4-second window after triggering to remove non-
physical events introducing a dead time resulting in 20.1% exposure loss. This cut
allows for suppressing spurious ”after pulses” sometimes observed after a physical
event. After the quality cut, we defined a preliminary Region Of Interest (ROI) in
rise time, 10 us — 32 us, and energy 150eV — 4000eV. Sideband regions were used
to determine the expected backgrounds in the preliminary ROI. The event rate mea-
sured in the 4000 eVee — 6000 eVee, energy range was used to extrapolate the expected
Compton background down to lower energy, assuming a flat recoil energy spectrum.
The sideband region was used together with the simulation to extrapolate the ex-
pected number and distribution of surface events leaking in the preliminary ROI. For
a total exposure of 9.7kg - days, 1620 events were recorded in the preliminary ROI.

The ROI was tuned by using a Boosted Decision Tree (BDT) [69]; a machine learning
algorithm which was trained with 10 simulated background events and signal events
for 8 different WIMP masses (from 0.5 to 16 GeV/c?). For each WIMP mass, the
events were classified as background-like or signal-like using the BDT score (ranging
between -1 and 1 respectively), resulting in a WIMP-mass-dependent fine-tuned ROI

in the rise time vs energy plane.
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For each WIMP mass and considering as candidates all the events observed in
the corresponding fine-tuned ROI, a 90% Confidence Level (C.L.) upper limit on the
spin-independent WIMP-nucleon scattering cross-section was derived using Poisson
statistics. The resulting exclusion limit is presented on Fig 4.2 as a solid red line, set-
ting new constraints on the spin-independent WIMP-nucleon scattering cross-section
below 0.6 GeV/c? and excluding at 90% C.L. a cross-section of 4.4 x 10737 cm? for a

0.5GeV /c? light DM candidate mass.
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Figure 4.2: Constraints on the spin-independent WIMP-nucleon cross section ver-
sus WIMP mass. The result from this analysis is shown as a solid red
curve [70].

4.4 Assessing the O, contamination and field anisotropy

The rise time and amplitude correlation observed during the "Ar calibration run
shows electron loss effect. Events with large rise times have lower amplitudes than

events with low rise times as shown in Fig 4.3. This can be explained by the capture
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of electrons by electronegative impurities. A good candidate for electron attachment
is oxygen. The possible Oy concentration is determined by simulating the drift of
primary electrons in a gas containing different levels of Oy (Fig 4.16). This calibra-
tion run also shows a non-gaussianity of the response of the detector. This effect is
understood to be due to the inhomogeneity of the electric field around the sensor.
This non-gaussianity can be simulated by an empirical method. A weighting factor
is applied to each simulated pulse depending on the arrival angle on the sensor. This

section describes the estimation of these two effects.

4.4.1 (O, contamination in the gas

After the physics run taken in 2015, we performed a calibration run using 3"Ar in the
same gas and voltage conditions. This isotope of argon is radioactive and decays by
electron capture with a half-life of 35 days. Capture from the K and L-shells release,
respectively, 2.82 and 0.270 keV X-rays. The calibration run lasted 16 hours and used

the same bias voltage and electronic readout as for the physics run.
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Amplitude vs rise time scatter plot of the Ar 37 calibration
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Figure 4.3: 2D histogram rise time vs amplitude of events recorded during the 16-
hour run of 3"Ar calibration. The strong correlation of lower amplitude
for larger rise time shows the presence of impurities in the gas.

Figure 4.3 shows the rise time vs amplitude of the recorded events. It is possible to
distinguish the two populations corresponding to the 0.270 and 2.82 keV events. The
histogram shows a strong correlation between rise time and amplitude, especially for
2.82 keV events. This correlation can be explained by the presence of an impurity in
the gas. Events with longer rise time were induced by decays occurring far from the
center of the sphere giving a higher probability for a primary electron to be absorbed
by an electro-negative impurity, resulting a pulse with a smaller amplitude. This
effect can be reproduced on simulation by adding oxygen contamination to the gas

mixture property used by Magboltz.
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Figure 4.4: Effect of the Oy contamination on the rise time vs amplitude correlation
for 37 Ar simulation: (a) 0 ppb; (b) 5 ppb; (c) 10 ppb; and, (d) 20 ppb

Figures 4.4 show the effect of oxygen contamination of the gas mixture on sim-
ulated 37Ar events. As expected, adding more oxygen increases the rise time vs.
amplitude correlation. It is now possible to estimate the oxygen contamination of the
gas mixture by measuring the slope of the rise time vs. amplitude correlation. The
distributions of amplitudes for different slices of rise-time are fitted with a Gaussian
function for which the mean value is represented on Fig 4.5 by black dots. Then,
the coordinates of the mean value for each rise time slice are fitted with function
rise time = a x amplitude + b, the red line on Fig 4.5. The fit parameters obtained

are given by a = —3.3 £ 0.1 x 10?2 and b = 3.71 £ 0.03 x 10°.
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Fit of the ampltiude vs rise time correlation of the *Ar data
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Figure 4.5: Fit of the amplitude vs rise time correlation of the 3"Ar data,

The same procedure was applied to simulations with different oxygen contami-
nations. Figure 4.6 shows the relationship between the slope of the amplitude vs.
rise-time correlation and oxygen contamination. The contamination presenting the
closest slope to the one observed on the data is 16 ppb. For the next detector, the
presence of electronegative impurities will be limited by an Oxy-Sorb filter installed

in series with the gas cylinder and monitored with a residual gas analyser.



4.4. ASSESSING THE O, CONTAMINATION AND FIELD
ANISOTROPY 100

Slope of the amplitude vs rise time correlation vs oxygen contamnation
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Figure 4.6: Relationship between oxygen contamination and amplitude vs risetime
correlation for 3"Ar simulation. The oxygen contamination showing the
closed slope to the one observed on data is 16 ppb.

4.4.2 Electric field anisotropy in the avalanche region

Another issue affects the amplitude of the recorded pulses. The gain of the detector
is driven by the strength of the electric field within less than 1 mm around the anode
ball. For the data taken in 2015, the SEDINE detector used a 6.3 mm silicon ball
anode (Fig 4.7).
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Figure 4.7: 6.3 mm Si sensor used in SEDINE.

Under these conditions the electric field is not homogeneous and isotropic both
around the sensor and within the volume of the sphere (Fig 4.8). The electric field is

modelled using the finite element software COMSOL.

(a) Equipotential in the (b) Electric field around

volume of the detector the sensor

Figure 4.8: The electric field structure of SEDINE.
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Electric field norm vs polar coordinate at different distance from the anode surface
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Figure 4.9: Norm of the electric field at 0.1 (green), 0.5 (red) and 1 mm (blue) from
the surface of the sensor. 6 = m/2 corresponds to the direction of the
wire.

As shown in Fig 4.9, the electric field is not isotropic around the sensor due to
the presence of the wire to support it. The electric field is almost constant in the
lower part of the sensor (for @ in [—7/2,0]) and decreases as we reach the upper
half of the avalanche volume (@ in [0,7/2]). The weaker field affects the gain of the
avalanche for primary electrons reaching this upper half of the sensor, producing
lower amplitude pulses. This effect has to be taken into account to reproduce the
non-gaussianity of the 37Ar spectrum. Although it is difficult to accurately simulate
the behavior of electrons in the real electric field, this effect has been modelled by an
ad-hoc parametrization of the gain with respect to the angle of arrival of the primary

electron. The weighting factor tested is shown in Fig 4.10.
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Weighting factor of the gain vs arrival angle of primary electrons
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Figure 4.10: Weigthing factor of the gain vs arrival angle of primary electrons.

The weighting factor vs angle of arrival of primary electron are defined by the
function

WF = Mazimum(0,1 — P x Maximum/(6,0)) (4.1)

where P is a parameter driving the slope of the factor for the positive angles of
arrival. The correct weighting factor allowing for simulating the anisotropy for the
gain is found by comparing the ratio of the Root Mean Square (RMS) by the mean
value p of the energy spectrum of the 2.8 keV peak. The figure 4.11 shows the 2.8

keV energy spectrum of the data, with a ratio RMS/u = 0.33 £ 0.003.
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Energy spectrum of the 2.8 keV peak of *’Ar data.
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Figure 4.11: 2.8 keV of the 3" Ar data with a ratio RMS/u = 0.33 4+ 0.003

We applied the same procedure to the simulation with different weighting factors
defined by the parameter P (Eq 4.1, Fig 4.10). The figure 4.12 presents the ratio
RMS/u as a function of the parameter P. From this figure, we can deduce that for
P=0.3, the RMS/p ratio is equal to 0.33.
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Effect of the anisotropy of the electric field on the shape of the simulated SAr energy spectrum
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Figure 4.12: Effect of the field anisotropy on the shape of the simulated 2.8 keV peak
of the 37Ar.

The purpose of this section was to find the parameters to take into account the
possible impurity present in the gas and the inhomogeneity of the electric field. Com-
paring the slope of amplitude vs. rise-time correlation and the RM S/u ratio for data
and simulation allowed us to deduce an oxygen contamination level and a function

that describes the inhomogeneity of the gain.
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Comparison of the ampltiude distribution for data and simulated SAr 2.8 keV peak.
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Figure 4.13: Comparison of the amplitude spectrum of data and simulation of the 2.8
keV peak of the 37Ar.

Comparison of the rise time distribution for data and simulated *’Ar 2.8 keV peak
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Figure 4.14: Comparison of the rise time spectrum of data and simulation of the 2.8
keV peak of the 37Ar.

The figures 4.13 and 4.14 show the reasonable agreement between data and
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simulation both for the rise time and amplitude distribution. The discrepancy at low
rise time can be due to the choice of the baseline noise, coming from the background
run, added to the simulated pulse. We now know good parameters to add to the
simulation to reproduce the data. These parameters are used in the next sections to

compare simulation and data.

4.5 ?22Na calibration, physical events selection

In addition to the calibration done with 3" Ar, we performed a calibration with a #?Na
source. 22Na decays by 3% emission into ??Ne in an excited state. The excited neon
decays to the ground state by emitting a 1275 keV ~ [71]. This source produces =y
induced events from the 1275 keV ~ and also from 511 keV ~ from the annihilation
of the positron with an electron of the surrounding material. Those v rays are a very
useful calibration source because they produce events throughout the whole volume
of the detector, with a typical rise time vs. width distribution (where the width of
a pulse is define as its width at half height). This distribution is shown in Fig 4.15
left. Physics events have widths between 86 and 500 us and rise time between 9.6 and
350 ps. Outside this window, the events are electronic noise (Fig 4.16(c)), amplifier
response to non-physical current, or physical events on top of a very noisy baseline

(Fig 4.16(d)).
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Figure 4.15: Rise time vs. width of the #2Na calibration.
(a) (b)

(c) (d)

Figure 4.16: Example of pulses in different rise time and width windows: (a) physical
event; (b) physical event; (c) noise, (d) physical events on noise

Figure 4.15 right shows the simulation of the ??Na calibration. The simulation
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reproduces the rise time vs. width distribution.

4.6 Background of the physics run

The purpose of the rest of this chapter is to give an explanation of the events observed
during the run used to set the dark matter limit described in Section 4.3 and published
in 2017 [47].

4.6.1 Calibration

The run was calibrated using the 8.1 keV X-ray fluorescence of the copper. Selecting

volume events, with rise time lower than 30us, a clear excess of events is visible

(Fig 4.17).
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Figure 4.17: Calibration of the physics run with the 8.1 keV X-ray fluorescence.

The fit shown on Fig 4.17 gives a mean value of 1.55 & 0.04 x 10*. The W-value of
the neon is 36 eV. With a digitizer gain of Gpjg = 48120 ADU/V, and a pre-amplifier
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gain of Gp_a = 235nV /e~ we can estimate the mean gain of the avalanche to be 6090
secondary ion-electron pair per primary electron. The conversion factor for ADU to
keV is then 1913 ADU /keV. Figure 4.17 presents a fit of the 8.1 keV peak with a cut
for amplitude lower than 1000 ADU. Figure 4.18 shows the volume events without
energy threshold cut, scaled by the conversion factor determined previously. The
event rate increases by roughly two orders of magnitude for events below 500 eV.
No simulation done with Geant4 reproduces this rise of the rate for very low energy

events. The rest of this chapter focuses on events with energy above 500 eV.
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Figure 4.18: Volume events energy spectrum

4.6.2 Copper

The contamination of 33U, 232Th decay chain and “°K in the copper were measured
with a high purity germanium detector (HPGe). The upper limit on 23U and 23Th

were estimated respectively by counting gamma-rays from 2?®Ra and ??*Th. Such a
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method did not give a precise measurement but only the upper limit due to the back-
ground of the detector and the low activity of the isotope to be measured. Table 4.1

presents the upper limit of the activity of different elements present in the copper.

Isotope | Activity [mBq/kg]
88U <0.016
22Th <0.012
K <0.11

Table 4.1: Upper limit on the contamination of the NOSV copper [72]

In addition to the long-lived elements present in the copper, it is activated by
exposure to cosmic rays. Neutron interactions in copper produce several isotopes.
The main concern is ®°Co due to its long half-life of 1925.8 days. The production
rate of ®°Co at sea level was estimated to be 97.4 atoms/kg/day [73]. Such activation
brings a saturation activity of 1.1 mBq/kg. The history of the copper shielding is not
well known, but it was stored several for several years underground. In 2015 we can
assume its activity to be roughly 25 uBq/kg. This amount corresponds to one year of
exposure to cosmic ray followed by ten years of cooling. Similarly, the copper of the
sphere itself has not been tracked from its production to the delivery of the sphere
underground. To obtain an idea of the impact of its contamination, we estimated 6
months of total exposure of the copper above ground. The sphere was delivered at
the Laboratoire Souterrain de Modane in 2012. The physics run was taken in 2015.
So, assuming 6 months of activation and 3 years of cooling the ®°Co activity during
this run was approximately 41 uBq/kg. Similarly, with a production rate of 88.3

atoms/kg/day, 6 months of activation, and 3 years of cooling, the activity of 5"Co
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in the copper is 9 uBq/kg. Figures 4.19 and 4.20 show a comparison of the event
rate of data and simulations of the radioactivity of the copper sphere and copper
shielding. We can remark that the contamination of the copper sphere does not bring
a substantial contribution to the background rate. The contribution of the copper
shielding is strongly dominated by the presence of the %°Co. It could be responsible
for approximately 10% of the total event rate. These two figures show clearly that the
background is not dominated by the contamination of the copper. Also, it is essential
to keep in mind that the activity used to scale the simulation are an upper limit for

238U, 232Th and “°K. Their contributions are likely lower.
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Figure 4.19: Comparison of volume events data and simulation of the copper sphere
contamination.
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Figure 4.20: Comparison of volume events data and simulation of the copper shielding

contamination.

4.6.3 Lead shielding

The sphere and the copper shielding are enclosed in cubic lead shielding. Five walls

are 15 cm thick and one 10 cm. The lead composing the lead shielding has not

been tested for 238U, 232Th and “°K as the copper.

To estimate the impact of its

contamination on the background, we used to activity measured on the lead used for

the next detector (see next chapter). The results are presented in the following table.

Isotope | Activity [mBq/kg]

2381 0.079
232Th 0.009
K <1.46

Table 4.2: Upper limit on the contamination of the lead.
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During lead refining, 28U and 232Th are mostly removed, but the lead isotopes
are chemically separated and remain in the lead brick at the end of the process. This
implies a substantial activity 2'°Pb, from the 23¥U chain, in the lead shielding. The
210Ph activity of the lead was measured by a germanium counter at the LSM and is
37.4 +4.32 Bq/kg.

Figure 4.21 shows a comparison of the background induced by the contamination
of lead shielding and the surrounding gamma flux. The contribution of the lead

shielding is strongly dominated by the presence of the ?'°Pb decay chain.
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Figure 4.21: Comparison of volume events data and simulation of the lead shielding
contamination.

4.6.4 Surrounding rock

Finally, the background estimation takes into account the radioactivity of the rock
surrounding the laboratory. The gamma flux from radioactive elements present in the

rock was measured to be 125 & 4 x 1073y ecm? s~ for the 1460 keV 7 from “°K and
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42 + 7 x 1073y ecm? s7! for the 2614 keV v from 28T1 decay. Figure 4.22 shows the
comparison of the background induced by the surrounding gamma flux and the data.

The surrounding gamma flux contribute to a few percent of the total background

event rate.
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Figure 4.22: Comparison of volume events data and simulation of the surrounding
gamma flux.

4.6.5 Summary on first estimation of the background events

The figure 4.23 shows a comparison of the data (red) and the sum of the sources
of background described previously (black). The background understood with these
simulations is mainly due to the contamination of the lead shielding (gray) followed
by the gamma rays form the rock (green), the copper shielding (orange) and finally

the copper sphere (blue).
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Figure 4.23: Comparison of volume events data and simulation of the lead shielding
contamination and surrounding gamma flux.

It is evident that the sources of background listed above only contribute a small
fraction of the total background observed. At low energies, between 1 and 5 keV,
the average event rate is 29 events/keV/kg/day, where the sum of the simulation
is only 8.1. At lower energy, between 500 eV and 1 keV the event rate is 50
events/keV /kg/day where the sum of all the background sources is 9.6. The next

section describes other sources of background beyond others already mentioned.

4.7 2%Pb in the copper

In the previous section, we showed that several background sources present in the
copper, the lead, and the rock surrounding the detector do not explain the observed
background. As daughter of 228U, 219Pb was assumed to be in equilibrium and there-
fore be a negligible component. Gamma ray spectroscopy using high purity germa-

nium detectors has a limit of 120 mBq/kg for detecting ?'°Pb by measuring the 46.6
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keV de-excitation after its decay to 21°Bi. However, in May 2017, K. Kobayashi from
the University of Tokyo presented the first measurement of the ?'°Pb and ?'°Po ac-
tivity in bulk copper using a low background alpha particle counter [74]. The result
shows that the equilibrium of 23U is highly broken. The 2!°Pb activity in OFC cop-
per lies between 17 and 40 mBq/kg, three orders of magnitudes higher than the 23%U
activity. The 2!°Pb contamination is understood to be a residual of an electrolysis
process [75]. As the SEDINE detector is made of copper and surrounded by a copper
shielding the 2'°Pb decay chain in the copper is a promising candidate as a primary
source of background. In addition to the contamination in the bulk copper, the sur-
face of the detector is also contaminated with 2!°Pb from exposure to the air of the
laboratory polluted with ?22Rn. The following sections first present estimates of 2°Pb
activity in both the copper bulk and inner surface of the detector and second shows

the impact of these contaminations on the background of the experiment.

4.7.1 Assessing the ?'°Pb contamination

By running the detector at a lower voltage, with a lower gain, it is possible to estimate
the alpha rate from the inner surface and the bulk of the copper sphere. Alpha
particles from the surface of the detector are fully reconstructed at 5.3 MeV and
those coming from the copper bulk are degraded and deposit less energy in the gas

(Fig 4.24).
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Figure 4.24: Schematic of 2!°Pb decay in the copper surface and bulk.

Shortly after the physics run, we took another run with the same gas conditions
and acquisition but with a lower voltage, 2200 V. Figure 4.25 shows the rise-time
vs. amplitude scatter plot where the ballistic deficit and attachment are corrected
ad-hoc. The rise time distribution can be divided into two parts, higher and lower
than 47 ps. Alpha decay from an isotope fixed on the inner surface of the detector
produces events with rise times higher than 47 us. Events with rise times lower than
47 ps are induced by ?*Rn decay in the gas volume (orange ellipse). Events with
rise-time higher than 47 us and amplitude higher than~ 19000 AU are induced by
218P¢ (blue ellipse). Finally, the events in the red box are a mixture of *Rn in the

gas and ?'°Po decay on the inner surface and within the bulk of copper.
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Rise time vs amplitude scatter plot of the alpha run
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Figure 4.25: Rise time vs, amplitude scatter plot for a low voltage run.

Figure 4.26 shows the spectrum of events with rise time higher than 47 us (red)
and lower than 47 us (blue). These two distributions can be used to determine the

different activities:
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Alpha run energy spectrum
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Figure 4.26: Energy distribution of the low-gain run. The blue crosses show the
spectrum of ?*?Rn (events with rise time lower than 47 us) and the red
curve shows events with rise time higher than 47 us, induced by 2*?Rn,
218Pg and 2!Po.

e 28Po: The events induced by the decay of 2'®Po have energy higher than 5.8
MeV on the red curve of Fig 4.26. During the 92 hour-run, 34 events were
detected in this region. We can assume that only half of the 2!¥Po are detected
because half of the decays produce alpha particles directed toward the gas, and
other half are directed toward the copper sphere. The activity of 2!8Po is then
0.2 + 0.04 mBq.

e 22Rn: The events in the orange ellipse in Fig 4.25 are induced by #2Rn. 52
events populate this area. However, due to the short half-life of 2'8Po compared
to ?*2Rn, both are in secular equilibrium. We should expect 68 events from

222Rn, twice the amount of events from 2'**Po. However, 2*2Rn decay occurring
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close to the surface and where the alpha particle is emitted along the radius of
the sphere produces events with rise-time higher than 47 pus — thus implying

that the red box of Fig 4.25 contains 16 events from ?2?Rn.

210Po: We find 2'°Po on the inner surface and in the bulk of the copper sphere.
The activity on the inner surface is estimated by integrating the number of
events between 4.8 and 5.8 MeV on the red curve of figure 4.26. Taking into
account the 16 events from ?*?Rn, and the fact that again half of the emitted
alpha particles are not detected, the activity of ?'°Po on the inner surface is
1.8 £ 0.1mBq. The bulk activity can be estimated by first counting the num-
ber of events in a given range and relating this number to activity with the
help of a Geant4 simulation. Between 2.5 and 4.8 MeV, the number of al-
pha particles observed is related to the bulk activity with a conversion of 249
(a/cm?/h)/(Bq/kg). Thus, the 107 events observed can be converted to an
activity of 26 + 3 mBq/kg . This result is in good agreement with the activity
measurement by Abe et al [74], however it suffers from large uncertainties. The
roughness of the surface of the detector can affect the measurement. The range
of a 5.3 MeV alpha particle in copper is about 10 pm. Alpha particles emitted
from the surface may deposit energy in a few um of a copper asperity and be
reconstructed with an energy lower than 4.8 MeV and appear to come from the

bulk.

4.7.2 Estimation of the impact of the ?'°Pb contamination

Following the estimation of the 2!Pb quantity on the inner surface of the detector

and the copper bulk of the sphere, we can estimate the impact on the background of
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the detector. We assume the ?!°Pb activity in the copper of the shielding to be the

same as in the copper of the sphere.
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Figure 4.27: Comparison of volume events data and simulation of the 2!°Pb activity.

Figure 4.27 shows a comparison of the data and simulation of the different contam-
inations of 2!°Pb. The violet curve represents the sum of the ?'°Pb contamination on
the inner surface, the copper sphere, and the copper shielding. At low energy, in the
500 eV to 1 keV range the rate is 8.0 + 1.2 events/keV /kg/day. This total contribu-
tion of the 21Pb contamination in the sphere and copper shield is strongly dominated
by the activity of the copper sphere (orange for 2'°Bi, blue for 2'°Pb) and the 2!°Ph
in the inner surface. Finally, the thick black curve on Fig 4.27 shows the sum of all
the contributions listed in the two previous sections. This total contribution does
not reproduce the observed background. The simulated background is lower than the
observed one. The observed background drops for energy higher than roughly 25 keV

where the simulated background continuously decreases. Sevral hypothesis for the
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missing background are explored in the next sections.

4.8 ?2°Rn in the gas mixture

The presence of ??2Rn itself in the gas mixture is not a problem because it decay
in the volume are fully reconstructed and does not populate the low energy region.
However, its daughters 2'¥Pb is left charged and drift toward the sphere to be plated
on its surface. Figure 4.28 shows the volume events background induced by the ?*?Rn
daughters. Due to the very short half-life of the 2!*Po (164.3 us ), it was simulated
together with the 2'Bi. The 0.2 mBq determined in section 4.7.1 bring a negligible

background contribution in volume events compare to other sources.
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Figure 4.28: Comparison of volume events data and simulation of the **2Rn plated
on the inner surface of the sphere.
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4.9 Surface events and high energy events

This study of the background focused on volume events with rise times lower than 30
us. Before trying to figure out what else could induce the observed background, it is
useful to look at the other rise time regions to cross-check the validity of the previous

simulations.

4.9.1 Surface events

Volume events are mostly induced by Compton interaction distributed in the gas
volume. Surface events originate mostly from charged particles coming from the
surface of the sphere and the bulk of copper. These charged particles can be created
by alpha or beta decay or by the interaction of photons with the copper. Due to their
large dE/dx, charged particles deposit their energy close to the surface of the sphere
and produce events with large rise time because their primary electrons drift further

towards the anode.
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Rise time vs amplitude of background run
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Figure 4.29: Rise time vs. amplitude 2D histogram of the background run. The two
lines delimit the surface events region.

Figure 4.29 shows the rise time vs. amplitude 2D histogram of the background
run. An apparent accumulation of events appears for rise times between 30 and 50
pus. Figure 4.30 shows a comparison of the spectrum of background surface events
and simulations. We can remark that this spectrum is dominated the presence of the
210p}h decay and particularly the 2'°Pb deposition on the inner surface of the detector
(cyan). Between 20 and 26 keV, we can observe an accumulation in the simulation
of the °Po (green) on the inner surface. This accumulation is due to the recoil of
206Ph after an alpha decay. The 2°°Pb recoils with an energy of 103 keV. However, the
deposited energy is affected by the ionization yield. In addition, primary electrons
emitted close to the surface travel through the whole detector radius and suffer a
large electron capture. The addition of the electron capture and the ionization yield
show events much attenuated. The ionization yield was estimated to be 44% with

the software SRIM. The recoils of 2°Pb should appear around 45 keV. The data
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shows an accumulation around 30 keV. The missing energy is correlated to electron
capture. The difference between the data and the simulation can be explained by an
underestimation of the quenching factor or an overestimation of attachment. Finally,

unfortunately, the simulation does not reproduce the rise of events below 2.5 keV.
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Figure 4.30: Comparison of surface events data and simulation.

4.9.2 High energy events

At energies greater than ~ 30 keV, an electron from a Compton interaction has a
long enough path length to produce track events. The rise time of the events is
not dominated by the diffusion of the electrons along their path but the closest and
farthest primary electron from the sphere center. Figure 4.31 shows the rise time vs.
amplitude 2D histogram of the background run in the whole rise time and energy
range. We remark that for high energy events, the detector response is highly non-
linear in energy. The accumulation around 130 keV is the alpha particles, mainly

from the decay of 2°Po on the inner surface of the detector. Those events should
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appear at 5.3 MeV.
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Figure 4.31: Rise time vs. amplitude 2D histogram of the background run extended
in the whole energy range.

This non-linearity of the energy response of the detector at high energy is not fully
understood. Several factors can cause such behavior such as, electron attachment due
to the presence of oxygen. However, an attachment strong enough to attached almost
98% of the primary electrons would have a dramatic effect and low energy events
studied in the two previous sections would be barely detectable. A second possibility
is the ionization yield. However, an estimation of the ionization yield with SRIM for
5.3 MeV alpha in the gas mixture shows a yield of 99.8%. A way too small amount
of the energy is dissipated through phonon to explain this non-linearity. The third
explanation is a screening effect during the avalanche process. For high enough energy
events, with a large enough dispersion of the arrival of the primary electrons, the
avalanche induced by the first electrons screens and reduce the electric field. Primary

electrons that arrive later produce smaller avalanches, reducing the total amplitude
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of the induced pulse. This effect can not be added to the simulation by ad-hoc
parametrization. However, Fig 4.32 shows the simulation of different contaminations
producing track events with rise times higher than 50 us. Again, the background in
this region is strongly dominated by the 21°Pb decay chain, especially by the decay

of 19Bi in the copper sphere bulk (orange).
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Figure 4.32: Comparison of track events data and simulation.

4.10 Conclusion and hypothesis on other background sources

Table 4.3 shows the event rate observed at all energies for the three regions of the
rise time distribution. The simulation properly reproduces the rate for surface and

track events but not for volume events.



4.10. CONCLUSION AND HYPOTHESIS ON OTHER
BACKGROUND SOURCES 129

Rate data [mHz| | Rate simulation [mHz|

Volume 2.6 1.3
Surface 3.0 3.8
Track 9.3 10.1

Table 4.3: Events rate measured and simulated.

4.10.1 The rod

Although it is placed inside the sphere, due to its low mass (40 g) compared to
the sphere, the background induced by the rod is negligible. Assuming the same
contamination as the sphere, its contribution is hundreds of times lower. The sim-
ulations of the 23¥U decay chain down to 2!°Pb with the same contamination give
1.1 x 107" events/keV /kg/day between 500 eV and 1 keV from the rod and 0.036
events/keV /kg/day from the sphere, 1.2 x 107 from the rod and 0.053 for the *3*Th

and 0.013 from the rod and 3.63 form the sphere for the ?!°Pb decay chain.

4.10.2 '“C on the inner surface of the sphere

Some evidence shows that all surfaces are covered by a carbonaceous contamination
overlayer [76] 2 nm thick. The inner surface of the sphere being 1.13 m?, the car-
bonaceous volume is about 4.5 x1073 cm?. The density of carbonaceous compounds
are of the order few g/cm?® (2.93 g/cm? for Al,Cy and 3.16 g/cm? for SiC). Assuming
half of the mass of the compound is made of carbon, the carbon quantity on the
inner surface is roughly 7 x1073 g. Assuming this carbon to be in equilibrium with
atmospheric *C production, its activity on the inner surface of the sphere is roughly

1.6 mBq (1.4 x 10°nBq/cm?). Figure 4.33 and 4.34 show a comparison of the data,
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the simulation of 4C on the inner surface of the detector and the sum of all other
background simulations. Although this simulation suffers from a large uncertainty
on the activity, we can conclude that the *C on the inner surface of the detector
does not strongly contribute to the background of the volume events. However, this
contamination could be a significant contribution to the surface background but giv-
ing the estimated contamination. The sum of *C and other contaminations seem to

overestimate the total rate.
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Figure 4.33: Comparison of *C simulation and data for volume events.
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Figure 4.34: Comparison of 1*C simulation and data for surface events.

4.10.3 3H in the gas mixture

Exposure of neon to cosmic rays can result in the production of *H. The production
rate was estimated to 228 + 16 atoms / kg /day [77]. This activation is a problem
for two reason. First the 3H is a long-lived isotope with a half-life of 12.32 years.
Second, *H decays by beta emission with a Q-value of 18.58 keV [78]. So, *H decay
in the gas will produce events in the same region as dark matter signal: low energy
events distributed in the volume. We do not know the history of the neon used for
the WIMP search run. However, assuming the cylinder was exposed to cosmic ray
for one year, given the production rate, the *H activity would be 0.14 4 0.01mBq/kg.
The 3H in the sphere is then 0.04 £ 0.003mBq. Figure 4.35 shows a comparison of the
simulation of 3H decay within the gas volume and the data. We see that one year of
exposure of the neon bottle is not enough to produce tritium in sufficient quantities

to explain the observed background. However, this is true if you consider the neon
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cylinder being free of tritium when it is produced, which is not necessary the case.
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Figure 4.35: Comparison of 3H simulation and data for volume events.

4.10.4 External gamma ray sources

The previous figures show that the event rate of the data (red) drops for energy
deposition higher than 25 keV. The volume events being mostly induced by gamma
rays, this pattern looks like a Compton edge induced by gamma ray of ~ 120keV.
This hypothesis can be tested by simulating a point-like gamma source placed on
the external surface of the sphere. Figure 4.36 shows the normalized spectrum of the
volume events from data and point-like gamma ray source placed on the outer surface

of the detector simulation.
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Comparison of data and spectrum of gamma point like sources
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Figure 4.36: Volume event spectrum of simulated point like gamma ray sources with
different energy.

An hypothesis for the missing 1.8 mHz of volume events is a 120 keV gamma
source with an activity of 2.1 Bq. Figure 4.37 shows the effect of such a source on
the background rate. The black curve shows the sum of all the other backgrounds,
the blue crosses the background induced by the source and the orange curve shows
the sum of both. Such a source allows for the reproduction of the rate at energies
higher than 10 keV but strongly increases the emission of 8.1 keV fluorescence from
the copper sphere. A 120 keV gamma ray source is a good candidate to explain the
missing background but is not sufficient. We have not identified a source candidate

for this radiation.
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Figure 4.37: Spectrum of a 120 keV point like gamma source with an activity of 2.1
Bq

4.11 Discussion

The table 4.4 presents the main sources of background estimated for the SEDINE
experiment.

This chapter presents a study of the background of the SEDINE detector. The
main information is that the background is dominated by the presence of the 21°Pb
decay chain on the surface and the bulk of the different material composing the
detector and its shielding and particularly the contamination of the NOSV copper
of the sphere. The analysis of this background run highlights several issues to be
improved for the next-generation detector. The presence of an impurity in the gas
causes electron attachment and degrades the signal. This effect can be estimated and
parametrized but has to be reduced for the future experiment. The inhomogeneity of

the electric field affects the signal; the use of a simple sensor limits the quality of the
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data. The development of better sensors inducing a homogeneous electric field and
fast evacuation of positive ions is a crucial point for the future experiment. Finally, a
better understanding of the background is essential. This can be achieved first with
an accurate measurement of the activity of all the components of the detector and its
shielding. Second, the main background is due to Compton interactions in the gas
volume. It is planned for the next detector to take several other runs with different
target gases with higher Z such as argon or xenon to increase sensitivity to gamma
rays and improve the understanding of this background. The next chapter presents
the estimation of the background of the NEWS-G detector at SNOLAB, and the last

one presents the development of new sensors.
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Chapter 5

NEWS-G at SNOLAB

5.1 Introduction

The next-generation SPC for dark matter searches is currently under construction.
The aim is to extend the sensitivity of the detection method by using a bigger detector
made of better material with a lower background level. In addition, new ways of
calibration, gas purification and data analysis have been developed to ensure the best
working condition and results extraction. This chapter presents the work done on the
background optimization. Reducing the background involved several tasks. First,
measuring the activity of the different contaminations. These measurements were
done on several materials including copper and lead, and were done using different
methods such as mass spectrometry and detection with high-purity germanium or
alpha counters. Second, each background contribution was estimated by simulation
using the software packages described in the previous chapter. This chapter will

present the techniques used to reduce the main background contributions.
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5.2 Detector description

Figure 5.1 shows the S140 detector and its shielding. The detector is a 1.4 m diameter
shell made of C10100 commercially available copper. The thickness of the sphere
is 10 mm and 0.5 mm of copper was plated on its inner surface. The sphere is
enclosed in a 25 cm lead shell. The lead shielding is composed of two shells made
of different types of lead. The main shell is made of commercially available lead.
The high contamination of 2!°Pb in such lead would create a tremendous amount of
background. The detector is protected from this background source by a 3 cm thick
shell of Roman lead with a much lower 2'°Pb contamination. The lead shielding is
enclosed in a 40 cm polyethylene shield to protect the detector from neutron radiation
coming from the rock surrounding the cavern. A glove box is placed on top of the
shielding. This box allows us to change the sensor without exposing the detector to
the air in the laboratory. The copper sphere is not in contact with the lead shielding.
To prevent background from the ?22Rn, the gap between the sphere and the shielding

is filled with nitrogen.
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Figure 5.1: Schematic view of the S140 detector.

5.3 The gas mixture

5.3.1 ?*Rn decay chain in the gas mixture

The presence of *2Rn within the gas mixture causes two problems. First the decay
of 222Rn and its daughters down to 2!°Pb creates a background directly during the
run being taken. Secondly the accumulation of 2'Pb with a long half-life of 22.3
years pollutes the detector for a long time. The decay of ???Rn is not a problem by
itself. The energy of the alpha emitted at 5.59 MeV is fully reconstructed and does

not produce low energy events. After its decay, its daughter 2'*Po is left charged and
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drifts toward the inner surface of the sphere where it is plated. Then, its decay and
daughters decay occur on the inner surface of the detector. Table 5.1 summarize the

sub-keV background induced by ?*?Rn daughters on the surface of the detector.

events/keV /kg/day <1 keV / Bq of 2*?Rn
214pp 323
21Bi 42 Po 127
Total 450

Table 5.1: Background induced by ??2Rn daughters on the inner surface of the detec-
tor.

The total contributions of these contaminations bring 450 events/keV /kg/day
below 1 keV per Bq of 22Rn in the gas volume. To keep this contribution below 0.05

dru, the 222Rn contamination of the gas mixture should not exceed 111 pBq.

5.3.2 3H decay chain in the gas mixture

During exposure to cosmic ray, *H is produced in neon cylinder. This activation is a
problem for two reasons. First the *H is a long-lived isotope with a half-life of 12.32
years. Secondly, *H decays by beta emission with a Q-value of 18.58 keV [78]. The *H
decay in the gas will populate the same region as the dark matter signal, low energy

events distributed in gas volume.
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Figure 5.2: Simulation of tritium decay in 2 bars of neon + 10% CHy mixture, event
rate expected for 1 Bq of 3H in the gas volume.

Figure 5.2 shows the simulated spectrum of tritium decay within the gas volume.
The event rate below 1 keV is 3940 dru / (Bq/kg). To keep this background con-
tribution lower than 0.05 dru, the 3H activity should not exceed 13 uBq/kg. With
a production rate of 228 £+ 16 atoms/kg/day of tritium in neon [77], and half-life of
12.32 years , this activity is reached after roughly 36 days of exposure of neon to

cosmic rays at sea level.

5.4 The inner surface

5.4.1 C

Assuming a similar contamination of a carbonaceous compound thick as in previous
chapter with an activity of 1.4 x 10?nBq/cm?, the *C activity on inner surface of the
detector would be roughly 8 mBq. Such contamination would bring an events rate of

7.7 dru for events with energy lower than 1 keV.
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5.4.2 ?°Pb decay chain

210Ph are deposited on surfaces exposed to air containing ?*2Rn. With 2'°Bi and with
210P¢ in secular equilibrium with the 219Pb, this decay chain would bring an event
rate of 2 dru per mBq deposited on the surface for events with energy lower than 1
keV. Taking into account the volume, 1.3 m® of the sphere and the 123.3 Bq/m? of
*2Rn in the SNOLAB cavern [79], one hour of exposure of the volume of the sphere
would bring a surface activity of 0.56 mBq, inducing an event rate of 1.12 dru for

events with energy lower than 1 keV.

5.4.3 Surface cleaning and glove box

The two previous estimates show the importance of the cleaning of the inner surface
of the detector. Although the *C and ?'°Pb decay chain produce surface events that
could be suppressed by a rise time cut, such backgrounds could strongly reduce the
performances of the detector. Before its installation in its shielding, the inner surface
of the sphere will be cleaned and passivated with a solution of hydrogen peroxide
and sulphuric acid [80], protected under nitrogen atmosphere. The passivation will
remove a few pm of copper from the surface bringing the contamination with solution.
Once the passivation is done, the inner surface of the sphere should never be exposed
to the air of the cavern to avoid any new deposition of 4C or 21°Pb. A glove box will
be installed on top the shielding to allow for changing the sensor without exposing

the sphere to the air.
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5.5 The copper sphere

5.5.1 Cosmogenic activation of the copper sphere

Time needed for material production, machining and transportation outside under-
ground laboratories must be minimized to ensure the lowest background. The pro-
duction rate R of an isotope by exposure to a flux ¢ of cosmic rays can be evaluated

as:

R=N / o(E)¢(E)dE (5.1)

where o is the production cross section and FE is the energy of the incident particle,
and N is the number of target nuclei. The production rate relies on two basic quan-
tities: the flux of cosmic rays and the cross section for isotope production. The main
hadronic component of cosmic rays is neutrons, so the production rate of isotope is
then strongly related to the cosmic neutron flux. This flux has been estimated by
several measurements of nucleon flux at sea level by Ziegler [81] and from several
measurement of cosmic-ray-induced neutrons on the ground across the United States
by Gordon et al. [82]. Figure 5.3 shows the differential neutron flux in New York city

estimated from Ziegler and Gordon et al.’s parametrisation.
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Figure 5.3: Differential neutron flux at sea level, [73]

The main radioactive isotopes produced in copper are **Co, "Co, 3¥Co, 5°Co,
%Mn, and *°Fe. The excitation function for all these isotopes have been estimated
with experimental data or by calculation. Experimental data was obtained using
proton beams irradiating natural copper target from a few MeV to a few GeV and
low energy (< 100 MeV) neutron beams [73]. Calculated cross-sections are available
from the MENDL libraries [83] and the semi-empirical Silberberg and Tsao formula
using YIELDX code [84]. The figure 5.4 shows the excitation function of ®°Co in

natural copper from different libraries.
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Figure 5.4: %°Co excitation functions in natural copper [73].

The following table presents the half-lifes and production rates of isotopes in

natural copper. The two different production rates are from the two neutron fluxes

shown in Fig 5.3.
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Half life [days]

Production rate atoms/[days™]

Ziegler Gordon et al
%Co 7.2 22.9 20.0
5Co 271.7 88.3 74.1
%8Co 70.9 159.6 123
%Co 1898 97.4 55.4
*Mn 312 32.5 27.7
e 44.6 6.5 4.9
46Sc 83.79 3.8 2.7

Table 5.2: Half-life and production rate of isotopes in natural copper [73].

Due to their different half-lives, and production rates, the concentrations of these

different isotopes will evolve differently. The following figures show the build-up

activity with time and the evolution of the activity after 93 days of exposure to

cosmic neutrons at sea level. These 93 days represents the estimated amount of time

the copper will spend at sea level before being brought underground.
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Figure 5.6: Activity of cosmogenically produced isotopes in natural copper after 3

months of exposure to cosmic ray at sea level.

The background induced by these seven isotopes was estimated by simulating de-

cays of each isotope randomly distributed within the 10.5 mm of thickness of the
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copper sphere. Knowing the half-life of the different isotopes, we can estimate the
evolution of the background rate with time. Figure 5.7 shows the sub-keV background
rate induced by each isotope and their sum. Starting around 3.5 events/kg/day for
sub-keV events, the rate drops below 1 events/kg/day after approximately six months.
Due to their short half-lives, the event rate is dominated by *Co and **Co. These two
isotopes rapidly decay and after a long period of time, the background is dominated
by the long-live isotope of *”Co and %°Co.

This section shows how much the exposure of material to the cosmic neutron flux
is a critical aspect of the experiment. We choose to estimate the background after
three months of exposure of the copper to cosmic neutron because it is approximately

the time needed for welding of the two hemispheres, pressure certification, and trans-

portation.
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Figure 5.7: Sub-keV event rate of cosmogenic induced background in the copper
sphere.

The neutron flux varies with altitude and is multiply by 1.8 at 795 m and 2.1



5.5. THE COPPER SPHERE 149

at 985 m [85]. The estimation of the isotope production and their backgrounds
are underestimated. However, during its manufacturing, welding and machining the
copper remained below an altitude of 200 m. So, this underestimation is much less

than a factor 1.8.

5.5.2 2°Pb decay chain, electro-plating

21Pb is a long-lived isotope (t1/2 = 22.2 years) which is in the ***U decay chain.
Although the contamination of 238U is expected in the range of few tens of uBq/kg
the equilibrium is highly broken at the level of 2!°Pb. The ?°Pb contamination in
commercial copper has been estimated by the XMASS collaboration to be in the range
of 17-40 mBq/kg using a low-background alpha particle counter [75]. A sample of the
copper used to make the sphere was measured with this method and shows an activity
of 28.5 4+ 8.1 mBq/kg. ?°Pb decay is followed by de-excitation and decay of *1°Bi.
All these processes can induce low energy events by emission of gamma rays, X-ray
or Auger electrons. In particular, the 3~ decay of 2'YBi produces a bremsstrahlung
X-ray. Figure 5.8 shows the radial position of the decays within the copper thickness.
As expected, due to their short range in copper the electron events originate within
the few first hundred pgm and gamma events are rapidly attenuated but can originate

from the whole thickness of copper.
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Figure 5.8: Position of the decays with the thickness of the copper sphere.

From the previous figure, we can deduce that most of the events are from decays
within the innermost few hundred pm of the sphere. This background can be strongly
reduced by plating pure copper on the inner surface of the detector. Figure 5.9 shows
the effect of having a layer of pure copper. The event rate below 1 keV from gamma
events distributed in the volume of the detector is reduced by respectively 62% and
70% with 500 um and 1 mm of pure copper plated on the inner surface. Thus, we
decided to electroplate 500 um of pure copper on the two hemispheres before welding

to form the sphere.
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Figure 5.9: Effect of the electroplating pure copper on the inner surface of the detec-
tor.

The electroplating was performed at the Laboratoire souterrain de Modane in
2018. The process relies on oxidation and reduction reactions. The reaction is driven
by an electric current. The current is passed from an inert anode through a liquid
solution containing the metal so that the metal is deposited onto the cathode. For
NEWS-G, the liquid solution is sulphuric acid (HySO4) with copper from a mixture
containing also CuSQ,. Under the electric current CuSO, splits to form Cu?t and
SO?™ that are respectively plated on the cathode and the anode. Figures 5.10 show a
schematic and a picture of the setup used to do the electroplating. Copper has a high
reduction potential of +0.34 V. All element with lower reduction potentials are left
behind during the plating. Elements of interest in our case are Uranium, Thorium,
and Lead with respectively reduction potentials of -1.64 V, -1.83 V and, -0.126 V are

not plated [86] [87].
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(a) Schematic of the plating process. (b) Picture of the plating set-up.

Figure 5.10: Electroplating procedure

The mass of copper deposited onto the cathode is proportional to the charge

delivered:
_m, [I(t)dt

M
zF

(5.2)

where m,. is the molar mass of the element, I(¢) the current as a function of time,
z the number of electrons transferred in reduction reaction (2 for Cu?*) and F' the
Faraday constant.

After the process, the amount of pure copper plated on the inner surface was estimated
to be 502.1 0.2 ym on the first hemisphere and 539.5 0.2 ym on the second. This
amount of pure copper, in addition to a contamination of 2!°Pb of 28.5 4- 8.1 mBq/kg
will resulting an event rate of 1.04 £ 0.38 events/keV /kg/day below 1 keV, 1.01 £ 0.33
events/keV /kg/day between 1 and 5 keV.

5.5.3 23U and **’Th decay chain

Uranium and thorium are present in the Earth’s crust as a relic from its formation.

Due to their long half-lives of 14.1 Gyr for 232Th and 4.5 Gyr for 238U, they are
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currently present in rock even 4.5 Gyr after the formation of solar system. Both
232Th and ?*®U decay by a-emission and are the beginning of a long decay chains.
The half-lives of all daughter isotopes are much shorter than the Gyr range of
232Th and ?%*U, so the secular equilibrium of the chain is often assumed. We consider
this for the 232Th decay chain, both in the copper of the sphere and the lead around
it. But, we do know that it is not true for ?**U. In both copper and lead, the
equilibrium is broken at the level of the 21°Pb. So in this section, we will consider
the whole decay chain of 22Th and the decay chain of 23*U between 23U and 2!°Pb
to be in equilibrium. The amount of 2*U and ?*?Th in the copper was measured
at the Pacific Northwest National Laboratory (PNNL) using an Inductively Coupled
Plasma Mass Spectrometer (ICP-MS). Eleven samples of copper were cut from a test
hemisphere with high-pressure water jet. The samples were cleaned to remove any oil
or lubricant and etched in nitric acid to remove the exposed surface of copper, rinsed
in de-mineralized water, and then were fully dissolved in nitric acid. Finally, the
samples were analyzed on an Agilent 8800s ICP-MS and quantified using an isotope
dilution mass spectrometric method. Table 5.3 summarize the activity of ?32Th and

238U measured in eleven samples of copper.
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232, 2387]
Sample ID | Cu dissolved [g] | uBq/kg | £+ | uBq/kg | =+
News_Cu_1 2.0188 7.73 1016 | 1.99 |0.09
News_Cu_2 1.6628 27.5 0.3 5.60 0.18
News_Cu_3 2.2764 7.31 0.11 2.02 0.17
News_Cu_4 1.9258 12.8 0.1 2.70 0.11
News_Cu_5 2.9768 12.5 0.1 2.95 0.03
News_Cu_6 1.8886 7.08 0.05 1.85 0.09
News_Cu_7 4.5830 22.1 0.6 4.92 0.20
News_Cu_8 3.7314 10.0 0.1 2.30 0.11
News_Cu-9 5.8067 18.3 0.0 4.01 0.11
News_Cu_10 3.6778 13.3 0.2 3.57 0.10
News_Cu_11 3.6558 3.77 0.04 1.06 0.07
Mean 13 0.2 3 0.1

Table 5.3: Measure of 232Th and 2*8U activity in 11 copper samples.

The background rate of from these two contaminations was estimated by simulat-
ing the whole ?32Th decay chain and ?**U decay until 2!°Pb. Decays were randomly
distributed within the copper sphere with the innermost 500 pum layer free of any de-
cays. These two simulations show for #32Th, 0.075 £ 0.001 events/keV /kg/day below 1
keV and 0.069 4 0.001 events/keV /kg/day between 1 and 5. For 23U, 0.012 £ 0.0004
events/keV /kg/day below 1 keV, 0.011 4 0.0004 events/keV /kg/day between 1 and
5 keV.
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5.5.4 K

The °K activity in the copper sphere was not estimated by our collaboration. How-
ever, C10100 copper is a commercial component used by several experiments. The
NEXT-100 experiment, a double beta decay investigated the radiopurity of C10100
copper and found a contamination of 61 and 91 pBq/kg. A contamination of 91
1Bq/kg gives an event rate of 0.0145 events/keV /kg/day below 1 keV, 0.0145 events/keV /kg/day

between 1 and 5 keV.

5.6 The lead shield

The purpose of the lead shield is to protect the detector from backgrounds induced by
gamma ray in the cavern around the experiment. This background will be discussed
in the next section. The choice of lead as a shield material is because of its high
Z value (82) making it particularly efficient for stopping gammas. Its own intrinsic
radioactivity is a particular concern. Due to the presence of 23U and its decay chain
product in lead ores, the ?'Pb concentration is higher than 1 Bq/kg [88]. While
refining raw lead metal, a 2!°Pb concentration process is encountered. In fact, while
other radioactive nuclides which are not chemically affine to lead are segregated from
the slag, 21°Pb is concentrated. A large amount of 2'°Pb such as 24 Bq/kg [89] would
have a catastrophic impact on the background level of the experiment due to the
bremsstrahlung radiation and X-rays from 2°Bi. The solution to this problem is
to build the lead shield in two different shells; a first shell, 3 cm thick of Roman
lead and a second shell 22 cm thick made of modern lead. The Roman lead is lead
found in the sea, in a boat that sank roughly two thousands years ago. This time

corresponds to hundreds of half-live of the 2!Pb and decreases its activity by a factor
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2100 The material is essentially free of 2'9Pb. This section will be divided in two

sections focusing first on the shell of Roman lead and second on the shell of modern

lead.

5.6.1 The Roman lead shell
238U and #*?Th decay chain

Similarly to the copper of the sphere, we measured the 28U and 232Th of the archae-
ological lead with ICP-MS at PNNL. Table 5.5 summarizes the activity measured in

three samples of archaeological lead.

232 Th 238U

Sample ID | uBq/kg | + | uBq/kg | £

News_repl 13.6 0.3 66.7 8.4

News_rep2 5.2 1.7 29.1 6.0

News_rep3 8.4 1.2 37.9 8.6

Mean 9.1 1.8 44.5 7.7

Table 5.4: 22Th and 238U activity in 3 Roman lead samples.

In the same manner as for the copper sphere, the background rate from these two
contaminations was estimated by simulating the whole of the *2Th and 238U chains
until 2'9Pb, with decays randomly distributed in a 3 cm shell of lead surrounding the
detector. These two simulations show for 232Th, 0.025 + 0.005 events/keV /kg/day
below 1 keV, and 0.0161 £ 0.003 events/keV /kg/day between 1 and 5 and for 2**U,
0.14 £ 0.02 events/keV /kg/day below 1 keV and 0.09 £ 0.02 events/keV /kg/day be-

tween 1 and 5 keV.
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210Ph chain

The archaeological lead is free of 2!Pb from decay products of 23U chain originally
present in the lead ore. However, the EDELWEISS collaboration which use the same
Roman lead as us measured its 2'°Pb activity and set an upper limit of 120 mBq/kg
[89]. This result being an upper limit, it does not disagree with the assumption of a
210PY free lead. However, before being melted to form the shell for NEWS-G, the lead
bricks were stored for several years at the LSM. LSM air contains ??2Rn, so deposition
of 2'%Pb occurs on the surface of the bricks. Although we cleaned the surfaces of the
bricks before melting them, a contamination of a few tens of mBq/kg is possible.
Simulation of ?!°Pb randomly distributed in the lead volume is time consuming,
getting a significant sample of events this way is infeasible. The solution is to first
simulate decays of 2!°Pb and look at the particles which cross the inner surface of the
shield. Then we simulate this particle flux on the copper sphere. Figure 5.11 shows

the spectrum of gamma rays and electrons crossing the inner surface of the Roman

lead.
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Electron and gamma flux from 25 mBg/kg of #'°Pb decay chain in the roman lead
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Figure 5.11: Spectrum of gamma rays and electrons crossing the inner surface of the
Roman lead assuming 25 mBq/kg of 21°Pb.

Figure 5.12 shows the event rate estimated from the simulation of 2'°Pb and its
daughter distributed in the shell of lead (blue), electron (orange), and gammas ray
(red), from the spectrum showed in Fig 5.11. We can first remark that although the
electron flux from the lead is much higher than the gamma ray one, the contribution
of those electrons to the detector background is negligible. The two methods show
a good agreement. Finally, the expected background rate, with an upper limit on
the contamination at 25 mBq/kg is 0.14 events/keV /kg/day below 1 keV and 0.12
events/keV /kg/day between 1 and 5 keV.
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Background from 25 mBa/kg of 2'°Pb chain in the roman lead
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Figure 5.12: Comparison of the direct simulation of the 2!°Pb decay chain in the
Roman lead shell and simulation of gamma ray and electron flux crossing
it’s surface.

40K

As for the copper sphere, we did not measure the amount of *°K in the Roman lead.
However, its activity was investigated by the EDELWEISS collaboration which set an
upper limit of 1.3 mBq/kg [90]. From this we set an upper limit on the background
induced by the K in the Roman lead to 0.28 events/keV /kg/day below 1 keV and
0.23 events/keV /kg/day between 1 and 5 keV.

5.6.2 The modern lead shell

238U and #*?Th decay chain

The amount of 223U and 232Th in the modern lead were measured with the same

method as for the Roman lead, the results are shown in the following table.
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232 Th 238U

Sample ID | uBq/kg | + | uBq/kg | +

CNRS_repl 2.9 0.5 177 20

CNRSrep2 | <1.6 35 12

CNRS_rep3 22.6 3 24 10

Mean 9 2 79 14

Table 5.5: Measure of 22Th and 23®U activity in 3 modern lead samples.

The simulation of the 3?Th decay chain shows 0.025 4= 0.005 events/keV /kg/day
below 1 keV and 0.020 £ 0.04 and events/keV /kg/day between 1 and 5 keV. And the
simulation of the ?**U chain until 2'°Pb shows 0.17 £ 0.03 events/keV /kg/day below
1 keV and 0.13 £ 0.02 events/keV /kg/day between 1 and 5 keV.

210PhL chain

The 21°Pb activity in the modern shield was measured at the LSM using a germanium
counter. The data shows an activity of 4.6 + 0.02 Bq/kg. Similarity to 2!°Pb in the
Roman lead, a simulation giving good enough statistic would take too much time.
Instead we first simulate decays of 2!°Pb and its daughters randomly distributed
within the 22 c¢m shell of modern lead and record the flux of gamma ray reaching
the surface of the Roman lead. The recorded flux is then propagated through the
Roman lead, and the flux of gamma rays crossing its inner surface is recorded, to
be propagated toward the copper sphere. Figure 5.13 shows the gamma ray flux

reaching the outer surface and crossing the inner surface of the Roman lead shell.
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Gamma flux from 4.6 Bg/kg of 2'°Pb decay chain in the modern lead
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Figure 5.13: Gamma spectrum from the 2!°Pb dacay chain in modern lead on the
outer and inner surface the Roman lead shield.

The simulation of the flux from the inner surface of the Roman lead shell shows
an event rate of 0.053 4 0.0002 events/keV /kg/day below 1 keV and 0.055 £ 0.0002
events/keV /kg/day between 1 and 5 keV.

40K

As for the copper sphere and the Roman lead, we did not measure the amount of
40K in the modern lead. However, its activity was investigated by the XENON100
collaboration which set an upper limit of 1.46 mBq/kg [91]. This amount allows us
to set an upper limit on the background induced by the “°K in the Roman lead of
0.35 events/keV /kg/day below 1 keV and 0.26 events/keV /kg/day between 1 and 5
keV.
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5.7 The cavern environment

The previous sections presented an estimation of the background induced by the
material of the detector itself and shield surrounding it. The different layers of shield
aim to protect the detector from the radiation present in the environment around it.
Two kinds of radiation are coming from the rock of the Creighton mine: gamma rays
and neutrons. Both these particles are produced by the decay of isotopes from the
28U, 25U, and 2*2Th chains and from “°K composing the rock. The neutron and
gamma ray flux within the cavern and their impact on the background budget will be
discussed in the first two sections. In addition to radiation from the rock, ?2Rn from

the 28U decay chain is gaseous and can escape the rock to fill the air of the cavern.

5.7.1 Gamma rays

The gamma ray flux within the cavern can be estimated from the activity of 238U,
232Th, and *°K in the Norite rock surrounding SNOLAB. The rock contains 1.2%
potassium, 1.3 ppm of 23U and 3.3 ppm of 2*>Th [79]. These concentrations represent
0.04 Bq/kg of K, 13 Bq/kg of ?3*U and 15 Bq/kg of ?**Th. The gamma flux
within the cavern can be estimated by a simulation of these elements within a shell of
concrete 10 m thick with a 20 m inner radius, and by looking at gamma rays crossing
the surface of a 3 m radius sphere placed at the center of the cavity. Figure 5.14
and 5.15 represent the spectrum of gamma rays crossing the 3 m sphere and their
zenith angle. In that case, the zenith angle is the angle between the direction of the
momentum of the gamma when it crossed the surface and the vector normal to the

sphere surface at the point where the gamma ray cross the surface.
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Figure 5.15: Zenith angle of momentum of gamma ray entering the volume of interest.

Due to the high interaction rate of gamma rays with lead, simulating directly this
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gamma flux through the whole geometry and looking at the recorded events would
take too much time. The solution is to first simulate the gamma flux trough the
shield and record what crosses it and then simulate the attenuated spectrum onto the
copper sphere. Figure 5.16 shows the effect of the shield surrounding the detector.
The black curve represents the gamma flux in the cavern and the green curve shows
the flux attenuated by the polyethylene and the iron shell, reaching the surface of the
lead shield. This flux is propagated through 5 layers of lead, 5 cm each. The last
spectrum, the dark blue one is the final one to be propagated on the copper sphere.
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Figure 5.16: Attenuation of gamma flux through the shield.

The final simulation shows a sub-keV event rate of 0.0084 events/keV /kg/day and
0.0095 events/keV /kg/day between 1 and 5 keV.

5.7.2 Neutrons

Neutrons can be a source of background in two different ways. First, the elastic

scattering of fast neutrons with target nuclei of the gas mixture can mimic WIMP
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signals. Second, the interaction of neutrons (thermal and fast) with the materials
of detector and the shield surrounding it can produce gamma rays which induce
similar backgrounds to those listed in the previous sections. The main source of
neutrons is the radioactivity of the cavern rock where neutrons are produced by
(a,n) reaction and spontaneous fission. The flux of thermal neutron was estimated
to be 4144.9 4+ 49.8 4+ 105.3 neutrons/m?/day [92] and the fast neutron flux to be
4000 neutrons/m?/day [79]. Similarly to the gamma ray spectrum, it takes too much
CPU time to simulate the neutron spectrum through the whole shield surrounding the
detector. The neutron spectrum is first propagated through the polyethylene shield

and the attenuated flux is propagated on the lead shield.
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Figure 5.17: Blue, SNOLAB cavern neutron spectrum [93]. Red, spectrum reaching
the lead shield surface.

The attenuated neutron flux is then propagated through the lead shield and the

elastic scatterings are recorded. The gas mixture being made of neon and methane,
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we need first to determine the quenching factor for the three elements Ne, C and H.
Figure 5.18 shows the quenching factor of the H, C and Ne nuclei in the considered

gas mixture determined with the SRIM software package [94].

Quenching factor in Ne+10°/oCH4 at 2 bars

Quenching factor

70
E[keV, ]

Figure 5.18: Quenching factor of Ne, C and H in a gas mixture made of Ne 4 10
% CH,4 at 2 bars.

Figure 5.19 shows the expected event rate from the attenuated neutron flux
from the SNOLAB cavern before (blue) and after (red) applying the quenching
factor determined with SRIM. The expected event rate below one keV is 0.0043

events/keV /kg/day and 0.0004 events/keV /kg/day between 1 and 5 keV.
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Figure 5.19: Neutron background with and without quenching factor applied.

5.7.3 ?22Rn

The ??2Rn in the cavern environment is a problem for two reasons. First the de-
cay of short lived elements in its chain, (before 2!°Pb) induces background events.
Second, the deposition of long-lived 2'°Pb on surfaces will be a long term source of

backgrounds.

Decay between the copper sphere and the lead shell

The copper sphere is separated from the lead shell by a gap of 12 mm, corresponding
to a volume of 0.072 m®. The impact of the decay of *2Rn followed by its daughters
until 2'°Pb was estimated by simulating one million decays of these isotopes ran-
domly distributed in the gap. The ??2Rn concentration in the SNOLAB cavern is
123.3 £ 13.0Bq/m?3. The results of the simulation show the catastrophic impact of

the ?*Rn: 30 + 3 events/keV /kg/day of sub-keV events. To mitigate this, we inject
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nitrogen in the space between the copper sphere and the lead shell. Typical activity
of ?Rn in nitrogen cylinder lies between 1 and 50 uBq/m? [95]. This amount is
eight orders of magnitudes lower than the activity in SNOLAB air and makes this

background negligible compared to all others.

210Ph deposition on the outer surface

We need to estimate the background induced by the deposition of 21°Pb on the outer
surface of the copper sphere and deduce a maximum allowed exposure time to the
air of the SNOLAB cavern. This estimation was done by simulating 2!°Pb and its
daughters randomly distributed on the 59 x 10® cm? of the outer surface of the copper
sphere. The simulations shows and sub-keV event rate of

1.5 x 107%(events/keV /kg/day)/(nBq/cm?). We can estimate the amount of *°Pb
deposited on the outer surface of the copper sphere assuming that all ?2Rn decays
in a shell 40 cm thick around the sphere will deposit their daughters on its surface.
Taking into account the ?*?Rn activity in the SNOLAB cavern, one day of exposure
would bring a surface activity of 710 & 75nBq/cm?, inducing an sub-keV event rate
of 0.0011 £ 0.0001 events/keV /kg/day. Assuming the outer surface of the sphere will
be cleaned upon its arrival at SNOLAB, the few days needed for its transportation
in the cube hall and its installation in its shield before being covered by nitrogen will

cause a negligible amount of background compared to others sources.
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5.7.4 Cosmic rays muons

The muon flux in SNOLAB; attenuated by 6.011 km.w.e (kilometre equivalent water)

is 0.27u/m?/day [79] A parametrization of the energy distribution is defined by [96]:

dN

iE, = Ae”thOuD (B, e, (1)) ™ (5.3)

Where b = 0.4/km.w.e, v,= 3.77 and €¢,= 693 GeV, and h is the depth of the labo-
ratory 6.011 £ 0.1 km.w.e.

The angular distribution is parametrized by:
Lip(h,0) = (]1e_h'sec(9)/’\1 + Ige_h'sec(e)/’\Q) sec(0) (5.4)

where I;=(8.60 4+ 0.53) x 107 % tem™2sr™! |
I,=(0.44 4 0.06) x 10~ %s~tem2sr71,
A1=0.45 £ 0.01km.w.e and A\y=0.87 £ 0.02km.w.e.
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Muon energy spectrum in snolab cavern
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Figure 5.20: Muon energy spectrum in SNOLAB cavern
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Figure 5.21: Muon zenith angle distribution in SNOLAB cavern

Figure 5.20 and 5.21 show the energy spectrum and zenith angle distribution of
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cosmic muon in the SNOLAB cavern respectively. The simulation of all possible
processes occurring during muon interactions is time-consuming. So first we ran a
simulation of muons on a 4m x 4m square placed 2 metres above the sphere center.

The recorded event rate is shown in figure 5.22.
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Figure 5.22: Muon event rate.

Although the number of recorded events is low, leading to a large uncertainty, the
expected events rate is negligible compare to all other. We can expect 6.2 & 1.1 x 10~*

events/keV /kg/day below 1 keV and 4.4 £+ 4.2 x 10~* events/keV /kg/day between 1
and 5 keV.

5.8 Conclusion

The table 5.6 summarize, the main backgrounds of NEWS-G at SNOLAB. The se-
lection of low activity material in addition to the shielding surrounding the detector

will reduce its background by at least one order of magnitude compared to the one
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observed with SEDINE. Figure 5.23 presents the sensitivity projection of NEWS-G
at SNOLAB with the studied gas mixture. It was calculated with a model developed
by D Durnford at Queen’s University [62].The major question remains the rise of
background observed with SEDINE at energy lower than 500 eV. Geant4 does not
reproduce this background and if it appears, its understanding and reduction will be
an intensive challenge for the future of the experiment. If the sub-keV background
is at a level of 1.78 dru, NEWS-SNO will improve the sensitivity to WIMP-nucleon

cross section for WIMP mass of 1 GeV /c? by more than two orders of magnitude and

explore lower masses.
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Figure 5.23: Projection of NEWS-G at SNOLAB

10.0




174

Chapter 6

Improving detector performance

6.1 Introduction

This chapter presents development done on the sensor. The goal of these studies is
to solve some of the issues presented at the end of the chapter 3. Ideally, we want a
sensor stable in time with a good resolution and a uniform gain. Two main sensors
were developed and tested. A resistive umbrella sensor, the ”bakelite sensor”, was
used to develop single electron calibration using a UV laser. The second sensor tested,
Achinos sensor was developed for the big detector to ensure a strong enough drift field

in the whole detector and high amplification.

6.2 Weakness of the single ball sensor

In real conditions, the ideal geometry of the electric field described in chapter 2 is
broken by the presence of the grounded rod that supports the sensor at the center
of the sphere. The rod implies two problems. First, the electric field symmetry is
not spherical any more (Fig 3.22). Secondly, the non-homogeneity of the electric

field within the first millimetre around the anode (Fig 3.23) where the amplification
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of the signal is expected to occur leads to amplification factor that will depend on
the precise point on the anode surface where the field line ends. This inhomogeneity
in gain is magnified by the exponential dependence of the avalanche gain with the
electric field. The simple, one voltage electrode, is unsuitable for application where an
homogeneous response over the whole detector volume is required. These problems
can be analysed and the detector performance improved by applying a second voltage
close to the anode. Having a simple sensor also limits the voltage that can be applied
on the anode before electric discharge occurs between the ball and the rod. A solution
to these issues is the use of resistive material for a field corrector. The second voltage
is applied on a so called "umbrella” supported by the rod. Several designs involving

different materials have been tested.

6.3 The experimental set-up at Queen’s University

6.3.1 Gas handling system

The studies at Queen’s University have been done with a 30 cm sphere and gas

handling system shown in Fig 6.1.
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Figure 6.1: Gas handling system

The pumping is done with two pumps. The backing pump is used to carry out a
primary vacuum in order of few 1072 mbar. Then, the turbo pump starts and reaches
a vacuum in a range of 107° mbar. A good vacuum is a sine qua non condition be-
fore injecting gas. It ensures a low level of impurity and a good working conditions.
Different gas mixtures are used. They can come from pre-mixed bottles or from sep-
arate bottlse from which we make the desired mixture. The sphere is connected to
two pressure gauges with different sensitivities. One low pressure gauge is used to
measure the vacuum level after pumping and the leak rate. A high pressure gauge

is used to read the pressure during and after filling the sphere with gas. As the gas
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quality and the O5 and H5O level are critical conditions to ensure a good data taking,
the sphere is connected to a Residual Gas Analyser (RGA) through an impedance.
The RGA works at low pressure on the order of a few 10~* mbar. It is connected to
the pumping system with CF40 tubing. The RGA makes it possible to determine the
composition of the gas within the sphere with a sensitivity of few ppm.

The gas can be continuously cleaned with a circulator and a gas purifier. The circu-
lator is made of a small fan inserted in a machined cube. The gas purifier, is model
MC1-902FV from micro-torr. It removes impurity such as O, or HyO at a level lower
than 100 ppt.

Two valves connected in series with the sphere make it possible to inject impurities
such as air. This makes it possible to quantify the electronic attachment due to im-
purities and verify the efficiency of the purification system.

Finally a cylinder containing Ar37 is connected to the sphere through a valve.
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6.3.2 Acquisition

CREMAT Pre-Amplifier CR-110

Digitizer Acquisition
CALI Box computer

E Iseg power supply

10

Figure 6.2: Power supply and electronic for acquisition

The anode and the umbrella are respectively linked to high voltages HV1 and HV2
(Fig 6.2) coming from a low noise power supply. They are both filtered by low pass
filters with cutoff frequency f = 0.64 Hz. The signal from the anode is sent to a charge
pre-amplifier through a decoupling capacitor of C = 471 pF. Then, the output signal
from the charge pre-amplifier is sent to a digitizer and treated by an acquisition
software. We will discuss in more detail the properties of the pre-amplifier and the

digitizer so called "CALI box”.
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The pre-amplifier

The pre-amplifier amplifies the input signal to give an output signal proportional to
the number of charges deposited on the anode. The pulses produced decrease with a
time constant 7 characteristic of each pre-amplifier. We used the CREMAT CR-110
charge sensitive pre-amplifier. Its decay time constant is 7 = 140 us and its gain is

1.4V /pC.

The digitizer

The amplified signal is digitized by a ”CALI” box digitizer at the CEA in Saclay [72].
It works in a dynamic range of £1.25V with a maximum sampling frequency of 5
MHz. It is possible to use different gain (x1, x2 or x4). The digitized signal is sent

to a computer through ethernet cable.

6.4 Second electrode: Umbrella

6.4.1 Correction of the electric field

The goal of the umbrella is to apply a second voltage, close to the anode to correct
the electric field around it. Two strategies depending of the geometry of the setup
can be employed. The first one consist of applying null or positive voltage very close
to the anode. The second possibility consist of applying negative voltage above the
anode to avoid the avalanches on the north side of the ball where the field is disturbed

by the wire.
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6.4.2 Resistive material, Bakelite umbrella

The high voltage for the sensor is provided by a wire encased in a grounded supporting
rod. This breaks the symmetry of the electric field. As shown on Fig:6.3 which
represents the right side of the anode, the electric field is not isotropic. More precisely,
the anisotropy of the electric field in the amplification region induces a dependence

of the gain on the arrival angle of the primary electrons.
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Figure 6.3: Electric potential in the amplification region around a 2mm diameter
anode.

The umbrella is installed between the ball and the rod to prevent electric discharge
from the anode. A second voltage, HV2, can be applied on the umbrella to correct the
effects of the anisotropy of the electric field. The umbrella is made of resistive mate-
rial to allow the application of a voltage on its surface and prevent electric discharge

with the anode. Figure 6.4 shows a bakelite umbrella. The resistivity of bakelite has
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been measured to be on the order of 102 Q) - em.

HV2 HV1

Steel layer «

Bakelite *
layer
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Figure 6.4: Left: Schematic view of the bakelite sensor with HV'1 applied on the
anode and HV'2 on the a steel layer inside bakelite. Right: Picture of a
2mm diameter anode with bakelite umbrella used at Queen’s university.

Figure 6.5 shows the electric field lines in the volume that ends on the lower half
of the sensor with respect to the value of HV2. As we can see, applying a negative
voltage on the umbrella forces the lines from a larger volume to end on the lower
half of the sensor. This implies an improvement of the resolution of the detector.
However, this method has a limit. For too low HV2, less than —10% of HV1, the
direction of the field on the upper half of the sphere reverses. This volume would be

lost because in the region, electron from primary ionization would drift toward the
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sphere instead of the sensor.

HV2/HV1  +10 % +5% 0 -5 % -10%

Figure 6.5: Electric field lines ending on the lower half of the sensor.

6.4.3 Experimental test

Figure 6.6 shows the effect of the voltage applied on the umbrella. These mea-
surements were done with 37Ar, a radioactive gas which decays by electron capture.
Capture from the K-shell and L-shell release 2.82keV and 270 eV X-rays respectively.
This gaseous radioactive source is produced at the Royal Military College in Kingston
by irradiating calcium-oxyde with the thermal neutron flux of a SLOWPOKE-2 nu-
clear reactor [97]. The sphere was filled with 500 mbar of gas mixture made of 98%
of Ar and 2% of CHy. The voltage HV1 applied on the anode was +2000 V and four

voltages were tested on the umbrella.
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Figure 6.6: Effect of the second voltage applied on the umbrella. The voltage applied
on the anode was kept constant at 2000 V. The peak is due to the decay
of 37Ar releasing 2.82 keV X-rays

When we decrease HV2, keeping HV1 constant, the peak due to capture from
K-shell is shifted towards larger amplitude, showing an increase of the detector gain.
This decrease of HV2 also improves the detector energy resolution. For HV2=0V, the
recorded spectrum does not exhibit a gaussian shape. By applying a negative HV2,
in order to obtain a ratio HV1/HV2 equal to —2.5%,—5% and —7.5% the gaussian
fits on the yellow, green and red curves show a resolution of 18.5%, 14.2% and 12.7%
respectively. These results confirm an improvement of the homogeneity of the gain
of the detector for events distributed in its whole volume. Figure 6.7 shows the effect
of HV2 on the detector resolution and the event rate. A reasonable negative value of
HV?2, higher than —8% of HV1, strongly improve the detector resolution with a very

small loss of sensitive volume.
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Figure 6.7: Effect of HV2 on the resolution (red) and rate (blue) of the 2.82 keV peak
of 3"Ar. Applying a negative HV2 improves the resolution of the detector
without significantly affecting the active volume the detector.

6.4.4 Performance, single electron calibration with a laser

The main goal of the single electron calibration is the parametrization of the theoret-
ically motivated Polya distribution describing the gain of the detector. Specifically,
it describes the number of ion-electron pairs produced by an avalanche induced by

one electron.

n n
The detector response to single electrons has been studied using a solid state laser.

The laser beam is split and sent through an optical fibre to a photo-detector and

inside the sphere. Primary electrons are extracted from the sphere’s inner surface by
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the photoelectric effect. This method of calibration allows us to perform several mea-
surement such as drift time, diffusion time and attachment rate of primary electrons.
The laser is also used to monitor the stability of the detector with time. Figure 6.8
shows the setup used for laser calibration. The laser beam of wavelength 213 nm is
sent through an optical fibre splitter to both a Photo Detector (PD) and to the SPC.
This, along with the possibility of adjusting the current of the Laser pump from 100
A up to 150 A, provides a dynamic range of photo-electron extraction from single

quanta up to a few hundred.
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Figure 6.8: The 213 nm laser light is sent through an optical fibre splitter to both
the PD (which triggers the acquisition) and the SPC to extract photo-
electrons from the inner surface of the vessel. The two panels on the
right show a typical PD signal (raw pulse on top panel) together with
the resulting SPC signal (treated pulse on bottom panel) from a single
electron reaching the sensor and undergoing an avalanche of average gain.
The time delay between the SPC and the PD pulse corresponds to the
drift time of the electron from the surface to the sensor [98].

Figure 6.9 presents the fit of laser data taken by triggering on the photo-detector.
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With a strong enough attenuation of the light beam, the number of extracted elec-
tron follows a Poisson distribution with less than one electron expected. The recorded
events are noise fluctuation when no primary electrons are extracted; this is the gaus-
sian shape on the left of the spectrum centred at 0 ADU (Analogue-to-Digital-Unit).
The tail at higher amplitude is the contribution of events with one or two primary elec-
trons emitted. The fit of the recorded spectrum allows us to determine the mean num-
ber of primary electrons emitted (u = 0.08), the mean gain (< G >=41.6 ADU/e™),
and the baseline resolution (¢ = 4.3 ADU). Sensitivity to single electrons allows us to
determine the parameter of the 6 parameter of the Polya distribution. For the tested

conditions of gas and voltage, this parameter is close to 0.
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Figure 6.9: Data taken with solid state laser. The fit of the data (red) allows us
to determine the mean number of primary electrons extracted from the
sphere surface (= 0.08). The blue curves represent the contribution of
events for which 0, 1 or 2 primary electrons were extracted [98].
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Figure 6.10 shows the mean number of primary electrons vs the amplitude of pulses
recorded by the photo-detector. g is the only parameter of the fit that depends on
the intensity of the laser pulses. The linear relationship between these two variables
demonstrates the accuracy of a Poisson distribution for the number of extracted

primary electron.
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Figure 6.10: Mean number of primary electron extracted from the sphere surface [98].

In addition to laser events, we injected 37 Ar in the detector. Figure 6.11 shows the
37TAr spectrum measured by a 30 cm detector filled with 1.5 bar of the Ne+2%CH,4
gas mixture. The spectrum clearly shows the 270 eV and 2822 eV lines of X-rays
from electron capture in the L- and K-shell of 3”Ar, respectively. The energy scale
is determined based on the position of the 2822 eV peak. The dashed line indicates
the analysis threshold that was set at 100 eV. The solid red line indicates the fit of

our model to the data. The relative abundance of 270 eV and 2822 eV events from
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X-rays induced by electron capture from the L. and K-shells was fixed to the expected
ranching ratio L/K of 0:0987 [99]. The combination of both laser and 37Ar events
allows for measuring the W-value of the gas mixture. For that particular case, the

measured value is W=27.6 &= 0.2eV
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Figure 6.11: 37Ar energy spectrum [98]

6.5 Novel sensor approach for large SPC, Achinos Sensor

Large future detectors will require new sensor technologies to allow for single electron
detection. The size of the anode and the value of the high voltage need to reach a
compromise between the amplification and the strength of the drift field. These two
imperatives lead to a conflict for large scale detectors. To avoid electron attachment, a
strong drift field is needed, requiring a large anode. On the other hand, the high gain
needed for sub-keV threshold demands a small anode. In the case of spherical detector

with a single ball sensor a limitation exists: the electric field, inversely proportional
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to the radius of the ball, decreases very quickly at large distance, which accentuates
the attachment or the recombination of drifting electrons. This phenomenon is even
further accentuated in the case of a large sphere (> 1 m diameter). To overcome this
difficulty a new sensor concept called Achinos has been developed by the I. Giomataris
group in CEA-Saclay [100]. The single ball is replaced by a structure made out of
several balls at a fixed radius, the center forming an equipotential. The advantage
of this technique is that at large distance the electric field is reinforced by more than
one order of magnitude so it solves the problem of the weakness of the electric field at
the volume of the sphere. In addition by reading one by one the ACHINOS balls the
detector becomes a TPC with 3D tracking capability. The ACHINOS sensor consists
of a set of anode balls uniformly distributed around a central sphere at an equal
distance from the center of the detector (Fig 6.12). The anode balls are supported
by insulated wires. These wires have a constant length and are fixed perpendicularly
to the surface of the central sphere in such a way that all the anode balls are on a
virtual sphere larger than the central sphere. The central sphere is made of either
highly resistive material or a total insulator covered by a conducting surface, thus
making it possible to apply HV2 on its surface (bias electrode). The value of HV2 is
chosen to optimize the electric field configuration and improve the energy resolution

of the detector.
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Figure 6.12: Achinos sensor

The design of Achinos was studied with COMSOL. Figure 6.13 shows the electric
field around an Achinos sensor made of 11 balls on the X-Y plane for Z=0 (center
of the SPC). The effect of the ACHINOS module is visible, equipotential lines are
formed similar to that of an anode with a diameter of 36 mm. Electrons liberated by
ionization in the volume of the detector will drift under the influence of the electric
field of the eleven balls equivalent to the case of single ball approximately 36 mm in
diameter. Their drift will lead them close to an anode ball, where the electric field is

increasing strongly and the charge multiplication will take place.
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Figure 6.13: Electric field around an Achinos sensor [100]. The dimension are ex-
pressed in mm.

Several Achinos designs have been tested with an *Fe source placed inside the
sphere. Figure 6.14 shows the recorded spectrum with an 11, 2 mm anode Achinos.
The gas mixture was made of helium, argon, and methane with in respective propor-
tion of respectively 80%, 11% and 9% at 650 mbar. The high voltage applied on each
ball was 2015 V and -200 V on the central anode. The 5.9 keV x-ray of the *>Fe is

measured with a resolution of 12.4%.
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Figure 6.14: Pulse height distribution of the signal produced by the 5.9 keV X-ray
line of an *Fe source. [100]

The observed large distribution is due to the precision of balls, of the solders
and the positioning of the various components. New tools have been developed and
a technical effort is under way to improve the precision of various elements. The
Achinos sensor was tested during the commissioning run of the NEWS-G detector.
The detector was filled with 135 mbar of pure CHy. The performance of the detector
where investigated with the same tools as at Queen’s University, the combination of
laser and 37Ar calibration. The high voltage applied on each ball was 2020 V and
the central anode was grounded. During an 11 days run, the stability of the detector
was controlled using the laser at high power. Figure 6.15 shows the evolution of the
ratio of the amplitude of the pulses recorded by the photo-detector and the pulse
recorded by the sphere vs. the time in hour. We can remark that this ratio decreases
over time and follows two patterns. A linear decreasing of 0.09 4 0.001% per hour
during the first 110 h (blue line) and 0.018 4+ 0.0005% during the following 142 hours

(yellow line). These slow decreases of the gain can be explained by several factors.
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First the gas circulation and purification was not used during this run, so a slow
diffusion of oxygen could be responsible for this decrease. Secondly, a degradation of
the optical fibres could lead to the same result. The quality of optical fibres to be used
at SNOLAB are under investigation at Queen’s University. However, the absence of

electric discharges show the suitability of such sensor for long term operation.

Stability of the detector

Amplitude Sphere / Amplitude Photo-detector [AU]

Figure 6.15: Stability of the achinos sensor during CH, run.

Following these 10 days of data acquisition, we injected >Ar in the detector.
Figure 6.16 shows the rise time vs. amplitude distribution for the 3"Ar data. The
2.82 keV peak is clearly visible. We remark a correlation with lower amplitude for
higher rise time. An oxygen contamination could be responsible for such correlation
and shows the importance of using a gas purification system. Additionally, the lower
part of the spectrum is polluted by electronic noise inducing events with a strong rise

time vs. amplitude correlation.
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Figure 6.16: Rise time vs. amplitude distribution of the 3"Ar in 135 mbar of CH,.

In addition to the high power laser and 3" Ar run, several runs with low power laser
where taken to control the low energy response of detector. Figures 6.17 and 6.18
show the double deconvolved pulses of laser induced electrons where the arrival of

one and three electrons respectively are clearly visible.
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Figure 6.17: Double deconvolution of a laser induced pulse with one electron in 135
mbar of CHy.
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Figure 6.18: Double deconvolution of a laser induced pulse with three electron in 135
mbar of CHy.

These first results show that the Achinos sensor provide good stability while giving
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the low threshold to allow single electron detection.

6.6 Conclusion

SPCs have already shown their potential for dark matter detection with the SEDINE
detector. New calibration methods confirm the ability of the detector to measure
single electrons and recent sensor developments exhibit a stable behaviour for large
detectors. The first commissioning runs show the potential of the achinos sensor and
confirm the feasibility of single electron detection in a large detector. These first runs
are under analysis and show the potential of the new detector. Its performance will
be improved by the utilization of gas purification and intensive work on electronic

noise reduction.
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Chapter 7

Summary and Conclusions

The SEDINE detector, the first prototype SPC used to search for dark matter, showed
the potential of such devices and allowed the collaboration to set a new limit on the
dark-matter-nucleon cross section. This work was a step toward the completion of a
new detector to be installed at SNOLAB in 2020. The study of the data taken with
SEDINE shows the different aspects limiting the performance of the experiment. The
study of the background of the experiment shows that it was strongly dominated by
the presence of the 21°Pb decay chain on the surface and bulk of the detector and its
shielding. The background induced by the copper sphere will be reduced in the new
detector by the electroplating of 500 um of pure copper on its inner surface. The
shielding will be improved by using 25 cm of lead including an inner shell made of 3
cm of archaeological lead. This new shield will reduce both the background induced
by gamma rays surrounding the experiment and the background from the shield itself.
The background event rate observed with SEDINE was around 50 events/kg/keV /day
between 0.5 and 1 keV. In the new detector this rate will be reduced down to 2
events/kg/keV /day after a year spent underground. Another improvement concerns

the anode. The development of new sensors with resistive umbrellas shows that
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the detector can be sensitive to single electron. The development of the achinos
structure confirms this capability in large detectors. All these improvements will
allow the experiment to set new constraints on WIMP-nucleon cross section three
orders of magnitude better than the one set by SEDINE for WIMP masses of 0.6
GeV/c? and to explore lower masses. The background of the next detector will still
be dominated by the presence of the ?!Pb decay chain at 28.5 mBq/kg. After two
years of cooling underground the copper of the sphere will contribute almost 60% of
the total background. The future of the collaboration relies on a new sphere made
of 6N copper pure at 99.9999%. Such copper shows 21Pb contamination below the
limit of the current best detection method at 4.1 mBq/kg [75] . Fully electro-formed
sphere in underground environment would constitute the ultimate low background
detector, as 238U and 2*2Th contributions have been measured to be lower than in 6N
copper and all cosmogenic contributions from handling copper at surface would be

eliminated.
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