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CHAPTER 1

Phenomenology of particle gaseous detectors
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1.3 Ionization in gaseous media: conversion . . . . ... ... ... 5
1.3.1 TIonization mechanisms from heavy charged particles . . . . .. 7
1.3.2 Ionization mechanisms from electrons . . . . .. ... .. ... 8
1.3.3 Ionization mechanisms from photons . . . . . . . ... .. ... 10
1.3.4 Ionization mechanisms from non-charged particles . . . . . .. 13
1.4 Transport of electrons: drift . . . . ... ... ... ....... 14
1.4.1  Drift velocity . . . . . . . o 15
1.4.2 Diffusion . . .. ... 16
1.4.3 Charge reduction . . . . . .. ... L o 17
1.5 Charge multiplication: avalanche . . . ... .. ... ...... 18
1.6 Signalgeneration. . . . . . . . . ittt 19

1.1 Introduction

Gaseous detectors have been broadly used in experimental particle physics since the very
first cloud chambers in the early twentieth century, that allowed important discoveries
in the field such as the positron or the muon. They have the charm of using very
simple phenomenology for the detection processes and the many improvements and new
techniques that have been developed during the years puts them in a very central position
in the current particle physics scenario.

In this chapter, all the steps involved in the working principle of a particle gaseous
detector will be explained: from the production of the charge in the ionization chamber
and the various ionization mechanisms, to the properties of the charges moving within
the gas, the amplification of the charge and the production of the detectable signal.
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1.2 Working principle of a particle gaseous detector

The main concept of a particle gaseous detector is that radiation passing through a gas
can ionize its atoms or molecules if the energy delivered by such particle is higher than
the ionization potential of the gas. Then, the application of an external electric field in
the medium can make the charge pairs that are produced to move within the gas. The
result of this process is an electric pulse that can be measured by a readout placed at one
of the electrodes.

A typical gaseous detector consists of a gas enclosure, like a chamber, a positive
and a negative electrode. The electrodes are raised to a potential difference that creates
an electric field (drift field) and allows the charges to move towards the electrodes. The
creation and movement of charge pairs perturbs the external electric field and produces
current at the electrodes (a detectable signal). The resulting charge, current, or voltage
at one of the electrodes can then be measured, which together with proper calibration,
gives information about the energy of the initial particle.

continuous discharge

limited proportionality T
| 3 ,/
\ ]
I I . | N ‘ ‘
| | proportional coioar. |
! | region ‘ Geiger— |
L ) : s : , Mueller ,
| ion chamber region | : region :
. . | | I/
- recombination | ! !
= | | | ‘ !
o) - : | |
= region I | | | |
] | | | | |
T 1 | | | |
| | |
3 I E> | | : :
b1 | 1 |
Z - I i | |
| | | | |
| | |
| E, | | : :
— T |
- i i | |
| |
E»>E; | | : :
| | | |
| |
| |
| |
| |
| |
| |
| |

Bias Voltage

Figure 1.1: Variation of pulse height produced by different types of gaseous detectors with
respect to applied voltage. The two curves correspond to two different energies of incident
radiation [1].

A gaseous detector shows different regions of operation depending on the applied
bias drift voltage, as it is shown in figure 1.1:

- In the absence of an external electric field, the electrons and ions produced by
external radiation interacting with the gas are quickly recombined. At low voltages,
some of the ions can reach the electrodes. This is the recombination region,
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and it extends up to a voltage high enough to consider recombination negligible.
The output signal at these voltages of operation is not proportional to the incident
energy.

- As the voltage increases, the detector enters in the ion chamber region, where
almost all the charges produced are collected. The current measured is therefore
proportional to the energy left by the incident particle.

- Then, the detector enters the proportional region, where the charge pairs created
have enough energy to produce additional pairs, a process that is called secondary
ionization. This multiplication of charges is exploited to increase the amplitude of
the output signal while keeping it proportional to the initial energy of the incident
particle.

- Once the voltage is high enough to go above this region, the detected charge is no
longer proportional to the initial energy of the incident particle, so only counter
detectors such as Geiger-Muller detectors can take advantage of these conditions.

The object of study of this work are detectors based on two of these regions:
ionization chambers, or Time Projection Chambers [2], for the charge conversion region,
working together with Micromegas [3] readouts, that act as the proportional region, or
more commonly called, amplification region.

1.3 Ionization in gaseous media: conversion

The first step in the detection process in a gaseous detector is the ionization in the gas
itself. In order to detect a particle, it must interact with the detector active gas and
transfer energy to the atoms or molecules of the medium. A particle passing through
the gas creates excited an ionized particles though a variety of mechanisms along its
path. These mechanisms depend on the type of particle and its energy, and they will be
described below. In a nutshell, when an ionization occurs, one or more pairs of e -ion are
created, which ultimately is the detectable signal of an ionization detector.

When the e -ion is created directly by the collision of an incident particle with
the molecules of the gas, it is called a primary ionization. If this electron is expelled with
enough energy, it can further ionize gas molecules and produce more e~ -ion pairs. This
process will continue until the energy of the ejected electron is lower than the ionization
potential.

The ionization collisions occur randomly along the path of the charged particle, and
the number of ionizing collisions follows a Poissonian distribution. This encounters are
characterized by the mean free path, i.e., the mean distance between ionization processes,
expressed as

A= —, (1.1)
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where n is the electron density and o; is the effective ionization cross-section for the
specific gas.

The practical parameter for experimental purposes is the number of e”-ion pairs N
produced along the trajectory of a particle travelling inside the detector gas for a distance
x:

N = id—Eaz,
W dx
where dF is the absorbed energy by the gas and W is the energy required to produce
a e -ion pair for the particular gas, the so-called W-value. This value is experimentally
determined and it is typically higher than the ionization potential due to some energy
losses at excitation. Some relevant examples for this work are Wy, = 26eV, Wy, = 22eV
and Wisoputane = 26 €V [4]. If the incident particle looses all its energy F in the interaction,
then N = E/W. This allows determining the deposited energy of an incident particle

that interacted in the detector gas through the number of e™-ion pairs generated.

(1.2)

Finally, since inelastic collisions are probabilistic, two identical charged particles
depositing the same energy in the gas will not necessarily produce the exact same number
of e"-ion pairs. The number of primary electrons produced in an ionization process will
fluctuate according to quasi-Poissonian statistics with a reduced variance of

o3 =FN, (1.3)

where F is the Fano factor. This factor indicates the magnitude of the fluctuation in the
number of electrons (the smaller the factor, the smaller the variance), and it depends of
the gas mixture and the electron energy.

This factor was first introduced by U. Fano [5] in 1947, and he defined it as

F:%<(N—%>2>, (1.4)

where the average is carried out over the different collisions. Depending on the energy
loss, Fano distinguished between three types of inelastic collisions:

1. if B < I, where [ is the first ionization potential i.e. a simple excitation (labelled

€),

2. if I < E < 21, where an electron is ejected but it is incapable of further ionize more
atoms (labelled 71),

3. if E > 21, where an electron is ejected with energy E' — I and it is capable of further
ionize more atoms in the gas (labelled 72).

Under the considerations that the number of ionizations per impact is N = 0 in the (e)
case, and N = 1 in cases (il) and (i2), and also, that the energy lost by the ionizing
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radiation from case (i2) is only I, since E — I can be utilized again, then the Fano factor
can be written as

F:ﬁ(Z@ (—J) +Zaj (1——) +Za]< ——)2>. (1.5)

J J

Some significant examples for this work would be Fa, = 0.17 for g particles [6],
Fxe <0.1540.03 for gammas (1.49keV (K, Al)) [7] or Frsoputane = 0.26 also for gammas
(1.49keV (K, Al)) [8].

This fluctuation in the number of primary e~ -ion pairs is the first contribution
to the energy resolution of a gaseous detector. The fact that an atom can only become
ionized in a certain number of ways results in a better energy resolution than predicted
by purely statistical considerations. The best energy resolution that can be reached will

be given by
[EW
R(%FWHM) = 2.35 0 (1.6)

where R is the full width half mazimum (or FWHM) resolution. Along this chapter, other
terms that affect the energy resolution will be mentioned.

In the following subsections, the main ionization mechanisms from different
particles will be addressed.

1.3.1 Ionization mechanisms from heavy charged particles

There are several electronic and nuclear mechanisms through which charged particles can
interact with the detector gas and ionize it. However the result of all these interactions
is a reduction in the energy of the particles as they pass through the medium. The rate
at which a charged particle loses energy as it passes through a material, or the stopping
power, depends of the nature of both the incident and the target particles.

Figure 1.2 shows the energy loss dependence on the particle energy. At very low
energies, the stopping power is described by the Lindhard approach [9], being proportional
to 5. Then, the phenomenological equation developed by Andersen and Ziegler [10]
describes the stopping power until vy ~ 0.1 (where v = 1/4/1 — $2). For intermediate
energies, 0.1 < Ay < 1000, the Bethe-Bloch equation [11,12] is followed, which can be
expressed as

dE Z1 [l (2m.B2°Wnaw B
<—%> Kz 2A52 [—ln( Me€ IZ ) g & 7)} (1.7)

where Z is the atomic number, A is the atomic mass, and I is the mean ionization
potential of the target material; z is the charge and [ is the velocity relative to ¢ of the
incident particle (v = f¢); me is the electron mass and e is the electron charge; W4, is
the maximum energy transfer to an electron in a single collision, that for a particle with
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Figure 1.2: Stopping power for positive muons in copper as a function of 8y = p/Mc,
from [4]. Solid curves indicate the total stopping power. Vertical bands indicate boundaries
between different approximations.

mass M is expressed as
I 2 522 '
1+ (2yme/M) + (me/M)?’

K is a coefficient defined as K = 47 Nar’m.c* = 0.307 MeV mol~! cm?, where Ny is the

Avogadro’s number and 7, is the classical electron radius. If this equation is multiplied by

the density of the target material, p, it expresses the linear stopping power in MeV cm™!.

Winas = (1.8)

This equation shows that the energy loss decreases with the energy of the incoming
particle as 1/4% until it reaches a minimum, which is the minimum ionization value of the
medium. This value is usually around 1-2MeV g~! ecm?, and particles with energy close
to this minimum are called minimum ionizing particles (MIPs). Then, at higher particle
energies, the energy loss increases with energy as In(37).

This way, the energy loss depends on the material composition and the energy of
the particle that travels through it. And although this equation is valid for moderate
relativistic charged heavy particles, additional corrections are necessary for the density
effect at high energies and shell corrections at very low energies. A more detailed
description of such corrections and terms of this equation can be found in [4].

1.3.2 Tonization mechanisms from electrons

If an incident electron interacts with a gas atom with enough energy, it may eject one of
its loosely bound electrons (known as d-rays), resulting in the ionization of the atom. The
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energy of the ejected electron depends on the incident electron energy as well as its binding
energy. And if the energy of the ejected electron is high enough, it can produce ionization
in the same manner in other gas atoms, being able to produce a chain of ionization. This
chain will continue until the energy of the ejected electron is lower than the ionization
potential of the gas atoms. These d-rays can potentially leave detectable signals in the
detector gas.

Electron collisions have a different behaviour than heavier particles because they
happen between identical mass particles. From equation 1.8, the maximum energy transfer
in a e-e~ collision will be W,0e = m.C?(y — 1)/2 i.e. half of the entire kinetic energy.
Therefore, the energy loss of electrons per unit length in a certain target material, or
stopping power, can be written as

(9 2 L2 L o (R0 LY

2
A= 1ln2+é (7—_1) —5] , (1.9)

Y2 v

which is the first moment of the Moeller cross section divided by dx. For a more detailed
explanation, see reference [4].
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Figure 1.3: Fractional energy loss per radiation length in lead as a function of electron or
positron energy [4].

Figure 1.3 shows the stopping power of electrons in lead. The energy loss for low
energy electrons (below 10 MeV) is dominated by ionization, where also e -¢~ (and e~-e™)
scattering processes can occur (Mgeller and Bhabha scattering respectively). On the other
hand, the energy loss of high energy electrons (above 10 MeV) is dominated by radiative
interactions called Bremsstrahlung. It is a process that refers to the emission of radiation
when a charged particle accelerates in a material. In this interaction an incoming electron
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can be deflected in the electric field of a nucleus and a portion of the kinetic energy of
the electron is converted into a photon that can ionize the gas.

The point where the ionization and Bremsstrahlung energy losses meets is called
the critical energy, that can is parametrized [4] as:

a

E.~——MeV, 1.10

Z+b " (1.10)

where for solid materials, a = 610 and b = 1.24; and for gases, a = 710 and b = 0.92.

A relevant example for this work would be the critical energy in argon, which is around
~37MeV.

1.3.3 Ionization mechanisms from photons

In contrast with charged particles, photons can travel some considerable distances through
a material without interacting. And when photons interact with matter, it leads to a
partial or total energy transfer to the medium. The photon interaction probability with
matter is usually parametrized by the intensity I(z) of a beam of photons of a given
energy after crossing a material with a thickness x, by the expression

I(z) = Iye "°®, (1.11)

where I is the intensity of the beam before crossing the material, p is the density of the
material and y is the mass attenuation coefficient (in cm? g=!), which is related with the
mean free path as A = 1/(up).

Photons interact with matter mainly by three processes: photoelectric effect,
Compton scattering, and pair production. The probability for the photon to interact
in one of these ways is defined by the specific interaction cross-section, and it depends
of the energy of the photon and the atomic number of the target material. A relevant
example for this work is shown in figure 1.4, where the photon interaction cross-sections
of the different possible processes are shown for argon.

At low energies, the dominant process is the photoelectric effect. Then, at
~100keV, the Compton scattering process becomes the most probable one, and finally,
pair production mechanism starts to be the most important at energies around ~10 MeV.
From these processes, only photoelectric and Compton scattering are relevant for detection
purposes in gaseous detectors for low energy physics. Pair production has a very low cross-
section with electrons, so this process is not significant.

The photoelectric effect consist of the absorption of an incoming photon of
energy F, by an atom that becomes unstable. Then, this atom emits an electron from
its atomic shells to recover the stable state. This process is allowed if F, is greater than
the binding energy of the most external electron of the atom, Fjpey, and this electron (or
photoelectron) will escape the atom with a kinetic energy FE. of

E. = E'y — Espeir- (112)
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Figure 1.4: Interaction cross-sections of the photon in an argon medium as a function of
its energy [13]. An increase in the photoelectric cross-section is observed at 3.19 keV because
the electrons of the argon k-shell become available for this process.

When the energy of an incident photon is higher than the binding energy of one
atomic shell, the electrons of that shell become available for the photoelectric effect. This
results in a sharp increase in the photoelectric cross-section, what is known as shell edges:
K-edge, L-edge, M-edge, etc. An example of this edge can be seen in figure 1.4 at energies
around 3.19keV for argon, that is the binding energy of its K-shell.

This way, the cross-section of the photoelectric effect is the sum of all the
contributions of the allowed atomic shells for the specific energy of the incoming photon.
This cross-section is highly dependent on the atomic number Z of the material, increasing
with the electron density of the medium. This is why gaseous detectors are usually
operated with noble high-7Z gases like argon or xenon, and small quantities of other organic
low-Z gases do not have a significant impact (they are known as quencher gases, and their
role in gaseous detectors will be explained in section 1.4). In addition, the cross-section
has a strong inverse relationship with the incident photon:

n
Uphotoelectric X %7 (]-]-3)

where n is a parameter that lies between 4 and 5.

After the emission of the photoelectron, a vacancy is created in the corresponding
atomic shell. There are two main mechanisms for the excited atom to fill this vacancy
that will result in secondary emissions:

- the emission of a fluorescence x-ray: the vacancy is filled by an outer shell
electron, and a photon is emitted with an energy equal to the electronic levels energy
difference. This emitted photon is in the x-ray energy range and it can interact in
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the gaseous detection medium and produce a detectable signal. This x-ray can also
escape from the gas without interacting, and this will translate into a escape peak
in the detected energy spectrum for energies of E., — Egpe.

- the emission of an Auger electron: the vacancy is also filled by an outer
shell electron, but in this case the energy difference between the atomic levels is
transferred to an electron of the same atom. Then, if this energy is larger than the
binding energy of the atom, this electron will be ejected to the gaseous detection
medium where it can start an ionization process and therefore, produce a detectable
signal.

These transitions can occur several times from one single initial excitation due to
the vacancies left by the electrons, so they can result in more than one secondary emission.
To illustrate these processes with an example, figure 1.5 shows a typical *°Fe spectrum
measured with a Micromegas detector in the energy range of [0,10] keV. The **Fe source
emits mainly an x-ray of 5.9keV, which is the main contribution to the energy spectrum.
If these photons interact with the argon atoms by photoelectric effect, the atoms will
relax by emitting either a 3.2keV Auger electron or a 3.2keV fluorescence x-ray, which
can either ionize or escape the gas. The last case will be registered in the energy spectrum
as an escape peak.
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Figure 1.5: A typical ®Fe calibration spectrum measured by a CAST-Micromegas detector
(CAST-M18) [14]. The main x-ray peak from the source appears at 5.9keV, as well as the
escape peak at 2.7keV.

On the other hand, the Compton scattering is a process where a photon is not
absorbed but scattered by an electron. At the energies where the Compton scattering
is dominant, the atomic binding energies are of the order of a few hundred eV, so the
electrons are considered to be free in the medium and they may also get scattered in
the process. In this interaction, the scattered photon transfers part of its energy to
the atomic electron. From simple energy and linear momentum conservation laws, the
relation between the wavelengths of incident photon, A, and the scattered photon, \g, can
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be deduced as

7:0[1 — cosb)|, (1.14)

A=A+

where h is the Plank constant, m, is the electron rest energy and 6 is the angle between the
incident and scattered photons. The maximum energy transfer to the electron occurs when
0 = 180 deg, producing the characteristic Compton edge in the energy spectra of gamma
rays sources, and other scattering angles contribute to the rest of the Compton continuum.
Low energy transfers to electrons via Compton scattering are relatively common and can
have an important contribution to the background at low energies.

The differential cross-section of the Compton scattering is described by the Klein-
Nishina [15] equation,

d2 2 [(1+ a(l - cosh))?

docompton T2 1 — cos?6 ] [1 ( 4a’sent(0/2) (1.15)

1+ cos?0)(1+ a(l — cosh)) |’

where 7, is the classical electron radius, a = hv/m.c* and v the frecuency of the incident
photon.

In the classical limit for incident photons with low energy, the cross section becomes
independent of this energy and equal to the Thompson cross section. Another coherent
scattering is the Rayleigh scattering, which occurs when the wavelength of the incident
photon is larger than the target atomic radius. In these coherent processes, the energy
transfer to the atoms of the gas medium is negligible so they have no interest for particle
detection.

1.3.4 Ionization mechanisms from non-charged particles

Chargeless particles like neutrons or the hypothetical WIMPs! are not be affected by
the electric field of the atoms, but if they pass near the nuclei of the detector, they
can interact with them via several processes, such as elastic and inelastic scattering,
spallation, transmutation or radiative capture. As a secondary effect, some these processes
can produce charged particles that are able to trigger ionization in the gas. The main
processes by which a neutron can interact with nuclei are listed below.

e Elastic scattering: it is the neutron’s principal mode of interaction with matter,
where the target nucleus remains in the same state and the total kinetic energy of
the neutron is conserved, so no extra particles are emitted.

e Inellastic scattering: in this process, the incoming neutron is absorbed by the
nucleus forming an unstable compound, that quickly emits another neutron with a
lower kinetic energy. The nucleus is left in an excited state, and some y-decays can
happen until it returns to the ground state.

'WIMPs, or Weakly Interacting Massive Particles, are hypothetical candidates to the dark matter of
the universe.
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e Transmutation: it is a reaction where an element captures a slow neutron and as
a result, it changes into another element, emitting « or § particles in the process.

e Radiative capture: it is another common process for neutrons, where a nucleus
absorbs it and becomes excited. To relax, the nucleus emits v-rays. In this case, no
transmutation occurs, but the element becomes a different isotope.

e Spallation: this process consist of the fragmentation of a nucleus into several parts
due to the collision of a high energy neutron, such as the neutrons that come from
cosmic rays.

e Fission: in this process, a slow neutron is captured by a heavy nucleus, which splits
up in fragments emitting several neutrons and photons.

These non-charged particles interact mainly through the strong nuclear force
because they can get very close to the nucleus of the atoms. Also, due to their neutrality,
they do not loose their energy through electromagnetic interactions, so they can penetrate
deeper into the material, although some attenuation is expected. The intensity of a
neutron beam that travels a distance x through a certain material can be written as

I = IO e*#n$7 (116)

where u, is the attenuation coefficient, that can be expressed as the inverse of the mean
free path, \,, or in terms of the total nuclear cross-section,

ftn = No (1.17)

where 0,,; is the sum of all the cross-sections of the possible processes described above,
and N is the number density of the nuclei in the material.

1.4 Transport of electrons: drift

Once the gas has been ionized and the primary charges have been created, the free
electrons find a medium with an electric field that avoid the e™-ion pair to recombine.
Instead, electrons drift towards the anode, where the readout of the detector is placed,
and the ion moves towards the cathode. In this type of detectors, the ions are not involved
in the signal generation, so they will not be considered.

In this section, the drift of the electrons through the gas along with the physical
processes that occurs and their properties will be explained. Since the analytical
calculation of the properties of the drifting electrons in a gas is rather complex due
to the quantum-mechanics processes involved in the collisions, a Monte Carlo simulation
software called Magboltz [16] is commonly used for this purpose.
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1.4.1 Drift velocity

The electrons and ions produced in a gas move randomly and are scattered by collisions
with the gas molecules. In the absence of an external electric field, the free electrons in
the gas scatter isotropically with the gas atoms or molecules with a mean instantaneous
velocity u. But when an electric field is applied, the electrons are accelerated towards the
anode. They are considered to move at a constant velocity during the drift because the
acceleration due to the electric field is compensated by the collisions with the gas atoms,
that slow down the electron. The resulting mean drift velocity v, has been deduced in [17],
and it is

va= L F, (1.18)

Me

where e and m, are the charge and mass of the electron, E is the value of the electric
field and 7(E) = 1/(N o, u) is the mean time between collisions. This time is determined
by the molecular density of the gas, N, the scattering cross-section, o, and the mean
instantaneous velocity, u. Since the drift velocity depends on the molecular density of the
gas, it will change with the gas pressure.

The drift velocity of the electrons depends on the scattering cross-section of the gas
(as seen in equation 1.18). The direction of the trajectory of the electron can change after
a collision, due to the mass ratio between electrons and gas molecules. If the scattering
is elastic, the fraction of energy loss per collision will be rather small. This is desirable
because the primary charges are the responsible of producing the detectable signal. But
if all the collisions are elastic, the trajectory of the electrons inside the gas will be very
erratic and less efficient, translating into a slower drift velocity. On the other hand, if the
scattering is inelastic, the energy loss will be bigger, which will minimize the deviations
caused by the scattering and the electric field energy is invested in driving the charges only
in the drift direction. However, inelastic collisions have the risk of reducing too much the
energy of the primary charges so the gas molecule can capture it (known as attachment,
and explained in subsection 1.4.3).

Particle gaseous detectors usually use noble gases as their active medium because
they have simple molecular structures, they are very unlikely to absorb an electron, and
they have low cross sections allowing long mean free paths. But on the other hand,
inelastic collisions at low energies with electrons are not possible, so the main scattering
process for electrons in a noble gas are elastic collisions, which is not ideal for a good drift
velocity.

To improve the drift velocity of noble gases, they can be mixed with small quantities
of another gas, called quencher. These are usually organic molecular gases such as CFy,
Trimethylamine (TMA) or Isobutane (C4Hio), whose rotational or vibrational modes can
be activated at energies much lower than the electronic excitation energies. This translates
into a relatively high energy loss for the electron and therefore, an improvement of the
drift velocity. Figure 1.6 shows the drift velocity of different argon based quenching gas
mixtures for different electric field values.
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Figure 1.6: Dependence of the drift velocity of electrons with the reduced drift field for
different argon based mixtures (obtained with Magboltz [16]).

1.4.2 Diffusion

Along the drift within the electric field, the electrons are deviated from its desirable
trajectory due to collisions with the gas atoms or molecules. This phenomenon is called
diffusion and it may affect the topological information of the gaseous detector.

In the absence of an external electric field, the diffusion is isotropic, so a point-
like collection of free electrons will spread around the original point following a Gaussian
spatial distribution, whose width will increase with time. This spread can be described
for any direction as the number of charges dN that can be found in a differential element
dx at a distance z from the center of the initial charge distribution after a time t as

where D is known as a diffusion coefficient, and it is related to the standard deviation of
the Gaussian distribution, o, through

dN =

o=V2Dt. (1.20)

In the presence of an electric field, the diffusion is no longer isotropic but a tensor
with two non-zero components: a longitudinal component, Dy, in the direction of the
drift electric field; and a transversal one, Dr, orthogonal to the drift electric field. With
this consideration, the number of charges will be parametrized by

o= (et () (5555 o

1/2

The diffusion coefficients are usually expressed in units of ymcm™/“ and can be
determined by the spread of the electron cloud after a given drift length. A highly pixelized
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readout allows measuring the mean squared deviation of the transversal diffusion, while
the longitudinal one can be determined from the measurement of the drift velocity and
the spread of arrival times of primary charges.
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Figure 1.7: Dependence of the longitudinal (left) and transversal (right) diffusion
coefficients with the reduced drift field for different argon based mixtures (obtained with
Magboltz [16]).

Figure 1.7 shows examples of the diffusion coefficients of different argon based gas
mixtures. In general, the longitudinal component is smaller than the transversal one, and
the addition of a quencher to the target gas reduces the diffusion coefficients, as it was
explained for the drift field.

1.4.3 Charge reduction

There are some processes that occur in the gas and reduce the number of the electrons
produced by the primary emission, therefore modifying the final charge that will be
measured by the readout. This could affect the detector performance and has to be
taken into account. The main known processes that affect the final charge of the event in
a gaseous detector are recombination and attachment.

Recombination refers to the process when the drift electrons meet the positive
ions that are drifting in the opposite sense. This process implies a decrease in the number
density of e™-ion pairs along a drift distance and depends of the number of charge carriers,
n™ and n~, and of the so called recombination coefficient, p,.:

dn
dt

+

=p,nn . (1.22)

Usually, the p, coefficient is of the order of ~10~7cm™3s~!. This process tends
to increase with the e™-ion pair concentration, so the recombination rates of pure noble
gases are usually higher than other gases [18]. However, this effect is strongly reduced by
applying an electric field at the medium, so it is not usually very relevant. A deep study
of the recombination in xenon+TMA mixture can be found in [19].
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On the other hand, attachment is the absorption of the electron by a molecule
present in the gas during the drift. All the molecules have a certain attachment cross-
section, (the lowest correspond to noble gases), but attachment is generically caused by
impurities with high electron affinity, specially air and water. A summary of the different
attachment mechanisms can be found in [20].

Electron attachment can be reduced by minimizing the leaks of the gas system of
the experiment and the outgassing” components inside it. A continuous flow of clean gas
is also desirable, as well as pumping of the detector chamber.

1.5 Charge multiplication: avalanche

Inside a strong enough electric field (~kV em™), electrons are accelerated and they are
able to ionize more atoms along their way. As a result, a chain reaction of e -ion pairs
production is triggered. This process is commonly called electron avalanche, and the
number of charges dn produced after a certain distance dx can be parametrized as

dn =n(z)a(E(z)) dz, (1.23)

where n(x) is the final number of charges after the avalanche and « is the Townsend
coefficient, that represents the number of collisions that will create a e™-ion pair per unit
length at a specific electric field F(x). Tt can be expressed as o = A\~1, where ) is the mean
free path of the electron. Figure 1.8 shows the dependence of the Townsed coefficient with
the electric field for argon and some argon based mixtures.

Amplification regions with high electric fields are implemented in gaseous detectors
to amplify the single electron charges that are formed in the ionization region, so they
can produce a detectable signal. The amplification, or gain factor G, is defined as the
number of ionizations created by a single electron in its path between two points, z; and
T, as

G=" —exp (/ a(E(x)) dx) . (1.24)

Mo 9

If the electric field is uniform, the Townsend coefficient will be constant, and the gain will
simply be

G=—=e" 1.25
= (1.25)

There exists a limit in the amplification factor due to an effect called space charge:
the charges in the amplification region can modify the electric field in such a way that
multiplication saturates, what is commonly called a spark. This happens at values of
G ~ 10® (known as the Raether limit [22]), which corresponds to az ~ 20. The goal
of any detector is to achieve a high enough gain at an stable operation point before this

2Qutgassing is the release of a gas that has been dissolved, trapped, frozen, or absorbed in some
material.
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Figure 1.8: Townsend coeflicient as a function of the electric field for pure argon and argon
mixtures with two quencher gases (obtained with Magboltz [16], adapted from [21]).

spark breakdown. In the practice, the operation point is usually around four orders of
magnitude less than the Raether limit, mainly due to imperfections in the anode or the
absorption of secondary photons by the quencher gas.

The number of final electrons after the avalanche can fluctuate and affect the
precision of the measurements of the detector. These fluctuations can be parametrized
analytically [23] as a Polya distribution, b, that decreases with the electric field through a
dependence o E(z))xo (where x is the distance that an electron with an initial energy ~0
has to travel before being able to ionize the gas). This parametrization typically assumes
values between 0.2-0.9 in most gases operated at 20-100 kVem™1. The consequent
fluctuation will affect to the energy resolution convoluted with the Fano factor, F', as

w

R(%FWHM) = 2.35\ = (F +b). (1.26)

Besides the statistical fluctuations, some other geometrical and operational
parameters can influence the avalanche process and worsen the energy resolution,
such as electronic noise, attachment, electron transmission from the conversion to the
amplification regions, geometrical imperfections or space charge effect at high particle
rates.

1.6 Signal generation

The e™-ion pairs generated in the amplification region by the avalanche process will drift
towards the corresponding electrodes, and this movement of the charges within the electric



20 Chapter 1. Phenomenology of particle gaseous detectors

field will generate current, i.e. a signal, in the electrodes. The instantaneous electric
current i(t) generated by a moving charge ¢ near to an electrode is obtained by the
theorem of Shockley-Ramo [24,25]:

i(t) = q (1) - Eu, (1.27)

_>
where 7(2&) is the velocity of the moving charge and E,, is the weighted electric field, which
is defined as the electric field at the instantaneous position of the charge, calculated with
the condition that the electrode is at 1V and the other electrodes are grounded.

The current induced in an electrode depends of the velocity of the charge. Since
electrons are around 10% times faster than ions, they will induce signals with different
characteristic times. However, the total charge generated in the electrode is the same for
both, and can be expressed as QQ = f(f i(t)dt.
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2.1 Introduction

The Rare Event Searches experiments are defined by the fact that they try to measure very
unlikely phenomena for which very low detection rate is expected. It is an heterogeneous
field containing experiments from high energy physics and astroparticle physics to nuclear
physics. In this context, gaseous detectors are widely used and their evolution in
the last century has been exponential from the first Geiger and Rutherford’s single
wire proportional counters [26], Geiger-Muller counters [27] and imaging detectors like
cloud chambers [28]. One important milestone for instrumentation in such experiments
happened in 1968 when G. Charpak invented the Multi Wire Propotional Chamber
(MWPC) [29], that consisted of a gaseous chamber with an anode plane made of
parallel closely-spaced wires, acting as independent proportional counters. This allowed
reconstructing the two-dimensional trajectory of the particles that interacted in the gas.

Then, a new generation of detectors started to develop in order to obtain the
position along the field direction using a drift chamber [17], with the idea of measuring the
creation time of the primary electrons. With this concept, the Time Projection Chamber
(TPC) [2] was designed by D. R. Nygren and J. N. Marx in 1978, which combines the
two-dimensional positioning provided by the MWPCs and the temporal information of
the drift chamber.

Another important milestone was reached in 1988, when A. Oed developed the

21
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Micro Strip Gas Counters (MSGC) [30], which consisted of alternating cathode and
anode strips printed on an insulating support with an electric field high enough to
produce electron multiplication. This detector was the first of a new kind of readouts
for gaseous detectors known as Micropattern Gaseous Detectors (MPGDs), with readouts
implemented by means of printed-circuit-board (PCB) techniques. Nowadays, their
combination with TPCs is widely spread along the experiments of rare event searches
such as dark matter, high energy physics at colliders or neutrino physics.

Among the MPGDs, the MICRO MEsh GAseous Structure (Micromegas) [3]
stands out in terms of gain and energy resolution. It was first introduced by J. P. Robert,
Y. Giomataris, P. Rebourgeard and G. Charpak in 1996, and it meant another step in the
readouts evolution. They implemented a near-parallel planes geometry to the electrode,
which allowed both obtaining a constant amplification field in the amplification region,
and also decoupling the drift and amplification regions, so independent electric fields could
be applied to each region.

In this chapter, the detection concept of a TPC and its integration with a
Micromegas readout will be explained. Then, the most relevant Micromegas designs,
their manufacturing processes and their main features will be detailed.

2.2 Time projection chambers

The main idea behind a gaseous TPC is to define a rather long drift distance volume
where a constant electric field is applied. The electrons produced by incident particles in
the gas volume will follow the electrical field lines towards a readout plane, for example,
a Micromegas. The electrodes can be placed at opposite sides of the volume, so only one
readout plane is used, or alternatively, the cathode can be placed at the middle of the
volume, creating two different drift regions with the possibility of using two readouts, one
at each side of the volume.

If a segmented readout is placed at the anode (wired or pixelised), the two-
dimensional topological information of the event that occurred in the gas can be
obtained. On the other hand, the TPC provides temporal information from the drift
time measurement, which will be total or relative depending on whether or not an extra
detector is used to correlate the signals with the e™-ion pairs.

The gas or gas mixture used in the drift volume has to be carefully chosen to fulfil
all the requirements discussed in the previous chapter in terms of drift velocity, diffusion
and attachment. Usually, external gas systems are designed to provide a constant flow
of clean gas to reduce the contaminants and optimize the detector performance. Also,
it is important that the external electric field (usually 10210 Vem™) is uniform and
constant to assure a constant drift velocity of the charges. Internal field cages or shapers
are implemented for this purpose.

Figure 2.1 shows a conceptual scheme of the detection concept of a TPC. In this
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Figure 2.1: Working principle of a TPC (image from [31]). Incident particles enter in
the chamber and ionize the gas molecules producing e -ion pairs that drift towards the
electrodes due to an external electric field. The charge is collected at the segmented anode
and a signal is produced.

part of the detector the two first steps of the detection process happen: the ionization of
the medium by an incident particle and the drift of the produced electrons towards the
segmented anode. The two next steps, that are the amplification of the charge at the
production of the signal occur in the actual segmented anode, which in the context of this
work, it is a Micromegas readout.

2.3 Micromegas readouts

A Micromegas [3,32] is a gaseous parallel plate detector where two parallel electrodes
form a narrow amplification space, typically ~50-100 pm, for charge multiplication. The
cathode is made out of a thin metallic micro-mesh of a few microns thick, while the anode
consist of micro-elements (strips, pads or pixels) of a conductor material printed on an
insulator board. The separation between the cathode and the anode is done by means of
insulating pillars deposited by standard photographic methods, covering a small part of
the total readout surface (~1%).

Usually, Micromegas are used as segmented anodes in TPCs, where the cathode
of the chamber is placed parallel to the Micromegas mesh. Comprehensive schemes of a
Micromegas+TPC detector are shown in figure 2.2. When electrons are released in the
gas chamber by any ionization mechanism, they drift towards the mesh and they enter
the amplification gap thanks to the shape of the field lines. There, they are multiplied
in an avalanche process, resulting in a large number of e”-ion pairs that induce signals
on the anode elements and on the cathode mesh respectively. A simulation of the field
lines at the vicinity of the Micromegas mesh is shown in figure 2.3. The big difference
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Figure 2.2: (Lefft) Scheme of a Micromegas detector design. A metallic cathode micro-
mesh is suspended over a segmented readout anode by means of insulating pillars, creating
an amplification region. Electrons are injected to this region from a conversion region
above, defined by a third electrode. (Right) Scheme of the working principle of a gaseous
Micromegas detector in a TPC. Particles ionize the gas in the conversion region and the
electrons drift towards the anode due to an electric field. The electrons enter into the
amplification region through the Micromegas mesh holes, where they are amplified due to
the high electric field and finally, they produce a signal.

between amplification field (usually 10*-10% Vem ™) and drift field allows a high electron
transmission from the conversion to the amplification region and a fast evacuation of
the ions, avoiding charge space effect that could produce gain fluctuations in high rate
environments.
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Figure 2.3: Field line simulation of a 25 ym amplification gap Micromegas detector. The
field lines make the electrons produced in the conversion region to pass through the holes of
the mesh to the amplification region. Image adapted from [33].

Micromegas detectors are being used in many experiments for different purposes,
such as axion searches in CAST [34]; WIMP direct searches in TREX-DM [35];
neutrinoless double beta decay detection in PANDAX [36]; neutrino oscilations in T2K
[37]; muon tracking in ATLAS [38]; particle tracking in COMPASS [39], NA48 [40] or
CLAS12 [41]; or neutron physics in n-TOF [42]. Last but not least, Micromegas are the
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main proposed detectors for the new IAXO axion observatory [43].

2.3.1 Micromegas designs and manufacture

The first Micromegas designs had the micro-mesh and the anode plane built separately
over supporting frames. The anode consisted of gold-coated strips over an insulating
substrate (PCB). Then, photolithographic techniques were applied to a photoresist film to
form the insulating pillars, that were glued to a frame and mounted on the anode surface.
Also, an electroformed! nickel micro-mesh was made and then glued on a supporting
frame, which then was screwed to the anode frame. Finally, voltage was applied to
the micro-mesh to stretch it over the insulating pillars, thus completing the fabrication
process.

Later designs of Micromegas detectors took advantage of the photochemical etching
mechanism to develop the insulating pillars directly on top of the micro-mesh [44].
Photoresisitive film was applied to both sides of copper clad kapton foils supported by a
frame, and two different masks were used to set different designs on each side: a micro-
mesh mask for the copper side and the pillars pattern for the kapton side. After the mask
designs were set by photolithography, the coper-clad-kapton foil was chemically etched
and it was mounted on top of the anode plate.

The main disadvantage of these techniques was the final attachment of the two
parts that were built separately, which required a considerable skill and expertise to
obtain homogeneous gaps. More recent manufacturing techniques build the complete
Micromegas as a unit, which results in very robust and homogeneous readout planes that
can be scaled to larger surfaces. The two main designs achieved with this manufacturing
method are bulk Micromegas [45] and microbulk Micromegas [46].

Bulk technology

The bulk Micromegas [45] technology replaces the electroformed mesh with a woven wire
mesh (~30um thick) that is very robust and resistant to stretching and handling. Also,
the mesh is industrially produced, so it can be purchased inexpensively at big quantities
in a variety of materials.

The steps of the fabrication process are shown in figure 2.4. The Micromegas
base is a PCB with a copper plane. This base is covered by a photoresist foil that will
set the height of the amplification gap. Then, the mask of the pillars is fixed by UV
lithography and the woven wire mesh is placed on top. A new layer of photoresist foil
is used to cover the mesh, encapsulating it, and the mask of the pillars is fixed again on
this new layer. Finally, the readout goes through a chemical bath to remove the not fixed

IElectroforming is a metal forming process that forms parts through electrodeposition on a model.
Colloidal particles suspended in a liquid medium migrate under the influence of an electric field
(electrophoresis) and are deposited onto an electrode.
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photoresistive foil, forming in this way the pillars below and above the mesh fixed to the
copper substrate.
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Figure 2.4: (Left) Comprehensive scheme of the fabrication process of a bulk Micromegas.
(Right) Detail of the copper woven mesh showing one of the pillars.

The amplification gap in bulk detectors ranges typically between 64 pm, 128 um
or 256 pm, depending on the thickness (or the number of layers) of the photoresisitve foil
used in the manufacturing process. These detectors provide a very high gain before the
spark limit is reached (2 x 10* in Ar + 5% C4Hy(), an ion-induced signal risetime of about
100ns (dependent on the gap size), and energy resolution better than 20% FWHM at
5.9 keV. But the fact that this readouts are built on top of PCB bases makes them non
convenient from the radiopurity perspective.

Also, the pillars of about 200-300 um diameter can be relatively spaced from each
other, around 2-4mm, so the amount of insulator material between the electrodes is
minimized. This fact makes the bulk Micromegas to have low capacitance per unit area,
what helps to build large areas without a limiting noise or the need to segment the mesh.

Microbulk technology

The microbulk Micromegas [46] technology uses double and single copper-clad-kapton foils
to produce the entire readout, both the segmented anode and the mesh, at once. This
technique allows a very homogeneous amplification gap, which leads to the best energy
resolutions in Micromegas detectors with a relatively high gain. Also, as it is only made
out of copper and kapton, high levels of radiopurity can be reached.

Figure 2.5 (left) shows a schematics of the manufacturing process. The base
material is a kapton foil 50 gm thick with 5 gm copper layers in both sides (double copper-
clad-kapton). The readout pads are constructed by means of photolytography technique,
attaching extra single copper-clad-kapton foils to obtain pads at different levels. These
foils are etched and different vias are constructed in concordance with the readout pattern.
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Then, the mesh grid is made by photochemical etching, creating a holes pattern on the
superior copper layer. Finally, the kapton layer is also etched and removed in order to
build pillars that avoid dead spaces.

[ ] Double side Cu-coated (5 um) Kapton foil (50 um),

e — —— —— —— —J Construction of readout strips/pads (photolithography)
= Attachment of a single-side Cu-coated kapton foil (25/5 pm)
- Construction of readout lines

- - == Etching of kapton
== . .
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Photochemical production of mesh holes

Figure 2.5: (Left) Comprehensive scheme of the fabrication process of a microbulk
Micromegas. (Right) Microscopic detail of the copper mesh.

Through this fabrication technique, the amplification gap that is produced has an
homogeneity accuracy of ~1 um, so the resulting energy resolution is very good for MPGD
standards: 11.2% FWHM at 5.9keV in Ar+5% C4H;o [46], or better than 2% FWHM at
5.5MeV in Ar+2-5% C4Hyg mixtures can be achieved. The gain and energy resolution of
microbulk Micromegas in different argon and xenon gas mixtures at different pressures
have been extensively studied for example in [19,20,47].

Microbulk Micromegas are more fragile than bulk Micromegas to handling and
sparks can happen due to their delicate mesh. However, they are more robust against
continuous vibrations and tensions, and they are generally more stable.

2.3.2 Micromegas properties

It is important to define the fundamental properties of the Micromegas detectors that are
usually used for their experimental characterization. First, the electron transmission
(also known as transparency) is the parameter that measures the fraction of initial
electrons that pass from the conversion region to the amplification region through the
mesh holes. The electron transmission is highly dependent on the field lines that direct
the electrons through the holes and on the geometry of the detector itself. Usually, for a
given amplification field, the energy transmission at very high drift fields is low because
the field lines tend to finish on the surface of the mesh. As the drift field decreases, the
electronic transmission tend to its maximum values, and this tendency follows for a longer
or shorter field rate range depending on the type of the Micromegas, what is called the
plateau. In this range, most of the drift field lines go through the the holes of the mesh and
enter the amplification region, so usually, this plateau is searched to be the operational
point for the detector. Finally, for very low values of the drift field, the drift velocity of
the electrons decreases and the attachment and recombination processes star to become
relevant, therefore sharply decreasing the electronic transmission.
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Another important parameter of a Micromegas detector is the amplification gain,
or the multiplication factor of the electrons in the amplification gap. This process was
described in section 1.5, and the gain was obtained to be dependent on the distance
travelled by the primary electron in the amplification field, d, and on the Townsend
coefficient, «, that is electric field dependent. This coefficient has been parametrized in
various theoretical models, such as the Rose-Korff model [48],

—-BP

a=PAe E | (2.1)

where P is the pressure of the gas, A and B are empirical parameters of such gas and F
is the electric field. Then, the gain from equation 1.25 can be expressed as

G = exp <PA€%> = exp <PA6#> , (2.2)

where V' is the applied voltage. In order to find a set of parameters that optimise the
operational point, this expression can be differentiated as

9 _ G (1 - @) . (2.3)

Therefore, the amplification gap that maximizes the gain is d,u = V/BP. From this
relation it is obtained that the pressure is inversely proportional to the amplification
gap, so it is expected that small amplification gaps will be more suitable for operation
at higher pressures. A study of Micromegas with different gap distances operated at
different pressures can be found in [33]. Experimentally, the gain parameter can be
measured provided the total energy deposited and the W factor of the gas are known.

Yet another relevant property of the Micromegas detectors is the energy
resolution, which is the accuracy in the determination of the energy of a measured event.
As it was described along the last chapter, the energy resolution for a gaseous detector
is given by equation 1.26. It depends on the energy of the incident particle, E, and the
energy required to create an e -ion pair in the corresponding gas, W, and it is affected
by the Fano factor (section 1.3) and the gain fluctuations (section 1.5). In practice, some
more corrections are needed: §,, from the electric noise, and ¢ from any other issues like
spatial inhomogeneities of the gap or fluctuations in pressure or temperature. Then, the
experimental energy resolution can be expressed as

ROAFWHM) = 2.35 %(F L B) 40+ (2.4)

The energy resolution is correlated with both the electron transmission and the
gain. It is optimum for the maximum electron transmission, and it worsens below and
above the transmission plateau. Also, the energy resolution is degraded at high gain
values close to the spark limit due to the fluctuations, as well as at very low gains, where
the electronic noise becomes comparable to the signal size.

The position resolution is the accuracy in the determination of the two-
dimensional position of an event on the readout. Micromegas show excellent position
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resolution due to the high granularity of their readouts and the small avalanche gap.
This parameter is however limited by the diffusion during the drift of the primary charges
trhough the gas. The position resolution is usually measured as the difference between the
centroid measured by the Micromegas and the extrapolation of a reference measurement
when irradiated by a perpendicular and collimated beam. Alternatively, it is measured
as the difference between two Micromegas situated back-to-back. Position resolutions as
good as 36 pm and 24 ym have been achieved with Micromegas of 250 ym and 500 pm
pitch respectively in argon-based mixtures [49].

Finally, the time resolution is the accuracy in the determination of the temporal
dimension of an event. Some tests have been made to estimate the time resolution of the
Micromegas detectors, for example in [50], where time resolutions as good as 0.5ns were
achieved.
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Axions and Axion-Like particles
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3.1 Introduction

Axions are hypothetical elementary particles of a grown interest in the last years inside
the particle physics and cosmology scene. They were postulated by Weinberg and
Wilczek in 1978 from the Peccei-Quinn solution to the strong CP problem of Quantum
Chromodynamics, and named after a laundry detergent! because they cleaned up such
problem. These particles are very well motivated as they arise as possible explanations
or consequences in several Standard Model extensions and furthermore, they are fitting
candidates for dark matter particles.

In this chapter, the idea that postulated the existence of the axions is explained, as
well as the main properties of these particles, the different theoretical models and the most
relevant constrains for their properties from astrophysical and cosmological observations.

1Quoting Frank Wilczek talking about axions in [51]: I named them after a laundry detergent, since
they clean up a problem with an axial current.

33
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Then, a more generic view of the axions and the possibility of them being part or the
totality of the dark matter of the Universe is explained, and finally, some of the current
experimental techniques to detect them are shown.

3.2 The strong CP problem and axions

A problem: the U(1)4 problem

The strong CP problem arises in the context of the Quantum Chromodynamics theory
(QCD), which is an important part of the Standard Model (SM) of particle physics. QCD
is a non-abelian gauge field theory that describes the properties of the strong interactions
between quarks and gluons, the fundamental particles that form composite hadrons like
protons, neutrons, pions, etc. It has a SU(3) symmetry group with a charge called color,
that must be conserved. Gluons are the force carriers of QCD, and there are eight types
of gluons corresponding to the generators of SU(3).

The QCD Lagrangian has two terms: the first one describes the quark fields and
the second one, the gluon self-interactions. In can be written as

(s 1 a v
Locp =Y Un(i" Dy — my )i, — LGWG, (3.1)
where G7,, are the strength tensors of the gluon fields with a color index a = 1,2,..., 8;
Y, are the quark fields with the flavour n and the corresponding quark mass, m,; and
D, = 0, — i1gA;T" is the covariant derivative, where g is the coupling constant and 7
are the generators of the SU(3) group rotations of the quark fields in the color space.

The QCD Lagrangian is invariant under its symmetry group transformations
(SU(3)), what corresponds to the color conservation in strong interactions. In the
particular limit of vanishing quark masses m — 0, the system has an additional global
symmetry that can be expressed as U(N)y x U(N)4. This symmetry implies that the
system is invariant under flavour and chirality transformations. However, only the u
and d quark masses are approximately zero with regard to the dynamic scale of the QCD
theory (my,q < Agep). Therefore, QCD can be considered approximately invariant under
U2)y x U(2)a:

e U(2)y = SU(2)y x U(1)y, where the associated quantity under SU(2)y is the
isospin, which describes the organization of hadrons in multiplets of similar mass
(singlets: Ag, doublets: (p,n), triplets: (X1, %% ¥7), quartets: (AT+, AT, A% A7),
etc.); and on the other hand, U(1)y is associated with the baryon number. This
term is the vectorial part of the global symmetry, and is actually an exact symmetry.
The invariance of QCD under the U(2)y term has been observed experimentally.

o U(2)4 = SU(2)a x U(1),, is the axial term of the global symmetry, and the
invariance of QCD under this term has never been observed in nature. It is
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understood then that the U(2)4 symmetry is not preserved by the QCD vacuum
(ground) state.

When a symmetry that is valid for the Lagrangian is not valid for the vacuum state,
it is said that the symmetry is spontaneously broken. If the symmetry is exact, the
consequence is the existence of a massless Nambu-Goldstone (NG) boson. But, if the
symmetry is only approximate, as it is the addressed case, the consequence is the existence
of a massive pseudo-NG boson. The pseudo-NG bosons associated with the breakdown
of SU(2) 4 are the pion triplet (7, 7% 7). The problem is that the breakdown of U(1)4
should also have a pseudo-NG boson associated, with an expected mass less than v/3m,
but there is not such a particle in the hadronic spectrum. This is known as the U(1)4
problem of QCD [52], and it was addressed by S. Weinberg in 1975.

A solution: ©-vacuum

The solution to this problem came from the realization by tHooft [53,54] that U(1)4 has
a chiral (or axial) anomaly and that the ground state (vacuum) of QCD is non-trivial. In
fact, the QCD vacuum has an infinite number of degenerate states which are topologically
different. Thus, the correct vacuum configuration of QCD is the superposition of an
infinite number of degenerate states (labelled by n), called the ©-vacuum, that can be
written as a function of the parameter ©:

©) =) €"®n). (3.2)

n

The consequence of this vacuum state is the anomalous breaking of the U(1) 4, which is
not longer a true symmetry of QCD.

The effect of the ©-vacuum can be recast in a single non-perturbative term to be
added to the QCD Lagrangian

92

3272

Lo=0-—GG". (3.3)
If the electroweak interactions are taken into account, then a second term arises in the

theory
2

g ~
Loear = Arg(det M G GM, 3.4
k Tg( € )3271_2 wa ( )
where M is the diagonalized quark mass matrix. If an effective © = © + Arg(detM)
parameter is defined, which takes into account both QCD and electroweak information
(quarks acquire their effective masses through the breakdown of the electroweak

symmetry), then the resulting additional term to the QCD Lagrangian from equations
3.3 and 3.4 is

2

_ ey g a pv
6= Lo+ Lucar = O53— GGl (3.5)

which effectively solves the U(1)4 problem.
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Another problem: strong CP problem

However, this solution brings another problem. The additional Lg term to the QCD
Lagrangian is not invariant under CP transformations, and as a matter of fact, CP
violation has never been observed experimentally in QCD.

One of the experimental consequences of the L& term would be the existence of
electric dipole moments (EDM) for protons, d,, and neutrons, d,. However, they have
never been observed for neutrons [55]. The most sensitive measurements of EDMN set a
strong experimental bound at |d,| < 2.9 x 107%%ecm (90% C.L.), which constrains the
value of © to

e <107t (3.6)

The smallness of this parameter results unnatural and it implies an extreme fine-
tuning of © to the value of Arg(detM) for these contributions to cancel with a precision
of ©. Additionally, these two contributions are in principle unrelated: one is the angle
characterizing the QCD vacuum © and the other, the common phase of the matrix of SM
quarks, that comes from the Higgs Yukawa couplings, which are known to violate CP.
This is what is known as the strong CP problem.

Another solution: axions

An elegant answer to the strong CP problem was proposed by Peccei and Quinn in
1977 [56,57]. They postulated the extension of the SM with an additional U(1) global
chiral symmetry, known as the PQ symmetry U(1)pg, that is spontaneously broken at
high scale f,. And as it was realized by Weinberg and Wilczek [58,59], this symmetry
breakdown implies the existance of a new massive pseudo-NG boson. Here is where the
axions were introduced.

This new axion field, a, will transform under the new U(1)pg symmetry as

a E>a—i—ozfa, (3.7)

and because of the chiral anomaly of this symmetry, the axion will couple to gluons,
resulting in the appearance of an extra term in the QCD Lagrangian.

a 92

- ﬁ 32m?

L. GG — %@a@“a L0, 0), (3.8)

where the first term is the axion potential energy with £ a model-dependent constant, the
second term is the kinetic energy of the axion field and the third term accounts for all the
possible interactions of the axion field with fermions.

Taking into account that both £, and Lg have been added to the Lgcp so far:

a, =\ ¢ - 1
Lo = (_a§ + 6) 3371’2 GZVGgV - 5811@6”& + ‘C<8ﬂa/fa’ Q/J), (3'9)
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and the effective potential acquired by the axion field can be expressed as

Viff ~ cos <@+ ﬁ§> : (3.10)

The minimization of this potential with respect to the axion field occurs at the axion field
vacuum expectation value (a), such as

<a\§;f>:0 = <a>=—&@. (3.11)

In this way, the physical axion field
Aphys = a + (a), (3.12)

absorbs the © dependent term and no CP violation occurs, solving the strong CP problem.

Finally, if one expand the axion field around the vacuum expectation value, the
axion gets a mass of

%V, £ ¢ 0 -
Ma < 0%a > fa 3272 0a <G“”G“ >

which is dependent on the PQ symmetry breaking scale f,, so a prior: it is arbitrary.

, 3.13
w (3.13)

As it has been seen, the Peccei-Quinn mechanism is the most elegant solution to
the strong CP problem and it introduces the possibility of a new massive pseudo-NG
boson, the axion. The experimental detection of such a particle would prove this theory.

3.3 Axions properties

Axions arises from the PQ solution of the strong CP problem, so some of their properties
are determined by the U(1)pq symmetry breaking scale f,. These properties are the axion
mass, my, and its coupling constant to other particles, gg;:

1 1

ﬁ, Gai X E. (314)

Mg X

In this section, some of the main axion coupling mechanisms with matter will be
described, as well as the most relevant axion models.

3.3.1 Axion couplings

From the axion Lagrangian term it is seen that couplings to gluons and photons appear
naturally for all theoretical models, but other couplings like coupling to fermions will be
model dependent.
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Coupling to gluons

Axions couple to gluons as a consequence of the chiral anomaly of the U(1)pg symmetry,
s0 it is a direct outcome of any axion model and the most generic property of the axions.

It is described by the surviving term of the axions Lagrangian (equation 3.9) after the ©
cancellation from the PQ solution,

s

87 fa

Loc = GG a, (3.15)

where «; is the fine-structure constant.

The coupling of axions with gluons makes that axions can mix with pions, that
have the same quantum numbers, and therefore, they can acquire mass depending on the
mass and decay constant of the pion, m,=135MeV and f, ~93 MeV, as

My fr Z 10° GeV
0= ~6MeV——m—, 3.16
Mo =" V(1+z+w><1+z> Vv (3.16)

where z = m,/my = 0.46 £ 5 and w = m,/m,; = 0.036 = 0.0004 are the quark masses
ratios (from [4]).

Coupling to photons

The axions coupling to photons is a very interesting axion property from the experimental
perspective. They have two main coupling mechanisms: through the mixing with neutral
pions and, if the fermions carry PQ charge and electric charge as well, through the
Yukawa coupling to two photons. The axion to photons coupling can be described by
the Lagrangian term

Ya a Ty
Loy = —f Pl EY a= gawﬁg a, (3.17)
where F},, is the electromagnetic field-strength tensor, ﬁ and § are the electric and
magnetic fields, a is the axion field, and g, is the coupling constant, that can be expressed

as
a (E 24+z+w) a (E
= z_ — =~ 1924008, 3.18

Jor = ot (N 3(1—|—z+w)) o f, (N ) (3-18)

where « is the fine-structure constant, z and w are again the quark masses ratio, and
E/N is a model dependent ratio between the electromagnetic anomaly, E, and the color
anomaly, N, of the axial current associated with the axion field. The values that this
ratio takes in different models will be addressed later, but generically, £/N can take a
broad range of values.

It is seen that photons can oscillate into axions and wvice versa. This process is
known as the Primakoff effect (and the inverse-Primakoff effect), and it turns out very
useful for the experimental approaches, because axions can turn into detectable photons
in a laboratory magnetic field.
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Coupling to fermions

Whether fermions carry PQ charge or not is a model dependent property, so this coupling
is not as generic as the gluons or photons ones. The possible interaction of an axion with
a fermion f can be expressed as

Gaf —
Loy = %(¢f Vs Yy Opa), (3.19)

where ¢y and my are the fermion field an mass, and g,s is the axion-fermion coupling

constant o
m
Gaf = ’} L (3.20)

where C stands for the model-dependent effective PQ charge of the fermion.

Specifically, there are models that consider the coupling of axions to electrons.
For those which C, # 0, the axion-electron coupling occurs at tree-level (e.g. for the DSFZ
model), and the axion-electron coupling constant is g7 = Cf—m = 0.85x 10719, C eV L.
On the other hand, for those models where C, = 0, the axion-electron coupling can occur
through higher order loops corrections, the so-called radioactively induced coupling, with

a coupling constant g"%. Although this coupling can occur, ¢7%¢ is usually weaker than
tree

gae ‘

In a similar way, some models consider the coupling of axions to nucleons.
This coupling consists of two components, one derived from the tree-coupling of axions to
up and down quarks, and other one from the axion-pion mixing. The coupling constant

iS guy = CNf’;”N , where C'y is a combination of the masses of the quarks

3.3.2 Axion models

The axion mass is dependent on the U(1)pg symmetry breaking scale (or decay constant)
fa, so different values of this scale will lead to different massive axions: heavy and strong
coupled axions for small f, values, called wvisible axions, and light and weakly coupled
axions for large f, values, called invisible axions.

Visible axions

The original assumption from the Peccei-Quinn solution [56, 57] was that the U(1)pg
symmetry breaking scale is of the same order as the electroweak scale, so f, ~250 GeV.
This would have been translated to an axion with a mass ~100keV that should has been
detected in reactor and accelerator experiments through the process

K" —nta. (3.21)

However, several experiments have excluded the existence of such axion, setting a strong
bound by the non observation of this process [60].
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Invisible axions

Since the scale f, is an arbitrary value, it can be much larger than the electroweak scale,
fuweak, that was originally proposed. In this way, the coupling of the axion becomes weaker
so that it could have eluded all the preliminary searches, it would be inwvisible. These
invisible axion models introduce a complex scalar field, ¢, with a very large vacuum
expectation value,

_ Ire
<¢> - \/5 > fweak- (322>

There are two groups of invisible axion models depending whether or not they
allow the axion-fermion coupling at tree level: the KSVZ and the DFSZ. Figure 3.1 shows
the different axion-photon coupling constants allowed by the different models depending
on the E//N ratio values (mentioned in section 3.3.1).
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Figure 3.1: Axion-photon coupling constant as a function of the axion mass for invisible
axion models. Three lines for the KSVZ model are shown: E/N = 6 (solid blue line);
E/N = 0 (dotted green line) and E/N = 2 (dashed black line). The DFSZ model with
E/N = 8/3 (dashed red line) is also shown.

e KSVZ model was proposed by Kim [61], and Shifman, Vainstein and Zakharov
[62], and it suggest the existence of new, heavy quarks that carry CP charge, while
the usual leptons and quarks do not. This implies that C, = 0, so the axion-
electrons coupling is forbidden at tree level, although as it was explained in the
previous section, it can already exist a weaker coupling to electrons radiatively
induced. This axions are known as hadronic axions. On the other hand, hadronic
axions do couple with nucleons (g,ny = CmeN ), with a coupling constant different
for protons and neutrons. ’
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Different implementations of this model provide different axion properties, expressed
in terms of the /N ratio. The standard KSVZ model generates a neutral quark:
E/N = 0, although E/N can typically range between 0 and 6. There can be
models with /N ~ 2 [63], that suppress the axion-photon coupling. In that case,
the dominant contribution comes from the axions-to-nucleons coupling. Figure 3.1
show some of these dependences.

The main drawback of this model is that there is not a physical motivation for this
new generated heavy quark.

e DSFZ model was proposed by Dine, Srednicki and Fischler [64], and Zhitnitski [65],
and it stands that normal quarks and leptons carry PQ charge, so the existence of a
new exotic quark is not required. Therefore, C. # 0 and the axion-electrons coupling
at tree level will be allowed. In this model, the Higgs field is substituted by two new
ones with vacuum expectation values f; and f5, whose interaction with the scalar

field ¢ will induce this tree-level coupling of axions with quarks and leptons, and
the E/N ratio is fixed to E/N = 8/3 (figure 3.1).

3.3.3 Relevant constrains to axion parameters

Axions arise as a consequence of the strong CP problem, so the axion mass m, and the
value of its symmetry breaking scale f, are theoretically arbitrary. But due to their
implication in astrophysics, particle physics and cosmology, axions have been deeply
studied and some limits have been found for their properties, mainly from astrophysical
considerations [66,67]. Actually, axions could be produced in hot and dense environments
such as stars, globular clusters or white dwarfs by Primakoff effect, so they would
contribute to the total energy loss of the stars thus shortening their burning process
and reducing their lifetime. In this section, some of the most relevant constrains for the
axion parameters will be discussed.

e Solar model: The emission of axions from the Sun implies an increment of the
nuclear burning, and consequently, of the solar temperature distribution. This would
lead to an increase in the solar neutrino flux with respect to the standard one without
axions [68]. In this way, the axion flux from the Primakoff effect will set a limit to the
coupling g, < 0.7 x 1072 GeV~! (labelled as Sun in figure 3.2). On the other hand,
the Bremsstrahlung process in electron collisions (e~ + (A, Z) — e~ + (A, Z) + a)
constrains g,. < 2.5 x 107 GeV 1L,

e Stars from globular clusters: An astrophysical limit to g,, can be set by the
population of low-mass Horizontal Branch (HB) stars and Red Giant Branch (RGB)
in globular clusters. These are highly dense spherical collections of stars that orbit
a galactic core as a satellite, and whose stars were formed at about the same time.
HB stars are the next step in the stellar evolution of the RGB stars, and have
helium burning cores with hydrogen shells. The axion emission from the core of
these stars would accelerate the loss of energy, therefore reducing their lifetime.
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This phenomenon would lead to a reduction of the population of the HR stars with
respec to the RGB stars. From this, a limit can be set on g,, < 1071 GeV~! [66,69].
A more recent study that analizes the dependence of g,, with Helium mass fraction
provides another limit, g,, < 0.66 x 107 GeV~! [70]. The constrains of this HB
stars are shown later in figure 3.2, labelled as HB.

Also, knowing that RGB stars have a degenerate? helium core, the processes
involving axion-electron coupling are supposed to happen more frequently (in DSFZ
models). Measurements of the RGB stars luminosity in globular clusters like the
M5 [71] set another limit on g, < 4.7 X 10712 GeV 1.

White dwarf cooling: White dwarfs are the next step of the stelar evolution of
a HB star, after it burns out all the helium of its core. These stars fist cool down
by neutrino emission, and finally by surface photon emission. The observed white
dwarf luminosity is in accordance with the expectation, which eliminates new cooling
agents like axions. The cooling speed of some white dwarfs, such as the ZZ Ceti
star G117-B15A [72], has been studied and a limit to the axion-electron coupling
has been set as gqe < 1.3 X 1073 GeV~! (95% C.L.). However, the case of the star
G117-B15A together with other pulsating WD observations are further interesting
because unexpected fast coolings have been observed through their pulsating period,
and although some other mechanisms could explain them and set the previous g,
limit, axion emission could be a suitable explanation as well. This will be discussed
in section 3.4.2.

Existence of Cepheid stars: Stars between 8-12 M? can be used to set a limit
on gey. The energy losses by axion emission from the helium-burning core would
shorten the lifetime of these stars and eventually, eliminate the blue loop phase of
their evolution®. This would contradict observational data, since the blue loops are
required for some stars to actually exist, like the Cepheid stars. This fact would
limit g,, < 0.8 x 10710 GeV~! [73].

Supernova 1987 A: A supernova (SN) is a extremely energetic and luminous
stellar explosion that occurs during the last evolutionary stages of very massive
stars, that can either collapse to a neutron star or a black hole, or be completely
destroyed. In this powerful burst of radiation, axion-nucleon Bremsstrahlung
(N+ N — N + N + a) could be an additional energy loss channel that would
accelerate the cooling process and reduce the burst duration, given that the axion-
nucleon couplings, g,n, is neither too small, so there would not be any energy loss,
or too big, so axions would be trapped in the core. In 1987 SN, a ~10s burst
of neutrinos with a total of 247, was measured by three different observatories
(IMB, Kamiokande II and Baksan), which is in agreement with the theoretical
expectations, what sets a limit of g,, < 107° [67], or equivalently, m, < 16 meV

2Degenerate matter is a highly dense state of fermionic matter in which particles must occupy high

states of kinetic energy to satisfy the Pauli exclusion principle. In astrophysics, it refers to dense stellar
objects where gravitational pressure is so extreme that quantum mechanical effects are significant.

3Mg ~ 2 x 1039 kg is the mass of the Sun.
4A blue loop is a stage in the life of an evolved star where it changes from a cool star to a hotter one

before cooling again.
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(labeled as SN1987A in figure 3.2). However, this limit is uncertain due to the
complex computation of the axion flux in a SN. Recent studies have revised some of

these uncertainties and as a consequence, have relaxed this limit to g,y <5 x 10710
[74,75].

Also, if axions had been emited by the SN, they could have transformed to x-rays
in the magnetic field of the Milky Way, so a potential y-ray excess would have been
measured in coincidence with the neutrino boost. The absence of this excess can
be used to set another limit to the axion-photon coupling, g,, < 5.3 x 10712 GeV~!
(95% C.L.) [76]. This region is shown later in figure 3.2, labeled as ~-rays.

3.4 Axion-like particles (ALPs) and dark matter

Beyond the axions it extends a whole category of particles called Axion-Like particles
(ALPs), that are also well motivated from different extensions of the SM. They form
part of the general group of particles called Weakly Interacting Slim Particles (WISPs),
that are invoked in many low energy particle physics scenarios [77]. Although ALPs
and axions arise from different extensions of the SM model, they both appear as pseudo
Nambu-Goldstone boson of new symmetries broken at high energies, so they share part
of their phenomenology: they are light pseudo-scalar particles that weakly couple to
two photons [78,79]. However, there is a fundamental difference: since ALPs are not
motivated from QCD, they will not necessarily couple to gluons, and also, their mass,
m4, and coupling constant, ga., will be independent parameters, so the full parameter
space shown in figure 3.2 becomes available for ALPs.

ALPs are also motivated from the string theory [80-82]. This is interesting because
the region of the ALPs parameter space that can be explored by future experiments
is theoretically favoured, as it corresponds to string scales contributing to the natural
explanation of several hierarchy problems in the SM. Other important examples of WISPs
are hidden photons and minicharged particles [83-85], that appear in extensions of the
SM including hidden sectors (sectors that interact with SM particles through interchange
of very heavy particles) and show mixing with normal photons. Some more exotic ALPs
are the quintessence fields [86] or the chameleons [87] related with the Dark Energy (DE)
problem.

Last but not least, WISPs are candidates to be the Dark Matter (DM) [88] of the
universe, for which a wide range of the ALPs g4, —my4 parameter space could generically
contain models with the required DM density. Part of this parameter space is at reach
of current and near-future experiments. The fact that axions and ALPs are motivated
from such different beyond SM approaches, makes them very appealing for experimental
research.
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Figure 3.2: Review of the current constrains in the axion and ALP g4, — m, parameter
space. Blue colors represent helioscope experiments (section 3.5.1) or bounds depending on
stellar physics (like the solar model or the HB bounds mentioned in section 3.3.3). Green
colors stands for haloscope experiments (see section 3.5.2) or cosmological bounds (like
the SN1987 and the SN ~-ray explained in section 3.3.3 and the extragalactic background
light (EBL) hints explained in section 3.4.2). Black and gray areas represent laboratory
experiments (section 3.5.3). Yellow and orange bands correspond to the QCD motivated
axion models. Extracted from [89].

3.4.1 Axions and ALPs as dark matter candidates

Dark Matter (DM) was first postulated by F. Zwicky in 1933 [90] from a discrepancy
between the velocity of galaxies at the edge of a galaxy cluster and its estimation from
the brightness and the number of galaxies: there was needed more mass in the galaxy
than the observed one to explain such fast orbits. Since then, several observational
evidences of the presence of DM in the universe have been collected, like the rotation
curves of spiral galaxies, the gravitational lensing effect or the fluctuations in the Cosmic
Microwave Background (CMB). The last results of the Planck Collaboration [91] measures
the baryonic density of the Universe to be only ,h? = 0.02237 + 0.00015 (i.e. 4.2%),
while the DM density is Qpyh? = 0.1200 £ 0.0012 (i.e. 27.2%) and and the DE density
is Qph? = 0.3107 £ 0.0082 (i.e. 68.6%).

The DM can be explained as non-relativistic neutral particles that interact weakly
with standard particles and among themselves. And as previously seen, axions and ALPs
fulfil these requirements at the same time they arise from different beyond SM theories
not DM related, so they are very appealing candidates for the totality or a part of the DM
of the universe. However, there exist other DM candidates such as the Weak Interacting
Massive Particles (WIMP) that typically appear in supersymmetric extensions of the SM.
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But despite they are being searched for in a variety of underground experiments, up to
date there is neither any hint of superysmmetry at the LHC or any clear signature for
WIMPs in direct detection experiments. Actually, the possibility of a mixed WIMP-axion
DM is not excluded.

DM axions could have been formed in the early Universe either thermally or
non-thermally. For small enough f, parameter (i.e. more massive axions with stronger
coupling constants), axions could have been produced thermally by collisions of particles
in the primordial plasma and they would contribute to the Hot Dark Matter (HDM) of
the Universe. Cosmological observations of the CMB from WMAP-7 [92] and Planck [93]
constraining the amount of hot dark matter set an upper limit on the axion mass
mq < 0.9eV. The inclusion of other data sets like the matter power spectrum released by
the Sloan Digital Sky Survey (SDSS-DR7) and the Hubble parameter measured by the
Hubble Space Telescope (HST), constrains the axion mass to ma m, < 0.72eV (95% CL).

~Y

On the other hand, axions with large f, parameter would have a weak enough
coupling so it would have not thermalized in the early universe. The production
mechanism for such non-relativistic axions is called vacuum-realignment (and its decay
of topological defects), and they would contribute to the Cold Dark Matter (CDM)
[94,95]. In the very early Universe, when the temperature was above the PQ symmetry
breaking scale ~ f,, the axion was massless and the axion field assumed an initial
value characterized by the misalignment angle 6y = ao/f, € (—m, 7). Then, when the
temperature dropped below f,, the axion field appeared but its initial value was set
differently in different causally connected regions. Later, when the Universe cooled down
to the the QCD phase transition, the axion potential rose and then, the axion acquired
its mass m,. Finally, the axion field relaxed to its CP conserving minimum, and the
oscillations around this minimum represent a population of non-relativistic axions, with
a density that depends on the unknown initial value of the axion field before the start of
the oscillations. At this point, because a/f, is an angle variable, discrete domains would
naturally form and their borders topological defects would form too. These defects would
have soon decayed radiating a large amount of non-relativistic axions which would add
up to the realignment population.

Two cosmological scenarios are possible depending whether or not inflation
happened after or before the PQ phase transition.

e If inflation happened after the PQ phase transition, the axion field would have been
homogenized by inflation, making the value of 6, unique. Therefore, the axion CDM
density is easily determined because only the realignment mechanism would have
contributed to it,

Qa ) fa 1.184 ) 12M6V 1.184
QDM ~ GOF <m) ~ QOF . s (323)

where F' = F(6y, f.) is a correction factor. For typical values of 6, ~ O(1),
Qa ~ Qpy for axion mass of around 10-100ueV (f, ~ 5 x 10" GeV). In this case,
0y has to be small enough so m, is not too light and therefore, the CDM density
would be larger than the value observed experimentally.
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e If inflation happened before the PQ phase transition, the value of 6, would have
been randomly distributed in different casually connected parts of the universe. In
this case, it is necessary to average the above result for 6y € (—m,7) to obtain an
estimation of the DM contribution from vacuum-realignment.

0 4 1.184
VR ( OueV) ‘ (3.24)

Qpmr mg

Then, the effect of the decay of the topological defects needs to be taken into account,
but its computation is uncertain (for a more detailed description, refer to [96]). In
any case, this scenario would lead to larger preferred values of m,.

The fact that axions could account for the totality of CDM seem possible. Although
the uncertainties prevent to define a specific preferred axion parameter, the classic axion
window [95] m, ~ 107* — 107%eV is often considered as the preferred m, range for
CDM axions. However, the post-inflationary PQ symetry breaking scenario hints towards
axions masses up to mg ~ 1071 eV [96]. Also, it is worth to mention that the non-thermal
production mechanism is not only valid for axions but for all the bosonic WISPs in general,
including ALPs.

3.4.2 Hints for axions and ALPs

Several well understood physics phenomena from astrophysics has been used during the
years to constrain the axion and ALPs properties. But there are also cases where axions
can be invoked as the solution for unexplained astrophysical observations. These are
very interesting situations for the axion and ALPs scenario, although usually there are
alternative explanations. In this section, two of the main hints for the existence of axions
and ALPs will be described: the excessive transparency of the intergalactic medium to
very high energy (VHE) photons and the anomalous cooling rate of white dwarfs. Figure
3.3 shows the exclusion range of these hints, as well as the rest of the constrains previously
addressed.

Intergalactic transparency to VHE photons

VHE photons (2100 GeV) that travel long distances through the intergalactic medium
can interact with the photons of the extragalactic background light (EBL) via eTe™ pair
production, so in principle, the Universe should be opaque to distant VHE sources such
as active galactic nuclei (AGN). Even though collaborations like HESS [98] or Fermi [99]
have measured the EBL density, which has been found to agree with the theoretical
models, there are some observations [100, 101] that draw attention to the fact that the
Universe is too transparent to VHE photons, even for the lowest EBL models. Also, VHE
photons correlated with distant AGN sources have been observed by both HESS [102] and
MAGIC [103,104] imaging atmospheric Cherenkov telescopes.
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Figure 3.3: Exclusion ranges in the axion masss parameter space. Extracted from [4].
Dark Matter axions are addressed in section 3.4.1; extragalactic background light (EBL),
white dwarfs (WD) and globular clusters (GCs) axion hints are explained in section 3.4.2;
axion constrains from the SN 1987 and the stellar hints and constrains from RS and HB
stars are detailed in section 3.3.3. Also, the CAST [34] and ADMX [97] search ranges are
shown (see section 3.5).

These observations could be explained with no need of new physics, but it would
require either a too low density of the EBL or a discrepancy in the intensity of the source
spectra. Alternatively, these discrepancies can be explained by photon-ALP oscillations of
the VHE photons in their way through intergalactic magnetic fields. Since ALPs are very
weakly interactive particles, they could travel longer distances than photons, resulting in
the current observed transparency of the intergalactic media.

Several authors have invoked ALPs as a solution to the intergalactic transparency
discrepancies (e.g. in [100, 101, 105]) and the resulting axion parameters required to
effectively explain it agree in very small ALP mass m, < 1077eV and g,, ~ 10712 —
10719 GeV~! [43]. This region is showed in figure 3.2 as the green region superposed with
the vy-rays region.

Anomalous cooling of stellar objects

Independent observations of different stellar objects have show deviations, or cooling
anomalies, from the standard models. The fact that such different stellar systems
systematically show an excessive energy loss that is not well understood is remarkable,
and also motivating for the search of new physics. An appealing explanation of this
anomalous effect would be to assume that light weakly interacting particles, like axions,
are being emitted by the stellar core and not being detected.
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The original hint to cooling anomalies was that the period observed in the G117-
B15A pulsating White Dwarfs (WD) [72,106] (mentioned in section 3.3.3), was larger
than what it was expected by the standard models. This is known as the rate of period
change, and it is proportional to the cooling rate, meaning that the WD was cooling
faster than expected. Since then, more abnormal large periods have been observed in
pulsating WD like R548 [107], PG 13514489 [108] and L 19-2 [109]. Such energy loss
could be explained by a particle produced in the dense core of the WD which freely
escapes carrying energy away. These particles could be axions produced by axion-electron
Bremsstrahlung [106,109] with expectations of coupling constant values of g, ~ 5 x 1073
for axion masses of m, > 3meV, for DSFZ axions. This axion region in the parameter
space could be within reach of planned experiments like the TAXO observatory [43].
However, this cooling could be due to neutrino physics [110].

Other hints can be found in recent analysis of the Red Giant Branch (RGB) stars
in the globular clusters. As it was explained in section 3.3.3, RGB stars are the previous
step to the Horizontal Branch HB stars. During the RGB evolution, stars become brighter
until they reach a tip corresponding to the He ignition in their core. After that, the
luminosity decreases and the star moves into the HB stage. Some recent studies of the
M5 [71] and the w-Centauri [111] globular clusters have shown a RGB tip brighter than
expected, what means that some additional cooling mechanism is delaying the He ignition,
allowing the star to become more brighter before entering the HB phase. Moreover, some
other analysis [70] have shown a disagreement between the expected number ratio of HB
and RGB stars in the globular cluster, indicating a larger number of RGB stars than
predicted. This discrepancy can be interpreted as an anomalous cooling of the HB stars,
as explained in section 3.3.3.

Assuming these two anomalies are due to new physics, cooling by axion emission
would be a suitable explanation: ALPs coupled to photons and produced via Primakoff
effect in the stellar cores of HB stars would accelerate the HB stage [70,112], and also, ALP
coupled to electrons and produced through axion-electron Bremsstrahlung or Compton
could explain the cooling during the RGB stage [113]. This is usually called the HB hint.

Also, another cooling anomaly was observed in the He-burning core stars of
masses ~10Mg. It comes from the discrepancy between the observation of the number
ratio of blue (hot) over red (cold) supergiants (B/R) with the numerical simulations,
that predict a larger number [114,115]. This could be explained by an additional cooling
channel efficient in the stellar core but not in the H-burning shell. In this scenario,
and axions coupled to photons produced via Primakoff effect would fit as such a cooling
agent [116]. However an exact prediction of the required additional cooling is currently
unavailable.
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3.5 Experimental searches for axions and ALPs

The direct detection of an axion or an ALP is unlikely because they interact very weakly
with matter. Experiments that search for these particles usually rely on their axion-
photon oscillation via Primakoff effect (or inverse Primakoff effect) in the presence of a
magnetic field. There are three main experimental approaches for direct axion detection
depending on their source of axions: helioscopes look for axions potentially emited by the
core of the Sun; haloscopes look for the relic axions that potentially form the dark matter
galactic halo; an finally Light-Shining-Through-Wall (LSW) experiments look for axions
produced in the laboratory.

In this section, these three main detection techniques and the current experiments
that implement them will be reviewed. Finally, some other type of less sensitive searches,
or still in a development phase, will be mentioned.

3.5.1 Helioscope experiments

The helioscope technique searches for axions produced at the core of the Sun, since is our
closest source of axions formed in stars. It was first proposed by P. Sikivie [117] in 1983
and further developed by K. van Bibber et al. [118] in 1989. This technique consist of
directing a powerful magnet towards the sun to allow solar axions to convert to photons
inside it. Solar axions reach the Earth with energies of ~keV, so the converted photons
will be in the range of the x-rays. This is why at the other side of the magnet, x-ray
detectors are used to measure this excess over the radioactive background that would give
the positive axion signal. The basic requirements for a helioscope are therefore a movable
and powerful magnet, and low-background x-ray detectors. The enhanced version of the
helioscope involves the use of x-ray focusing optics that collects the x-rays produced in
the magnet and focus them on a small area of the detector, improving the signal-to-noise
ratio. Figure 3.4 shows a conceptual scheme of the helioscope detection technique.

Helioscopes can cover axion masses in a wide range of the parameter space up to
the ~eV scale because the signal is independent of the axion mass. In order to extend
the sensitivity towards larger mass values, different buffer gases at certain pressures can
be used in the axion-photon conversion region. Further information about the helioscope
technique will be given in chapter 4.

The first helioscope was implemented in the Brookhaven National Laboratory in
1992 [119] with a static magnet, a conversion volume of variable pressure gas and a xenon
proportional chamber as x-ray detector. This experiment excluded g,, < 3.6x 107 GeV~!
for m, < 0.03eV and g,, < 7.7 x 1072 GeV~! for m, in the 0.03-0.11eV range (95%
C.L.). Later in 1998, the second generation Tokyo Axion Helioscope (SUMICO) used a
superconducting magnet on a tracking mount that allowed to follow the Sun trajectory.
They reported an exclusion limit of g,, < 6.0 x 10719 GeV~! for m, < 0.3eV [120,121].
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Figure 3.4: Conceptual scheme of the CAST-IAXO enhanced axion helioscope.

Solar
axions are converted into photons by the transverse magnetic field inside the bore of a

powerful magnet. Then, they are focused by some x-ray optics to the surface of a low-
background x-ray detector, producing a detectable signal.

The third and latest axion helioscope that has been commissioned is the CERN
Axion Solar Telescope (CAST) [122], that uses a 9.3m long, 9T decommissioed LHC

dipole magnet on a tracking mount and ultra-low background x-ray detectors. This
experiment started taking data in 2003 and has gone over different phases with various gas
buffers to study different m, ranges up to 1.17eV, surpasing the astrophysical constrain
imposed by HB stars. It also implemented x-ray focusing optics in some of their lines to
enhance the signal-to-noise ratio. A more detailed description of the CAST experiment
and the most relevant results will be given later in section 4.2.4, because it is important
for the motivation and the lore of this work. To close this section, the last result of the

CAST experiment, that is also a pathfinder for the proposed fourth generation TAXO
helioscope [43], set the limit of g4, < 0.66 x 107 GeV~! for m, < 0.02eV [34].

3.5.2 Haloscope experiments

The haloscope technique aims to detect CDM axions that could potentially form the
galactic halo. Tt was first proposed also by P. Sikivie [117] in 1983, and it relies on the
conversion of axions into photons in the presence of a magnetic field inside of resonant
cavity. If the resonant frequency of the cavity matches the frequency of the produced
photon, which is related to the mass of the axion, the rate will be significantly enhanced,

and an excess in the power of the cavity would give the positive axion signal. Figure 3.5
shows an scheme of the ADMX haloscope.

These experiments have mechanisms to tune the resonant frequency of the cavities
to aim for different axion masses. One of the most representative haloscope experiments
is the ADMX [97], with a 1 m long, 0.5 m diameter, 8 T superconducting solenoid magnet,
which has achieved sensitivity to QCD axions (KSVZ) over the m, mass range 1.9-3.3 ueV,
assuming that axions saturate the local DM density [123]. A new improved phase of
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Figure 3.5: Scheme of the ADMX haloscope [123]. The resonant frequency of a cavity is
shifted by moving rods placed inside it. If the resonant frequency of the cavity matches the
frequency of photons coupled to axions, the rate of axion-photon conversion is significantly
enhanced, generating power in the cavity.

ADMX [97] that has implemented near quantum-limited SQUID® amplifiers also excludes
KSVZ DM axions with masses between 3.3-3.53 ueV.

Other recent experiment is the HAYSTAC haloscope [124], that exclude axion
models with g, 2 2 x 107 GeV~! over the axion mass range of 23.55-24.0 ueV. Finally,
the ORGAN experiment [125] is designed to probe axions in the mass range of 60-210 ueV.
In a pathfinding run, it has set a limit of g,, < 2 x 107> GeV~! at m, ~110 ueV.

3.5.3 LSW experiments

The LSW [126] experimental technique aims to detect axions produced in the laboratory,
and they are based on the simple idea of an intense laser beam going through an intense
magnetic field so the photons can transform into axions. Then, an absorbent surface (a
wall) is placed in the path of the beam, so axions can pass through but the light is blocked.
After the wall, another strong magnetic field would allow the axions to transform again
into photons, and therefore be detected. A conceptual scheme of this technique is shown
in figure 3.6.

One advantage of the LSW experiments is that they are less model-dependent
because they do not rely on cosmological or astronomical assumptions. On the other
hand, their sensitivity is penalized due to the fact that the axion-photon conversion has
to happen twice. The conversion probability is ~ (1/4)(g.,BL)* where B is the intensity
of the magnetic field and L is the length of the magnet. Some strategies to boost the
sensitivity of these experiments could be to use more intense and long magnets, but
even though, the parameter space at reach is well above the bounds set by astronomical
observations or helioscopes. The most restrictive limits from these types of experiments

5Superconducting QUantum Interference Device.
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Figure 3.6: Principle of a LSW experiment (from the OSQAR experiment [127]). Photons
can transform to axions in the initial magnetic field, pass through the opaque wall, and
convert back to photons in the final magnetic field, creating a detectable signal.

come from the ALPS-T experiment, that set a limit of g,, < 6.5x107% Gev~! [128] for axion
masses of m, < 1meV, and the OSQAR experiment, with a limit of g,, < 3.5x107 Gev™!
[127] for axion masses of m, < 0.3 meV.

A new way of enhancing this detection technique that is being studied and
implemented is by the introduction of optical resonator cavities that may open unexplored
regions of the parameter space. In this scheme, both the production and detection magnets
are within Fabry-Perot optical cavities and actively locked in frequency. The experiments
ALPS-II is based on this concept and aims to an improvement of 10° of g, in the year
2020 [129].

3.5.4 Other techniques

In addition to the three main techniques, there are other searches that have given limits
to the axion coupling constants, but usually as a secondary result from experiments that
investigate other fields.

One example are the laser polarization experiments, that use another approach
to detect axions in a LSW experiment. It is based on the idea that if axions generate in
the magnetic field from a photon beam, the polarization state of the beam will change. As
the laser propagates through the first magnetic field, the component of the electric field
of the beam that is parallel to the magnetic field will be reduced due to the production
of axions, resulting in a rotation of the polarization vector (known as dichromism). Some
experiments that are exploiting this technique are the BFRT [130] at the Brookhaven
National Laboratory or the PVLAS [131] at the Legnaro National Laboratory.

Also, the Bragg scattering technique is based on the solar axion-photon
conversion in the Coulomb field of the nuclei in the crystal lattice of crystalline detectors,
more comonly used to detect WIMPs. This idea was originally proposed by E. A. Paschos
and K. Zioutas [132], and it states that the conversion occurs when the angle of the
incident axion fulfils the Bragg condition with the plane of the crystal. On this line, results
have been reported from experiments such as SOLAX [133], DAMA [134], COSME [135],
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CDMS [136] and EDELWEISS [137].

Some other experiments search for axions via more specific phenomenology, such
as the axioelectric effect (A+ e+ Z — e+ Z) that incident solar axions are supposed to
produce when interacting with crystals (e.g. in [138-140]), or the axion-emitting nuclear
transitions (e.g. in [141, 142]). Also, the Cosmic Axion Spin Precession Experiment
(CASPEr) [143] will search for experimental signatures of the energy shift oscillations
(with a frequency m,) produced by the coupling of ALPs with gluons and fermions.
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4.1 Introduction

The International Axion Observatory (IAXO) is a fourth generation axion helioscope that
aims to reach sensitivities to the axion-photon coupling, g.,, of more than one order of
magnitude higher with respect to the current best limits, with real potential of discovery.

This chapter is dedicated to the helioscope technique and the probability of
detection, as well as the basic layout and the figure of merit. Then, the CAST experiment
will be explained, as it has been a strong pillar for the TAXO helioscope design. After that,
the main subsystems of the IAXO proposal will be explained, as well as the BabylAXO
helioscope as an early stage of [AXO. Finally, the physics potential of both helioscopes and
their expected sensibilities to axion coupling to photons and electrons will be addressed.
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4.2 Helioscope technique

Helioscopes are experiments that search for axions and ALPs emmited by the Sun. They
are very well motivated because the axion emission by the solar core is a robust prediction
that involves well known solar physics, as well as the model-independent conversion of
plasma photons into axions, the Primakoff effect. Therefore, they do not rely on the
assumption of axions forming the dark matter of the universe. Moreover, solar axions
have energies of ~keV, and if they reach a strong laboratory magnetic field, they can
convert back into photons in the x-ray energy range, producing a detectable signal.

In this section, the solar axion flux as well as the expected photon flux from axion
conversion will be explained. Then, the main experimental parameters that somehow
affect the sensitivity to the axion couplings and the definition of the figure of merit of an
enhanced axion helioscope will be addressed. The final section will be dedicated to the
CERN Axion Solar Telescope (CAST), the most sensitive axion helioscope up to date.

4.2.1 Axion emission from the Sun

Axions can be produced in the hot thermal plasma of the core of the stars by several
mechanisms. The most relevant production channel is the Primakoff conversion of plasma
photons into axions because it is model-independent. If non-hadronic axion models are
considered (DSFZ), then other processes like the axio-Bremsstrahlung, axio-Compton
scattering and Atomic axio-recombination and deexcitation (or BCA reactions) [144,145]
can occur. Figure 4.1 shows the axion flux spctra at Earth by each of these mechanisms,
as well as a Feynman diagram to illustrate them.

Even though the contributions from non-hadronic axions interacting with electrons
can be greater than the contribution from the Primakoff effect, usually in helioscopes only
the ay component is considered. The main reasons behind this choice are, first, that it
maintains the generality only relying on model-independent phenomenology; also, it is
conservative to consider only those processes at the source that are later used for the
detection; furthermore, it covers a larger fraction of ALPs; and finally, astrophysical
limits on ¢,. are quite restrictive and the values at reach for helioscopes are generally
disfavoured, although this could change with the TAXO experiment (more about this
in section 4.5). Therefore, the results obtained by helioscopes are especially relevant for
hadronic axions that do not couple to electrons at tree level, so that the Primakoff process
is expected to be dominant.

In the core of the stars, the production of axions via Primakoff effect occurs when
a plasma photon interacts with the Coulomb electromagnetic field of electrons and nuclei
(described by equation 3.17). The solar plasma is considered non-relativistic because the
temperature T" < m,, so the recoil effects of the electrons or nuclei can be neglected,
and therefore, the energy of the initial photon and the produced axion will be the same,
E, = FE, = E. The transition rate of a photon producing an axion of the same energy by
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Figure 4.1: (Left) Solar axion flux spectra at Earth by different production mechanisms.
Red lines represent individual contributions from mechanisms based on axion-electron
coupling for g, = 10713 GeV~!: Atomic recombination and deexcitation (FB+BB, solid),
Bremsstrahlung (FF, dot-dashed) and Compton (dashed); the black line is the total
contribution from mechanisms based on axion-electron coupling; and the blue line is the
Primakoff flux from the axion-photon coupling for g,, = 107'2GeV~! (scaled up by a
factor 50 to make it visible). (Right) Feynman diagrams of the reactions responsible for
the solar axion flux in non-hadronic axion models (DSFZ). Figures adapted from [144].

Primakoff effect in the stellar plasma is [146]

2 2 2 2
Gar TR K2 AE
=do s (g 14— ) -1 4.1
Fooa =550 K +4E2)l”< T2 ’ (4.1)
2

where k7 is a parameter called the Deybe-Huckel screening scale, that is a measure of
the net electrostatic effect of a charge carrier in a plasma and how far its electrostatic
effect persists. Beyond this scale, the axion production via Primakoff effect is significantly
reduced. It depends in the plasma composition and its temperature.

The total axion flux at Earth can be obtained by combining the transition rate
R, ., with the Bose-Einstein distribution of the thermal photons in the solar plasma,
(eP/T — 1), and then, integrating over the Sun volume and the photon energies. The
complete calculations can be found in [147]. Using the solar model of Bahcall and
Pinsonneault [148,149], the axion flux at Earth, ®,, and the axion luminosity of the
Sun, L,, are found to be

D, = 91,3.75 x 10" em ™2 s, .
Lo = g7,1.85 x 1072 L, (4.3)

where g19 = gay x 101°GeV ™! and L' is the photon luminosity of the Sun. The mean
axion energy of the distribution is (E) = 4.20keV, and the most expected axion energy
is £, = 3keV.

Lo = 3.8418 x 1033 ergs™!, from [149)
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An analytical approximation to the solar axion flux spectrum was found in [147]
with a fit accuracy better than ~1% in the interval 1-11keV,

do,
dE,

= 6.02 x 10'0g2 E2481 = Fa/1.205 0y =2 o= 1 e/~ (4.4)

4.2.2 Axion detection in a helioscope

Once the axions produced in the Sun reach the Earth and enter into the helioscope
magnet, they must convert into photons in order to produce a measurable signal. Since
the transformed photon will have the same energy than the former axion, F,, the positive
signal will be an excess over the x-ray background of the detector in the energy range of
the axion flux spectrum. This energy region is what is known as Region of Interest (Rol).

The probability of an axion to convert into a photon, P,_,,, while going through a
transverse and homogeneous magnetic field B (calculated in [118]) is

P = (952 Fa, (45)

where L is the length of the magnetic field, g, is the axion-photon coupling constant and
F(q, L) is a term that accounts for the coherence of the process.

It is noted that the transition rate is maximum when the waves of the former axion
and the produced photon are in phase, i.e. they are coherent along the detection volume.
But since the axion is not massless, this coherence will be lost after a certain distance. A
solution would be to fill the conversion region, in this case the cold-bore of the magnet,
with an appropriate medium, in this case a buffer gas, to give the photons an effective
mass m, that can be tuned to match the former axion mass, m,.

This coherence term depends of the size of the conversion region, i.e the length of
the magnet L; the axion-photon momentum transfer ¢; and the damping, I', that is the
inverse photon absorption length in the specific medium, and can be expressed as [118§]

1 _ _
./T"(q, L) = q2+—F2/4 |:1 +e L 26 IL/2 COS(QL)] s (46)
where ( ) 2)
ms —m;
o= |, (47)

and m. = \/4man./m., where n. is the number density of electrons and m, is the electron
mass.

Therefore, there will be two detection strategies: to use a low-absorption buffer
gas, or vacuum, and assure a coherent conversion for small axion masses in a wide range,
or to fill the medium with a higher-absorption buffer gas and fulfil coherence for axions
with bigger but more specific masses.
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In the case of a helioscope operating in vacuum (I" = 0 and m., = 0), the conversion
probability can be expressed as

P = (%)2 B2 (W) , (4.8)

where the condition to preserve the coherence is that qL < 1. Considering the scales
of the current helioscopes, in the case of a magnet length of L ~ 10m, the coherence
condition is fulfilled for axion masses up to m, ~ 10~2eV.

In order to extend the sensitivity of the helioscope to higher axion masses, a buffer
gas is required with the specific density and pressure to make the converted photons to
acquire a mass such that ¢ = 0, restoring the coherence of the process. This method allows
tuning m, by changing the buffer gas conditions and therefore, to use the helioscope to
explore different regions of the axion parameter space.

The final step after the axion-photon conversion is to estimate the expected number
of photons to be detected by the x-ray detectors. A differential flux of photons, ®,, can
be obtained by

@ = @P a—s
dF dFE
and it is usually expressed by means of the specific length and the magnetic field of the
magnet of the helioscope. As an example, the CAST expected photon flux for the 9.26 m
and 9T magnet would be [147]

(4.9)

d®, 4 172481 —F L \N*(BY 5 _ -
—0. B2 /1.205 2 1oyl 41
T 0.088 g1 e 996 o7, ™8 eV (4.10)

Finally, the expected number of photons in the x-ray detector IV, is
dd
sz/d—EWAetdE, (4.11)

where A is the cross section area of the magnet bore, t is the data taking real time and
¢ is the detection efficiency. This efficiency depends of several parameters related to the
different detection steps, and will be addressed in the next section.

4.2.3 Figure of merit

A big effort has been put during the last years to fully understand the dependence of the
sensitivity to the axion couplings with each of the experimental parameters of a helioscope.
This knowledge has lead to the definition of the basic layout of an enhanced axion
helioscope [150], which involves a dedicated magnet with enlarged cross sectional area,
where x-ray focusing optics are equipped together with low-background x-ray detectors.
A conceptual scheme of this design is shown in figure 4.2.
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Figure 4.2: Basic design of an enhanced axion helioscope [150]. In this example, a toroidal
magnet with six bores and coils is shown. At the end of each bore there are focusing x-ray
optics and detectors attached. (Left) Cross section of the magnet with the six bores and
coils and a representation of the magnetic field lines. (Right) Longitudinal section of the
helioscope.

As seen in the previous section, the axion signal counts will come from the number
of photons detected by the x-ray detectors, N,, that can be expressed as:

N, o< B*L? Aet x g* = N* x g%, (4.12)

where B and L are the magnetic field and length of the magnet, A is the cross sectional
area of the bores, and e is the efficiency, that can be factorized as

€ = €4 €, €4, (4.13)

where ¢4 is the efficiency of the detectors, €, is the focusing efficiency of the optics,
assuming that such optics cover the entire cross sectional area, and ¢; is the fraction of
measuring time when the magnet is pointing the Sun, known as the data-taking efficiency.

When the magnet is not pointing to the Sun, the data recorded is considered
background data. This is also important because it gives the baseline over which the axion
signal should be found. The number of background counts, Ny, can be parametrized as

Ny =baet, (4.14)

where b is the normalized background of the detector in area and time units, a is the spot
area where all the signals from the magnet will be focused by the optics and t is the total
time of the data taking.

Therefore, and assuming that the measurement is dominated by the background
(N, > N,), and also that the exposure of the experiment is enough to be in the Gaussian
regime (i.e. N, 2 10, so the standard deviation on the expected background counts is
on, = v/Ny), then the discovery potential of the experiment depends on the ratio N, /v/Nj.
Taking into account equation 4.12, the sensitivity on the corresponding axion coupling
(to photons or, if possible, to electrons), can be expressed as

gt~ (\]/vNi) : (4.15)




4.2. Helioscope technique 61

This expression can be used to define the figure of merit (FOM), f, which is a useful way
to express the merit, or value, of the different parameters for the total sensitivity of the
experiment.

In conclussion, the FOM of an enhanced helioscope can be written as
N*
VIV,

where each factor is chosen to show the contributions from the different experimental
steps: the influence of the Magnet parameters in the axion-photon conversion, f;; the
effect of the Detectors and Optics in the photons collection and measurement, fpo; and
the effective exposure time of the experiment, fr:

f= = fum fpo Ifr, (4.16)

€4 €0
fu=B*L*A,  fpo = \jﬁ’ Jr= Vet (4.17)

From this FOM, it is clear that the parameters of the magnet are important for
the sensitivity of an enhanced axion helioscope, for which a large and potent magnet with
bores that have big cross sections is favoured. Secondly, highly efficient x-ray optics that
focus the signal to a very small spot on the readout surface of a highly efficient ultra-low
background detector are both required. And finally, although it has less impact on the
sensitivity than the other parameters, a system that allows the movement of the magnet
to assure the longest tracking time is also important.

4.2.4 CAST: The CERN Axion Solar Telescope

The CERN Axion Solar Telescope (CAST) experiment has been the most sensitive axion
helioscope up to date. It was proposed in 1999 by K. Zioutas et al. [122], commissioned
between 2000-2003 at the building SR8 at CERN and started its physics research program
in 2003. From then on, it has been operating with different detectors, searching mainly
for solar axions. Figure 4.3 shows a picture and a scheme of the CAST experiment.

The CAST layout

CAST uses one of the decommissioned superconducting dipole magnet of the LHC that
provides a magnetic field up to 9T for the solar axions to convert into photons. This
magnet is 9.26 m long and it is composed by two straight magnetic bores with an aperture
of 14.5cm? each. They can be operated in their superconductive regime at a nominal
temperature of 1.8 K thanks to a cooling system. A vacuum system allow to isolate the
cold-bores and maximize the x-ray transmission through them. These bores are also
prepared to be filled with different buffer gases and therefore, extend the axion search
towards higher axion masses, as it was explained in section 4.2.2. This gas system was
used to operate the experiment with 3He and *He at different pressures.
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Figure 4.3: (Top) The CERN Axion Solar Telescope. (Bottom) A scheme of the main
components of CAST. A LHC superconducting test magnet is mounted over a movable
structure that allows it to track the Sun during sunrise and sunset. At the ends of the bores
of the magnet, four x-ray detectors are attached, two of them with x-ray focusing devices to
focus the signal produced in the magnet.

The magnet is sitting on top of a rotating platform that enables a vertical movement
of [-8,8]° and an azimuthal movement of 80°, which allowed the magnet to track the Sun
during ~1.5 hours, twice per day, at sunrise and sunset (¢; ~ 0.12). The pointing accuracy
of the system is monitored to be below 10% of the solar radius.

The two bore magnet allows the implementation of four detectors at the same time,
two at each end of the magnet. The sides are named after the period of the day when the
detectors are taking tracking data: sunrise (SR) and sunset (SS) lines (and detectors).
During non-tracking time, the detectors are calibrated and background data is collected.
Along the years, different types of x-ray detectors with low background and high efficiency
for the CAST Rol, [2,7]keV, have been used in the experiment. The main detectors that
have contributed to the axion research in CAST are:
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e A pn-Junction Charge Coupled Device (pn-CCD) [151], installed at the
beginning of the experiment at one of the sunrise lines until 2014. This detector
was a fully depleted silicon pn-CCD detector with a sensitive surface of 30x9.6 mm
divided in pixels of 150 ym side. It was operated together with an x-ray focusing
device and the spot generated over the surface had only a diameter of ~19 pixels.
This allowed the detector to measure signal at the center of the surface and
background at the edges simultaneously. If no excess in the number of counts was
found in the solar axion spot area with respect to the rest of the surface, the result
was an upper limit of g, .

This detector had an efficiency ¢; 2 95% and background levels of (8.00 £ 0.07) x
1075 counts keV~'em™2s7! in the [1,7] keV energy range and the total area of the
readout. Some studies of the pn-CCD background showed that the dominant
componen was coming from external gammas [152].

e A TPC with a multiwire proportional counter (MWPC) readout plane
[153], also installed at the beginning of the experiment, that extended over both
bores of the sunset side. This gaseous detector was taking data until 2008 with a
mixture of Ar+CHy (95/5)% at 1bar, and it had a 15x30 cm? readout surface with
a 10 cm drift conversion volume. The readout had two planes of wires with 48 wires
in the anode plane and 68 wires in the cathode plane that were set perpendicularly
to the anode ones. Also, two 5 um thick aluminized Mylar? foils glued on metallic
grid structures acted as the differential windows to separate the gas of the TPC
from the vacuum of the magnet bore.

This detector also had some passive shielding to reduce the background: it was
covered by a 25mm thick copper box and also, by a layer of lead to block the
environmental gamma radiation. A 22.5cm thick polyethylene layer was used to
thermalize neutrons and then, a cadmium layer was placed to absorb them. Also,
a muon active veto was installed at the top of the detector to reject background
from cosmic sources. The radiopurity of the materials was taken into account
in the design of the detector, and the topological information provided by the
MWPC readout allowed to develop offline background rejection algorithms. These
techniques to reduce the radioactive background of a detector will be further
explained in chapter 5. Overall, this TPC achieved a background level of the order
of 4 x 1075 countskeV~tem ™2 st in the CAST Rol with an efficiency of ¢; ~ 100%
for x-rays.

e Various microbulk Micromegas detectors (MM), installed at both sunrise and
sunset lines in 2008. Two MM replaced the former MWPC detector at the sunset
side, and another MM was installed at the last free sunrise line. They are based in
the Microbluk technique and were designed with radiopure materials. Their readouts
have typically amplification gaps of 50 um and sensitive areas of 60x 60 mm?, divided

2Mylar is a polyester film (biaxially-oriented polyethylene terephthalate or BoPET) made from
stretched polyethylene terephthalate (PET) that can be aluminized by evaporating a thin film of metal
onto it to reduce its permeability. It is commonly used in CAST to build x-ray windows because it is
a stable material with high tensile strength, it is mostly transparent to x-rays in the Rol and also, it is
radiopure [154].
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in square pads of 400 um. The pads are interconnected in x and y directions (strips)
with a pitch of 500-550 um, depending on the MM model. They worked inside of
gaseous TPCs with 3 cm drift volumes filled with Ar+C4Hyo (98/2)% at 1.4 bar.

These detectors went through some changes and improvements along with the
Micromegas technology development.  Different passive and active shielding
techniques were implemented over the years, and they resulted in the lowest
background detectors of the CAST experiment. The evolution of the background
of the different Micromegas detectors in CAST will be described in section 5.4.1.
The lowest background mark registered in the CAST experiment corresponds to the
sunrise Micromegas line in the vacuum revisit period in 2014 (see table 4.1). An
x-ray focusing device was installed in this line for this data taking campaign, and
its combination with a state-of-the-art microbulk Micromegas detector resulted in
a background of (1.0 £0.2) x 107¢ countskeV~! ecm™2s™! in the CAST Rol and the
spot area [155].

e An integrated Micromegas with a silicon sensor (InGrid), installed in
2014 in the sunrise line with the first x-ray telescope, replacing the pn-CCD. This
detector integrates a Micromegas gas amplification structure with a silicon readout
chip anode produced by wafer postprocessing technique [156]. A mesh (or grid) is
suspended over the wafer anode by insulating pillars creating an amplification gap
of 50 um. This manufacturing technique produces very uniform gaps, what makes
this detector to have superior energy resolution than a conventional Micromegas.
Furthermore, each mesh hole is precisely aligned to the pixels below them. All these
features result into a readout with very low energy thresholds that provides detailed
topological information of the event.

The InGrid is operated in a 3 cm drift gaseous TPC with a mixture of Ar+C4H;g
(97.7/2.3)% at 1bar, and a Mylar differential window separates the gas volume from
the vacuum line. The readout of the InGrid that operates in CAST is a Timepix
ASIC [157] with a surface of 1.4x1.4cm? that is divided in pixels of 55 um side.
This detector shows a good energy resolution and efficiency in the CAST Rol and
it registers a background of the order of ~ 107 countskeV~!em=2s™! [158].

Finally, two of the magnet bores are instrumented with x-ray optics that focus
the expected signal in a few mm? area on the detector surface, enhancing the signal-to-
background ratio and increasing the identification potential [159]. The first x-ray optic
was implemented in 2003 for the pn-CCD line and it is a Wolter I type mirror system,
that is actually a spare module of the ABRIXAS satellite mission [160]. This mirror
system consist of nested radial reflection surfaces with decreasing radius, and will be
explained in more detail in section 4.3.2. In 2014, another detection line was equipped
with a Wolter I x-ray optics, but in this case, the telescope was fabricated with the CAST
experiment requirements and optimised for axion detection. It was implemented in the
sunrise Micromegas detector line, what is considered the IAXO pathfinder [155], and was
operating in vacuum mode until 2015. The results of this last phase of CAST are very
relevant for the IAXO experiment, and are further explained in section 5.4.2.
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g1 (GeV™1)

Year Phase Mass range (eV) (95% C.IL)
2003-2004 Phase I - vacuum <0.02 1.16 [161]
2006-2007  Phase II - *He 0.002-0.39  2.17 [162]
2008-2011  Phase II - 3He 0.39 - 0.64 2.27 [163]
2008-2011  Phase II - 3He 0.64 - 1.17 3.3 [164]
2012 Phase II - ‘He 0.39 - 0.42 1.47 [165]
2013-2015  Vacuum revisit <0.02 0.66 [34]

Table 4.1: Main results from the CAST axion research program since the beginning of the
experiment up to 2015, when the last Micromegas detector was dismantled.

The CAST axion research program

The CAST axion research program started in 2003 and it has gone through different
phases with different detectors and buffer gases. The main results of the experiment are
upper limits to the axion coupling constant, g,-, because thus far, no positive axion signal
has been recorded. Table 4.1 shows the axion coupling limits for the different axion mass
ranges that have been prospected with the CAST helioscope. Also, figure 4.4 shows the
exclusion plot in the g,, — m, parameter space from the CAST results.

Phase I refers to the first year of data taking with vacuum in the cold-bores of the
magnet. During this phase, axion masses up to m, < 0.02eV were probed, and a limit
to the axion-photon coupling constant was set to g,, < 1.16 x 10719 GeV~* (95% C.L.),
which is comparable to the stellar energy-loss arguments and more restrictive than any

previous experiment over an extensive range of axion masses.

Then, during Phase II, the magnet bores were filled first with *He to increase the
axion mass range. The strategy was to increase the gas density (i.e. the pressure) in
steps, to change the gas photon absorption (as it was explained in section 4.2.2). During
this data taking, axion masses of 0.002 < m, < 0.39eV were probed in 160 pressure
steps, and a limit was set to the axion-photon coupling of g,, < 2.17 x 107 GeV~!
(95% C.L.). The following data taking campaigns used *He as the buffer gas because
it condensates at higher pressures than the *He, so higher axion mass ranges could be
explored. Two campaigns were carried out with this gas, the first one explored the axion
mass range of 0.39 < m, < 0.64eV in 252 density steps, setting a limit of in the axion
coupling of g,, < 2.27 x 10719 GeV~! (95% C.L.); and the second campaign explored the
axion mass range of 0.64 < m, < 1.17eV in 452 density steps, what resulted in a limit of
Jay < 3.3 x 1071 GeV~! (95% C.L.). To finish this Phase II of the program, in 2012 the
bores were filled again with *He, to revisit the highest part of the reachable mass range
with upgraded and more sensible detectors. An axion mass range of 0.39 < m, < 0.42eV
was explored and again, the absence of a positive signal over the background set an upper
limit in the axion coupling of g, < 1.47 x 10710 GeV L.

The last data taking campaign in the CAST axion research program was performed
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Figure 4.4: Exclusion plot in the g,,-m, parameter space from the CAST results in the
different phases: vacuum, “He and ®He. The constrains from SUMICO [120,121] are also
shown, as well as the astrophysical constrains of horizontal branch (HB) stars and of Hot
Dark Matter (HDM). The yellow band represents the QCD axion models, and the green line
represents the KSVZ model with E/N = 0. Figure from [164].

with the previously mentioned TAXO Pathfinder setup: an ultra-low background
microbulk Micromegas working together with a focusing x-ray telescope. The improved
detection performance justified the revisit of the vacuum phase, which correspond to
axion masses of m, < 0.02eV. From this last campaign, the most restrictive limit for the
axion-photon coupling was obtained: g,, < 0.66 x 10712 GeV~! (95% C.L.).

Overall, the third generation CAST helioscope was a big improvement from the
previous generations, probed the physical potential of axion helioscopes over its 15 years
of axion research program and set the pillars for the basic layout of an enhanced fourth
generation helioscope.

4.3 The IAXO proposal

The International Axion Observatory (IAXO) [43,150] is a proposed 4th-generation
helioscope with the main goal of searching for axions and ALPs emitted by the core of the
Sun via Primakoff Effect. The expected sensitivity of IAXO for the axion-photon coupling
constant is g,, ~ 10712 GeV~! for a wide range of axion masses up to m, < 0.25eV. This
translates into a factor ~20 better than the CAST sensitivity, and into 4-5 orders of
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magnitude more sensitive in terms of signal-to-background.

With this sensitivity, IAXO will be able to enter into completely unexplored axions
and ALPs parameter space, having potential for discovery. If no positive signal is found,
it will firmly exclude a big region of such parameter space. And of course, in case of axion
discovery, it would be a groundbreaking result for particle physics.

[AXO is designed following the basic layout of an enhanced axion helioscope. A
conceptual design is shown in figure 4.5. It will feature a large superconductive 8-coil
toroidal magnet optimized for axion search. All the magnet aperture will be equipped
with x-ray optics that will focus the axion conversion photons flux into a ~0.2cm? spot
on the readout surface of ultra-low background x-ray detectors. Also, the magnet will be
built into a movable structure that will allow solar tracking for ~12 hours each day.

Figure 4.5: Conceptual design of the IAXO enhanced helioscope. A large superconductive
magnet will track the sun to allow axion-photon conversion in the magnetic bores. X-ray
optics will focus the photon flux into a small area, or spot, on the surface of ultra-low
background x-ray detectors.

In this section, the three main subsystems of the IAXO enhanced helioscope will be
described: the superconductive magnet, the x-ray focusing optics and finally, the ultra-low
background x-ray detectors.

4.3.1 Superconductive magnet

The FOM study has shown that the parameters of the magnet have a really big impact
in the sensitivity of the helioscope. It is clear that a dedicated magnet specifically
manufactured for axion searches is necessary, with a design that maximizes the magnet
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FOM, fu = B%2L?A. Remembering from equation 4.17, B and L are the magnetic field
intensity and the length of the magnet respectively, and A is the aperture, or cross section,
of the bores that is covered by x-ray focusing optics.

From the current available technology, a cost-wise option would be to use NbTi
superconductor technology, that provides peak magnetic fields up to B =5 — 6T. And
since the length of the magnet is limited by technical manufacturing (and cost) reasons, the
only parameter that can be considerably enlarged, in comparison with previous generation
helioscopes like CAST, is the aperture of the bores. For that, the magnet design proposal
is a toroidal geometry with eight racetrack coils of 1 m in width and 21 m in length, wich
makes a magnet of 5.2m in diameter and 25m in length. It is designed to allow a peak
magnetic field of 5.4 T with a total stored energy of 500 MJ and an operational current of
12.3KkA.
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Figure 4.6: Representation of the two considered scenarios of the alignment of the
telescopes (circles) with the magnet coils (rectangles). (Left) Field dominated scenario,
where the telescopes are placed behind the coils. (Right) Area dominated scenario, where
the telescopes are placed between the coils.

To obtain the value of f), for the IAXO magnet, a length of L = 20 m is considered,
and the B is integrated over the open area that is covered by the x-ray optics. Two possible
scenarios are considered in regard to the optics placement with respect to the magnet,
and they are shown in figure 4.6. The first scenario, or field dominated scenario (figure
4.6, left), would be to place them behind the racetrack coils in order to align them to
the areas where the magnetic field is higher. The second scenario, or area dominated
scenario (figure 4.6, right), would consist of placing the optics aligned with the bores,
and therefore to take advantage of the entire aperture while the magnetic field is not as
high. An optimization study was made and showed that the area dominated alignment
was favoured to maximize the f;.

A scheme of the section of the magnet is shown in figure 4.7. It was designed at
CERN following well known and proven engineering solutions from the ATLAS toroids.
The total mass of the magnet is estimated to be ~250tons. An inner cylindrical support
holds the weight and magnetic forces of the eight coils, helped by A15083 keystone elements
for both gravitational and magnetic loads support. The total cold mass consist of eight
coils of ~130tons operating at a nominal temperature of 4.5 K. They are embedded in
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Figure 4.7: Section of the TAXO cryostat. The cold mass (coils) is supported by a central
cylinder and embedded in Al5083 alloy casings. The open bores are placed between the
coils, closer to the central cylinder to maximize the magnetic field inside them. A thermal
shield surrounds the cold mass, and a vacuum vessel isolates it from the exterior.

Al5083 alloy casings which are attached to the inner support cylinder. The purpose of
these casings is to minimize the possible coil deflection caused by the magnetic forces.
Then, eight cylindrical open bores are placed between the coils, as close to the inner part
of the coils as possible in order to maximize the f,,.

The conductor that forms the coils have 40 strands of NbTi/Cu Rutherford cable
with 1-3mm of diameter, following the techniques used in ATLAS or CMS magnets at
CERN [166]. This Rutherford type superconducting element provides high performance
and high current densities. An Al-based doped stabilizer is used in order to protect the
magnet from quench® and also, to improve the stability of the superconductor.

The coils are cooled down by a conductive circuit that is attached to the coil
casings. These pipes circulate a flow of sub-cooled liquid helium at supercritical pressure,
which is able to cool the coils to a temperature of 4.5 K. A thermal shield surrounds the
cold mass, and it is also cooled by a flow of helium gas between 40 and 80 K. This is a
well known and low-cost technology proven by the ATLAS toroids.

All the system is enclosed in an Al5083 vacuum vessel that is designed to be as
light and thin as possible, while being able to hold the atmospheric pressure difference and
the gravitational load. The complete system will be supported by the cryostat central

3A quench occurs when a rise in temperature triggers a sudden loss of superconductivity of the coils
of the magnet. When the coils are in superconducting state, they present zero resistance, so if the coil
temperature rises and the superconductivity state is lost, the coils suddenly develop a finite resistance.
This can make that the high currents that circulate through the coil create a rise in the temperature
causing an explosive boil-off of liquid helium.
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post placed at its center of mass, where an altitude-over-azimuth mount configuration
will support and rotate the magnet. This type of mounts are broadly used for large
telescopes, and it will allow a vertical inclination of £25° and a 365° horizontal rotation
independently. This mobility is required in order to increase the data-taking efficiency,
€, so the magnet will be able to track the sun as long as possible.

Finally, other systems such as quench protection circuits, to avoid damages due to
rises of temperature in the coils, are also considered. Quench detector circuits are placed
along the coils of the magnet, and when a temperature increase is detected, a series of
heaters ensure a fast and uniform heat propagation while the current is discharged through
a dump-resistor.

4.3.2 X-ray optic telescope

The x-ray optics are another important element of an enhanced helioscope that allow
focusing the possible x-ray signal produced by axion conversion in the magnet bores to
a small spot on the detector’s readout. This feature enables the use of smaller detectors
with lower radioactive backgrounds. The IAXO pathfinder setup in CAST has proven this
concept with an x-ray telescope from the NASA’s NuSTAR mission [167], and very good
results in terms of signal-to-background ratio have been obtained [155]. The baseline
technology for the TAXO x-ray optics will follow that used in the TAXO pathfinder:
segmented, slumped glass Wolter I optics with multilayer W/B,C coated mirrors in 124
nested layers (or shells). Figure 4.8 shows the x-ray optics design for TAXO.

Figure 4.8: Frontal and isometric views of the TAXO x-ray optics. The thousands of mirror
segments are shown, as well as the hexagonal spider structure designed to attach the optics
to the magnet bores.

The main concept of these type of focusing optics is shown in figure 4.9. Basically,
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the photons produced by conversion in the bore magnetic field will have the same direction
than the former axions, so they will reach the reflective mirrors of the optics with a very
small grazing angle?, o. Each photon will be reflected twice, and due to the geometry of
the optics, all of them will be focused to the same small spot.

x-ray optic
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Figure 4.9: Conceptual scheme of the cross-section of a segmented glass focusing optic.
The measurements correspond to the CAST pathfinder setup. Black lines represent photons
that reach the optics from the magnet bore. Each photon is reflected twice and they are
finally focused to a small region on the detector (Micromegas) readout plane.

The performance of the x-ray optics can be described by three parameters: the
Point Spread Function (PSF), which is the shape of the focused spot; the throughput
(€,), that is the amount of incident photons that result focused to the corresponding
spot; and the Field-Of-View (FOV), which is the extent up to which the optic device can
properly focus off-axis x-rays. Taking into account that the area of the spot, a, grows
quadratically with the focal length, f, (i.e. @ o< f2), the focal length of the optics should
be short in order to obtain a small spot. However, the reflectivity of the individual mirrors
of the optics increases with small grazing angles. This angle is inversely proportional to
the focal length, f o< a~!, so the highest throughput will be achieved for long focal
lengths. Moreover, the dependence of the ¢,, FOV and PSF parameters with the energy
of the incident photon, F;, and « is complex, so the optimization of the x-ray optics is
non trivial.

A thorough study of the optics parameters in regard to the detector efficiency
and the axion spectrum was made [43] in order to optimize the FOM, fpo, previously
discussed in equation 4.17. A concept was introduced that accounts for the detected axion
flux (DAF), which is defined as the energy-dependent axion flux (described in equation
4.4) multiplied by the optics throughput, €,, and the detector efficiency €;(F). Figure
4.10 shows the dependence of the DAF with the spot size and the focal length. From this
study, the optimal figure of merit was found for a focal lenth of f = 5m.

This type of x-ray optics have many advantages to be considered for TAXO.
First, it is a well known technology that has been developed by members of the TAXO

4The grazing angle is the angle between the incident direction of the x-ray and the surface of the
reflective mirror. This term is commonly used when the incident beam is almost parallel to the reflective
surface.
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Figure 4.10: (Left axis) The figure of merit DAF x a~'/2 versus the focal length, f.
(Right axis) The focal spot size a'/? versus the focal length f. The optimal FOM is found
at f =5m.

collaboration, in the context of NuSTAR. Also, this approach facilitates the deposition
of single-layer or multi-layer reflective coatings that ultimately enhances the throughput
and allows optimizing the spectral response of the optics. In addition, the manufacturing
process is mature and one of the least expensive available. Finally, although other optic
technologies may have better imaging capabilities, the IAXO solar observation needs are
very modest, only requiring to focus the central 3 arcminute core of the Sun.

4.3.3 Ultra-Low background x-ray detectors

The baseline technology for the IAXO low background x-ray detectors are small gaseous
TPCs with a pixelated microbulk Micromegas readout and a thin window to allow the
entrance of the x-rays to the gas chamber. As previously seen, these detectors have proven
to show a suitable performance for axion searches in helioscopes and also, to develop very
low levels of background, so they are perfect candidates to meet the IAXO requirements.

The design of the Micromegas detectors for IAXO is very similar to that used in the
TAXO pathfinder setup in CAST (see section 5.4.2). Figure 4.11 (left) shows a conceptual
scheme of the working principle of the TPC adapted to this particular scenario: x-rays
from axion conversion would enter to the gas chamber through a thin window which acts
as the cathode of the TPC. This window holds the gas of the detector and withstand the
pressure difference between the gas and the vacuum pipe that connects with the optics.
Also, it has to be x-ray transparent so it does not worsen the detection efficiency. Mylar
foils have commonly been used for this purpose in several CAST detectors, supported by
a copper structure (the strongback). Then, the drift distance of the TPC is chosen to be
long enough to efficiently stop x-rays within the axion spectrum. From CAST experience,
it is known that a 3cm long drift at ~1.5bar with an argon penning mixture suits the
needs. Finally, at the anode of the TPC it is placed a microbulk Micromegas readout,
which faces the window, and that is located at the focal point of the x-ray optics.
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A 3D representation of the Micromegas detector design is shown in Figure 4.11
(right). The TPC chamber is closed at the top by the window cathode (strongback), that
connects directly to the interface pipe that will be attached to the optics. At the bottom,
the chamber is closed by the copper substrate (raquette) of the Micromegas readout. All
the pieces are made out of radiopure copper (Cu-ETP), and the inner side of the chamber
and pipe is covered in a thin layer of radiopure PTFE to prevent the possible fluorescences
of the copper. This same design has been used in this work for the commissioning of the
[TAXO-DO0 prototype (that will be introduced in section 4.4.2), so a detailed technical
description can be found later in chapter 8.
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Figure 4.11: (Left) Conceptual scheme of a TPC gaseous detector with a microbulk
Micromegas readout adapted for axion searches in a helioscope. A gas-tight x-ray
transparent window holds the gas of the chamber and allows the entrance of the x-rays
from the vacuum pipe. The drift volume is selected specifically to stop the x-rays within
the energy Rol. (Right) Design of a IAXO detector prototype.

Also, all the known low-background techniques learnt from the CAST experience
and from independent bench tests will be considered in order to reduce the radioactive
background of the TAXO detectors. This topic will be addressed in detail in chapter
5 because it is a very important point for the development of this thesis work. In a
nutshell, to obtain the lowest possible background, the detector need to be built with
very radiopure materials. Some screening programs have been done in the context of
the CAST and TREX [168,169] projects, in order to measure the rates of the radioactive
contaminants of all the materials involved in the detector’s design. Also, passive shielding,
like a surrounding layer of dense and high-Z materials (lead), and active shielding, like
cosmic vetoes, can avoid the interaction of external radiation in the detector, or identify it
to be able to offline discard background. Furthermore, a small granularity of the detector
readout combined with offline analysis and rejection algorithms can help to obtain the
topological information of the events that interact inside the TPC and therefore, reject
the non x-ray-like signals.

Other advantages of microbulk Micromegas detectors that make them appealing
for IAXO are that they provide high time stability, as well as good spatial and energy
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resolutions. Moreover, their consolidated manufacture technique makes them very robust
and relative cost-effective, and also, the patterning of the anode plane is very flexible, so
different patterns can be build for different needs.

Finally, even though Micromegas are the baseline technology for the TAXO
detectors, the experiment has been conceived as a generic infrastructure for axions and
ALPs physics, with potential for additional detector technologies and search strategies.
Currently within the IAXO Collaboration, a R&D of alternative detection techniques with
excellent energy resolution, energy thresholds and efficiency, and also, with the possibility
of using radiopure materials to decrease their backgrounds, is ongoing. Some of the
technologies that are being considered are listed below.

e GridPix detectors [170], developed by the groups in Bonn and Siegen,
which can reach energy thresholds of 300eV and background levels of ~
107° counts keV 1 em=2s71.

e Metallic Magnetic Calorimeters (MMC) dispersive detectors [171, 172],
developed by the Heidelberg group, that present quantum efficiencies of 99%
for x-rays at 6keV, energy resolutions of 1.6eV (FWHM) and backgrounds of
~ 1075 counts keV~t cm =2 s7! between 6 and 10keV.

e Neutron Transmutation Doped (NTD) detectors [173, 174] instrumented
thin Ge bolometers can be considered due to their low noise and high energy
resolution (0.2-0.4keV FWHM for 5.9keV x-rays of °5Fe). Backgrounds of ~
10~% counts keV~! em~2s7! have been achieved underground with these detectors.

e Transition-Edge Sensors (TES) based detectors [175, 176], that allow very
flexible designs and the possibility of being fabricated with radiopure materials.
They are already being operated in several dark matter experiments requiring very
low background like CRESST or CDMS.

4.4 The BabyIAXO experiment

The BabyIAXO? [177] helioscope has been conceived as a first experimental stage towards
IAXO. The main objectives for this experiment are to act as a technological prototype of
IAXO, but also, to produce relevant physical outcome. Additionally, further opportunities
of improvement of some of the baseline experimental parameters are expected from the
experience of builing and operating BabyIAXO, allowing the enhancement of the final
TAXO design.

BabyIAXO follows the layout of an enhanced 4th generation helioscope: a two
parallel coils magnet with two parallel 70 cm diameter bores will be used to track the

5 BabyIAXO was proposed at the 7th IAXO collaboration meeting in 2017 at DESY, Hamburg, when
the TAXO collaboration was formally constituted. The name was chosen to address the fact that this
first baby helioscope will hopefully grow into the full size IAXO.
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Figure 4.12: Scheme of the full BabyIAXO helioscope. The two bores magnet allows two
detection lines with x-ray focusing optics and ultra-low background x-ray detectors at the
end of each line. The external shielding of the x-ray detectors are shown. All the system
is sustained by a support frame. Both detection lines are represented with the same length
(corresponding to the 7.5m focal length of the XMM optics), but in reality, one of them will
be shorter (5m focal length of the custom optics).

Sun, and x-ray Wolter I focusing optics will be attached to the end of the bores. They
will focus the signal to the readout planes of ultra-low background microbulk Micromegas
detectors. Figure 4.12 shows a conceptual design of the BabyIAXO helioscope. A more
detailed description of the setup will be given later in section 4.4.1.

As it happened for IAXO, several additional /alternative detection technologies are
being developed for BabylAXO. Most of these technologies present higher backgrounds
than Micromegas detectors, but on the other hand, they outperform them in terms of
energy threshold or resolution. Ideally, IAXO and BabylAXO could host an selection
of different detection techniques to combine the FOM and the robustness of different
detectors with different systematics. And even though the baseline for discovery are
Micromegas detectors, in case of an actual discovery, the focus of the experiment would
change from discovery detectors (lower backgrounds) to high-precision measurement
detectors (high spatial and energy resolutions). Furthermore, if a discovery happens
in the BabyIAXO stage, then IAXO, that has a signal-to-noise ratio ~ 1072 times larger
than BabyIAXO, could be equipped from the beginning with high-precision detectors to
enhance the physics capabilities.

BabyIAXO will not only be a prototype for all the TAXO subsystems, but also
a preparatory exercise for the infrastructure, a test of the long-term stability of the
systems and a platform to create and develop resources such as software and analysis tools,
collaboration structure and data taking protocols. As it will be seen later in section 4.5.1,
the physics prospects for BabylAXO are computed assuming two data taking campaigns
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of ~1.5-2 years each, in the same fashion as CAST: one with vacuum and the other, with
a buffer gas, to recover the coherence at higher axion masses.

4.4.1 BabyIAXO enhanced helioscope

The basic layout of the enhanced BabyIAXO helioscope has three main subsystems: the
magnet, the x-ray optics and the x-ray detectors. The aim of the experiment design
is to maximize the FOMs of the three of them (see equations 4.17), while considering
state-of-the-art and well known technologies and also, the lowest cost-efficiency rate.

BabyIAXO magnet

The main goal for the magnet FOM of BabyIAXO is to be at least 10 times higher than
the CAST one (i.e. fa; = 200T"2m™4). To achieve that, a so called common coil design
has been proposed, with two flat racetrack coils of 10 m length. The conductor consists of
a Rutherford superconducting cable with 8 strands of NbTi/Cu, co-extruded with a pure
aluminium stabilizer matrix. The common coil design was chosen due to its simplicity
and cost efficient manufacturing process.

5 Cryo-coolers:
+ 3 xPT420+ (6-8 W@4.5K)
* 2xAI600 (350W@50K)

2 Helium Gas Circulators:
* 10n300-40K level
* 1on40-4.5KIlevel

Thermal Shield at = 40 K

Cold Mass at 4.5 K

Cryogenics and
instrumentation interface

Current Leads

Figure 4.13: Scheme of the cross-section of the BabylAXO magnet cryostat. Two vertical
racetrack coils form the cold mass of the magnet and allow the placement of two bore tubes
in between. They are enclosed by a thermal shield. Some of the cryogenics facilities are
shown.

A scheme of the BabyIAXO cryostat design is shwon in figure 4.13, where the
two 10m long coil windings are placed in vertical position, constituting the cold mass
of the magnet. A 0.8 m separation between the coils allows locating two 0.7 m-diameter
magnet bore tubes, one on top of the other. This configuration allows an easy layout
for supports and a good magnetic field in the bores. These two bores are closed on one
side by two flanges, and on the other side, special gate valves need to be installed to
separate the internal volume of the bores from and the x-ray optics. And also, vacuum
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pumps and a gas system will allow to operate in both vacuum and buffer gas scenarios to
reach coherence at higher axion masses. The nominal operating current of the winding
is 9.8kA at a peak magnetic field of 3.2T, which corresponds to a 56 Amm~2 average

current density in the windings.

Finally, the cryostat of BabylIAXO consists of a Al5083-O alloy rectangular box
with a thermal shield operated at 45 K. This thermal shield will hold less than 4 W of heat
load on the cold mass, which will be operated at 4.2 K. The cryogenics for the cryostat
are based on a dry cooling system with cryocoolers, which is a simple and rather low
cost system compared to cryogenic liquids. This design also counts with all the security
measures considered for IAXO, such as the quench protection.

Regarding the structural concept, the magnet, optics and detectors are assembled
together and installed on a non-magnetic stainless steel support frame. A central post
transfers the loads between the cold mass and a supporting base. The system allows a
vertical inclination of +25° for the cryostat, and the base will be able to rotate 365°,
therefore optimizing the tracking efficiency. Taking into account the cryostat, the optics
and the detectors, a total length of 20m, is obtained.

With all these considerations, two magnet FOM, fi; = B2L2A, have been obtained
with different estimates of the magnetic field, B: 1) integrating the distribution of the
magnetic field over the space of the two bores in 2D and assuming it constant along L,
and 2) integrating altogether in 3D. The FOMs obtained for each case are

fu(2D) = 326 T? m*, (4.18)
fu(3D) =232 T*m*, (4.19)

where the 3D calculation is lower because the magnetic field decreases from the center of
the magnet towards the ends. But even the lower value of the f), fulfil the BabyIAXO
initial requirement in regard to CAST.

BabylIAXO x-ray optics

The design of the magnet of BabylAXO allows the placement of two x-ray optics at the
end of the two bores. The x-ray focusing optics need to cover completely the 0.7 m-
diameter section of the bores in order to maximize the magnet FOM in terms of aperture.
The baseline approach for BabylAXO is to cover one of the bores with a new custom-
designed optic with a similar performance than the ones required for IAXO. The other bore
would be covered with a spare optic module of the X-ray Multimirror Mission (XMM)
Newton [178], from the European Space Agency (ESA). In terms of the optics FOM,
fo = f/—"a, the most important parameters of the optics will be the throughput (€,) and

the PSF, that determines the spot area (a).

e Custom x-ray telescope: The design of the custom x-ray telescope for BabylAXO
needs to be as close as possible in terms of dimensions and performance to the TAXO
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x-ray optics, but without forgetting that BabyIAXO is also a learning and testing
facility. Therefore, the same segmented-glass approach was chosen for building this
telescope, but two different techniques will be explored together. The inner part of
the optic (with inner radius of r;=5cm and outer radius of r,=20cm) will be built
by the same hot-slumped, multilayer-coated glass technique that was already used
in the NuSTAR telescope, and that is the baseline technology for the IAXO optics.
On the other hand, the outer part of the telescope (r;=20cm, r,=35cm) will be
built using cold-slumped glass [179]. A scheme of this design is shown in figure 4.14
(left). This telescope will be able to focus the parallel beam of photons from axion
conversion in the magnet bores to a a ~ 0.2 cm? spot on the detector readout.

40 cm XMM-Newton mirrors during integration
Traage courtesy of Doxnier Satellitensysterns GobH Europesn Space Agency [Hl

70 cm Crredir: ES AfXMM-Newton, OC BY-SA 3.0 130

Figure 4.14: (Left) BabyIAXO optics design, including the hexagonal spider structure
that will be used to mount it to the magnet bores. The inner part is designed with the hot-
slumped glass technique (the same optics as the ones from TAXO in figure 4.8), while the
outer part is designed with the cold-slumped glass technique. (Right) The XMM-Newton
mirror module on the backside of the XMM-Newton service module. One spider carrying
a full set of 58 flight mirror shells is visible. Image courtesy of Dornier Satellitensysteme
GmbH and ESA (ESA/XMM-Newton, CC BY-SA 3.0 IGO).

XMDM spare telescope: An already existing 35 cm-radius spare telescope from the
XMM Newton mission will cover the other magnetic bore of BabylAXO. It consists
of 58 Wolter I grazing-incidence mirrors, where the gold-coated shells are nested in
a co-axial and co-focal configuration. A real image of one of these optics used for
the XMM Newton mission is shown in figure 4.14 (right).

Although this telescope has a focal length of 7.5 m, which is slightly larger than the
nominal focal length for the IAXO baseline optics (5m) and it is heavier than the
custom TAXO optics, it can be successfully implemented in BabylAXO. Also, due
to the longer focal length, the focal spot area for the XMM telescope is expected to
be a ~ 0.3—0.7 cm?, which is slightly larger than the spot of the custom optics. But
overall, in terms of performance, the XMM telescope fulfil the IAXO requirements
despite not being an optimized optics for axion searches.
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The BabyIAXO optics will be placed inside independent vacuum vessels attached
to the magnet lines with a gate valve and a flexible bellow that will allow some movement
for alignment purposes. At their other side, the optics will connect to the detector placed
in the focal plane by means of an interface pipe and another gate valve. An x-ray source
at the opposite end of the telescope can be used to monitor the focal spot stability. In
addition, a laser alignment system need to be implemented in order to align both optics
in the BabyIAXO setup.

BabyIAXO x-ray detectors

The baseline technology for the BabylAXO detectors is the same than that for TAXO:
small gaseous TPCs with radiopure pixelated microbulk Micromegas readouts, as well as
active and passive shielding along with other low background techniques. In principle, the
same design described in section 4.3.3 is proposed because it has already been proven in
the CAST experiment and several other bench tests. However, the BabyIAXO detectors
will include some upgrades to test their effect in terms of background reduction, b, and

efficiency improvement, ¢4, aiming to enhance the IAXO FOM, fp = f/—dg

A more detailed description of the background understanding of these detectors and
the corresponding techniques to reduce it will be given in chapter 5. In this section, the
main detector upgrades that are being exploresd for the BabyIAXO detectors in regards
to the IAXO pathfinder design will be addressed.

e Active shielding: An efficient cosmic veto shielding has proven to effectively
reduce the radioactive background of Micromegas detectors with. A full 47 solid
angle coverage with a 99% muon tagging would allow such detectors to reach
backgrounds at the order of ~ 10~ countskeV~tem 2571,

Different technological options are being considered for this purpose. Plastic
scintillators have been the go-to for CAST muon vetoes, and new customized-
geometry ones are being prepared by the Institute for Nuclear Research (INR)
group, in Moscow, for their testing in the TAXO-DO0 prototype. Also, an alterative
approach is being developed at the Johannes Gutenberg University, in Mainz, based
on large bulk Micromegas detectors (100x50 cm?). This system can be very useful
for characterization purposes and also, for simulation models of background data
validation.

e Passive shielding: The current passive shielding design consists of a 20 cm thick
lead layer completely surrounding the detector to reduce external gamma radiation.
Nonetheless, some weak spots exist at the points where the detector connects with
the optics or the electronics. Some improvements would include further shielding
the pipe towards the magnet, or to implement a lead slab above the upper cosmic
veto to tag high-energy gamma events. These implementations require additional
simulations and background modelling studies.
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e Ultra thin x-ray windows: Micromegas and the first GridPix detectors in CAST

were equipped with x-ray windows made out of 2-4 ym thick foils supported by
metallic strongbacks. Their purpose was to maintain the difference of pressure
between the TPC gas volume and the vacuum line while being transparent to x-
rays in the energy Rol. The main issue is that the detector’s threshold is mostly
determined by the transmission of the window, which quickly drops for energies
below 1.5keV. Also, the leak tightness of such windows is not very good.

Figure 4.15: A 300 nm silicon nitride window under 1.5 bar pressure for the second GridPix
detector in CAST. Developed at the University of Bonn.

Some alternatives are being developed at the University of Bonn. These new
windows consist of a silicon strongback covered with a silicon nitride membrane
about a hundred nm tick [180] with improved transmissions below 1.5keV, and
sizes as big as 14 mm diameter (shown in figure 4.15). These windows have been
used and proved at the second GridPix detector in CAST, surviving a pressure
difference of 1.5bar with a leak tightness better than 8 x 108mbarls~!. Further
improvements will be made towards thinner membranes, potentially larger areas
and better strongback designs.

TPC active gas: Typically in CAST, Micromegas detectors operated with a
mixture of Ar+C,H;y (~98/2)% at an overpressure of ~ 1.5bar. However, argon
based mixtures can be problematic due to the escape peak at 3keV, that lays at the
middle of the energy Rol, and also, due to the contribution of the 8~ decay of the
39Ar isotope, as it will be seen in section 5.2.6.

To solve these problems, xenon based mixtures have been proposed. Xenon offers
higher stopping power to x-rays than argon, so it can be operated at lower pressures
while obtaining similar detection efficiency. For BabylAXO, mixtures of Xe+C,Hy
at 0.5 bar are being tested. Working at lower pressures would reduce the mechanical
stress on the x-ray window, so thinner windows could be considered, with its
consequent improvement in the detection efficiency and the reduction of the energy
threshold.

Data acquisition and electronics: The high granularity readouts of the
Micromegas detectors provide rich topological information of the events that interact
in the target gas of the TPC. To take full advantage of such information, suitable
readout electronics are needed. Current state-of-the-art electronics allow digitalizing
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full temporal waveforms of a large number of channels. Taking into account that
the Micromegas readouts proposed for IAXO and BabyIAXO have small areas and
number of strips, and also, low expected acquisition rates, these electronics perfectly
fulfil their requirements. However, it is important to reduce the electronic noise as
much as possible in order to low the energy threshold of the detector.

The current technology proposed for BabyIAXO, that has already been implemented
in the TAXO-DO0 prototype, are the AGET [181] chips. This technology provides
autotrigger capabilities for each individual channel, which allows reducing the energy
thresholds below 1keV. The specific design for the AGET-based electronics for the
BabyIAXO detectors are based on a modular and flexible general purpose readout
system for gaseous detectors, designed at IRFU CEA Saclay. A conceptual design of
these electronics cards is shown in figure 4.16. The 240 channels of the Micromegas
readout are split and connected to four Front-End Cards (FEC) with four AGET
chips. The output of the four FECs is connected to the Back-End Board (BEC),
which digitalizes the signal and communicates with a remote DAQ PC. If needed,
the BEC can receive a global clocking and external triggering from a Trigger and
Clock Module (TCM).

Shield Shield BEC
FEC

I:I E I—I Trigger/Clock
FPGA
V' D»}Q

B

Micromegas
Detector

Power

=

Data acquisition
and control PC

<«
Up to few
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Figure 4.16: Conceptual scheme of the radiopure AGET-based electronics readout designed
for the BabylAXO detectors.

Some effort is being done among the IAXO Collaboration in order to explore the
possibility of building radiopure electronics by using kapton as the base of the board
and replacing the most radioactive components, such as capacitors, resistors, diodes
for the spark protection circuit and the AGET coupling capacitors. This would
allow placing the FEC closer to the detector, thus reducing the electric noise and
reducing the energy threshold. In parallel, simulation studies are being carried out
to study the effects of such electronics on the detector background [182].

The last proposed improvement is the use of face-to-face kapton PCB connectors,
without solder or intermediate connector pieces. They have been developed and
tested in the University of Zaragoza in the context of previous low-background
Micromegas applications [183].

Finally, figure 4.17 shows the implementation of the detectors in the BabylAXO



82 Chapter 4. IAXO: the International AXion Observatory

Figure 4.17: (Left) Detector chamber and shielding structure base plate positioning. The
new version of the AGET electronics is shown. (Right) BabyIAXO Micromegas detector
with a proposed ~ 47 cosmic veto positioning. The %°Fe source assembly, the bellow and
gate valve at the vacuum line are also shown.

detection line. An independent platform will sustain the detector chamber and the
shielding structure whole system. A calibration system will be installed between the
optics and the detector for detector calibration purposes, with a 5°Fe retractile source.
Also, a bellow will allow some movement to ease the alignment process, and a pneumatic
gate valve will be installed for safety reasons.

4.4.2 TAXO-DO prototype

IAXO-DO0 is a IAXO and BabyIAXO detector prototype that has been commissioned
at the University of Zaragoza during 2016-2018. The main purpose of this prototype
is to recreate the already known stable performance and good energy resolution and
threshold of the baseline technology of the IAXO detectors, and also, to implement the
new strategies proposed for BabyIAXO in order to push the results even further.

For these purposes, a spare IAXO pathfinder detector was shipped from CERN to
the University of Zaragoza. A complete 20 cm thick passive lead shielding was built and
a new gas system was commissioned. This system allows the operation with argon and
xenon, with recirculating and recovery options. Also, the new Feminos-AGET electronic
cards were implemented outside of the shielding, along with a new acquisition and analysis
software. Figure 4.18 shows pictures of the commissioning period and the IAXO-DO0 setup.

The commissioning and first data taking campaign, as well as the data analysis
and background study of TAXO-DO0 is one of the main goals of this thesis work. A
more detailed description of TAXO-D0 will be done in chapter 8, and the experimental
background study will be presented in chapter 9. Also, a IAXO-D0 background model
has been developed in the context of this work, and will be explained in chapters 6 and 7.

Some more implementations are planned in the near future. A cosmic veto system
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Figure 4.18: (Left) Picture of the commissioning process of the IAXO-DO0 prototype. The
detector chamber is positioned inside the lead bricks shielding. The vacuum pipe and the
electronic connections are visible, as well as the gas tube. (Right) Picture of the IAXO-D0
prototype commissioned at the TREX laboratory, at the University of Zaragoza. The gas
system, the passive lead shielding and the vacuum pipe and pump are visible.

will be soon installed and a first version of a customized-geometry plastic-scintillator muon
veto system is under preparation, featuring a cube of 65x65cm?. in collaboration with
the Institute for Nuclear Research (INR) in Moscow, and should be ready before the end
of 2019. This will most likely allow TAXO-DO to reach levels of background of the order
of ~ 107" counts keV~tem 2571

4.5 Physics potential

The main physics goal of IAXO and BabylAXO is the search for solar axions and ALPs
emitted from the core of the Sun via Primakoff effect, with an axion-photon coupling
Jay- But these experiments will also be able to probe the axion-electron coupling, gqe,
parameter space for the first time with realistic sensitivities for the BCA axion-electron
spectrum. Furthermore, TAXO will also test models of other proposed particles at the
low energy frontier of particle physics, such as hidden photons or chameleons. And the
fact that it is able to implement new detectors such as microwave cavities or antennas,
will allow to search for relic axions as well.

In this section, the expected sensitivity of IAXO (and BabyIAXO) to solar axions
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Parameter  Units CAST-I IAXO (nominal) IAXO+ (enhanced)

B T 9 2.5 2.5
L m 9.26 20 20
A m? 2x0.0015 2.3 2.3

i 1 300 300
b A0y 5x 1073 x1073
€d 1 0.5-0.9 0.7 0.8
€o 1 0.3 0.5 0.7

a cm? 0.15 8 x 0.2 8 x 0.15
i 1 17 60

€ 1 0.12 0.5 0.5

t year ~1 3 3
£ 1 3.5 3.5
f* 1 2 x 10* 6 x 10*

Table 4.2: Estimated values of the relevant parameters of the IAXO FOM [43] compared
to the ones from the first CAST vacuum phase [147]: f* = f/fcast-

and ALPs will be shown, and a summary of the main physics cases that these experiments
will have potential to probe, will be explained.

4.5.1 Expected sensitivity to solar axions and ALPS

To obtain the IAXO expected sensitivity to solar axions, an estimation of the FOM
is required. The main experimental parameters that affect the FOM of an enhanced
helioscope (equations 4.17) are listed in table 4.2 for the specific case of the TAXO
proposal. Two scenarios are considered: a nominal scenario with more conservative and
already achievable parameters, and an enhanced scenario, also called IAXO+, that could
be potentially implemented after the experience of BabyIAXO. The way the figure of merit
is factorized allows quantifying the improvements from each of the helioscope subsystems.
This estimation of the enhanced FOM leads to an increment of the sensitivity up to
~ 10*7° times better than the fist CAST vacuum result [147] i.e. more than one order of
magnitude of improvement in the g, .

Also, an estimation of the exposure of the experiment is also required. For that,
two runs have been assumed (table 4.3) in the same fashion as CAST: Run-I will consist
of 3 years of effective data taking with vacuum in the magnet bores, which will determine
the sensitivity for axion masses below m, < 0.01eV. On the other hand, Run-II will
use *He buffer gas inside the magnet bores with density continuously changed from 0 to
1 bar, that will allow axion-photon coherence above m, = 0.01eV. Overall, this program
would allow TAXO to reach axion masses of ~0.25eV. A similar exercise was carried out
to obtain the sensitivity of BabylAXO, supposing also two data taking campaigns, one in
vacuum and one with buffer gas, during an effective exposure period of 1.5 year for each
of them. More details about the sensitivity calculations can be found in [96].
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Run I Run II
Total duration ~4 years ~4 years
Effective data taking duration 3 years 3 years
Effective exposure 9540 hours 9540 hours
. 4He at room temperature 0 bar variable from 0-1 bar
Gas density .
In terms of axion mass 0eV 0-0.25eV

Table 4.3: Proposed IAXO runs and exposure that were used to compute the sensitivity
curves.

With these considerations, the sensitivities of IAXO and BabyIAXO to axion-
photon coupling are shown in figure 4.19, where the area of the g,, — m, parameters
space to be explored is represented. Both the nominal scenario (labelled as TAXO) and
the enhanced scenario (labelled as IAXO+) are shown, as well as the CAST limit for
the sake of comparison. IAXO will be ~15-20 times more sensitive than CAST in terms
of the axion-photon coupling constant, reaching values of g,, ~ 5 x 1072 GeV~! for
me < 0.01eV, and around g,, ~ 107 GeV~! for m, < 0.25eV. This translates into
~5 orders of magnitude more sensitive than CAST in terms of signal intensity. And even
though BabyIAXO will not reach such sensitivity values, it will suppose a big improvement
in regard to CAST, which will allow probing new areas of the parameter space. The
estimated axion-photon coupling sensitivity for BabyIAXO will be g,, ~ 1.5x107" GeV~*
for m, < 0.02eV.

From figure 4.19 it is seen that IAXO will deeply enter into completely unexplored
axion and ALP parameter space, even reaching the QCD axion phase space that has
not be explored yet. Also, axions are good candidates to hot DM for higher m, areas
(mg ~ 0.1 —1eV). And even masses below m, < 1077eV are interesting, since ALPs
at such areas are invoked to explain anomalies in light propagation over astronomical
distances.

In regard to the axion-electron coupling g,., IAXO and BabyIAXO will be sensible
also to non-hadronic axions produced in the Sun core by BCA reactions. As it was shown
in figure 4.1, the flux of solar axions produced by BCA processes is in the range of 0.5-
2keV and can be up to 100 times larger than the Primakoff axion flux. If the threshold
prospects of IAXO optics and detectors are reached, the axion-electron coupling parameter
space could be probed.

Figure 4.20 shows the parameter space for axion-electron coupling with the
estimated sensitivities for JAXO and TAXO+, assuming that the Primakoff emission from
the Sun is subdominant, so the axion solar flux is caused only by BCA processes. The
expected signal depends of g4cgq-, accounting for the production process in the Sun and
the detection process in the helioscope. In this parameter space, in case of no positive
signal, ITAXO would set a limit of ggegay < 2.5 % 1072 GeV ! (95% CL) for axion masses
mg S 10meV. This implies a sensitivity more than two orders of magnitude better than
similar analysis performed with CAST data [145].

With this gqegqy sensitivity, IAXO would be able for the first time to reach relevant
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Figure 4.19: Sensitivity of CAST and sensitivity prospects for TAXO, TAXO+ and
BabyIAXO in the g,, — m, parameter space. Some of the axion and ALPs hints explained
in chapter 3 are shown. The yellow band shows the QCD axion model preferred region. Plot
and further information in [89].

areas of the parameter space not previously excluded and relevant for the WD cooling hint.
Also, it would allow to probe relevant QCD axion models at mass values of m, >3 meV
that may be hinted by anomalous astrophysical observations.

4.5.2 Summary of physics potential

In chapter 3, some of the main cosmological and astrophysical hints for axions have been
addressed. In this section, the most important physics potential cases that TAXO will be
able to probe (and BabyIAXO to a lower extent), will be sumarized. For a more detailed
explanation of the theoretical, cosmological and astrophysical motivation of the search for
axions in the IAXO reachable parameter space, see reference [96].

¢ Axion-photon coupling: Both TAXO and BabylAXO will enter into unexplored
Jay — Mg Parameter space, pushing the current astrophysical bounds more than one
order of magnitude. At high m,, it will be able to explore realistic QCD axion
models in the meV to eV mass band. This region is very interesting because it is
where several cosmological (DM), astrophysical and theoretical (strong CP problem)
motivations overlap.
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Figure 4.20: Sensitivity of TAXO to solar axions produced by BCA processes in the
|gaega7|1/ 2 — m, parameter space. The yellow band corresponds to the QCD axion
models and the different color diamond-shaped regions correspond to particular QCD axion
models that are able to explain anomalous stellar cooling observations (see section 3.4.2).
Sensitivities are estimated for detector and optic thresholds of 0.5keV. Plot and further
information in [96].

e Very High Energy (VHE) photons: The Universe being more transparent
to VHE photons than it should, was explained in section 3.4.2. Photons from
distant emitters like active galactic nuclei (AGN) should not reach such long
distances due to their non-negligible probability to interact with photons of the
extragalactic background light (EBL). However, there are observations of such far
sources [100-104] that present a universe too transparent for VHE photons. To
solve this discrepancy, photon-ALP oscillations triggered by cosmic magnetic fields
are suggested [100,101,105]. ALPs can travel unimpeded through the intergalactic
medium, so this would imply an increase of the effective mean free path of VHE
photons. The required mass for such ALPs is m, ~10neV, and the coupling
constant, g,, ~ 10711 GeV~!. TAXO would be sensitive to this entire parameter
region. On the other hand, BabylAXO would probe a large fraction of it.

e Anomalous cooling: The cooling anomalies were addressed in section 3.4.2. There
are independent observations of diverse stellar objects that have shown an abnormal
high energy loss that is not well understood by the current stellar models. This
cooling anomalies have been observed studying the period change and the luminosity
funcion of white dwarfs (WD) [72,106-109], the luminosity of the tip of the red
giant stars branch (RGB) [71, 111], the number ratio of horizontal branch (HB)
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stars over the RGB stars in globular clusters [70], the ratio of blue and red (B/R)
he-burning supergiants [114-116], and also neutron stars [184,185]. This extra
cooling could be explained by the emission of light and weakly interacting axions
or ALPs produced in the stellar core, with couplings of g, ~ 10713 GeV~! for some
of them, and g, ~ 1071 GeV~! for others. Moreover, there are some QCD axion
models that feature these couplings and that are able to explain collectively all
anomalies [186, 187], and correspond to m, ~ 10meV. And at lower masses, the
hinted g,, overlaps with the parameters required to explain the VHE transparency
hints. Such regions of the parameter space could actually be probed by IAXO.

ALPs as cold dark matter (CDM) candidates: Another relevant feature of
axions and ALPs is that they are very compelling candidates to Cold Dark Matter
(CDM). As it was explained in section 3.4.1, the relic axion density varies depending
on the mass of the axion and on whether the PQ symmetry breaks spontaneously
before or after inflation. There is a broad range of compatible axion masses with the
correct relix density, including values above the meV scale for the QCD axion. It
was also seen that production of cold axions via the vacuum-realignment mechanism
requires m, ~ 107%eV. And if the PQ symmetry is restored after inflation, then
the effect of the decay of the topological defects need to be taken into account, and
relatively large axion masses would be featured. TAXO would be able to probe all
these parameter space regions.

Relic axions: The resulting relic axion density for all non-thermal production
mechanisms is approximately inversely proportional to the axion mass, p, ~ m .
This implies that, if axions are only a fraction of the DM, the corresponding m,
will be larger. Since these mechanisms are generic to several ALP models, then a
large section of the IAXO parameter space will contain ALP models with adequate
DM density [88]. Therefore, IAXO would be sensible to axion models that could be
part of the DM of the Universe even though it does not rely on axions being DM to

detect them.

Dark radiation: Axions and ALPs could also be produced from thermal processes
or from decays of heavy particles. Current cosmological observations suggest the
presence of Dark Radiation [188], which is a cosmological relic of relativistic particles
with very weak interactions with the standard model, that could be in the form
of axions or ALPs. Their abundance can be detectable by forthcoming cosmic
microwave background (CMB) experiments like [189]. These ALPs would couple to
photons with a coupling constant that would probably be in the TAXO reachable
range [190].

Inflation: ALPs have masses protected by large radiative corrections, so they could
be used as candidates for the inflaton field. The slow-roll of such inflaton in a
potential is what would have driven primordial inflation. A recent scenario (called
ALP miracle) showed that an ALP with approximate parameters of m, ~ 0.01—1eV
and g, ~ 107" — 1071 GeV~! could be responsible for cosmic inflation, and also,
form the DM of the Universe [191,192].
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Finally, an important remark is that TAXO sensitivity goals only depend on the
axion emission by the Sun, which is a solid prediction of most axion models. IAXO does
not rely on the hypothesis of the axions or ALPs being the DM of the Universe. So, in
case of non-detection, IAXO will provide a robust exclusion of the corresponding regions
of the parameter space.

[AXO aims to be a generic infrastructure for axions and ALPs physics with
potential for additional search strategies. Although the main detection strategy relies
on Micromegas detectors for solar axions, it will be possible to implement haloscope-like
setups to search for DM axions. On the other hand, BabyIAXO will be able to probe a
relevant region of yet unexplored parameter space, and a discovery is not excluded.
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5.1 Introduction

In axion direct search experiments, as in any rare event searches, a deep understanding
of the background of the detector is mandatory in order to reduce it. The best
background level ever achieved for a Micromegas detector at surface is (1.0 + 0.2) x
1079 counts keV~t em ™2 s™!, and corresponds to the last data taking period in CAST [34].

In this chapter, the principal sources of background for the Micromegas detectors
designed for CAST and TAXO will be explained. Then, all the techniques and
improvements developed to control and reduce the background of these detectors during
the CAST experience and also, in test bench studies at the University of Zaragoza and the
Canfranc Underground Laboratory (LSC), will be described. Finally, the last and most
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optimized detector setup, the IAXO pathfinder and its recent results will be presented.

5.2 Principal sources of background

The principal sources of background for the Micromegas detectors in the context of the
IAXO experiment are: cosmic rays (muons and neutrons), cosmic and environmental
gammas, intrinsic radioactivity of the detector components, target gas and shielding,
radioactivity neutrons, and cosmogenic activation of the detector materials. All these
radiations can produce secondary or fluorescence emissions that can reach the detector
active volume and produce a fake axion-like event.

5.2.1 Cosmic muons

Cosmic muons produce an important number of the background events in Micromegas
setups installed at sea level. They can cross the entire detector shielding and directly ionize
the gas. But also, they can interact in the shielding and produce secondary fluorescences
in the innermost part of the detector, populating the low energy part of the spectrum.

In the context of the CAST experiment, test bench studies have been made [193]
in order to quantify the effect of cosmic muons to the Micromegas background level, both
at the University of Zaragoza and at the Canfranc Underground Laboratory (LSC), where
the cosmic muon flux is a factor of ~ 10° lower than the flux at surface [194].

The direct comparison between the background levels measured underground
and at surface by detectors with equivalent shielding configurations suggests a muon
contribution around 1075 countskeV~' cm™2s™! in the 2-7keV range (Rol of CAST). The
background energy spectra measured by the test bench setups are shown in figure 5.1 for
comparison’s sake.

5.2.2 External gammas

The background of the first generations of CAST Micromegas detectors was dominated
by the external gamma radiation. This radiation can be originated by the intrinsic
radioactivity of the materials of the walls of the room, the magnet or other facilities
of the experiment around the detector. It is mainly produced from the decay of the
28U and the 232Th isotopes. But it can also come from different cosmic sources, such
as supernovae or pulsars, or it can be produced as secondary cosmic rays in the Earth’s
atmosphere.

A big effort has been done in order to quantify and reduce this contribution: setups
with different shielding designs were used to measure and study the detectors background,
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Figure 5.1: Background energy spectra measured by CAST-like Micromegas detector
setups during the bench test studies (plots adapted from [14]): (Left) at the University of
Zaragoza. The estimation of the cosmic muons contribution to the background is indicated
in the plot. The blue line (cuts) is the background after the discrimination process (further
explained in section 5.3.3). The red line (veto) is the background after removal of muon-
vetoed events (further explained in section 5.3.2). The mean background level at surface is
(1.5+0.1)x 107 countskeV~! cm =2 s ! in the 2-7keV range. (Right) at the LSC, where the
raw background is one order of magnitude lower. The pink line (fiducial) is the background
from a smaller circular area at the center of the readout (radius of 21.5 cm), where the axion
signal is expected to be found. The blue line (cuts) is the background after the discrimination
process. The mean background level underground is (1.540.1)x10~7 counts keV ! em 2 s~1
in the 2-7keV range.

and also simulation toolings were developed to estimate it. Finally, the external gamma
radiation was quantified to contribute about ~ 1.5 x 107%countskeV~!em=2s7! int he
2-TkeV range [193].

The simulated spectrum is shown in figure 5.2. The spectrum shape gives useful
information about the fluorescence peaks produced by the remaining gammas reaching
the innermost copper parts of the detector, or by gammas interacting with the stainless
steel pipe that connects the detector to the magnet. This estimation is corroborated by
the experimental tests performed in CAST, as well as by the bench tests mentioned in
the previous section, with the same setups at surface and underground.

5.2.3 Intrinsic radioactivity of the detector materials

The intrinsic radioactivity from the materials of the detector components as well as the
shielding, the magnet and other elements of the experiment site, is another inevitable
source of background. One of the main concerns in the design of IAXO detectors is to
choose very radiopure materials to build not only the readout, but also the chamber,
the pipe, all the mechanical components and even the innermost shielding. Radioactive
isotopes like 238U and 232Th are present in all the materials, and they usually represent
the biggest part of the radiation background. Also, some materials present not negligible
levels of °K activity that can populate the low part of the energy spectrum.

Several radioassay campaigns have been done to measure the radioactivity of the



94 Chapter 5.  Low-background Micromegas for axion detection.

x10°

w
3]

cts keV-' cm2 -1
w

9 10
E (keV)

Figure 5.2: Simulated background spectrum of a CAST-like Micromegas detector induced
by external gamma flux [43]. The cumulation of events in the 5-7keV region are due to
the fluorescence in the stainless steel pipe used in this specific setup, and the 8keV peak is
generated by the copper fluorescence.

materials involved in the construction of ultra-low background detectors in the context of
CAST and TREX projects [154,168,195]. These material screening programs are mainly
based on germanium gamma-ray spectrometry carried out in the Canfranc Underground
Laboratory (LSC). Most of the germanium measurements were made using a ~1 kg ultra-
low background detector of the University of Zaragoza (Ge Paquito) operated at the
LSC [196,197]. With this technique, activities of different sub-series in the natural chains
of 238U, 22Th and ?*U are evaluated, as well as common primordial, cosmogenic or
anthropogenic radionuclides like “°K, ®°Co and 3"Cs.

Other complementary techniques for the screening programs that are not operated
at the LSC are Glow Discharge Mass Spectrometry (GDMS), performed by Evans
Analytical Group, in France, that provided concentrations of U, Th and K; and Inductively
Coupled Plasma Mass Spectrometry (ICPMS) analysis carried out at the Laboratori
Nazionali del Gran Sasso (LNGS), in Italy, that quantified the U and Th concentrations
of some materials.

Also, taking advantage of the foil format of some material samples, such as the
Micromegas readouts, very sensitive measurements were made by the BiPo-3 detector [198]
in the LSC. This detector has been developed by the SuperNEMO collaboration and it is
able to measure levels of a few uBqkg™ of 2°®T1 and ?'*Bi radioactivity in samples below
200 pm thick.

This exhaustive study of the materials allowed improving the design of the
Micromegas detectors by replacing the most radioactive parts of the setup and therefore,
decreasing the background. Some of the changes and improvements that lead to this
reduction are explained later in section 5.3.1. With the last design of the [AXO pathfinder
detector, the contribution of the radioactivity of its components was estimated to be
~ 2 x 107" counts keV~'em~2s!. This level was experimentally obtained [193] at the
LSC in a setup with special shielding, where both gamma and cosmic rays were reduced
to negligible levels.
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Figure 5.3: (Left) Neutron flux for different altitudes. This plot shows the flux of neutrons
as a function of altitude up to outer space. The g/cm? indicates the thickness of the
atmosphere. The lowest curve, labelled 1030 g/cm? is for sea-level neutrons. The curve
labelled 700 g/cm? is for an altitude of about two miles. The two dashed lines indicate the
special nuclear reactions which cause the bumps in the flux curves from 1-100 MeV. (Right)
Theoretical flux of cosmic rays at sea level. Figures from [199].

5.2.4 Neutrons

Neutrons can also contribute to the background because they can penetrate most materials
much deeper than charged particles. Their main interaction mechanisms are scattering,
spallation or neutron capture, releasing other detectable particles such as gammas or
electrons, or even breaking nuclei into activated isotopes.

The main expected background contribution would come from cosmic neutrons
produced by high energetic cosmic rays when they reach the Earth’s atmosphere. These
primary cosmic rays collide with gas molecules, mainly oxygen and nitrogen, and
disintegrate their nuclei through inelastic nuclear reactions. The result is the emission
of protons, neutrons and a-particles among others. The energy spectrum expected from
this contribution at sea level is shown in figure 5.3.

Another possible source of background caused by neutrons can be the 233U and
22Th contamination of the materials of the detector. The radioactive chains of these two
elements (mostly in the case of the ?**U) produce neutrons due to spontaneous fission
and («, n) reactions. This will produce the well known evaporation source spectrum for
fission neutrons, as shown also in figure 5.3. The (a,n) spectrum is slightly different and
depends of the surrounding materials, but for our purposes, the evaporation spectrum has
been considered for both contributions.

Through the CAST experience with Micromegas detectors, the contribution to the
background caused by neutrons had always been estimated to be negligible. The amount
of 238U and 2*2Th found in the materials of the detector components is very small because
radiopurity of the materials is always a priority. But the contribution from the cosmic



96 Chapter 5.  Low-background Micromegas for axion detection.

neutrons has never been properly simulated or verified. It will be seen later on this
work that this assumption is not straightforward and that the contribution from cosmic
neutrons needs to be reconsidered for the detector background.

5.2.5 Cosmogenic activation of copper

Activation is a process by which radioactivity is induced into materials by letting them
interact with other radiation. The production of radioactive isotopes by exposure
to cosmic rays at sea level is a known issue, and in the context of low-background
experimental conditions, these long-lived radioactive impurities in the materials of the
detector may be even more important than residual contamination from primordial
radionuclides.

The main contribution to our background from cosmogenic activation would come
from the copper, which is the material chosen to build most of the parts of the detector.
Due to the fact that they operate at surface and they were never stored underground to
prevent them from cosmogenic activation, this contribution has to be taken into account.

A summary of the mean contributions expected from cosmogenic activation of
copper [200] is shown in in table 5.1. Among these isotopes, *6Sc, %Fe and °Co decay
through a 5~ process, thus producing electrons that could interact in the gas.

4G, 8y 540\Mn 590 560 5700 B0 600
Half-life 83.787d  15.9735d 312.19d  44.494d 77.236d 271.82d 70.85d  5.271ly
Measurement [201] 2.184+0.74 4.5+£1.6 8.85+0.86 18.7+4.9 9.5+1.2 74+17 67.9£3.7 86.4£7.8
MENDL+YIELDX [202] 2.7 27.7 4.9 20.0 4.1 123.0 55.4
GEANT4 [203] 1.2 12.3 8.8 10.3 67.2 57.3 64.6
ACTIVIA [203] 4.1 30.0 10.5 20.1 7.5 138.1 66.1

Table 5.1: Production rates (in kg=! d=!) at sea level for isotopes induced in natural
copper following measurements from [201]; calculations from [202] using the Medium Energy
Nuclear Data Library (MENDL [204]) and the YIELDX routine [205]; and from [203] using
GEANT4 [206] and ACTIVIA [207] software.

Some measurements of exposed radiopure copper bricks were done in the Canfranc
Underground Laboratory with a HPGe detector [208], concluding that the maximum
time for copper storage above ground to maintain a negligible ®*Co content is about 6
weeks. Since the IAXO experiment will be running at surface, the copper parts of the
detector will soon reach saturation activity, so the °Co has to be taken into account for
the background study.

5.2.6 Radioactivity from the active gas

During their working time in CAST, the Micromegas detectors operated with a mixture
of argon and isobutane as the quencher gas. These mixtures of a noble gas with a
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small amount of an organic molecular gas provide suitable conditions for a good detector
performance, improving the drift velocity and reducing the diffusion of the charge.

One down side of the use of an argon based mixture is the presence of the natural
B~ emitting isotope 3?Ar of the Ar gas produced by cosmic ray induced nuclear reactions,
with an endpoint energy of 565keV and half-life of 269 years [209]. This is a source of
background because the decay takes place in the active volume itself, so it will produce
detectable signals. Measurements of the specific activity of 3°Ar in natural liquid argon
result in 1.01 + 0.02(stat) + 0.08(syst) Bqkg™ of natural Ar [210]. Although only a
~2% of those decays would release energies below 10keV and the mass of gas in the
IAXO Micromegas detector is rather small (~ 0.36g), the background contribution was
estimated to be < 5 x 1078 counts keV ' em =257 [14].

Also, tritium (*H) is a radioactive isotope that can be cosmogenically induced in
argon, contributing as a relevant background source due to its decay properties: it is a
pure beta emitter with transition energy of 18.591 keV and a long half-life of 12.312 years.
Following the shape of its beta spectrum, 85% of the emitted electrons are in the range
from 1 to 10 keV. There is no experimental information of tritium production in argon,
but the production rate has been estimated [211] at sea level to be (146 + 31)kg=*d .

Alternatively, xenon based gas mixtures are also being considered because they
present similar characteristics as drift gases for TPCs than the argon based mixtures, and
the activity of the radioisotopes that are produced have lower activities [200].

5.3 Low background techniques

The microbulk Micromegas detection concept exploit many strategies developed for
background reduction, not only from the CAST experience, but from the entire TREX
project context, since low background techniques are common to any other rare event
search experiment. First, it is important to design the detectors with radiopure materials
to reduce the intrinsic background. Then, shielding techniques can prevent the external
radiation to reach the detector. And finally, offline event discrimination methods allow
identifying signal-like events and rejecting those compatible with background events.

5.3.1 Radiopurity

A significant effort has been made to study and measure the intrinsic radioactivity of
the materials of the detector components, as it is an inevitable source of background.
Table 5.2 shows the principal measurements that contribute to the IAXO detectors and
shielding radioactive background, and that will be used for the background model. A
more complete table of radioactivity values with measurements for specific connectors,
cables, etc. can be found in [154].
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The microbulk Micromegas readout is made out of kapton foils doubly clad with
copper, materials that turned out very radiopure. Both the raw foils and fully built

readouts have been measured and their activity values were suitable for the background
levels required for TAXO.

Another detector part that has a high impact on the background is the Micromegas
chamber. Previous versions of Micromegas based detectors in CAST had Plexiglas
chambers, which is an intrinsically radiopure material. In the last data taking campaign
in CAST [193], a new design was tested with a chamber made out of electro-formed
copper!'. This material is not only highly radiopure, but it also acts as the innermost
passive shielding of the detector. More about this will be discussed later.

The strongback and the differential window are another source of background. The
previous aluminium versions with non negligible contributions of 233U and ?*2Th were
replaced by electro-formed copper cathodes with aluminized Mylar differential windows.

Moreover, all the components that are designed to be inside the lead shielding (i.e.
screws, gaskets, etc.) are made out of radiopure copper or PTFE (Polytetrafluoroethylene
or Teflon). Even the field shaper was designed and printed on a kapton circuit and covered
by a PTFE coating to avoid copper fluorescence. Another improvement was to implement
the high voltage connections in the detector printed board, which allows having all the
signal and HV connections at the outside of the lead shielding.

5.3.2 Active and passive shielding

Shielding techniques have proven to be very effective in reducing external sources of
background. Two main techniques are broadly used in rare event searches: active
shielding, that detects external radiation and correlates it with the events produced in
the detector, and passive shielding, that uses high-Z materials so the external gamma
radiation loses all its energy before it can reach the detector.

Active shielding

Helioscopes like CAST and TAXO operate on surface and their detectors are totally
exposed to cosmic rays. This is why active shielding like cosmic vetoes becomes a very
important part in the background rejection process. From the different CAST stages and
shielding upgrades, it has been proven that an efficient use of cosmic vetoes can efficiently
reduce the background level in the [2-7] keV energy range.

In the CAST context, cosmic vetoes have always consisted on large plastic
scintillators coupled to a low-noise photomultiplier. A picture of two cosmic vetoes is

IElectroforming is a metal forming process that forms parts through electrodeposition on a model.
Electroformed metal is extremely pure, with superior properties over wrought metal due to its refined
crystal structure. This process also prevents the contamination of the metal from the manufacture.
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shown in figure 5.4 (right). When an ionizing particle crosses the plastic, scintillation
light is emitted and reflected in the scintillator walls. Then, a light guide collects
the scintillation light towards a photomultiplier, where a photocathode generates
photoelectrons from the incoming scintillating photons. The photoelectrons are amplified
by the successive dynodes and finally, a fast (~ns) electronic signal is generated. The
plastic scintillator thickness is selected to allow the cosmic particles to release more energy
than any radioactivity gamma, which grants that vetoes are rejecting events coming from
cosmic radiation.

Figure 5.4: (Left) Schematics of the vetoes placement for the CAST2013-M18 detector
setup. Two plastic scintillator vetoes granted a geometrical coverage of a ~95% for cosmic
muons. (Right) Picture of the plastic scintillator vetoes (black plates) attached to the
photomultipliers, that are protected with plastic bags.

Table 5.3 shows background levels of different CAST-Micromegas detector setups
with increasing amount of cosmic veto geometrical efficiency. The CAST2012-M18 setup
consisted of one scintillator veto on top of the CAST detector, and it produced a reduction
of ~ 22% in the background level. Then, a higher efficiency system based on two
plastic scintillators was tested in the University of Zaragoza (CAST-M10) and then fully
implemented at CAST (CAST2013-M18), further reducing the background in a ~ 46%.
A comprehensive scheme of the placement of the vetoes at the CAST site is shown in
figure 5.4 (left).

Setup Geometrical ~ Bkg. [2-7]keV  Bkg. [2-7]keV  Reduction
efficiency (%) Before veto cut  After veto cut (%)
CAST2012-M18 44 1.66£ 0.05 1.29+£ 0.05 22+ 3
CAST-M10 75 1.60+ 0.12 0.824+ 0.08 48+ 5
CAST2013-M18 95 1.234+ 0.10 0.66+ 0.07 46+ 6

Table 5.3: Background levels obtained by different CAST-Micromegas setups with similar
shielding and the effect of the muon vetoes rejection [213]. Final background levels are
expressed in units of 1076 counts keV~! cm~2s~! and statistical errors given as 1o.
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Figure 5.5 shows the background energy spectra of the CAST-M10 and the
CAST2013-M18 detectors before (blue) and after (red) the application of the veto cut.
The reduction in background level represents an improvement of a factor 2 with respect
to the 2012 Micromegas, and this reduction is visible at the ~8keV copper fluorescence
peak and the corresponding escape peak at ~5keV, and also at the x-ray peak of argon
at at ~3keV.
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Figure 5.5: (Left) Background energy spectra of the CAST-M10 setup at the University of
Zaragoza, with two muon vetoes [14]. (Right) Background energy spectra of the CAST2013-
M18 setup at the CAST site, at CERN, with two muon vetoes [213]. In both figures, the blue
line is the background spectrum after the offline discrimination analysis; and the red line is
the background spectrum after the offline discrimination analysis and the vetoes rejection.

This was the first time that a background level below ~ 107% counts keV~! ecm 257!
was reached at CAST, which supposed an important milestone for the experiment. This
has been taken into account for the IAXO shielding design, where active vetoes will cover
a solid angle of ~ 47 for cosmic radiation.

Passive shielding

The passive shielding is a low background technique which consist in blocking the gamma
radiation from the environment or the outer parts of the detector passively, using extra
layers around the detector or the properties of the materials involved in the detector
fabrication themselves.

The passive shielding for the CAST detectors has always had similar designs, using
layers of high-Z materials with different thicknesses, so the inner layers acts as passive
shielding from the possible radiation of the exterior ones. The most external layer is made
out of lead with a ~4m coverage, which grants the absorption of any cosmic gamma or
environmental gamma that could reach the detector from the outside. There are however
some weak spots in this layer, for example, where the interface pipe comes out and connects
with the telescope, or at the side where the electronic and signal connections between the
detector and the electronic hardware are done.

Then, the chamber, the pipe and all the detector components are made out of
radiopure copper, that blocks the possible radiation from the lead. Finally, the inner
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side of the chamber and the pipe is covered by layer of PTFE that absorbs the copper
fluorescences.
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Figure 5.6: Comparison between experimental background levels obtained at surface and
underground for CAST detectors shielded with different lead thickness. Black circles and
their corresponding fit represent the Monte Carlo prediction from the environmental gamma
flux over an intrinsic radioactivity level [193].

Several studies at the LSC and at surface have been done with different passive
shielding configurations. An advantage of operating underground is that the effect from
cosmic radiation can be neglected and the external gamma becomes the main background
contribution. Figure 5.6 shows the comparison between different measurements of CAST-
Micromegas backgrounds with different shieldings. From these studies it was proved
that a layer of 20 cm of lead properly reduced the gamma background contribution to a
negligible level. In the same plot, the two first points from surface background correspond
to a CAST detector during the 2012 data taking campaign, and the three measurements
at surface correspond, from highest to lowest level, to Micromegas setups with 11 cm thick
lead shielding and no muon veto, ~44% ~75% efficient geometric coverage respectively.

5.3.3 Event discrimination

Finally, another technique to reach a very low radioactive background is to identify and
characterize the axion-like signal events and reject every other event that does not fit
with such signal characterization. For this purpose, a readout that can provide a quality
topological information of the signals is required, as well as hardware that is able to
process as much information as possible, and finally, an offline software discrimination
process that is able to recognise signal events and reject background.

Readout patterning

The topological information from the ionization processes inside the TPC is useful in
order to identify what physical process caused it. For example, a photoelectric process
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caused by an x-ray event will leave a unique energy deposit in the gas that, after drifting
through the TPC, will leave a small and symmetrical print on the readout. On the other
hand, a muon that passes through the gas will leave a long track of ionization that will
leave a long and non-symmetrical print on the readout.

To obtain a quality information from the topology of the events produced in the
gas of the TPC, the readout needs to be patterned with high granularity, and microbulk
Micromegas readout planes fulfil this requirement. Since their first application in CAST,
the manufacturing process of this type of detectors has been refined and consolidated,
and several pattern concepts can be produced. A systematic study during the years
on the microbulk Micromegas mesh and pixelated anode has been done, leading to the
optimization of the different parameters of the detector structure, such as the mesh pattern
and thickness, the shape and size of the holes, the anode layout and the pitch of the strips.
In the context of the CAST project, stripped readout planes with a pitch of ~500 ym
have been used during many years, showing an excellent performance in terms of pattern
recognition.
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Figure 5.7: The xz (left) and yz (right) view of an electron acquired in a background run
by the CAST-M10 detector in the [2-7] keV energy range, using the AFTER-based electronic
cards [214]. For comparison, the embedded figures show the same views for a typical **Fe
calibration x-ray event. [193]

Figure 5.7 shows two examples of different processes registered in the TPC of a
CAST-Micromegas detector, highlighting the quality 3D topological information that a
microbulk Micromegas can provide. The charge collection of each event is projected in
spatial (x and y strips) and temporal direction (time bin). The bigger plot shows the
charge deposit from a background event, presenting an extended track with a d-ray at the
center and a small energy deposit at the end. The inset plots show the same projections
for an x-ray event, where the charge deposit is smaller, point-like and symmetric. This
level of detail in the topological information can be used with the proper software in order
to efficiently discriminate background events.

Hardware discrimination

In order to take advantage of the topological information that the readout provides,
specific front-end electronics and acquisition system are needed to process the analogical
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data and not loose any important information.

Previous Micromegas setups in CAST used Gassiplex-based electronics [215], with
the limitation that only the integrated charge was stored. Newer designs started using the
improved front-end AFTER [214], developed at CEA /Saclay, with the main advantage
being that every strip pulse can be digitized with its independent temporal information.
This provides a potentially large improvement in the event discrimination process, adding
extra topological information, which translates in lower backgrounds. Some studies were
made in the context of the CAST experiment and the upgrade of the electronic cards
lead to a background reduction of a ~25%. Table 5.4 shows the background values of
two different Micromegas setups, being CAST-M10 the bench test at the University of
Zaragoza and CAST2012-M18/CAST2013-M18 the detectors at CAST site.

Background [2-7] keV

Setup Electronic card Run time (hours) (kev— cm~2 1)
CAST-M10 Gassiplex 303.1 2.07+0.19
CAST-M10 AFTER 303.1 1.60+0.12
CAST2012-M18 Gassiplex 2265.5 1.66+0.05
CAST2013-M18x AFTER 445.9 1.2340.10

Table 5.4: Comparison of the background levels obtained in the [2-7] keV range between
Gassiplex and AFTER electronics for two different setups [213]. Statistical errors given as
lo. (*) measured with Al cathode, rest of measurements using a Cu one.

For the new IAXO detectors, a further upgrade is being tested with the new front-
end AGET [181] based electronics, also developed at the CEA /Saclay. This chip offers
self-trigger capabilities on every channel, so no external triggers need to be used. This
can translate in a lower energy threshold. Other rare event search experiments are using
this AGET based electronics like TREX-DM [35] for WIMPs, or PANDAX-IIT [36] for
neutrinoless beta decay with satisfactory results. A more detailed description about these
chips will be given later in section 8.2.4.

Software discrimination

Finally, software algorithms allow us to process the detailed topological information
obtained by the patterned readout in order to discriminate x-ray signal events from other
background events. Typically in CAST, the raw background in the energy region of
[2,7) keV can be reduced by a factor of about ~ 10® only by the offline discrimination
analysis, as it is shown in figure 5.8.

For the TAXO project, a new framework, called REST [216], is being developed in
order to unify all the software needs of the experiment, from data acquisition and storage
to analysis, simulation and background discrimination. It includes all the experience learnt
from the CAST analysis in terms of background rejection in a new modular framework
that will allow its general use and improvement in the long run. More about REST will
be explained in the next sections, as it has been the main software used for this work.
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Figure 5.8: Background energy spectra of the CAST2013-M18 detector installed on the
sunset side of the CAST magnet. Black line represent the raw background and red and blue
lines represent the background after the discrimination analysis, with and without the veto
cuts respectively.

5.4 State of the art

For the most part, the development and utilization of Micromegas detectors for solar
axion searches have happened in the context of the CAST experiment. From the very
first Micromegas detector installed in 2003, lots of improvements to the detector itself
and the setup have been tested and proved, improving the background and the signal-
to-noise ratio of the experiment. These improvements lead to the last data taking setup
in 2014, with an ultra-low background microbulk Micromegas detector coupled with an
x-ray focusing telescope, what is known as the IAXO pathfinder.

In this section, the background evolution of the different Micromegas detectors of
the CAST experiment is presented, as well as its last and best results, which correspond
to the IAXO pathfinder data taking campaigns.

5.4.1 Background evolution in CAST

The thorough study and the consequent upgrades of the Micromegas detectors at CAST
have lead to a background reduction of about two orders of magnitude since the beginning
of the experiment.

The evolution of the background level of the Micromegas detectors at CAST is
shown in figure 5.9. The first detectors were installed in 2003, and the black circles
correspond to in-situ background measurements in CAST. During 2007, the detectors
were shielded and bulk and microbulk technologies were implemented, which resulted in
a background reduction of a factor of 4.5 for the data taken the following years (the other
black dots). Blue, green and purple squares represent the levels of the sunset detectors
during the 2012, 2013 and 2014 data-taking campaigns, each pair of points representing
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Figure 5.9: Evolution of the background level in the Micromegas detectors of CAST.
Different bullets represent modifications and improvements in the experimental setup that
lead to background level reductions [14]. Black circles correspond to in-situ measurements
in CAST with different levels of shielding; blue, green, purple and yellow squares represent
the levels of the sunset detectors; cyan triangle is the level obtained in a bench test at TREX
Zaragoza laboratory; and the red triangle is the level obtained in the ultimate setup at LSC.

the level before and after the application of the veto cut. Yellow squares are the levels
obtained after the sunrise upgrade in 2014 before and after the application of the veto
cut. Finally, the cyan triangle is the level obtained in a bench test at TREX Zaragoza
laboratory, and the red triangle is the level obtained in the ultimate setup at LSC.

The evolution of the background spectra of the CAST detectors is shown in figure
5.10. The improvements in active and passive shielding, detector design, hardware and
event rejection algorithms have led to a background reduction of almost two orders of
magnitude in the range of interest for axion detection.

As a final note, CAST-Micomegas detectors achieved their ever lowest background
level during the bench test campaign in the LSC in 2013, with a background level of
(1.5 £ 0.1) x 107" countskeV~tecm™2s7!in the 2-TkeV range. The energy spectrum as
well as the background level during that data taking campaign are shown in figure 5.11.
This value is 5-6 times lower than the lowest level obtained at surface in the CAST site.
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Figure 5.10: Evolution of the CAST Micromegas background spectra from 2007 to
2012 [43]. The shielding improvements are listed in the plot.
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Figure 5.11: (Left) Background energy spectrum measured by a CAST-Micromegas
detector at the LSC. [14]. The spectrum is dominated by the 8keV copper fluorescence.
(Right) Background rate evolution over the ~8 months of data taking.

5.4.2 TAXO pathfinder: CAST Micromegas + XRT system

For the 2014 CAST data taking campaign, one of the Micromegas setups was upgraded
by coupling an X-ray focusing telescope? (XRT) that allowed to focus the potential axion
signal to the center of the detector readout. This was the first time an X-ray optic
specifically built for axion research operated in a helioscope together with an ultra-low
background detector (XRT-MM). A detailed view of the setup is shown in figure 5.12.

This upgrade came along with a new detector design fulfilling almost all the
requirements discussed previously: all the detector components were built with radiopure
materials (copper, kapton and PTFE); a printed board was used to leave all the high
voltage and signal connections outside of the shielding; the focusing x-ray optics allowed
to reduce the aperture of the pipe to half of the previous diameter; the external lead
shielding was enlarged and one muon veto was installed at the top of the shielding. The

2Designed and built by Lawrence Livermore National Laboratory (LLNL), Technical University of
Denmark (DTU) and the University of Columbia.
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Figure 5.12: (Up) Scheme of the XRT-MM setup and (Bottom) picture of the actual
setup installed at the end of one of the CAST magnet bores. The different parts shown are
(a) a gate valve to isolate the detector line from the magnet, (b) a 4 um Mylar differential
window to protect the magnet cold bore vacuum, (c) the Wolter I x-ray optic to focus
the axion signal, (d) a bellow to align the detector with the optic, (e) a stainless steel
interface tube to place the detector at the correct optic focal distance, (f) a calibration
system composed of an actuator with a ®*Fe source, (g) a precision stage that is part of the
optics alignment system, (h) a copper interface tube that is screwed to the detector chamber
and also forms part of the passive shielding, (i) the Micromegas detector, (j) the passive lead
shielding and (k) a cosmic veto.

front-end electronics were also upgraded to the AFTER chip based technology and a new
acquisition software was developed.

A new Micromegas readout was manufactured with the same specifications of the
IAXO detector design: 120 strips per axis with a pitch of 500 um in an active area of
60x60mm?2. This resulted in the detector with the better performance working at CAST
with 13% of FWHM in the 5.9keV peak and with an excellent spatial resolution and
homogeneity of the grain in the active area as well [155] (see figure 5.13).

The XRT-MM system took data during 2014 and 2015 for a total of ~290 hours of
axion-sensitive conditions (when the magnet was tracking the Sun) and ~5500 hours of
background. Table 5.5 summarizes the data sets taken with this setup [34]. The measured
count rates shown are obtained after processing raw data from the Micromegas detectors
with offline algorithms based on topological information of the event to keep only signal-
like events, i.e. x-ray-like events [193]. This event filtering analysis can improve the raw
background level at low energy in a factor ~100, while the signal efficiency stays at 60-
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Figure 5.13: (Left) An on-site 5°Fe calibration of the new Micromegas detector, where the
mean peak has been fit to two Gaussian functions (blue and magenta lines) corresponding to
the K4 (5.9keV) and Kg (6.4keV) lines. (Right) Gain uniformity of the detector readout.
The axion signal area shows 100%-95% values for the detector gain (green-light blue).

70%, which adds to the rejection factor of ~2 of the anti-coincidence condition of the
muon vetoes signal. Finally, the considered energy range of interest (Rol) is the band
of 2-7TkeV that contains most of the expected signal spectrum. The low energy limit is
set to be well above the ~1keV energy threshold of the Micromegas detector, and the
high energy limit prevents the contamination of the ~8keV Cu fluorescence peak that
inevitable comes from the copper parts of the detector.

Measured count rates (+1o error)

Tracking Background (10-5keV—" em~251)

Data set  Year

exposure (h) exposure (h)

Tracking Background
K 2014 69.8 1379.4 0 counts 0.25+0.05 counts
L 2015 220.4 4125.4 3 counts 0.75+0.15 counts

Table 5.5: Tracking and background exposure, as well as the integrated 2-7keV measured
count rate for the two data sets taken with the XRT-MM setup at CAST [34]. Background
levels are expressed in units of total counts in the spot area (95% signal-enclosing).

The background spectra of both data sets are shown in figure 5.14, where the
~3keV Ar and ~8keV Cu fluorescence peaks are clearly observed. These background
events are most likely coming from cosmic secondaries that are not properly tagged due to
the fact that the veto coverage was not complete, and also from remaining environmental
gammas that reach the detector from the weak shielding areas such as the magnet pipe
aperture or the electronics connection.

Finally, figure 5.15 shows the 2D distribution of the detected events with the XRT-
MM detector, both for background and tracking data of the K and L data sets. The
level of background is estimated with the events inside the expected signal area (spot)
during non-tracking periods. Normalized to the ~290 hours of tracking data, the expected
background value is only 1.0240.22 (2.134-0.47) counts in the 95% (99%) signal-enclosing
focal spot region, where errors indicate 1-¢ intervals [34]. The tracking data reveals 3 (4)
observed counts inside such regions, with energies of 3.05, 2.94, 2.86 and 2.56 keV.
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Figure 5.14: Measured count rate spectrum of background data from the XRT-MM
detector (K and L sets).
statistics of the spectra. The error bars correspond to the 1-o statistical fluctuation of each
bin content following Poissonian statistics.
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Figure 5.15: 2D hitmap of events detected in the XRT-MM detector in (Left) a typical
on site telescope calibration run, for which an x-ray source is placed ~12m away of the
detector, at the other side of the magnet. The contours represent the 95%, 85% and 68%
signal-encircling regions from ray-trace simulations; (Middle) the total background data
and (Right) the total tracking data of both of K and L data sets. In these two hitmaps,
grey full circles represent events that pass all the detector cuts but are rejected because
they are in coincidence with the cosmic vetoes, and black open circles represent final counts.
Closed contours indicate the 99%, 95%, 85% and 68% signal-encircling regions from ray-
trace simulations. The large circle represents the region of detector exposed to daily energy

calibration. Results from [34].
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Simulations for IAXO-D0 with REST software
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6.1 Introduction

One of the features proposed for the IAXO experiment has been the implementation of a
new software that unifies all the individual analysis that previously existed in a one for
all framework. It has been conceived to follow a collaborative work methodology so it
can be used for all the different tasks required in the experiment. The philosophy behind
the development of the software is to program generically, consistently and to properly
document the code, so other people can learn what is already done and do not repeat
work.

In this chapter, a description of this software will be presented, as well as the work
that has been done to implement the geometry, readout and gas mixture of the TAXO-D0
prototype. Finally two simulation studies have been carried out to start understanding
the expected behaviour of the prototype: a simulation of the efficiency of the detector
and a simulation of a typical *°Cd calibration.

111



112 Chapter 6. Simulations for IAXO-D0 with REST software

6.2 REST Software description

Software for Rare Event Searches with TPCs, or REST [217], is a software that arises from
the need to unify common codes for simulation and data processing within the GIFNA!
group. It is an initiative from the University of Zaragoza and is being developed with the
experience gained by the group during the last years while working in many TPC-based
experiments, such as CAST or TREXDM. Recently, REST was proposed to be the official
software framework for the TAXO project.

In the following section, a complete description of the REST software will be given,
from the main classes that forms the framework to the specific packages to perform the
simulations, the type of information that can be extracted from the REST based analysis
and the tools that allow plotting specific information and applying event discrimination
methods.

6.2.1 REST concept: one for all

REST provides a common and collaborative framework for acquisition, storage,
simulation, treatment and analysis of data taken with gaseous TPCs, allowing direct
comparison between data and simulations. It grants access to detailed topology
information of the events in order to develop the advanced analysis tools and
discrimination algorithms that rare event searches experiments require.

REST is based on ROOT? [218], which means that data access capabilities
of ROOT are automatically inherited. Other third party software are accessed in a
transparent way via packages, like GEANT4 [206,219,220] for the simulation of particle
transport and interactions, or Garfield++ [221] for the computation of electron swarm
properties in the gas.

A very important and useful feature of this framework is that it establishes a
common procedure and format to define input information, via configuration (.rml) files.
This way, there is no need for the user of modifying the code as all the information can
be given to the software through these configuration files.

In a nutshell, REST can be reduced to four different type of classes that interact
with each other (see figure 6.1).

e A run class of the type TRestRun. TRestRun is the central class that manages
all the event data and metadata. We call a run to any launch of REST with the
aim to perform any possible operation involving event data (as input, output or

LGrupo de Fisica Nuclear y Astroparticulas, University of Zaragoza.

2ROOT is a modular scientific software framework. It provides all the functionalities needed to deal
with big data processing, statistical analysis, visualisation and storage. It is mainly written in C++ but
integrated with other languages such as Python and R.
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TRestRun
/‘ \
TRestMetadata TRestEvent TRestEventProcess
Readout topology TRestHitsEvent TRestHitsToTrackEventProcess
Gas properties TRestSignalEvent TRestElectronDiffusionProcess
Detector setup TRestTrackEvent TRestHitsAnalysisProcess
Simulation conditions TRestG4Events TRestSignalViewerProcess

Figure 6.1: Scheme of the four types of classes that form REST and different examples of
each one.

both). This can be the launch of a simulation that will generate an output event,
a transformation between different types of event data, an analysis to obtain useful
information from a certain event, etc. All the files generated by a run will have
a pre-defined structure in the form of root trees (Ttree): one tree containing the
objects of the REST event data class and another tree that contains the analysis
information if any analysis was performed. Also, metadata objects are stored in the
root file with collateral information on how the event data were generated.

e An event holder class derived from the virtual class TRestEvent. REST provides
classes for every possible representation of a TPC event, from hit simulations to
pulse data. This TRestEvents are holders that contain a collection of events of the
same type. For example, a TRestSignalEvent will contain a certain number of signal
pulses, and all the information about them will be stored in the corresponding root
tree. A deeper description of the event classes available in REST will be provided
next in this section.

e A metadata class derived from the virtual class TRestMetadata. We call metadata
to all the additional information of the event data related with how the events were
generated and all the initial conditions, like the geometry, the readout, the gas of
the TPC, the acquisition configuration, etc. It is also referred to all the information
related with the processes the event data have gone through. These metadata are
stored via TRestRun into the root files, and they are conserved in future operations
on the files. This way, every root file contains all the information needed to track
back how the event data in the file was generated. The metadata classes can read
input values from configuration rml files.

e A process class derived from the virtual class TRestEventProcess (which is derived
from TRestMetadata). A process is an operation that acts on an input event of
a specific type and creates an output event that can be the same type than the
input event or a different one. For example, a TRestSignal AnalysisProcess process
will read a file with signal type events and perform a series of operations with
the information of the events, finally creating another signal type output file with
information about the height of the pulse, the integral, the number of pulses, etc.



114 Chapter 6. Simulations for IAXO-D0 with REST software

Another example could be TRestSignalToHitsProcess, that will read a signal type
event and transform it into a hit type event. More about the specific processes used
in this work will be discussed later on this section. Finally, the TRestRun is in
charge of chain more than one process that the user may define in the configuration
file, providing all the metadata information in case it is needed.

REST events

The most general event that REST offers is a TRestHitsEvent, because it can be
produced both from acquired or simulated data. It is a TRestEvent that contains
TRestHits. A hit is a deposit of energy defined by five parameters: a three-dimensional
position, the energy and a temporal mark. The TRestHitsEvent stores information
such as the number of hits it contains or the total energy deposited by all the hits of
such event. A TRestHitsEvent is the result of transforming another input TRestEvent
type (a TRestG4Event, from simulation, a TRestSignalEvent, from data, or another
TRestHitsEvent) into TRestHits.

If the input TRestEvent comes from acquired data, we talk about
TRestRawSignalEvent and TRestSignalEvent. A TRestRawSignalEvent is a
TRestEvent that contains TRestRawSignals. A raw signal is a pulse from one of the
strips of the detector readout, so it is defined only by one coordinate, where the data
of the pulse is stored. Then, these TRestRawSignalEvents have to be transformed into
TRestSignalEvents by a REST process that gives physical meaning to the digitalized
pulses stored in the TRestRawSignals. A TRestSignalEvent is a TRestEvent that
contains TRestSignals. These signals are defined by two coordinates as they have
information of the charge and the relative time of the pulses. More about how
TRestEvents are used for actual data taking will be further explained in chapter 9.

On the other hand, if the input TRestEvent is obtained in a GEANT4 simulation,
it will be a TRestG4Event, which contains G/ tracks, formed by G4 hits. More details
about how GEANT1 is integrated in REST will be discussed later in this section. Briefly,
every time a simulated initial particle interacts with the geometry of the detector and
creates a secondary emission, this is stored as a TRestG4Track. And all the energy
deposits within this track are stored as TRest(G4Hits, which inherits from TRestHits.
The number and position of the hits depends on the GEANT4 step defined by the user.

Finally, once we have a TRestHitsEvent, it can be transformed into a
TRestTrackEvent. It is a TRestEvent that contains TRestTracks. A track is a Tobject
formed by a certain number of TRestHits that are closer to each other than a specific
length. A TRestTrackEvent will contain all the information of the individual TRestHits
that form it, as well as the total energy, the total number of hits, etc. This is very useful
for the development of discrimination algorithms because it allows to know the topology
of the events and, therefore, to distinguish one-single track events, which are more likely
to be x-ray events rather than background.
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REST processes

REST offers a broad number of different processes for simulations, data treatment and
analysis. The individual processes that are relevant for this work will be described below.
REST processes can be organised into three types: those that transform a TRestEvent of a
specific type into another type; those that take a certain TRestEvent type data and apply
transformations while keeping the same type of TRestEvent; and analysis processes, that
operate with the information of a certain TRestEvent type and obtain physical relevant
information, what we call observables. REST also defines a processes.rml configuration
file where all the parameters that each process may require can be easily set by the user.

All the main TRestEvent types have processes to transform them into another.
Since there are more types of TRestEvents, only those processes used in this work will be
described here: from data or simulations to tracks.

- TRestG4toHitsProcess, from TRestG4Event to TRestHitsEvent. Every
simulated deposit of energy, or TRestG4Hit, has its own (x,y,z) position, energy
and time, so it is directly transformed into a TRestHit.

- TRestFEMINOSToSignalProcess, transforms the raw acquisition data from the
FEMINOS electronic card format to a suitable REST input format for its use in the
framework: TRestRawSignalEvent.

- TRestSignalToHitsProcess, from TRestSignalEvent to TRestHitsEvent. The x
or y positions of the hit are given by the strip of the readout triggered on each case.
The z position is calculated using the relative time of the signal within the signal
event, the sampling time of the acquisition and the drift velocity according to the
gas mixture, pressure and drift field. Finally, the energy of the hit is related to the
height of the signal pulse.

- TRestHitsToTrackProcess, from TRestHitsEvent to TRestTrackEvent. This
process goes through all the hits of the TRestHitsEvent and checks if they are
closer than a certain distance defined by the user in the configuration file. If they
are, they will form part of the same TRestTrack. Then, the position of the track
will be defined as the mean value of the positions of every hit weighted by their
energy. The energy of the track is the sum of the individual energy of every hit.

The second type of processes worth mentioning are the analysis processes. These
processes are used to obtain physical information about the events, by means of
observables. There are functions defined in the analysis processes that read or calculate
parameters of a specific TRestEvent using the information stored in the event itself.
Each specific TRestEvent has its own TRestAnalysisProcess. A brief description of the
processes is given below, and a more detailed explanation about the observables will be
done later on this section.
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- TRestGeant4AnalysisProcess analyses a TRestG4Event. It calculates the
energy deposited by every event in all the active volumes defined in the configuration
files, as well as the mean position of the events in all the volumes. It also gives
information about the physical processes behind any GEANT4 track, such as
photoelectric or Compton scattering.

- TRestRawSignalAnalysisProcess reads a TRestRawSignalEvent as the input
and it both generates observables and also computes the temporal coordinate for
every signal, giving a TRestSignalEvent as the output. This is an example of how
versatile REST is, since the user can customize every process as needed. This
analysis process calculates observables like the integral of the signal, the baseline
and its fluctuation, the rise time, the number of strips triggered, etc.

- TRestHitsAnalysisProcess obtains information from a TRestHitsEvent about
the hit’s energy, position and the shape of its print on the readout. It is a very
important step in the background discrimination process because hits caused by
x-rays can be characterised by some of these observables. Another useful feature of
this process is that it allows the user to define a fiducial volume. A set of observables
are defined related to this fiducial volume, giving information about the events that
registered any energy inside, such as their mean position, distance to the fiducial
volume’s walls, etc.

- TRestTrackAnalysisProcess generates observables from TRestTrackEvents such
as the number of tracks of each event, their energy, the lenghth of the tracks or the
track with maximum energy of the event. It is also very useful in the discrimination
process, because it benefits from the shape and the number of tracks to discriminate
x-ray events from background events.

Finally, other general processes are used in the REST work flow. There exist
processes like TRestRawSignalViewerProcess or TRestSignalViewerProcess that
allow the user to open a viewer and see how the acquired data signals look like, allowing
some preview configuration settings to filter certain aspects of the signal. Also, very
useful processes for acquired signal events are TRestSignalZeroSuppresionProcess,
to erase all the non-physical data stored in the acquisition, lightening the files and
hastening further analysis. Also, TResetSignalChannelActivityProcess, to obtain
channel activity histograms in order to check if the readout is behaving properly or if
there is any bad strip.

TRestElectronDiffusionProcess modifies the punctual energy deposits from
simulated data to emulate the effect of the diffusion of the gas. It performs a gaussian
spreading for every hit in both longitudinal and transversal directions, using the diffusion
coefficients for the particular gas mixture and pressure. Also for simulated events, when
a very small step is used in the simulation process, the resulting event can have a very big
amount of energy deposits, which makes further analysis very slow and also very heavy
data files. To solve this, we count with processes like TRestHitsReductionProcess,
that merges hits if they are closer to each other than a specific distance.
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6.2.2 Simulation package: restG4 and GEANT4

The simulations of particle interactions in the REST framework are performed by means
of the restG4 package, which implements a GEANT4 code. GEANT4 [206,219, 220] is
a modular object-oriented toolkit implemented in C++ language that provides all the
functionalities for simulating the passage of particles through matter. It includes all
aspects of the simulation process: the implementation of the geometry of the system
and the materials definitions; the properties of the fundamental particles and the physics
processes involved in particle interactions; the generation of primary particles and the
tracking of the secondary particles through materials and external electromagnetic fields;
the response of sensitive detector components; the generation and storage of event data
and finally, the visualization of the detector and particle trajectories.

Conceptually, at the beginning of a GEANT4 simulation processing, an event
contains primary particles. These particles are transported through the materials step by
step with a tolerance that allows significant performance but that preserves the required
tracking precision. A step is a delta that can be configured by the user and that provides
information about what happened to the particle during this delta, for example, the energy
lost in the step or the time spent by the step, as well as the volume where it happened or
the type of interactions produced. Finally, GEANT4 implements the tracking, that stores
all this information in order, so it can be followed.

In this software, the physics models that handle the interactions of particles with
matter are drawn from many databases and sources, acting as a repository of particle
interactions. It includes many physics processes such as electromagnetic, hadronic and
optical processes, and also a large set of particles, materials and elements over a wide
energy range starting from 250 eV, perfect for low-energy physics simulations.

Following the same philosophy from REST, the restG4 package allows the user
to define and specify all the simulation conditions trough REST metadata configuration
files (rml). Finally, restG4 will launch and perform the simulation using the conditions
specified in the configuration file, and will create a ROOT file using the classes structure
of REST libraries.

Working with restG4

In order to use restG4 as a simulation tool inside REST, two input files are required: a
GDML file describing the geometry of the detector, and a rml file defining the simulation
conditions.

The geometry is implemented using Geometry Description Markup Language
(GDML) [222]. It is a specialized XML-based language designed as an application-
independent format for describing geometries of detectors. It allows the definition of
complex solid volumes which can be added, subtracted or intersected from one another.
Loops can be used in order to create several volumes with similar characteristics. Then,
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the materials needed can be defined by their element or by creating mixtures of elements
or previously defined materials, and are assigned to the solid elements of the geometry,
creating physical volumes. These volumes can be positioned and rotated, allowing the
creation of rather complex geometries to work with.

The simulation conditions are specified in a configuration rml file. This file is
divided in sections, each one being related to a unique TRestMetadata class:

e A globals section for the REST global variables used by all the framework. In this
section we set information as the path where the output data files will be stored or
the paths to different needed files, like the gas files.

e A run section that will be used for any further REST task. In this section we define
generic information for the run, like the initial number of primaries to be launched
by the simulation, and runTag, a tag that is written inside the output file name as
a useful simulation identifier.

e A restGG4 section that contains all the information required for the simulation itself.
There are two specific subsections for this purpose: the generator and the storage.

The generator subsection describes the source, i.e. which initial particles will be
launched by the simulation, their initial energy and their angular distribution; and
also the origin of this source. Any number of sources can be chosen inside the
generator section, each of them defined by the type of the particle, energy and
angular distribution. A large variety of particles or isotopes can be chosen because
it uses GEANT4 information. Also, different energy distributions can be used for
the primary particles: mono-energetic, uniform energy distribution within a range
or a user defined spectrum from an external ROOT file. The same can be applied for
the angular distribution, having choices as isotropic, a flux in a certain direction or
a user defined angular distribution from an external ROOT file. Finally, the origin
of the source can be a point, a virtual surface or volume, or even a volume from the
detector’s geometry.

The storage subsection describes which information from the simulation we want
to save by the use of sensitive and active volumes. These volumes can be any
physical volume from the geometry file. The sensitive volume acts as a trigger: only
if an event produces an energy deposit in the sensitive volume, the event will be
stored. Generally, the sensitive volume is set to be the gas of the TPC chamber.
Furthermore, several active volumes can be specified to store the energy deposits
occurred inside these volumes, providing it left any energy deposit in the sensitive
volume as well. Finally, we can define the energy range we are interested on. Only
events that produced an energy deposit in the sensitive volume within this range
will be stored.

e Finally, a physics list section allows us to implement the physical processes and
also cuts for track lengths or energies of certain particles. GEANT4 supports
three types of physics lists: 1) electromagnetic physics list, that manages the
electromagnetic interactions of leptons, photons, hadrons and ions; 2) decay physics
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list for radioactive isotopes; 3) and hadron physics list, that manages cross-sections
and final state or isotope production models.

6.2.3 Analysis observables

The analysis observables contain physical information obtained from the different types
of events once they have been processed by an analysis process. They are stored in the
analysis tree of the event, and they are conserved even when the same event is processed
by many different analysis. These observables do not only provide information of the
events but also allow us to apply cuts on them, which will be the main tool for the
background discrimination. In this subsection, the main observables from each relevant
analysis process will be listed.

G4 analysis observables:

The observables obtained with the TRestG4AnalysisProcess give information about the
specific interactions in the simulations. They are very useful to understand the physical
processes that follows each primary particle and how they interact with different parts of
the geometry. The most significant ones are listed below.

Figure 6.2: Example of a TRestG4Event with some of its corresponding observables from
the TAXO-DO0 background simulations. The image and the information were obtained with
one of the REST visualizers, in this case, for TRestG4Events. This example corresponds
to a cosmic muon crossing the setup, passing through the east and west vetoes, the lead
shielding, some of the copper parts of the detector and interacting in the target gas. A
further explanation of the detector geometry will be given later on this chapter.

- Total energy deposited in a specific volume: it stores the energy deposited
by the event in all the geometry volumes specified in the configuration file.
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- Interaction types occurred in a specific volume: these observables indicate
the type of interactions occurred once the primary event has interacted with the
geometry. It specifies if a photoelectric interaction, a compton interaction, etc. has
been produced in a specific volume.

- Track information in a specific volume: these observables counts the different
physical tracks produced in a specific volume, such as alpha tracks, gamma tracks,
neutron tracks, etc.

- Mean position in a specific volume: mean x, y an z positions of the G4 event
weighted with the energy of each G4 hit in a specific volume of the geometry.

Signal analysis observables:

The observables from the TRestSignal AnalysisProcess allow us to characterize the signal
pulses. They give information about the shape of the pulse and the average values of
certain properties of the signals that form each TRestSignalEvent. Here are listed the
most significant ones. Other observables can be defined as ratios or differences between
them.

Observable : na.Sec 0 99129
- -05

Energy
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800

800
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-M 450 500
ervable e : sAna.Ave ePeakTime alue : 2 time bins

Figure 6.3: Example of a TRestSignalEvent with its corresponding observables from the
TRestSignal AnalysisProcess. This example corresponds to a 22keV event from a TAXO-D0
109C(d calibration, and it was obtained by the corresponding REST visualizer.

- Time from start: the time stamp of every event. It gives information about the
stability of the data taking over time. It is a useful observable to localize and exclude
bad data due to sporadic noise from external sources.

- Number of signals: number of triggered strips.

- Number of good signals: number of signals with voltage above a certain threshold
set by the user in the configuration file.

- Base line: mean value of the strips voltage when no signal is induced. The window
range taken in order to calculate the base line average can be set by the user. In
our case, the range used is [20,200] bins.
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- Base line fluctuation: the standard deviation of the baseline level.

- Rise time: the time between the point where the signal passes the threshold set
and the maximum amplitude of the peak.

- Full integral: the pulse area between two points set by the user. This full integral
takes the total pulse height for each point, regardless the baseline.

- Threshold integral: the pulse area between two points set by the user and over
the threshold. This is a more accurate observable for the integral of the pulse, since
it takes only the area of the pulse over the user set threshold and the baseline.

- Peak amplitude integral: integral where only the height of the bin corresponding
to the peak amplitude is taken into account. It is used to obtain an energy spectrum
with the same counts than signals measured on that run.

- Maximum and minimum peak amplitude: the amplitude of the highest and
lowest signal of the signal event.

- Maximum and minimum peak time: the time bin of the peak of the signal
with higher and lower amplitude of the signal event.

Hits analysis observables:

The observables from the hits analysis give information about the average position, shape
and energy of the hit events. There are also observables related to the virtual fiducial
volumes, that allow us to introduce spatial cuts to the hit events. This is specially useful
in order to study a certain region of the detector or to remove border effects.

Due to the different ways of defining a TRestHitsEvent if we start from a
TRestSignalevent or a TRestG4Event, there will be observables that only make sense
for one of those cases. A TRestHitsEvent that comes from a G4 simulation will contain
hits with three-dimensional very precise positions, whether a TRestHitsEvent that comes
from acquired data will contain TRestHits with two-dimensional positions (xz or yz). This
happens because each TRestHit results from the transformation of a TRestSignal, that
contains information of the data acquired by one strip. The strip number is translated
into distance by the TRestSignalToHitsProcess using a decoding, resulting in rather x-
TRestHits or y-TRestHits.

Here are listed the most significant ones, but as happened with the signal
observables, others are defined as ratios or differences between them:

- Energy E = ) . E;: this observable is the sum of the energy of every single hit
that forms the hit event. They also exist the x energy and y energy observables,
that are the sum of the energy for those hits that come from the x or y strips.
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Figure 6.4: Example of a TRestHitsEvent with its corresponding observables from the
TRestHitAnalysisProcess. This example corresponds to a 22keV event from a IAXO-DO0
109C( calibration, and it was obtained by the corresponding REST visualizer.
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Number of hits: the total number of hits of the hit event. They also exist the
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Hit size o, and o2: these observables are the variance of the energy distribution
of the hit event and give information about the xy and temporal distribution of the
event. They are defined as follows:
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distribution of the energy deposits on the readout.

xy sigma balance : balance between the variance of the energy distribution

Skewness v,, and .: the third standardized moment of the energy distribution
inside the TRestHitsEvent. This observable measures the asymmetry of the hit
event, and is defined as follows:
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- Fiducial prism or cylinder: observables related with the virtual fiducial volumes
that can be defined in the hit analysis:
Whether or not the TRestHitsEvent is inside the fiducial volume.
Number of TRestHitsEvents inside the fiducial volume.
Energy of the TRestHitsEvents inside of the fiducial volume.

Distance to the wall of the fiducial volume of the closest hit of each
TRestHitsEvent.

Distance to the top and the bottom of the fiducial volume of the closest hit of
the TRestHitsEvent. It can only be applied to simulated events.

Mean position of the TRestHitsEvent inside the fiducial volume.

Tracks analysis observables:

Finally, the observables from the TRestTrackAnalysisProcess give information about the
number of tracks or the length and energy of the tracks in the TRestTrackEvents. Here
are listed the most significant ones:
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Figure 6.5: Example of a TRestTrackEvent with its corresponding observables from the
track analysis process. This example corresponds to a 22keV event from a IAXO-D0 1%°Cd
calibration, and it was obtained by the corresponding REST visualizer.

- Number of tracks: the number of tracks that form part of the TRestTrackEvent.
For track events that come from real data, there exist also observables for the number
of x or y tracks.

- Total energy (E = ) E;): sum of the energy of every track in the
TRestTrackEvent. For tracks that come from signal events, there exist the E,
and £, observables, that are the sum of the energy of the tracks from the x and y
strips individually.

- Energy of the most energetic track (£™%): this observable is the energy of
the most energetic track of the TRestTrackEvent. There are also £, and E"**
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observables, that are the energy of the most energetic track of the TRestTrackEvent
from the x and y strips individually.

- Energy balance: the balance between the total energy of the track event and the
track with maximum energy of the track event. This observable can be used to
identify track events where most of the energy is deposited in one of the tracks. It
is defined as follows:

E, — Eme

E, + Emo

B, — Eme

v 6.4
E, + Emas (6.4)

Balance, = and Balance, =

These observables will be referenced along this work because they are the main tool
used to understand, characterize and identify events from data and simulations. They are
the central concept of the new discrimination method for the background rejection.

6.2.4 Plots and discrimination cuts

REST implements a tool to plot the observables of the event files using the ROOT graphic
options. Following the framework philosophy, all the specifications of the plots can be
easily set by the user using a rml configuration file. This file gives a lot of freedom to plot
whatever information we need. It allows us to use as many input files as needed, and a
parameter is required in order to specify if the observables from the different files will be
compared or added.

The configuration file also allows to define several plots. The size and the layout
of the canvas can be specified. Each of the individual plots will ask for a name and title,
the labels for the axis and the observables to be ploted, with their range and the number
of bins. If only one observable is set, the resulting plot will be a histogram. With this
tool, two and three dimensional plots can be defined.

The most interesting part of the plot tool is the definition of the selection cuts
on the observables. These cuts are conditions that can be imposed to the plotting tool so
it will only plot the events from the event file that satisfies that condition. For example,
we could be interested in plotting the energy of the events with only one track, or of the
events that interact only at the central surface of the readout (figure 6.6).

In the configuration file, global and individual cuts can be defined. The general
cuts will be applied to all the plots of the canvas. But also, individual cuts can be set in
the different plots for more detailed information.

6.3 IAXO-DO geometry implementation

The first stage of this work was the IAXO-D0 implementation in REST. This involved
the creation of the geometry of the complete setup, the detector itself as well as the
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Figure 6.6: (Up) Hitmaps (xy mean position of the hits) of a IAXO-D0 %9Cd calibration.
(Down) Energy spectra of a IAXO-D0 1%°Cd calibration in ADC units. (Left) Plots with
no xy-fiducial cuts. (Right) Plots with a fiducial cut, where only the events in a 10x 10 mm?
area at the center of the readout are selected.

surrounding shielding, and the definition of all the materials using the GDML tools that
REST provides. It was also needed to define the structure of the detector readout as
accurately as possible in order to take advantage of its high granularity. Finally, another
step has been to generate all the gas mixtures with all their transport properties.

6.3.1 Geometry

Following the GDML approach, a geometry was produced to replicate the TAXO-DO0
detector and shielding as accurately as possible. Although, some aspects of the real
setup have been simplified when they were considered to have little or no impact on the
background, such as the copper screws, the exact shape and details of the teflon gaskets,
etc.

Some views of the geometry of the chamber are shown in figure 6.7. The detector
chamber is a copper cylinder with an inner radius of 50 mm, a height of 45mm and a
thickness of 18.8 mm. It sits on a circular piece attached to a rectangular one, which
both together form the raquette. On top of the circular part of the raquette it is placed a
40 pm coat of kapton, and on top of that, a 5 um copper squared readout with 60 mm long
sides. A 2mm thick teflon cylinder covers the internal side of the copper chamber. The
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Figure 6.7: Simulated detector geometry. The orange volumes are the copper parts
(pipe, raquette, chamber, cathode...); the grey volume is the target gas; the pink volumes
correspond to the kapton pieces (inner cover of the tube and chamber), and finally the blue
volume is the kapton external cover of the readout.

copper cathode closes the upper part of the chamber, leaving an internal gas cylindrical
volume of 30 mm of height and a radius of 48 mm. To ensure the tightness of the gas
chamber, another copper piece closes the chamber and it is attached to the flange of the
pipe. The pipe has an internal radio of 12.5 mm and lengthens all the way to the outside
of the shielding. Its inner side is covered by a teflon cylinder of 3 mm thick. The volume
left inside of the pipe is defined to be vacuum.

Figure 6.8: Detailed simulated spider cathode, using GDML description and ROOT
visualization tools.

A detailed view of the copper spider-web cathode is shown in figure 6.8. It consists
of three concentric cylinders joined by eight radii, leaving a central circular hole with a
radius of 4.25 mm. The cathode has a thickness of 3 mm and it has attached a 4 ym layer
of Mylar to act as the detector window. Also, a cylindrical piece of teflon is placed on
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top of the spider-web cathode, allowing a better attachment to the pipe and also covering
part of the cathode itself, leaving a smaller open space.

Figure 6.9: (Left) Complete geometry of TAXO-D0 with the detector inside the lead
volume (grey) and all the six idealized cosmic vetoes around it (green). (Right) Geometry
of TAXO-DO0 without the cosmic vetoes, for a better understanding of the lead shielding.

The detector chamber is placed in the middle of the lead shielding, as it is shown
in figure 6.9. It consist of a solid lead cube with 550 mm long sides, and a cubic air hole
inside for the chamber to fit in. It also has holes for the raquette and the pipe to go
through. Finally, on all the six sides of the lead shielding, a squared plastic scintillator
is placed to act as cosmic vetoes. They are long enough to cover completely the lead
shielding and have a thickness of 50 mm.

6.3.2 Readout

In REST there are a set of classes all related to the readout generation and
implementation, derived from TRestMetadata. The readout class defines methods to
stablish a relation between the hits inside the TPC and the signals obtained by the
acquisition electronics.

Any readout can be defined in a rml file, allowing the user to generate and
implement different readouts without modifying the code. The most elementary
component is a pixel (TRestReadoutPixel). All the pixel features like the geometrical
description, origin, position, orientation an size can be specified. A certain number of
pixels will construct a readout channel (TrestReadoutChannel). This is the equivalent
to the Micromegas strips: when a pixel is activated, the corresponding channel will be
activated as well. A set of channels will define a readout module (TRestReadoutModule).
The module geometrical description, position, orientation an size can be specified. Also,
it will contain a vector of channels with the definition of the readout channels existing
in the module. Several of this modules can be placed at the same readout plane



128 Chapter 6. Simulations for IAXO-D0 with REST software

TT T[T T T T [ TT T T[T T T T[T T T TT T T [TTTT[TTTT[TTTT[TTT

42

y [mm]

40

38

36

34

40 30 20 10 10 20 30 40 e e

x [mm] x [mm]

Figure 6.10: Simulation of the readout of the IAXO-D0 Micromegas detector.

(TRestReadoutPlane). The properties of the plane have to be specified as well, including
the geometrical description, plane position, orientation, and the cathode position. Finally,
one or several planes will form the readout (TrestReadout).

For the IAXO-DO0 readout implementation, a single plane and single module REST
readout has been created. It is a squared readout with 60 mm sides, and it is rotated 45
degrees to match the experimental configuration. It has 120 strips per side separated by
a pitch of 500 um. Each pixel is a square with sides of v/5 um. Special attention has been
put to match the border strips, because in the IAXO-DO0 readout, the border pixels are
triangular shaped.

A very important part of the readout is the decoding, i.e. the relation between
the channel number imposed to every signal by the acquisition electronic card and the
REST readout channel. This relation can be implemented in the readout definition by
means of an external decoding file. REST allows to specify different decoding files for the
different modules of the readout. A detailed effort was also done to create the decoding
file taking into account the channels given by the AGET electronic card. This way, the
same readout can be used to analyse both the simulations and the laboratory data.

6.3.3 Gas mixtures

REST provides a TRestMetadata class, named TRestGas, that allows us to generate
and implement any gas mixture and its electron drift properties, such as drift velocity,
diffusion, Townsend coefficients, etc. TRestGas uses a CERN'’s software called Magboltz
[16] to generate gas files. Magboltz is a code that computes drift gas properties by
numerically integrating the Boltzmann transport equation. Once these gas files are
generated, REST can easily access to all the drift properties of a certain gas mixture
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at a specific pressure, temperature or electric drift field.

Drift velocity [em/us]

One of the first steps for the TAXO-DO0 implementation in REST has been to
generate the gas files needed, that are

- Ar+iC4H10 (98%-2%) at 1.4 bar is the gas mixture that was typically used in
the last years for the CAST Micromegas detectors, and was also the target gas used

N

for the first data taking campaign in IAXO-DO.

Xe+iC4H10 (98%-2% and 99%-1%) at 0.5 bar are the mixtures proposed for
the TAXO Micromegas detectors and therefore, it is required a proper study and
test of these gas mixtures. As it was mentioned in chapter 4, Xenon has a bigger
ionization cross section [223], which allows to reduce the pressure of the chamber
while obtaining a similar efficiency than Argon based mixtures. The reduction of
the gas pressure is an advantage in order to go towards thinner differential windows

to reduce the energy threshold.
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Figure 6.11: Properties of the gas mixtures studied for IAXO detectors, obtained using
REST and Magboltz. Black line is the Argon and Isobutane (98%-2%) mixture at 1.4 bar;
red line is the Xenon and Isobutane (98%-2%) mixture at 0.5 bar and green line is the Xenon

and Isobutane (99%-1%) mixture at 0.5 bar.

Figure 6.11 shows the drift velocity and longitudinal and transversal diffusion
coefficients of these three mixtures as a function of the drift field of the chamber.
the TAXO-DO prototype, the drift fields will be of the order of ~100V /cm. As a general
conclusion, for such values of drift field, higher drift velocity and also smaller diffusion
coefficients will be reached in the argon based mixture than in the xenon based mixtures.

6.4 ITAXO-DO preliminary studies with REST

For

Once the TAXO-DO0 setup has been fully implemented in REST, some preliminary studies
have been made in parallel of the prototype commissioning in order to start comprehending
what to expect from the experimental setup. In this context, a simulation of the efficiency
of the detector has been carried out for the gas mixtures and the energy range of interest,
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Figure 6.12: (Left) GEANT4 simulation of the quantum efficiency of the 2011 CAST
Micromegas detector with Ar+iC4H10 (98%-2%) at 1.4 bar. Different efficiency losses are
shown: considering only the chamber (or gas) efficiency (black line), adding the strongback
cathode (green line) and also, the differential and cold windows (blue line) [224]. (Right)
Simulated detector efficiency with the experimental points measured at PANTER, for the
2003 CAST Micromegas detector with Ar+iC4H10 (95%-5%) at 1bar [225].

and also a simulation of a 1%°Cd calibration, which has been the radioactive source used
for the daily calibrations during the data taking.

6.4.1 TAXO-DO efficiency

The efficiency of the detector is the probability of a signal event, i.e. an x-ray coming from
the magnet’s bore with an energy in our Rol, being registered in the detector. In TAXO,
this efficiency depends on many aspects, beginning with the photon having to go through
the windows and strongbacks that separate the magnet from the x-ray telescope (cold-
window), the x-ray telescope from the detector’s pipe (differential window) and then, the
pipe from the TPC gas chamber (detector window). The distance from the cold-bore to
the detector does not affect the photons because the pipe is under vacuum. But when the
photon reaches the gas volume, the actual percentage of photons that reaches the gas and
converts into charge carriers, or the quantum efficiency, has to be taken into account.

In the context of the CAST detectors, measurements [159,225,226] and simulations
[14,21,224] have been done in order to quantify the efficiency of the Micromegas detector
in the energy Rol (figure 6.12). These efficiency studies were performed considering
the previous configurations of CAST detectors, featuring different cathode strongbacks,
materials of the chamber parts, different options of polypropylene and aluminized-
polypropylene windows and different proportions of Ar+iC4H10 for the gas target.
Simulations are more recent, but measurements of the detector efficiency require the use
of specialized x-ray facilities like PANTER?, so the available information is not completely
updated.

For a proper study of the IAXO detectors, new simulations have been done

SPANTER x-ray test facility. Max Planck Institute for extraterrestrial Physics (Munich).
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Figure 6.13: Example of a simulation of a 3keV x-ray event from the virtual source at
the beginning of the pipe. The pink cross marks where the x-ray was produced, the green
line is the path of the x-ray trough the vacuum of the pipe and the yellow dot is the energy
deposition of the x-ray in the gas.

implementing the new elements of the detector geometry: the copper strongback with
spider-web design and the 4 um Mylar window. Also, the possibility of using xenon
instead of argon as the active gas has to be taken into account, so new simulations of the
detector efficiency with xenon were needed.

Simulations and methodology

The objective of this study has been to compute the efficiency of IAXO-DO for both
Ar+iC4H10 and Xe+iC4H10. This is why only the detector window has been implemented
in the geometry, and the focusing feature of the x-ray telescope has not been taken into
account.

A new REST geometry has been created for this purpose with a virtual volume
at the beginning of the pipe, shaped as a flat disc with the internal diameter of the pipe
and a few pm of thickness. The primary x-rays have been configured to have their origin
uniformly distributed in the virtual source and their angular direction parallel to the pipe
towards the detector.

The REST simulations have been configured to launch monochromatic x-rays as
primary events, 10° x-rays per emission line, in the IAXO energy Rol with 0.1keV
spacing. These simulations have been performed for both Ar+iC4H10 (98%-2%) at
L.4mbar (CAST conditions) and Xe+iC4H10 (98%-2% and 99%-1%) at 0.5mbar. An
example of one of these simulations is shown in figure 6.13.

The quantum efficiency has been calculated as the ratio between the number of
the primary x-rays and the number of the simulated events that have been registered in
our detector after they have travelled along the pipe, passed through the window and
interacted with the target gas.
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Figure 6.14: TAXO-D0O quantum efficiency. Only the detector window was considered.
Three mixtures of gas were simulated: Ar+iC4H10 (98%-2%) at 1.4 mbar and Xe+iC4H10
(98%-2% and 99%-1%) at 0.5 mbar. Dotted lines correspond to the scenario where all the
final events were considered while solid lines correspond to the scenario where only the final
events with the same energy than the initial x-ray were considered. Note that both Xe based
mixtures overlap.

Results for Argon and Xenon

Once the x-ray simulations for the energy range of interest had been carried out, the
corresponding root files containing the TRest G4Events have been processed using different
processes of TRestEvent conversion and analysis to obtain TRestTrackEvents with all
the observables. The resulting curves of the quantum efficiency simulations for TAXO-D0
are shown in figure 6.14 for the three gas mixtures studied. We see that using xenon
based mixture allows us to go down to lower pressures while obtaining the same quantum
efficiency.

In order to define the number of events detected, two scenarios have been
considered: 1) including all of the events that interacted inside the gas, despite of
their energy up to 10keV (labelled as all energies); 2) considering only the events that
interacted in the gas with the same energy as they were launched (labelled same energy).
The second scenario is a theoretical one in order to know precisely the percentage of
x-rays that do not lose any energy in their journey from the entrance of the pipe to the
gas volume itself. But experimentally, the second scenario is more likely, since we are not
able to identify the source of each energy deposit.

The argon based mixture shows a decrease of efficiency for x-rays with energy of
2-3.2keV because of the absorption of the argon atoms at 2.9 and 3.1 keV. This is not ideal
because the expected solar axion spectrum peaks around 3keV. On the other hand, the
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xenon based mixture shows a less pronounced decrease of efficiency around 4-4.7keV due
to the absorption of the xenon atoms at a 4.1, 4.4 and 4.7 keV, but overall, the efficiency
remains higher for all the TAXO Rol. This makes this mixture more suitable for the active
gas of the detector.

There is also a decrease of efficiency at 8.9keV but only for the all energy curves.
This is due to the copper absorption, and is only visible for those cases where also the
fluorescence events caused by the walls of the chamber are taken into account.
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Figure 6.15: XZ mean position of the track with maximum energy of the events produced
by different x-ray lines in Ar+iC4H10 (98%-2%) at 1.4 mbar. The detector window is placed
at z=15mm and the gas volume extends between z=[-15,15] mm and x=[-48,48] mm.

We can also use these simulations to see the effect of the diffusion of the gas and
the penetration of the different x-rays inside the chamber depending on their energy.
Figure 6.15 shows the xz mean positions of the main track of each event for different x-
ray lines in Ar+iC4H10 (98%-2%) at 1.4 mbar. We observe higher penetration for higher
x-ray energies. Also, at 4keV, a higher dispersion of the events is obtained due to the
absorption and corresponding emission from the argon atoms of the gas.

Finally, in figure 6.16, xy and xz mean position plots are shown for argon and
xenon based mixtures for the same 3keV x-ray line. We observe that for the argon-based



134 Chapter 6. Simulations for IAXO-D0 with REST software

XY position of the track of maximum energy XZ position of the track of maximum energy
X 7 60
E L 200 E [ 400
- L B L
40 . 2000 40 350
L L LR 1800 L .
r PR AL T F - 300
" 1600
i i R L L 2o L
r T 1 1400 F PR 250
F CAEL ¥ o TE 1200 oL e
= ey - L 200
5 LA L 1000 B T
— l--._' I, = :.- n 800 -20 & ": 150
F BTN 600 F 100
4 400 40
r r 50
N 200 F
) T R T A e
X (mm) Z (mm)
(a) Ar+iC4HI10 (98%-2%) at 1.4 mbar.
XY position of the track of maximum energy XZ position of the track of maximum energy
2 80 £ 60
E E L 140¢
- L 3000 < L
40 40
r L 120¢
C i 2500 N .
20 - %" 20 T T e et 100¢
L 2000 F . BRI TR
0 o - 800
r 1500 r e
C T N o [z SN 600
- it T -L \
20 R 1 0 . .
L ) 000 L 400
40l 500 401 200
Y an S — ) VU FUTE P PN SRR SRR S M

X (mm) Z (mm)

(b) Xe+iC4H10 (99%-1%) at 0.5 mbar.

Figure 6.16: XY and XZ mean position of the track with maximum energy of the events
produced by the same x-ray line (3keV) in Ar+iC4H10 (98%-2%) at 1.4mbar and in
Xe+iC4H10 (99%-1%) at 0.5mbar. The detector window is placed at z=15mm with a
detection area between x,y=[-48,48] mm and the gas volume extends between z=[-15,15] mm.

mixture, the 3keV x-rays penetrate deeper in the gas volume, whereas for the xenon-
based mixture, almost all the x-rays interact as soon as they enter the chamber, at the
top part of the drift volume. This is due to the argon K-edge at 3.2keV, as it was
previously explained in section 1.3.3. Basically, when an argon atom is excited with an
energy higher than the binding energy of the K-shell electrons, it will be able to produce
either a fluorescence in the x-ray range, or an Auger electron of 3.2keV. These processes
will further ionize the gas, producing a chain reaction that can penetrate deeper in the gas
volume. Eventually, this x-ray fluorescence can escape from the gas without interacting,
what will produce an escape peak in the final spectrum.

Also, the x-rays in the argon-based mixture are more dispersed on the surface of
the readout, while the x-rays in the xenon-based mixture are concentrated at the middle
of the readout. This can be explained again by the absorption of the argon at 3keV
and the consequent emission of x-ray fluorescences that can travel in the gas and interact
farther. These effects can favour the use of xenon over argon, because xy-fiducial cuts
can be more restrictive. Also, having all the x-rays interacting at a similar z position will
translate in a better definition of the size of the x-ray-like events that come from the pipe,
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and therefore a better definition of the background discriminants.

6.4.2 Simulation of a 1"Cd calibration

The simulation of a calibration run can give useful information in order to understand
the experimental spectra taken in IAXO-D0. The previous CAST Micromegas detectors
used to be calibrated with a °°Fe source, which emits a 5.9keV x-ray. This has changed
for IAXO-DO, because the aperture of the pipe has been reduced, so the standard *°Fe
source does not fit inside. The calibration source for IAXO-DO0 is a '%°Cd, that emits a
21.9keV x-ray (see table 6.1).

X-rays from 19°Cd (462.6 d 4)
E (keV) 1(%) Assignment
2984 457  Ag Lo
3151 264  AgLg
21.990 29.511 Ag Ky
22.163  55.7 20 Ag Ko
24912  4.76 17 Ag Kgs
24.943 9.23 Ag Kpy
95455 2308  Ag Kpg

Table 6.1: Principal emissions of 1°9Cd [209] (with I(%)>1).

To fully understand the °°Cd spectrum measured with the IAXO-D0 Micromegas
detector, a '9Cd calibration simulation has been performed using a special geometry,
shown in figure 6.17. An aluminium 2 mm-radius-sphere has been simulated inside the
pipe and close to the cathode as the source holder.

The simulation has consisted in 2.22 x 107 initial events of the *°Cd isotope from
the aluminium sphere volume. Considering a source of 1uCi, it would correspond to a 10
minutes calibration. The resulting spectrum is shown in Figure 6.18. The peaks are very
narrow because the spectrum is taken directly from the information of the TRestG4Events
to perfectly understand all the contributions. Then, in order to obtain an spectrum
directly comparable with the experimental data, we would need to convolute it taking
into account the resolution of the detector. The main peaks we expect are the x-rays
from the °Cd source, at 25.4, 24.9, 22.2 and 21.9keV. The corresponding escape peaks
in argon of these x-rays are situated at 22.2, 21.9, 19.3 and 19.1keV. Then, at 8.9 and
7.9keV we have the x-ray emission from the copper parts of the detector. And again, at
5.9 and 5.0 keV we have the escape peaks from the copper x-rays in argon. Finally, at the
very beginning of the spectrum, at 1.4keV a small peak appears due to the x-rays from
the aluminium source holder.

Once the simulation has been performed, the usual REST analysis that has been
used in this work for processing simulations, and that will be fully detailed in the next
chapter, has been applied. TRestG4Events are processed and then transformed into
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HH—

Figure 6.17: TAXO-D0 geometry modified for the simulation of a °9Cd calibration. An
aluminium sphere is placed in the pipe, near to the window of the chamber, and the 1°°Cd
isotopes are produced inside.

TRestHitsEvents, that are also analysed to obtain the observables, and finally grouped
to form TRestTrackEvents, with their corresponding analysis. Figure 6.19 shows two
examples of a one-single track event and a two tracks event produced by a 22keV x-ray
from the 1%°Cd source.

Finally, an external ROOT script has been used to produce a realistic energy
spectrum. A convolution of the simulated energy spectrum from figure 6.18 has been
performed taking into account the best energy resolution obtained for the TAXO-DO0
detector in this first data taking campaign (more in chapter 8): 18% at the 8 keV peak
and 12% at the 22keV peak. The results are shown in figure 6.20.

Once the energy resolution has been applied, most of the information of the
individual sharp peaks is lost, resulting in a spectrum with wider peaks. In the first
spectrum at lower energies, the 8 keV peak is clearly differentiated from the 5keV peak,
and some structure can be seen at lower energies. On the other hand, in the second
spectrum up to 40keV, the 8 and 5 keV peaks are merged, resulting in a higher peak with
a bump. The structure at low energy is hardly appreciated, and the 19, 22 and 25keV
peaks are merged in one where some structure is visible.

Later in chapters 8 and 9 some experimental °°Cd spectra will be shown and
properly explained, but for the sake of completeness, figure 6.21 shows a comparison
between the simulated (left) and the experimental (right) °°Cd calibration energy spectra.
Some detail has been lost with the convolution that is actually detected in experimental
data, like the difference between the double peak at 19 and 22 keV, and also the 25 keV tail.
But overall, the REST simulation seem to properly predict the experimental calibration
spectrum.
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Figure 6.19: Examples of one-single track and two tracks events from the 1°9Cd calibration
simulation. Xz, yz and xy views of the TRestHitsEvent are shown and also a 3D visualization
of the corresponding TRestG4Event.
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12% at 22keV. (Right) Experimental '%°Cd calibration spectrum acquired with the IAXO-
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is labelled on the plot.
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CHAPTER 7

Simulation of IAXO-DO0 background model
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7.1 Introduction

One of the key points in rare event searches experiments is a deep understanding of the
radioactive background of the detectors. For IAXO, the expected signal is an x-ray excess
over the background at energies around 3-4keV, so an intensive study of the radioactive
background of the detector, its shielding and the external sources for energies below 10 keV
is important. In this context, the simulation of the IAXO-DO0 background model can be
very useful to understand the different contributions to the radioactive background in
the IAXO Micromegas detectors. Also, having the simulated background model will be
helpful in order to understand the experimental data from the IAXO-DO0 prototype.

In this chapter, the simulation and analysis general methodology with REST
software will be explained, as well as the criteria followed to define the background
discrimination parameters. Then, a detailed description of the simulation process of each

141
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known background source will be given, paying special attention to the characteristics of
the events produced by each of them. Finally, the discrimination cuts will be described
and the background model results will be shown and explained in detail.

7.2 Simulation and analysis methodology

As it was justified in the previous section, REST sofware has been used to simulate the
background contributions, analyse them in order to perform the necessary transformations
and obtain the corresponding observables, and finally apply the discrimination criteria
to obtain the background level. Also, an x-ray calibration has been simulated in
order to understand the x-ray events and use this knowledge to define the background
discrimination cuts.

7.2.1 General procedure

The first step of the process has been to produce a significant number of simulated events
for every known background source of the detector. As described in Chapter 6, the IAXO-
DO geometry has been implemented together with the readout and the gas files. Every
background source has been simulated individually using the restG4 package, considering
specific initial conditions for each of them in order to be as realistic as possible. A detailed
description of this part of the process will be given later on this chapter.

The second step has been to use REST processes to transform the
raw TRestG4Events into diffused TRestHitsEvents, and then group them into
TRestTrackEvents with observables from the three stages. The processes and work-flow
used for the analysis are shown in figure 7.1.

1. TRestGeant4AnalysisProcess to obtain information about the energy deposited
into each of the detector volumes, the mean position of the energy deposits and the
physical properties of the interactions.

2. TRestG4toHitsProcess to transform TRestG4Events into TRestHitsEvents.

3. TRestElectronDiffusionProcess to simulate the effect of the gas diffusion to
every hit. The longitudinal and transversal diffusion coefficients and the drift
velocity are read from the gas files for the particular gas conditions of each
simulation.

4. TRestHitsReductionProcess to reduce the number of hits resulting from the
simulations. Using a small step in simulations is an advantage because we can
obtain very detailed information about the events at the G4 stage. But since the
last goal of this model is to be comparable to the data measurements, some level of
hit reduction has to be made. Specifically, we set the minimum distance between
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Figure 7.1: Diagram of the REST analysis steps for the simulation data. The purple
ovals represent the different event types, the red rectangles are the processes that transform
one event type into another, and the yellow rectangles are the processes that performs
transformations or calculate the observables for each type of event.

hits to be the pitch of the readout, this is, the minimum distance that we are able
to measure with the IAXO-D0 Micromegas detector.

5. TRestHitsAnalysisProcess to obtain all the observables related to the energy,
position and shape of the hit. The most relevant ones result to be the o2, and o2,
that give information about the size of the event; and the balance between o, and
o, and the skewness, about the symmetry of the event.

Also, a fiducial volume is defined in this process to be able to apply spatial cuts in the
readout plane. Taking into account that the readout is squared, a fiducial volume
is defined as a prism with a squared base with the same dimensions as the readout
(60x60 mm?) and the same height of the gas volume (30mm). An observable can
be defined related to the distance of the hits to the walls of the fiducial prism. Such
observable will allow, for example, selecting only the events that interact at the
center of the readout. The distance to wall, d,,, is defined as the distance of the
closest TRestHit of the TRestHitEvent to the walls of the fiducial prism. This way,
we can be sure that the entire event will be contained inside the area of interest
when we apply the fiducial cuts.

The reason behind choosing a fiducial prism rather than a fiducial cylinder was to
be consistent with the data analysis: the hits from the simulations are defined by a
three-dimensional (x,y,z) position, so in principle, both fiducial volumes could work
in order to apply spatial cuts. There are arguments to use a fiducial cylinder like the
differential window being circular. But hits from experimental data will be defined
by a bi-dimensional (x,z) or (y,z) position coming from the strip triggered by each
signal. If we want to apply the same cuts both for data and simulations, we are
restricted to a prism.

6. TRestHitsToTrackProcess to identify the tracks from each TRestHitsEvent. The
definition of a track from previous CAST analysis with similar detectors (previously
called cluster) is: a set of consecutive active strips larger than 2 and smaller than 30,
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with the possibility of having up to two consecutive non-active strips in between.
The pitch of TAXO-DO0 readout is 0.5mm, so, to be consistent with the previous
CAST analysis, we set a minimum distance between hits of 2mm to be considered
two different tracks.

7. TRestTrackAnalysisProcess to obtain all the observables related with the
energy, position and shape of the tracks. The most relevant ones will be the number
of tracks and the energy of the most energetic track.

Once all the analysis have been performed, the following step has been to apply the
discrimination cuts in order to discard all the non x-ray like events. For that, a simulation
of an x-ray calibration has been carried out and its observables have been studied in order
to characterize the x-ray events.

After all the discrimination cuts have been applied, the following step has been
to calculate the contribution to the total background in the Rol [0-10]keV of each
component in the CAST standard background units (counts keV =t em=2s7!). An external
C++/root script has been used in order to obtain the normalized energy spectrum of
every contribution. For each of them, a renormalization constant, k, is calculated for the
energy Rol, AF, taking into account its corresponding flux or activity, A, the number of
initial events, n;, the origin surface or volume where they are generated from, w, and the
considered readout surface, s,

Aw

k= .

(7.1)

Finally, the energy histogram (b) is rescaled and the numerical contribution (¥')
with its statistical error is calculated.

= / wkb(E)dE + kVb (7.2)

All the simulations and the analysis of the background components have been
computed using the 4 nuclei cluster of the GIFNA group (sultan) with a total of 10
processors, and also the supercomputer of the Centro de Supercomputaciéon de Aragon
(CESAR), Clierzo' with 2080 processing cores.

7.2.2 X-rays characterization

In order to properly identify x-rays from background using REST processes, it is important
to characterize them via their observables. For this purpose, simulations of x-rays between
1 and 10keV have been carried out with an increasing difference of 0.1 keV between them.

!The author thankfully acknowledges the resources from the supercomputer Cierzo, HPC
infrastructure of the Centro de Supercomputacién de Aragén (CESAR), technical expertise and assistance
provided by BIFI (Universidad de Zaragoza) http://cesar.unizar.es.
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Each simulation consisted in 10° initial x-rays launched from the inner section of the tube
at its external end. The expected solar axion spectrum peaks at 3keV, and extends from
1keV up to 6-7keV.

Some examples of events produced by 3keV x-rays are shown in figure 7.2. This
type of plots will be used to describe the spatial distribution of the charge of the events.
The dots represent each TRestHit of the TRestHitsEvent and its size is related with the
energy of the TRestHit. The same coloured TRestHit are part of the same TRestTrack, so
multiple colours represent a multiple track event. Finally, there is also a three dimensional
representation of the TRestG4Event for illustrative purposes. In these figures, the initial
event is represented by a white line, the electrons produced in the interactions by a pink
cross and the energy deposits in the different volumes by a yellow circle. In other examples
where gammas are also produced in the interactions, they are represented by green lines.

The topological analysis shows that most of the events produced by x-rays have
one or two tracks. The size of the event depends on the Z position where the x-ray
interacts with the gas: the closer the distance to the cathode, the higher the diffusion
and, therefore, the wider the event in Z or in XY.

The observables used to describe the x-rays are related to the number of tracks
and the shape of the events: size (07, and 0?) and symmetry (the balance between o,
and o, and the skewness). In figure 7.3 these observables are shown for some of the
x-ray simulations. For clearness purposes, only nine of them are plotted, from 1 to 9keV
with a difference of 1keV between them. From these observables we reach the following
conclusions:

- The 1keV events penetrate only ~5mm, so they will be highly affected by the
diffusion of the gas and therefore, they are the biggest ones, with higher values of
o2, and o2. The rest of the x-rays penetrate deeper in the chamber before they

m7y
interact, so the events are smaller, up to o2 y ~ 2.5mm and 0% ~ 0.5 mm.

- In terms of symmetry of the events, the balance between o, and o, for all of the
x-rays present a Gaussian-like behaviour around 0, what means that their shape
in X and Y direction are comparable in scale, which is produced by the round-like
shape of the events. This is also shown by the skewness, that present a Gaussian-
like behaviour around 0, which means that there is not a preferred direction for the
energy deposit. Finally, the distance to wall observable indicates that almost all the
events on the readout are distributed in a centred square of ~13 mmx13 mm.

- In terms of the number of tracks, almost all the events have only 1 track, but there
are some of them that have 2 tracks. Typically in the CAST analysis, the x-rays
were defined as single track events or alternatively, as events where the dominant
track carries at least the 85% of the total energy.

To prove this definition, the observable that indicates the energy of the most
energetic track of the event (E™**) was used to study the x-ray simulations. In
figure 7.4 (left) it is shown the relation between the total energy of the events and
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Figure 7.2: FExamples of one and two tracks events from the 3keV x-ray simulation
launched from the beginning of the pipe. XZ, YZ and XY views of the TRestHitEvents
are shown and also a 3D visualization of the corresponding TRestG4Event.
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the energy of the most energetic track for the events with two tracks. Up to 3keV,
the maximum track contains almost all the energy of the entire event. From 3 to
6keV we can see that this tendency continues, although some of the events have
a most energetic track of 3keV, corresponding with the fluorescence of the argon.
From 6keV onwards, there are two track events with its most energetic track of E,-
3keV. Also, figure 7.4 (right) shows the percentage ratio between the energy of the
most energetic track and the total energy of the event. Quantitatively, considering
all the 0.5-9.8keV range, almost 50% of the events have a E,uu7rack/ Etotar Tatio
below 85%. But if we consider only an energy range closer to the axion spectrum,
like 1.5-6.0keV, the events with E,qu7rack/ Etotar Tatio below 85% is reduced to 39%.

With these results, restricting the definition of the x-rays of interest to events where
the dominant track carries at least the 85% of the total charge may be too optimistic.
On the other hand, the events with 2 tracks represent barely a 6% of the total, so
they may not be representative enough to even consider them in the background
model.

This x-ray characterization has been used to define the discrimination cuts that
have been applied for each background contribution in order to estimate the final
background level of TAXO-D0. A detailed description of the cuts and their efficiency
will be given later in this chapter (section 7.4.1).

7.3 Background components simulations

In this section, all the contributions simulated for the background model are described.
This work was divided in two parts: external background contribution from cosmic and
environmental sources and intrinsic background contribution from the radioactivity of
the detector components. In table 7.1 a list of all the simulations performed for the
external sources is shown. The simulations of the intrinsic radioactivity of the detector
were performed by Cristina Margalejo Blasco as a part of her master thesis [227] (table
7.2), and have been revised on this work.

7.3.1 Cosmic Muons

Cosmic muons are a very significant source of background for rare-event search
experiments operating at surface. Previous surface and underground background
tests with CAST detectors yielded to a final muon contribution of around
10 % countskeV~tem 257! in the 2-7keV range [14]. Furthermore, a proper coverage
with vetoes has been proven both by simulations and experimental setups to lower this
contribution in a factor of ~2. Since the objective for the IAXO-DO0 detector is to reach
the 1077 counts keV~! ecm =2 s~ level required for IAXO, a very careful study of the cosmic
muons contribution has to be made. For this purpose, a 100 hours equivalent set of
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Contribution 1\.Iumbell" of Total initial events Flux/rate Real time (h)
simulations
Cosmic u 200 7.2x108 125m—2s71 [228] 100
Cosmic v [1-10] MeV 16 2.304x10° 4.18x1072cm 257! [228] 95.6
Cosmic v [10-100] MeV 16 1.152x10° 2.09x1072em 2571 [228] 95.6
Cosmic v [0.1,100] GeV 72 1.6x10% 2.70x10 3 em =251 [228] 11.85
Cosmic n [10-1000] MeV 16 2.7648x 108 50m—2s~! [199) 96
Cosmic n [1,10] GeV 4 1.3824x10° 0.1m~2s71 [199] 96
5?2;2??5?;12%) 10 1010 0.5em=2s71 [21] 176.8
Radiogenic neutrons 2 1.16 4.32 x 1070 kg1 st [154] 3.8x10%
39 Ar from gas 2 2x10° 1.01 Bqkg! [210] 1.51x10°

Table 7.1: Simulations computed for the external background contributions. Further
information about the flux and rates considered can be found in the text.

Detector component 60Co 40K 22Th B8y Ay 210p,
Copper cathode 2.0x10° 3.0x10° 1.0x105 6.0x10° - -
Copper strongback pattern | 1.0x10% 4.0x10° 2.0x10° 1.0x10° - -
Copper chamber 5.0x10% 4.0x107 2.5%x10% 3.5x10° - - - -
Copper chamber top flange | 1.0x107 1.1x10% 1.0x107 1.1x107 - -
Copper pipe 5.0x107 7.8x10% 5.5%x107 6.5x107 - -
Copper raquette 5.0x10% 1.2x107 2.6x10° 4.0x10° - -
Micromegas readout 1.0x10% 1.2x107 6.0x10° 5.0x10° - -
Gas - - - - 1.0x10% -
Kapton from the readout - 1.2x10° 4.0x10* 2.5x10% - -
Lead shielding - 9.8x10°% 1.3x10° 2.4x10° - 5.1x10%
PTFE chamber inner cover - 1.0x10% 1.1x10° 1.0x108 - -
PTFE pipe inner cover - 1.0x10% 2.5x107 1.8x107 - -
PTFE cathode inner cover - 3.5x108 1.0x10% 6.0x10° - -
Mylar window 1.0x10* 2.0x10* 2.0x10* 1.0x10% - -

Table 7.2: Simulations computed for the intrinsic background contribution of the detector,
by Cristina Margalejo Blasco [227]. Here are shown the total initial events of each radioactive
contamination of every geometry part of IAXO-DO0. * Assuming self-shielding of the lead
for the 46.5keV photons, the 219Pb isotope has been simulated only from the inner half of
the shielding due to computational restrictions.
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Figure 7.5: Energy distribution of muons at sea level, from 0.2 to 328 GeV [228]

simulations have been performed. The initial events have been launched from a 4 x4 m?
squared virtual wall situated 1cm over the detector. This size has been chosen in order
to maximize the solid angle and the simulations efficiency at the same time.

The energy distribution that has been used for the initial events is shown in Figure
7.5, which corresponds to the sea level muon distribution [228]. The considered flux
is 125um~2s~! and the angular distribution as a function of the zenith angle, 0, is
~ cos*0 [229]. A total of 200 simulations with 3.6x10° initial muons each have been
computed, which correspond to a real simulated exposure time of 100 hours.

A simulated muon TRestG4Event is shown in Figure 7.6. The initial muon (white
line) goes through the veto where it leaves part of its energy (yellow circles). Then it
crosses the entire shielding, depositing energy on its way and creating electrons (pink
crosses) that ionize the medium and produce gamma emission (green lines). We can also
see how the muon interacts with the copper when it reaches the exterior of the chamber.
Finally, it pass trough the gas volume, where the step between energy deposits is smaller
to obtain a more detailed topological information of the events. This event will be saved
in the TRestG4Event output of the simulation.

Figure 7.7 shows examples of the most common scenario of an event produced by
a muon. We will have a linear energy deposit following the path of the muon as it crosses
the gas volume, as shown in figure 7.7 (top). This distinctive shape is easy to reject with
the observables of the event. But sometimes, the muon can mimic a x-ray like event
shape if it hits the gas volume perpendicularly to the readout plane. An example o this is
shown in figure 7.7 (bottom), where a small and symmetrical energy deposit of ~ 1.6 keV
is produced my a muon.

The observables of interest that describe the events produced by muons are shown
in figure 7.8. The energy spectrum is more populated at low energies, agreeing with
the energy loss expected for muons going through the TAXO-D0 argon gas volume, and
most of the events have one or two tracks. Their 2D print on the readout can be very
large, but most of them are smaller than 10 mm? and 1mm? in the z direction. A very

significant observable is the balance between o, and o, defined as Z*-7*, where we can
z 10y
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Figure 7.6: An example of a TRestG4Event produced by a muon that deposits energy
at the target gas. The white line is the muon path as it goes through the shielding. The
pink crosses are the electrons produced by the ionization of the muon and the yellow circles
are the energy deposits in the different materials. The green lines represent the gammas
produced in the interactions.

observe a tendency to negative values. This means that most of the events are larger in
the y direction. Taking into account the geometry and the position of the readout plane,
we obtain that the majority of the events are produced by horizontal muons, which is
an expectable result. Another significant observable is the distance to the walls of the
fiducial volume. We observe that almost all the events produced by muons leave energy
deposits very close to the external sides of the readout. Finally, the skewness present a
sharp peak-like distribution around zero, which might seem contradictory because muons
does not leave symmetrical energy deposits. This is due to the fact that the skewness is a
statistical parameter that indicates how a distribution deviates from its mean value. So,
since the GEANT4 simulations have been performed with very small steps, the energy
left by the muon through the gas at each step is approximately the same, and both the
skewness and the standard deviation are energy-weighted observables, the value of the
skewness in the end will be ~ 0.

The background contribution of the cosmic muons simulations before the
discrimination analysis is applied is shown in figure 7.9, where the background with units
of countskeV~'em=2s! is plotted for the energy in the IAXO Rol. The background
produced by cosmic muons in [AXO-DO previously to the analysis discrimination
process will therefore be (7.2340.02)x107* countskeV~!em™2s7! considering all the
readout surface. Previous Montecarlo simulations estimated the raw contribution of
cosmic muons to the background level of CAST Micromegas detectors between 1073 —
10~* counts keV~tem=2s~! [14], which is compatible with the new results obtained for
IAXO-Do.
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Figure 7.7: Examples of one single track events produced by a muon in the target
gas: (Top) 21.5keV event induced by a muon that crosses the gas chamber diagonally.
(Bottom) 1.6keV event induced by a muon that crosses the gas chamber perpendicularly
to the readout plane.
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Figure 7.9: Total contribution to the background in the [0,10] keV Rol produced by cosmic
muons before the discrimination process.
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Figure 7.10: Energy distribution of gammas of low, medium and high energy at sea level,
from 0.2 to 328 GeV [228].

7.3.2 Cosmic gammas

Gamma rays are a product of a variety of processes and secondary particles that are
produced by the cosmic radiation in interaction processes with atmospheric nuclei. This
can be a source of background for a surface experiment. Lower energy gammas will most
likely deposit all their energy in the external shielding before reaching the detector inside,
but high energy gammas could actually have an impact on the background.

Several simulations have been made for cosmic gamma rays following the same
procedure used for cosmic muons. The initial events have also been launched from a
squared virtual wall situated 1cm over the shielding. For the less energetic gammas, the
virtual wall has been 4x4 m?, but in the case of the most energetic ones, the sides of the
plane have been 1 m long. This size has been chosen smaller for these simulations because
the high energy gammas are very ionizing and they produce big showers of electrons
and other gammas inside the shielding, and therefore they slow the computation of the
simulations. A balance between computational time and solid angle was necessary in
order to perform these high energetic cosmic gamma simulations.

In Figure 7.10 the three energy distributions for low, medium an high energy
gamma rays at sea level [228] are shown. Both electrons and positrons should follow
similar distributions. And the angular distribution for cosmics as a function of the zenith
angle 6 is again ~ cos?0 [229]. Each of the gamma fluxes has been normalized by the
solid angle estimated for both virtual wall generators.

e Low energy gammas distribution, from 1 to 10 MeV and a flux of 8 x
1073 em2s ter .

e Medium energy gammas distribution, from 10 to 100 MeV and a flux of 4 X
103 em 25 tert,

e High energy gammas distribution, from 0.1 to 100 GeV and a flux of 1 x
103 em2s tert.
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Figure 7.11: Examples of TRestG4Events produced by cosmic gammas that deposit energy
at the target gas. The white line is the initial gamma path. The pink crosses are the
electrons produced from ionization process and the yellow circles are the energy deposits in
the different materials. The green lines represent the gammas produced in the interactions.
(Top) TRestG4Event from a 57 MeV cosmic gamma that left a one-single track event in
the gas with a detected energy of 4.3keV. (Bottom) TRestG4Event from a 3.6 GeV cosmic
gamma that left a one-single track event in the gas with a detected energy of 13.7keV.
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Two simulated G4 events produced by cosmic gammas are shown in figure 7.11.
The top example corresponds to a 57 MeV cosmic gamma (medium energy) that left a
one-single track event in the gas with a detected energy of 4.3keV. The white line is
the initial gamma, that interacts in the inner hole of the lead shielding for the copper
raquette. An electron is produced that, though ionization and bremsstrahlung, produces
secondary gammas that further ionize the atoms of the lead shielding and copper detector
parts. One of these secondary gammas reaches the active gas and produces the primary
electron that is finally detected. On the other hand, the bottom example corresponds
to a 3.6 GeV cosmic gamma that left a one-single track event in the gas with a detected
energy of 13.7keV. In this example it is shown the big ionization shower that the high
energetic gamma produces as it interacts with the lead atoms. As it happened with the
other example, one of these secondary gammas will finally reach the gas and produce a
detectable electron.

The total equivalent time simulated for cosmic gammas has been 95.6 hours for
both low and medium energetic gammas, and only 11.85 hours for high energetic ones
due to the very long computational time that took these last simulations. The raw
contribution to the TAXO-DO0 background from events produced by cosmic gammas is
(5.9 4+ 1.7)x 107" counts keV~! cm™2s7!, and the major part comes from the high energetic
gammas, which they alone contribute with (4.3 + 1.7)x107" countskeV ' ecm 257!, The
errors are big due to the small statistics, but further work is planned in restG4 package
in order to reduce computational time.

7.3.3 Environmental gammas

Gamma radiation can be produced by the intrinsic radioactivity of the materials of the
walls of the room. This radiation can interact with the different parts of the detector
or the shielding and produce a secondary charged particle that eventually can reach the
active gas volume. The external pasive shielding should in principle absorb all the energy
from this radiation, as previous studies with the CAST detectors have shown [14, 21].
This study is aiming to prove this affirmation to be right also for ITAXO-DO0.

In order to simulate the environmental gamma contribution, the initial events have
been launched from the inside of a virtual sphere that contained the entire detector and
shielding. The energy distributions used for these simulations are shown in Figure 7.12.
They have been obtained by a full chain decay simulation of 2*?*Th and #**U launched
uniformly inside a concrete wall. Then the gammas coming out the wall have been counted
and its energy filled inside the corresponding histograms. The angular distribution used
has been the resulting one from the gamma flux simulated, being § = 0 the direction
normal to the surface.

The environmental gamma flux considered is 0.5 cm ™2 s™!, which was obtained from

CAST in situ measurements, evaluating the main natural radioactive chains intensity in
secular equilibrium [21]. A total of 10'? initial events have been launched for each isotope,
what makes an equivalent time of 176,8 hours of gamma background. As expected, almost
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Figure 7.12: Energy distribution of the gammas resulting from the simulation of the 232Th
(Left) and 23U (Right) full chain decays inside a concrete wall. The total number of counts
inside the energy distributions corresponds to a simulation of 20 x 10 events in a concrete
mass of 17664 tonnes.

all the initial gammas have been absorbed by the shielding and have not reached the
active gas volume. Two examples of events produced by environmental gammas are
shown in figure 7.13. Despite the few statistics, all the events collected show long and
non-symmetrical charge deposits that are very easily distinguishable from the x-ray events.

The resulting background contribution from the combination of all the
simulated environmental gammas before applying the discrimination processes is (2.46+
0.73)x10~" counts keV~t cm~2s~!. Only 5 events from all the initially simulated reached
the active gas, so the result is expressed for a confidence level of 95% [4]. This background
level is one order of magnitude lower than the external gamma contribution quantified
for CAST-Micromegas detectors [21,43], which was ~ 1.5 x 1075 countskeV ! cm=2s~!
int he 2-7keV range. This result corroborates that a thicker passive shielding is effective
in order to reduce the external gamma contribution to the background.

7.3.4 Cosmic neutrons

Cosmic neutrons are secondary particles resulting from interactions of cosmic rays with
nuclei of air constituents. They contribute also to the background because they penetrate
deeper in the materials than the charged particles and IAXO do not have any shielding
specifically focused to stop neutrons. Interacting with the nuclei of the shielding and
detector chamber materials by neutron scattering or capture, a gamma or other charged
particle can be produced and start an ionization process in the gas. Neutrons can also
interact with the atoms in the gas itself producing a nuclear recoil that would induce a
detectable signal.

For the simulations, the same configuration as for the muons has been used: a
virtual 4x4m? squared wall placed 1cm over the shielding. Two normalized energy
distributions have been used [199] for low and high energy cosmic neutrons. They are
shown in figure 7.14 and they follow the Ziegler formula [199].
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Figure 7.13: Examples of one single track events produced by an environmental gamma in
the target gas: (Top) 3.09keV event produced by a resulting electron from the interaction
of an external gamma (?32Th) with the lead shielding. (Bottom) 7.47keV event induced
by a resulting electron from the interaction of an external gamma (?3®U) with the copper
cathode.
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Figure 7.14: Energy distribution of atmospheric neutrons at sea level for two energy ranges:
[10, 1000] MeV (Right) and [1, 10] GeV (Left) [199].

e Low energy neutrons distribution from 10 to 1000 MeV, and a flux of 50m=2s7!.

e High energy neutrons distribution from 1 to 10 GeV, and a flux of 0.1m=2s7%.

In this case, the angular distribution as a function of the zenith angle 6 has been considered
to be ~ cos*0, the same one that has been used for cosmic muons and gammas [199,228].

A total of 2.7648x108 initial low energy neutrons and 1.3824x10° initial high
energy neutrons have been simulated, what corresponds to a equivalent time of 96h. Figure
7.15 shows two examples of the most common scenarios produced by cosmic neutrons
interactions. In the top one, a neutron suffers a scattering inside the gas and leaves
energy in the process, producing a nuclear recoil. In the bottom one, a neutron capture
produces a gamma that reaches the gas and produces some ionization.

The events produced by cosmic neutrons are at the low part of the energy spectrum,
as it is shown in the characterization observables of figure 7.16. Most of the events have
less than ~20keV, one-single track and have small values of o2, and o?, which would
be compatible with x-ray events. The most significant observable to discriminate these
background events is again the distance to the fiducial prism wall, which indicates that
most of the events are due to interactions in the walls of the chamber and therefore, they

occur near to the border of the readout.

In order to estimate the background contribution from cosmic neutrons, the
quenching factor for the nuclear recoils need to be considered. The energy of an incident
neutron that interacts with matter via elastic scattering is shared between atomic motion
and electronic excitation. Only the latest part can be used as ionization signal. The
nuclear quenching factor is the ratio between the energy given to the electronic excitation
and the total energy.

As the quenching factor for gaseous argon has not been measured, a conservative
parametrization was calculated [35,230] as

Q(ER)

Q(ER) = T+ g(ER)

(7.3)
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Figure 7.15: Examples of typical TRestG4Events produced by an initial cosmic neutrons.
(Top) A neutron (white line) reaches the gas and produces an elastic scattering, leaving a
small amount of energy in the process (yellow dot). (Bottom) This event is the result of
a neutron capture, that produces an excited 4Cu isotope (blue square) and some gammas
(white lines). One of these gammas reaches the gas and ionize it, producing a detectable
signal (yellow dots).
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Figure 7.17: Total contribution to the background produced by cosmic neutrons before
the discrimination process. Both low and high energy simulations were taken into account,
and the quenching factor was applied to the nuclear recoils.

where Fr is the event energy and the function g(Eg) is parametrized in terms of the atom
number (Z) and mass (A) as

75/18

g(Eg) ~ 0.66 (W) E}S(keV) (7.4)

Natural gaseous argon contains a 99.6% of J9Ar, so the quenching factor for the

superior limit of the IAXO energy Rol is g(10 keV') = 0.34. This means that events from
nuclear recoils up to ~30keV need to be considered for the background contribution.

Finally, the raw contribution to the IAXO-D0 background produced by the cosmic
neutrons in the IAXO energy Rol is shown in figure 7.17. The results from the two
initial energy distributions for low and high energy neutrons have been combined and the
quenching factor for the events produced by nuclear recoils has also been applied, leading
to a background of (1.22 4+ 0.03)x107° counts keV~'ecm~2s~! before the discrimination
analysis. This value is high taking into account the IAXO background goal, but as it was
already mentioned, the contribution to the background due to cosmic neutrons has never
been properly simulated or studied in the CAST-Micromegas context.

7.3.5 Radiogenic neutrons

Another contribution to the detector background can be caused by radiogenic neutrons.
They are produced by («a,n) reactions, following the a decays of the radioactive chains
from the spontaneous fission of the 3*U contamination that is present in the components
of the detector or the shielding. This contribution should be minimum because of the high
radiopurity of the materials of the detector. For the simulations, a normalized evaporation
spectrum of the neutrons produced in the fission of the 233U contamination has been used
to estimate the possible contribution to the background from the lead shielding, which is
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Figure 7.18: Energy distribution of the evaporation neutrons coming from 23%U
radioactivity of nearby materials and walls.

the biggest mass of material next to the detector. It is shown in Figure 7.18, and it covers
evaporation neutrons from 0 to 10 GeV.

The estimation of the neutrons rate has been made considering the 238U
contamination of the lead shielding, 0.33mBq/kg [154] (table 5.2), the number of
neutrons produced per fission process, (2.44+0.2), and the number of fissions per decay,
(5.4540.04)x 1077 [231]. The rate of radiogenic neutrons production from the lead
shielding (1.84x10%kg) is therefore (4.324+0.36)x1071%kg ™' s71. A total of 1.1x10° initial
events have been launched from the shielding, what corresponds to a total of ~ 4.4 x 10%
years. Note that the neutrons produced in (a,n) reactions from the radioactive chains
have not been taken into account.

The events produced by radiogenic neutrons are similar to those produced by
cosmic neutrons. Most of them are produced by the nuclear recoils in the gas due to
neutron elastic scattering or by secondary gammas produced in other neutron interactions
with the chamber or shielding atoms.

Considering the quenching factor for the nuclear recoils, the contribution to
the total IAXO-D0 background from radiogenic neutrons in the TAXO energy Rol is
(7.0 &+ 1.1)x10"* counts keV~t cm 257! even before the discrimination analysis. This
contribution is several orders of magnitude below the TAXO background goal, so it can
be considered negligible.

7.3.6 Detector components radioactivity

The radiopurity of the materials that form the components of the Micromegas detector is
a very important point that is always present in the design process, specially for the parts
that are in direct contact with the active gas. Exhaustive studies of the radioactivity from
the materials used to build the CAST-Micromegas detectors have been done mostly in
the facilities of Canfranc Underground Laboratory, giving precise values and upper limits
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Figure 7.19: (Left) Simulation of an event produced by a “°K disintegration from the
copper of the Micromegas readout. As a result, an *°Ar isotope is produced, as well as a
Ve (white line) that escapes from the shielding, and a 7 (green line) that interacts in the
shielding. As a consequence of the « emission, an e~ is generated, which interacts in the
gas and produces energy deposits, or hits (yellow dots). (Right) Disintegration scheme of
the 49K isotope.

for the main radioactive isotopes of each material.

This information, previously shown in table 5.2, has been used to simulate the
contribution of each significant isotope from each volume of the TAXO-D0 geometry. It has
been a thorough study [227] where each isotope has been launched uniformly distributed
inside each corresponding volume of the G4DML geometry described in section 6.3.1 with
isotropic angular distribution. Not only the detector chamber, but also the lead shielding
with its 2!°Pb contribution has been considered for this study.

Almost all the pieces of the detector chamber are made out of copper and they
have been stored and manipulated at sea level, so we expect them to contain a certain
amount of °Co by cosmogenic activation. This activity A induced in the copper, with a
decay constant A\, has been evaluated taking into account the time of exposure to cosmic
rays, tesp, and considering negligible the cooling time, t..,, because it has never been
stored underground or sheltered from cosmic rays:

A=R [1 — €Xp (_)‘texp)] exXp <_>\tcool) (75)

where R is the production rate, that for the %°Co it has been directly measured as the
saturation activity, as it was shown in table 5.1.

The simulations to compute the materials radioactivity contribution to the total
background have consisted of launching a large number of initial isotope disintegrations
of each significant isotope from each geometry volume until ~ 10* interactions have been
produced in the active gas of the detector. In the case of the lead shielding, only ~ 200
interactions have been obtained after more than 1000 hours of computational time. An
example of an event produced by a *°K disintegration from the copper of the Micromegas
readout is shown in figure 7.19. In this example, an electronic capture j9K —12 Ar+uv,+7
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Figure 7.20: (Left) Total energy deposited in the geometry by events produced from 5x 107
60Co disintegrations (425 equivalent years) from the copper pipe, where the 1.17 MeV and
1.33 MeV peaks are visible. The small plot shows the energy deposited by these events only
in the lead shielding, where both peaks are also visible. (Right) Energy deposited in the
gas volume by the same events from the left plot. The small plot is a zoom to the Rol where
the axion signal is expected.

is observed, where an electron is generated as a consequence of the emission of the 1461 keV
gamma by the “°Ar. This electron interacts in the active gas and produces a detectable
1.23keV energy deposit.

From these simulations it has been concluded that most of the energy from
the events produced by radioactive disintegrations is efficiently shielded by the passive
shielding. Figure 7.20 shows as an example the energy deposited in different volumes by
events produced from 5 x 107 %°Co disintegrations from the copper pipe, which considering
the estimated activity (3.77x1073Bq), corresponds to ~425 equivalent years. In the
general plot, the 1.17 MeV and 1.33 MeV peaks from the °°Co emission are visible, as well
as in the plot that shows the energy deposited only in the lead shielding volume. On the
other hand, the emission obtained in the gas shielding is smaller, and is specially reduced
for lower energies where the IAXO Rol is.
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Figure 7.21: Total contribution to the raw background produced by the intrinsic
radioactivity of the materials of the detector. The 2'°Pb contribution from the lead shielding
was not included because of low statistics.
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As a whole, the raw background contribution from the intrinsic radioactivity of
the detector, chamber and shielding is < 6.39 x 1077 countskeV~!cm~2s~!. Figure 7.21
shows the total raw background contribution in the IAXO Rol. More detailed information
about specific contributions to the background will be discussed in the next section, after
the analysis and the discrimination process.

7.3.7 Gas contamination

In order to evaluate the impact of the 3*Ar that naturally appears in the argon gas,
a simulation has been performed from the gas volume itself. 3°Ar events have been
launched uniformly distributed inside the gas volume with isotropic angular distribution.
A total of 2 x 10° events have been simulated, which considering the activity of the 3°Ar,
~1.01 Bqkg™! [210], and the small mass of gas inside the chamber, ~0.36 g, correspond
to ~17 equivalent years of emission.

E, =331 keV/f—

Figure 7.22: (Top) Example of an 3 Ar 3~ decay, where a 3°Kr isotope is produced (blue
square), as well as a 7, that leaves the shielding without interacting (white line) and an
e~ (pink cross) that interacts in the gas and deposits an energy of 3.31keV (yellow dots).
(Bottom) The 3°Ar decay scheme.

Most of the events are produced by the electron produced at the 5~ decay of the
39 Ar isotope: 33Ar =33 K+e™ +7, as it is shown in figure 7.22. In this particular example,
the electron left an energy of 3.31keV in the gas. Such event could be indistinguishable
from an event produced by an x-ray, so this contribution has to be studied.

The characterization observables of the events produced by the *?Ar 3~ decay
from the active gas are shown in figure 7.23. They leave energy in all the IAXO Rol
and also, most of the events have one single track. As we are only considering events
in the Rol, all of them appear as quite small energy deposits (small ngy and 02). The
most representative observable in this case for the discrimination process is the distance
to wall, since most of the events spread across the full gas volume, reaching the readout

borders.



7.3.  Background components simulations 167

Mean hits energy (keV)

e Number of tracks

100
80
60
40
20

1 1 1 10

Sigma2 XY {(mm2) Sigma2 Z (mm2)

0 50 100 150 200 250 300 350 40

Sigma XY balance Distance to prism walls (mm)
3

XY skew

4000
3500
3000
2500
2000
1500
1000

Figure 7.23: Characterization observables of events produced by the disintegration of the
39Ar isotope of the TAXO-DO0 detector gas. Y axis represents the number of events, and
each x axis is labelled at the top for clearness, referencing the units if the observable is not
dimensionless. The observables shown are the energy, the number of tracks, 027 and o2,
the balance between o, and o, the distance to the fiducial volume, 7y, and ..
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Figure 7.24: Raw background contribution from the 3°Ar of the active gas in the IAXO
energy Rol.
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Finally, figure 7.24 shows the raw contribution to the TAXO-DO0O background
of the events produced by 3°Ar decay from the gas of the detector in the
IAXO energy Rol. This contribution for the [0,10]keV energy range will be (1.71+
0.01)x10~" counts keV~'ecm=2s~!. Tt is one order of magnitude higher than the TAXO
background objective, but it will be further reduced by the fiducial cuts after the
discrimination process.

7.4 TAXO-DO0O Background model for Ar+4Isobutane

Once all the individual contributions to the background have been simulated, the next
step has been to analyse them using REST software. As it was explained in section
7.2.1, the TRestG4Events have been transformed into TRestHitsEvents, and finally
TRestTrackEvents, and the observables of each event type has been obtained along the
process. A diffusion process has been applied to the TRestHitsEvents to simulate the
drift of the electrons through the Ar+Isobutane mixture. Also, a hit reduction had to
be performed previous to the the hit analysis to reduce the high number of TRestG4Hits
produced by the simulations, as the step inside the gas volume was very small.

A similar analysis has been applied to the x-ray characterization in order to obtain
the corresponding observables, and study which of them were more relevant and would
define best the topology of an event produced by an x-ray in the TAXO energy Rol.
Then a selection criterion has been defined by setting upper and lower cuts to certain
observables. These cuts have been applied to every background contribution simulated
and finally, individual background levels have been calculated and combined to obtain
the total background for the TAXO-DO0 prototype in CAST typical background units
(countskeV~tem=2s71).

In this section, the discrimination cuts will be justified and the TAXO-DO0
background model will be detailed explained, paying special attention to the most relevant
contributions.

7.4.1 Cuts definition and efficiency

Taking into account the x-ray characterization explained in section 7.2.2, the
discrimination cuts have been defined in order to reject all the events that are not x-
ray-like. The first cut applied has been to reject all the events with more than 1 track,
because we expect most x-rays to leave all its energy in the gas at once via photoelectric
effect. Although there are experimental reasons to consider two tracks events under
certain circumstances, the observables are optimized for one-single track events, so the
information obtained by the simulations study will be more significant if we consider only
these last ones.

The observables that have been used for this discrimination process, as well as their
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Figure 7.25: X-ray observables used to define the cuts for the background discrimination
process. The green areas represent the events that would pass the cuts.

chosen values, are shown in table 7.3 and are visually represented in figure 7.25. Only
events from the Rol [1, 10] keV have been considered. These observables are related with
the position, the size, the shape and the symmetry of the energy deposit of the events.

These cuts to the observables leave only small, round-like and symmetric events.
The aiy cut rejects all the events bigger than ~10 mm? on the readout, which translates
into 5-6 strips triggered per axis with a 0.5 mm pitch. The o2 cut rejects all the events
longer than 1.5mm in the Z axis. The cut that limits the balance between o, and o,
rejects all the events which deviation in both axis differ in more than 20%, leaving only
round-like events. Finally, skewness cuts are also defined to assure that only symmetric

events are considered.

Observable Range Efficiency (%) at 3keV

o2, (mm?) [0, 2.6] 96.48+0.98
o2 (mm?) [0, 0.55] 96.4840.98
ogor (1) [0.15,0.15] 93.96£0.97
Yy (1) [-0.5, 0.5] 93.37+0.97
7. (1) [-1.12, 1.12] 90.69+0.95
dy (mm) [17, 30] 96.27+0.98

Table 7.3: Definition of the cuts for the background discrimination analysis. Their range
values are obtained from the x-ray characterization. The first 5 cuts are related to the
topological information of the event, and are referred to along the text as z-ray cuts. The
last cut, d,,, which is the 2D fiducial cut, is often applied separately and used to select a
smaller centred area of the readout. The efficiency of each cut applied individually for the
3keV x-rays is also shown with its statistical error.
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Energy (keV) Cuts efficiency (%)
76.05+0.87
91.984+0.96
89.4740.95
90.3440.95
89.4440.95
87.47+0.94
86.10+0.93
84.7140.92
78.4440.89

© 00 N O T B W N

Table 7.4: Efficiency of all the discrimination cuts for one-single track x-rays in the [1,
10]keV range. All the cuts listed in table 7.3 has been applied. The statistical error is also
shown.

The last discrimination cut that is indicated in table 7.3 is the distance to wall,
d,,, and its range is defined such as only the events that are registered close to the center
of the readout are kept. Considering that d,, = 30 mm means that the event is exactly
at the center (i.e. the furthest distance from the fiducial prism wall as it can be), most
of the events produced by x-rays in the Rol are contained in a small area of ~6.8 cm? at
the center of the readout, as it is shown in figure 7.25.

The efficiency of the cuts for the TAXO energy Rol is shown in table 7.4. It has
been calculated as the percentage of events that pass the discrimination cuts at each
energy. All the cuts listed in table 7.3 have been applied. We can see that the cuts are
more efficient for energies between 2 and 6 keV, with only a ~10% of efficiency loss.

Finally, another important cut that was only applied for cosmic contributions is
whether or not the events leave any energy in any of the vetoes around the detector. From
CAST experience it is known that only one veto over the detector is able to reject half
of the background after the discrimination analysis was performed, i.e. a reduction of
~ 107% counts keV ! cm™2s7! of the total background.

7.4.2 Background model result

After all the known background contributions have been simulated, the x-ray
characterization has been made and the discrimination cuts have been defined, the last
step of the background study of IAXO-DO0 has been to apply the cuts to all the individual
contributions. This has been made using the REST plot tool, that allows the user to
select all the files from each contribution and add them together, so the statistics can be
higher with shorter simulations. It also applies the discrimination cuts by only plotting
the events which observables fulfil the defined conditions.

Finally, a C++/Root script has been used to scale each background spectrum to
be in the CAST-IAXO standard background units (countskeV—'em™2s7!), taking into
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o Background level before cuts Background level after cuts Discrimination cuts
Background contribution

countskeV~! cm=2s7! countskeV~' em=2s7! efficiency (%)

Cosmic p (7.23 £0.02) x 1074 (3.940.8) x 1077 99.9
Cosmic pu(®) <519 x 1078 <397 x 1078 -

Cosmic n (1.22 +0.03) x 10° (8.2+1.5) x 107 93.3
Cosmic n® (8.14£0.9) x 1075 (5.541.2) x 1077 93.3
Cosmic vy (5.9+£1.7) x 1077 < 4.17x 1077 29.5
Total from cosmic rays (7.33£0.02) x 1074 <1.62 x 107 99.8
Total from cosmic rays®) (8.8+£0.9) x 107 < 1.00 x 107 99.8
Environmental ~y (4.8+1.4)x 1078 <224 %1078 53.3
Radiogenic n (7.04+£1.2) x 1071 < 2.55 x 10714 63.5
Materials radioactivity < 6.39 x 1077 < 4.56 x 1077 49.3
Ar gas radioactivity (1.71 £0.01) x 1077 (1.03 £0.05) x 1078 94.0
Total from radioactivity < 1.01 x 1076 <5.11x 1077 49.6
Total (7.34+0.02) x 104 (2.13£0.17) x 10°© 99.7
Total ) (9.840.9) x 1076 (1.51 £0.12) x 1076 84.5

Table 7.5: TAXO-DO0 background model. The background contributions from the different
known sources are shown before and after the discrimination cuts were applied. Background
values and errors were obtained by 7.2.1. Some values are upper limits due to non precise
activity measurements or low statistics from the simulations (where the 95% C.L. was
considered). The errors of the total background are obtained considering the most relevant
contributions. (v) The vetoes rejection cuts were applied to these background values.

account their corresponding equivalent time, the energy range and the specific area of the
readout. Table 7.5 shows each individual contribution as well as the total background
before and after the application of the discrimination cuts. They are also shown the total
contribution to the background coming from cosmic rays and radioactivity.

Some first conclusions can be obtained from these general results. The most
important contribution to the background comes from cosmic rays, as expected.
The raw background is dominated by events produced by cosmic muons, ~ 7.2 X
10~* counts keV~! em=2s7!, followed by those produced by neutrons, which contribution is
one order of magnitude lower, ~ 1.2x 107 countskeV ! em~2s7!. Cosmic gammas barely
contribute to the total raw background with ~ 5.9 x 1077 countskeV~!cm~2s7!, that is
already at the level of the IAXO background goal. However, after the discrimination cuts
are applied, the three contributions are reduced to the same order of magnitude, being
~ 107" countskeV~tem 257! for each of them. The total contribution from cosmic rays
(u+n+7) after the discrimination process is therefore < 1.62x 1075 countskeV—ecm =271
This is compatible with the background previously attributed only to cosmic muons in the
CAST-Micromegas setups, where cosmic neutrons were never taken into account. Highly
energetic cosmic gammas also seem to contribute to this result, but only an upper limit
has been obtained because the equivalent simulated time and the resulting statistics are
too low in comparison to the other two contributions to consider it at the same level of
importance. Nevertheless, more simulations should be performed in the future in order
to check this assumption.

Cosmic muons and neutrons leave energy in the vetoes around the detector, and the
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Figure 7.26: TAXO-DO0 background model. The black line represents the total simulated
background before the discrimination process. All the readout surface is considered (36 cm?).
The filled area represent the total simulated background after the discrimination process.
Fiducial cuts were applied to consider only a central part of the readout (6.76cm?). The
vetoes discrimination cuts are not taken into account.

simulations were performed considering a complete 47 veto coverage. This information
can be used to reject events produced by cosmic particles and therefore, reduce the
background. In table 7.5, the background values for cosmic muons considering only events
that do not deposit energy in any of the six vetoes are shown (v). Further information
about the shielding efficiency for muons and neutrons will be given later on the text.

The background component from radioactivity is not as important before cuts
compared to the cosmic contribution, but it becomes relevant because the discrimination
process is not as efficient to reject events coming from the intrinsic radioactivity of
the detector materials. The biggest contribution comes from the contaminations of
the materials of the detector and shielding, followed by the *Ar contamination from
the target gas. The contribution from the environmental gammas is of the order
of ~ 1078 countskeV~'ecm=2s7!, which proves that the improved passive shielding is
satisfactorily reducing this component in comparison to the estimations made previously
[43].  Finally, the radiogenic neutrons resulted irrelevant and the statistics were very
low regardless the long equivalent simulated time. The total raw contribution from
radioactivity is therefore < 1.01 x 107%countskeV~'em=2s7!, and after the cuts it is
reduced by a 50%. This level of background is in agreement with the tests performed in
the LSC underground laboratory with CAST-Micromegas detectors, and even though it
is compatible with the TAXO background goal, a smaller contribution from radioactivity
would be desirable. More details about specific materials contributions will be given later
on this section.

Overall, the total background for the IAXO-DO0 detector in the IAXO energy Rol
([0,10] keV) after the discrimination process is (2.13 £ 0.17) x 107% countskeV ! ecm 257!
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Veto(s) active w shielding efficiency (%)
Top 75.1 £ 0.7
Bottom 66.8 + 0.8
Back 222 £ 5.2
Front 16.6 £ 3.5
— East 11.8 £ 8.6
£ West 11.6 + 8.8
§ All 100.0 £+ 0.5
£ Top + West + Back 98.5 £ 0.5
g Bottom + East + Front 89.3 £0.5

Figure 7.27: (Left) Veto placement at the IAXO-DO0 simulated geometry. The front veto
is the one that faces the magnet, and the east veto is where the electronics are attached.
(Right) Cosmic p shielding efficiency (i.e. the capability of the vetoes to tag events caused
by muons) of the different vetoes or a combination of them. The statistical error is shown.
Neither x-ray cuts or 2D fiducial cuts have been applied.

((1.51£0.12) x 1078 counts keV~' em™2s™! considering the veto shielding). This involves
a background reduction of the ~99% taking into account the discrimination cuts from
the x-ray characterization and the fiducial cut to consider a central and reduced area of
the readout. Figure 7.26 shows the total simulated TAXO-D0 background in the IAXO
energy Rol before and after the discrimination cuts.

After these general overview of the results, some more discussion can be made
from the most relevant background contributions, such as the cosmic muons, the cosmic
neutrons and the materials radioactive contaminations.

Cosmic muons

As far as the background studies have gone in the CAST and TAXO context, it was
understood that the biggest contribution to Micromegas background came from muons.
It was quantified to contribute ~ 1.5x107% counts keV~' em~2s~! [14], and this estimation
was made by the comparison with underground measurements and the use of 1-2 plastic
scintillator vetoes.

For this work, a total of 200 hours of muon contribution was simulated considering
a geometry where the vetoes perfectly covers a solid angle of 47 of the detector, as it is
shown in figure 7.27. Only two small openings for the interface pipe and the detector
raquette are cut through the vetoes, which in real life would not be realistic. Vetoes
cannot be placed in the side of the detector facing the magnet, and would exist some
difficulties to fit a perfectly covering veto at the side where the electronics are attached.
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This idealistic approach allows to study the efficiency of the vetoes rejecting events
produced by muons and the importance of each veto. This was done by comparing the
total number of events produced by cosmic muons with the number of events that do
not leave any energy in one or a combination of the vetoes. The remaining events will
be therefore detected and marked by the vetoes, and rejected from the background. The
efficiency of the vetoes is shown in figure 7.27. From this study it is obtained that a full
47 veto coverage would shield ~100% of the events produced by muons. The top veto the
most relevant, being able to shield a 75% of the events by itself. Due to the directionality
of the cosmic muons, the bottom veto is also relevant. The lateral vetoes are more
inefficient by themselves, but combining them with the top or the bottom veto yields to
a high rejection efficiency only using 3 vetoes. In the table, two different combination of
vetoes are shown. The top+west+back combination is the most direct to translate to the
experiment, because these sides of the shielding should be free from the setup restrictions:
the connection to the electronics is made from the east side, and the connection to the
magnet is made from the front side.

Also, it is important to remark that in this work, the detector is considered to be
static with the bottom standing on the floor. These efficiency assumptions rely on the
relative position of the detector to the zenith angle 6. As it was mentioned in section
7.3.1, muons follow an initial angular distribution of ~ cos?f, which means that most of
the muons will arrive vertically. If we suppose the detector to be mounted on an moved
by the IAXO magnet, both front and back vetoes will become more relevant for the higher
and lower positions of the sun tracking.

Considering a 47 muon coverage, the upper limit for the background
contribution from cosmic muons after the discrimination cuts would be < 3.97 x
1078 countskeV L em=2s71, for a 95% C.L. in all the readout area and the IAXO energy
Rol. Note that table 7.5 shows two slightly different values for the background from
cosmic muons when the vetoes are considered(v), before and after the discrimination
process. This is due to the fact that from the almost 10° muons that were registered by
the detector, two of them were not tagged by the vetoes. And then, those events did not
pass the discrimination cuts. The values are given for a 95% C.L, and these upper limits
are one order of magnitude lower than the TAXO background objective.

It is interesting also to understand how the discrimination cuts affect the total
background produced by muons. As it was shown earlier in table 7.5, the discrimination
efficiency of the cuts is a 99.9%. This high discrimination rate is due to the fact that
muons leaves long and non-symmetric energy deposits that are out of the cuts ranges.
There are some events that pass the cuts, but they will be vetoed thanks to the 47 veto
coverage. Most of them are just a part of the muon tracks that cross the gas volume
close to the chamber wall, where the readout is not able to measure the entire event, as
it is shown in figure 7.28. This is due to the fact that the chamber is cylindrical and the
readout is square shaped, so there will be some blind areas at the borders. This is not
a real problem because the area where the axion signal is expected to be detected is the
center of the readout, so fiducial cuts are an efficient way to remove remaining background
from muons.
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Figure 7.28: Mean position (weighted by the energy) of the hit events produced by muons
in the IAXO energy Rol before (left) and after (right) the background discrimination cuts
are applied. Most of the events that pass the cuts are detected close to the readout borders.
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Figure 7.29: Background contribution from cosmic muons in the IAXO energy Rol. Raw
background before the discrimination cuts are represented in purple and background after the
discrimination process is represented in black. Lines represent background levels considering
all the readout and solid areas represent background levels considering only a central area.
Rejection from the vetoes is not considered in this plot.
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Background before cuts ~ Background after cuts

Area considered
(countskeV~'em=2s7!) (countskeV—'em2s71)

Cuts rejection (%)

36 cm? (7.23 4 0.02)x10~* (2.00 £ 0.04)x107° 97.2 £ 0.1
16 cm? (2.65 + 0.07)x107° (3.9 £ 0.8)x1077 98.5 + 0.3
6,76 cm? (1.39 + 0.08)x 107 (2.9 £ 1.1)x1077 97.9 + 0.8

Table 7.6: Background level from cosmic muons before and after the discrimination
cuts considering different centred readout areas in the [0,10]keV energy range. 36cm?
corresponds to the complete readout and 6,76 cm? is the area from the x-ray characterization.
The rejection factor from the application of the cuts is shown with its statistical error. Vetoes
rejection cuts are not considered.

Figure 7.29 shows the background contribution from cosmic muons for the complete
readout surface (36 cm?) and a reduced central area (16 cm?) that does not consider those
events that are closer than 1 cm to the border of the readout. This fiducial cut is different
from the one obtained from the x-ray characterization (6.76 cm?) because the statistics
for this smaller area were insufficient. In this plot, the lines represent the contribution to
the background on the complete readout, and the solid areas represent the contribution
considering only the central area. The fiducial cut results in a reduction of the low
energy events up to ~5keV, leaving most of the axion signal expected range of energy
free of background. Table 7.6 shows the different background levels for the different
centred readout areas. The fiducial cut reduces the background in more than one order
of magnitude before the discrimination cuts and two orders of magnitude after the cuts.
And the cuts themselves reduce the background in more than 97%, resulting very efficient
for this particular source of background.

With these considerations, the background level from events produced by cosmic
muons after the x-ray discrimination cuts will be (3.9 + 0.8)x 10~ countskeV ' em =257,
with an upper limit of < 3.97 x 1078 countskeV~'em™2s7! (95% C.L.) considering the
discrimination from a 47 veto coverage. This limit is set by the fact that all the events
produced by muons that passed the discrimination cuts are tagged by the vetoes, so they
can be rejected. The background levels obtained from this study are compatible with the
IAXO background goal and also, they resulted lower than the expected muon contribution
from past CAST-Micromegas studies. This can be related to the fact that muons are not
the only cosmic relevant contribution. And even though the results are encouraging,
more simulations should be performed in order to cumulate more statistics and reduce
the uncertainties.

Cosmic neutrons

Cosmic neutrons have resulted to be a more relevant contribution to the background
than expected. In this work, a total of 96 hours of equivalent simulated time have been
performed for both lower and higher energetic cosmic neutrons. A first interesting result
has been that events produced by cosmic neutrons leave energy in the vetoes due to
the large amount of secondary particles that they produce from its interactions with
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hieldi ffici
Veto(s) active Shielding .e ciency
for cosmic n (%)

Top 49.9 + 6.5
Bottom 42.6 £ 8.1
Back 454 + 7.4
Front 454 + 7.4
East 45.0 £ 7.5
West 452 + 7.4
All 66.8 + 4.4

Table 7.7: Cosmic neutron shielding efficiency of the different vetoes, or the combination
of them Statistical errors are shown. For veto positioning, refer to figure 7.27.

the shielding. Table 7.7 shows the shielding efficiency for the events produced by cosmic
neutrons by each individual veto and the combination of all of them. This is, how effective
are the vetoes to tag events produced by cosmic muons. These efficiencies were calculated
in the same way described earlier for the cosmic muons. With a 47 veto coverage,
a background reduction of 66% can be obtained for the cosmic neutron contribution.
Individually, the shielding efficiency is similar for all of them, being the top one the most
efficient and the bottom one the least efficient, probably due to geometrical reasons.

To obtain the background levels from cosmic neutrons, the quenching factor needs
to be considered for those neutrons which interact in the gas via elastic scattering and
produce a nuclear recoil. The quenching factor estimation was described earlier in this
chapter by equations 7.3 and 7.4. Due to this factor, events with energies up to ~30keV
that are produced by nuclear recoils will contribute to the [0,10] keV background.

The background contribution from nuclear recoils has been calculated separately.
Thanks to the G4 observables provided by REST, events have been sorted depending on
their type of interaction in the gas, so it is possible to apply a quenching factor only
to the recoils (elastic interactions). Then, the final background in the Rol has been
computed including all the contributions. Table 7.8 shows the background contribution
from cosmic neutrons that produced a nuclear recoil in the gas separately from the rest of
the interactions. Previously to the discrimination cuts, the nuclear recoils only account
for a ~10% of the total neutron interactions, so the background from this particular one
is not significant. It is after the cuts are applied that this contribution becomes relevant.
The energy deposit produced by a nuclear recoil is very similar to the energy deposit an
x-ray would produce, so the discrimination cuts are not efficient.

On the other hand, the fiducial cuts are not as efficient as they were for the cosmic
muon contribution. Figure 7.30 shows two hitmaps of the events produced by cosmic
neutrons mean positions before (right) and after (left) applying the discrimination cuts.
In both cases, all the events are homogeneously spread on the readout surface. A fiducial
cut reducing the area considered turns in a maximum background reduction of a factor
of ~1.5.
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Background before cuts ~ Background after cuts

Contribution Area (cm?) (countskeV—"em251)  (countskeV—! em-2s 1) Cuts rejection (%)
. 36 (4240.3) x 1077 (3.3£0.3) x 1077 20.7
Nuclear recoils _7 7
6.76 (3.440.7) x 10 (3.0£0.7) x 10 12.4
. . 36 (1.12 +£0.03) x 10~° (8.74+0.8) x 1077 92.6
Other interactions _6 7
6.76 (1.440.3) x 10 (5.2 4 1.5) x 10 64.0
Total 36 (1.22 £0.03) x 10~° (1.19 £0.09) x 10~° 90.1
6.76 (1.84+0.3) x 107 (8.2+1.5) x 1077 54.1
d140. 1076 04+1.2)x 1077 4
Total (vetos) 50 (& 0.9) 077 (8.0 ) x 0,7 %3
6.76 (1.240.2) x 10 (5.5 4+ 1.2) x 10 69.3

Table 7.8: Background contributions in the [0,10] keV energy range from cosmic neutrons
depending whether or not a nuclear recoil occurs in the gas. The total contribution with
and without the veto rejection is also shown, as well as the cuts rejection capability.
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Figure 7.30: Mean position (weighted by the energy) of the hit events produced by
cosmic neutrons in the [0,30]keV range before (left) and after (right) the background
discrimination cuts are applied. The events are homogeneously spread on the readout.
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Figure 7.31: Background contribution from cosmic neutrons in the IAXO energy Rol. Raw
background before the discrimination cuts are represented in red and background after the
discrimination process is represented in black. Lines represent background levels considering
all the readout and filled areas represent background levels considering only a central area.
The vetoes rejection is not considered in this plot.

Finally, figure 7.31 shows the total background contribution after all the previous
considerations for the IAXO energy Rol before (red) and after (black) the discrimination
cuts, and for the total readout area (lines) and a reduced and central area (filled bars). In
all the cases the background is homogeneously distributed in the energy Rol and it could
be claimed that after the cuts, the background is reduced more efficiently for energies
higher than ~3keV. More statistics would be desirable in order to fully understand if the
cuts effectively reduce the events in any particular energy range.

With these considerations, the contribution to the TAXO-DO0 background from
events produced by cosmic neutrons after the discrimination process will be (5.5 £
1.2) x 107" counts keV =t em =257}, including the rejection from a 47 veto coverage. This
contribution is comparable with the background produced by cosmic muons, which
indicates that maybe the background typically attributed only to muons in the CAST-
Micromegas context was actually a combination of both. The fact that neutrons also
leaves energy in the vetoes reinforces this hypothesis and the need of further study of this
particular background source.

Radioactivity from the detector components and shielding

The radiopurity of the materials is a key point to obtain a very low background detector,
and even though all the materials used in the ITAXO-D0 detector have been measured and
are very radiopure, there is always room for improvement to low the background even
more from this perspective. A big effort was made in order to simulate each contribution
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Figure 7.32: Background contribution from radioactivity of the detector and shielding
materials in the energy Rol. The blue line represents the raw background before the
discrimination cuts for all the readout area, and the blue filled histogram represents the
background after the discrimination process and in the central area (6.76 cm?). The black
histogram represents the background after the discrimination process and in the central area
(6.76 cm?) of the Mylar window specifically.

of each relevant measured contamination from every volume of the geometry [227].

Large equivalent times were simulated for almost all the isotopes, with some
exceptions due to the heavy computational weight, as it can be the 21°Pb from the lead
shielding. Table 7.9 shows the activity, equivalent time and background before and after
applying the discrimination cuts for each isotope of each detector part.

The combination of all these contributions result in the background spectra shown
in figure 7.32. They are represented the raw background before the discrimination cuts,
considering all the readout area, and the background after the discrimination process,
considering only the central area. A reduction of background is observed mostly in the
[5,10] keV region, with the exception of the 8 keV peak from the copper fluorescence. This
peak in the final spectrum is mainly due to the shielding radiation, specifically from the
210Ph component. Also, the Mylar window contribution to the background is shown,
which seems to dominate the remaining background after the discrimination cuts.

Table 7.10 shows the contribution to the background from the most relevant
isotopes and volumes. Almost ~60% of the total background seem to come from the
2381 isotope radiation, mainly from the Mylar window and the Micromegas readout. It is
shown also that the cosmogenic ®*Co produced in the copper parts of the detector is not
a principal source of background of the IAXO-DO0 detector.

These results, however, need some further discussion. Regarding the detector
parts, the component that seem to contribute the most to the background is the Mylar
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Detector part Isotope Activity Equivalent time Background before cuts  Background after cuts
(Ba/kg or Bq/m? (1)) (years) (countskeV~1em=2s7!)  (countskeV—tem=2s71)
28 <330 %1074 125.45 <871 x 10710 < 5.61 x 101
Lead shielding 2327 < 1.00 x 10*_4 224.24 <447 x 10710 < 2.09 x 1071
40K <1.20 x 1073 140.87 < 7.60 x 10710 < 4.66 x 1071
210pp < 80 0.01 < 4.77x 1078 < 1.63 x 107"
Copper chamber 287 < 6.20 x 1075 3050.46 < 3.77 x 1071 <3.23x 10712
22Th <2.00 x 107° 9006.11 < 1.81 x 1071 < 1.30 x 10712
top flange 60Co 5.25 x 10~ 342.86 (4.86£0.11) x 10710 (2.33 £ 0.56) x 101!
28U <6.20 x 107° 644.63 <1.25x 10710 < 1.75 x 1071
Copper chamber 282Th < 2.00 x 107 1427.39 < 5.47 x 10711 < 5.59 x 10712
Co 5.25 x 1074 108.68 (1.42 £0.03) x 107° (1.08 £0.22) x 10710
28 <6.20 x 1075 4089.12 <293 x 1071 < 3.56 x 10712
Copper pipe 282Th <2.00 x 107 10726.08 < 1.52 x 1071 < 1.57 x 10712
60Co 4.59 x 1074 425.21 (3.38 4 0.08) x 10710 (2.98 4 0.57) x 10711
Copper strongback f38U <6.20 x 1075 5539.75 < 4.10 x 1071 < 6.44 x 10712
282Th <2.00 x 1073 34346.42 < T7.78 x 10712 < 1.80 x 10712
pattern 60Co 5.25 x 10~ 6537.82 (3.61£0.07) x 1071 < (5.52+0.63) x 10712
287 <6.20 x 1075 349.58 <428 x 10710 < 8.05x 10712
Copper cathode 282Th < 2.00 x 107 1806.17 <9.96 x 107! < 2.34 x 10712
Co 5.25 x 1074 137.52 (1.13+£0.03) x 107° (3.07£1.02) x 107"
287 <1.20 x 1075 4574.70 <552 x 1071 < 2.05x 10712
Copper raquetic QTTh <410 x 1076 8703.09 <1.45x 1071 <5.39x 10713 ‘
0K 6.10 x 1075 2699.82 (5.57+0.13) x 1071 (6.95 4 3.47) x 10713
60Co 4.82 x 1074 156.65 (8.47 +0.22) x 10710 (2.40 4 0.85) x 10711
287 (2.60 + 1.4) x 107 16.94 (1.87 £0.03) x 1078 (7.75 4+ 1.47) x 10710
MM readout (1) 2ifTh <9.30 x 1072 56.83 <417 % 107° <3.38x 10710
0K (5.70 £ 2.5) x 107 185.44 (1.28 £0.02) x 1072 (7.59 £ 1.39) x 10~
60Co < 3.10 x 1072 284.14 <872 x 10710 <1.16 x 10711
Kapton from 2§8U < 1.10 x 10*‘1 1.00 < 1.58 x 1077 <236 x 1079
MM readout (1) 22T < 4.60 x 1072 3.81 <348 x 1078 < 7.39 x 10710
K < 7.70 x 1072 6.83 < 2.58 x 1078 < 2.75 x 10710
PTFE chamber 28877 < 6.20 x 107° 260.09 < 3.60 x 10710 < 1.94 x 10711
inner cover 282 <4.10 x 107° 634.36 < 1.49 x 10710 < 1.04 x 10711
PTFE cathode 2387y <6.20 x 1077 12672.97 <173 x 10711 <374 %1072
inner cover 282 <4.10 x 107° 22996.80 < 9.35 x 10712 < 3.04 x 10712
PTFE pipe 287y <6.20 x 1077 50454.25 < 4.95 x 10712 <6.32x 10713
inner cover 22T} <4.10 x 1077 105967.59 <232x10712 < 5.36 x 10713
28y <290 x 1071 0.22 <322x1077 <269 x 1077
22T} < 8.00 x 1073 11.78 < 5.65 x 1079 <773 %107
Mylar (1) K < 3.30 x 1072 27.19 < 6.98 x 1079 < 8.80 x 10710
’ 60Co <1.80 x 1073 249.22 <1.87x 107 < 4.78 x 107

Table 7.9: Background values and upper limits from the individual measured isotopes from
each TAXO-DO0 detector volume in the [0,10] keV energy range [227]. Background before cuts
column show raw background values considering all the readout surface. Background after
cuts column show the background values after the x-ray and fiducial cuts were applied,
considering the central surface of 6.76 cm?. Upper limits are given for those cases where the
activity measurement is an upper limit. °Co activity from cosmogenic activation in the
copper parts is estimated using equation 7.3.6. (%) 95% C.L. () means that the activity of
the contaminants is given in Bq/m? units.
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Background contribution % of the total
Source _ 9 . .

(countskeV~!tem™2s71)  radioactivity backround
Total 23U <2.72x 1077 59.65
Shielding 2'°Pb < 1.63 x 1077« 35.84
Total 232Th < 8.85x 1077 1.94
Total 'K < 1.00 x 107? 0.22
Copper cosmogenic %0Co (2.33+£0.27) x 10710 0.05
Mylar window <287 x 1077 63.06
Micromegas readout <457 x 1077 1.00
Chamber (without Mylar) <278 x 10710 0.06
Total < 4.56 x 1077
Total (measurements) (1.07 £ 0.15) x 107

Table 7.10: Background levels after cuts (both x-ray and 2D fiducial) from different
isotopes or detector parts, and their contribution to the total background from materials
intrinsic radioactivity. = Two values of total background are given: the sum of all
contributions, regardless they are upper limits, and the addition of those contributions that
come from precise measurements. (%) 95% C.L..

window. This is due to the fact that the Mylar foil used for the x-ray windows is
extremely thin, so the samples that were measured to obtain the upper limits for the
radioactive contaminants had a very small mass. These measurements were made with a
~1kg germanium gamma-ray ultra-low background detector of the University of Zaragoza
operated underground at the LSC (see table 5.2), and only rather high upper limits could
be obtained with samples with such a small mass. But there are no clear evidence that
the real radioactive rates of this material are close to these upper limits. Therefore, the
background contribution from the Mylar window can just be considered an upper limit,
and other methods to measure the radioactive rates of this material need to be explored,
or alternatively, to more massive samples need to be measured.

Also, from the analysis point of view, the discrimination cuts will be less efficient
for the window emission due to its positioning. The window is placed at the cathode of
the detector, so the gamma emission from this source will interact at the top of the gas
volume and will be diffused in the same way as the x-rays that enters the chamber from
the pipe.

The other apparently relevant contribution is the radiation from the lead shielding,
more specifically, the radiation from the 2°Pb isotope. However, this contribution
was very heavy computationally and even though a big amount of simulations have
been performed (~ 5 x 10° events, which correspond to more than 1000 real hours of
computation) only an equivalent time of ~5 days has been obtained. And during this
time, only 85 events have been registered, and none of them survived the discrimination
cuts. This is why the contribution corresponds to the 95% CL for a Poisson distribution.
Therefore, this result can only be considered an upper limit, and more statistics will be
needed to prove this value. Further optimization of the simulations will probably be
needed to fully understand this background source.
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Background before cuts ~ Background after cuts

A 2 Cuts effici %
vea (om®) (countskeV~!em=2s7!)  (countskeV!em™2s71) uts efficiency (%)
36 (1.709 + 0.001) x 107 (1.84 £0.03) x 1078 89.2
6.76 (6.84+0.1) x 1078 (1.03 £0.05) x 1078 84.8

Table 7.11: Background level in the [0,10] keV energy range from the 3 Ar natural radiation
before and after the discrimination cuts considering different centred readout areas. 36 cm?
corresponds to the complete readout and 6,76 cm? is the area from the x-ray characterization.
The efficiency of the cuts in each case is also shown.

On the other hand, a significant result from this study is the background
contribution from the Micromegas readout. The radioactivity rates from this component
have been accurately measured, and the resulting background is almost two orders of
magnitude lower than the TAXO requirements (i.e ~ 1077 countskeV~tem=2s71). Also,
the contamination from the chamber, taking into account the copper and the teflon parts,
is well below this requirement.

Contamination from the gas: 3°Ar isotope

The last important background contribution to study is the radiation from the gas itself.
Natural argon contains a certain amount of 3 Ar, which 3~ decays producing an electron,
that will consequently drift and produce a detectable signal. The activity of this isotope
in natural argon gas is 1.01 + 0.02(stat) 4 0.08(syst) Bqkg™! [210].

The levels of background obtained from the 3°Ar of the IAXO-D0 gas are shown
in table 7.11, where both values before and after the discrimination cuts are presented,
as well as the efficiency of the cuts. The discrimination process resulted in a reduction of
a ~89% of the background for the entire detector readout surface, and a ~85% for the
central area. On the other hand, the fiducial cut is also efficient, reducing the background
level in a factor of ~2.5 in all the surface and a factor of ~1.8 in the central area. Figure
7.33 shows the hitmap of the events in the [0,10] keV range produced by 3?Ar radiation
before (left) and after (right) the cuts. In both cases, the events tend to cumulate at the
borders of the readout, probably due to the fact that the gas chamber is cylindrical and
the readout is square-shaped, so some incomplete events can be detected at the borders
of the readout plane.

Finally, figure 7.34 shows the background contribution from the 3°Ar isotope for
the TAXO energy Rol. The contributions after and before the cuts are shown, considering
all the readout (36 cm?) and a central smaller area (6.76 cm?). Both the discrimination
cuts and the fiducial cut have been very effective reducing this background, probably
due to the fact that the energy deposits from this source are more extensive and not as
symmetric than the ones produced by x-rays. Also, since most of the events spread across
the full gas volume, they reach the readout borders, and the fiducial cut is able to reject
them.

With all these considerations, the resulting contribution of the 3?Ar isotope from
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Figure 7.33: Mean position (weighted by the energy) of the hit events produced by the
39 Ar radioactivity in the [0,10] keV range before (left) and after (right) the background
discrimination cuts are applied.
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Figure 7.34: Background contribution from the 3?Ar isotope of the target gas in the
TAXO energy Rol. Raw background before the discrimination cuts are represented in green
and background after the discrimination process is represented in black. Lines represent
background levels considering all the readout (36 cm?) and filled areas represent background
levels considering only a central area (6.76 cm?).
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the gas in the TAXO energy Rol is (1.03+0.05) x 1078 counts keV ! em™2s~!. This value is
five times lower than the estimations that were made previously for the CAST-Micromegas
detectors [14], and it does not represent a principal contribution to the total IAXO-D0
background. Regardless, new approaches with Xe based mixtures are being explored to
avoid this contribution.

7.5 Summary

One of the main requirements for the proposed x-ray detectors for IAXO is that they
need to have very minimal levels of intrinsic radioactive background, and also, they
need to implement techniques to reduce the external contributions. Therefore, a deep
understanding of the radioactive background is required, so the simulation of a background
model for the TAXO detectors is well motivated.

In this work, the background model of the IAXO-DO0 prototype has been computed.
REST software has been used both for the simulations and the analysis. REST is a very
complete and modular framework based on C++/root with tools for acquisition, storage,
and analysis of both simulated or experimental data from gaseous TPCs, allowing a
direct comparison between them. This framework provides classes to store information
for every possible representation of a TPC event, TRestEvents, that can be accessed
and transformed by TRestProcesses. These TRestProcesses are able to obtain physical
information from the TRestEvents, the observables, and store them inside the data
structure of the TRestEvent itself. Also, metadata is stored to keep additional relevant
information of the TRestEvents.

REST also provides tools for implementing a GDML geometry for simulation
purposes. This has been used to define the IAXO-D0 prototype geometry with a good
level of detail. The copper chamber, the Micromegas readout with its copper base, the
cathode with the x-ray window, the pipe, all the inner Teflon covers and also passive lead
shielding and a full 47 active cosmic veto coverage have been implemented.

Simulations of every single known source that may affect the background of the
IAXO detectors have been carried out using the GEANT4 simulation toolkit that is
integrated in the REST framework. These simulations have included cosmic muons,
cosmic gammas of different energy ranges, cosmic neutrons, external gammas from the
radioactivity of the walls, the radioactivity of the different materials of the detector and
shielding, the neutrons produced in radioactivity fission reactions and finally, the possible
39 Ar contamination of the target gas.

All these contributions have gone through a REST analysis in order to obtain
useful observables. The analysis steps have consisted on transforming the TRestG4Events
from the GEANT4 simulations to TRestHitsEvents, that contain information about the
position and energy of every event, by a TRestG4ToHitsProcess. Then, TRestHitsEvents
have been transformed on TRestTrackEvents by a TRestHitsToTrackProcess. A track
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is defined by a group of hits that are closer to each other than a certain distance.
Along this process, observables have been computed for every event type by the
TRestG4AnalysisProcess, TRestHitsAnalysisProcess and TRestTrackAnalysisProcess.

Also, an x-ray simulation in the IAXO Rol, [0,10]keV, has been carried out
in order to obtain an x-ray characterization via their REST observables and define
the selection criteria. From this study, it has been seen that events produced by
an x-ray interaction have mostly one-single track, the energy deposit is rather small
(02, S 2.6mm?, sigma? < 0.55mm?), and symmetric (Balances,qs, ~ 0, Yoy ~ 0, 7. ~ 0)
and they mostly hit at the center of the readout. An observable is also defined to register
the distance from the TRestHitsEvents to the edge of the readout, distance to wall, in

order to apply 2D spatial cuts on the readout surface.

Finally, the discrimination cuts have been applied to the individual background
sources and the final background contributions have been computed, normalized to the
standard countskeV~—!cm™2?s! background units. From this work, a final background
level of (2.13 4+ 0.17) x 10 %countskeV~'cm™2s~! has been obtained for the TAXO-
DO prototype, that can be reduced to (1.51 + 0.12) x 107% countskeV ' em=2s7! if the
information from the 47 cosmic veto coverage is taken into account.

As expected, the cosmic contribution to the background is dominant with < 1.62 x
10~% countskeV ' em=2s7!, that can be reduced to < 1.00 x 1075 counts keV~! em =257t if
the information from the cosmic vetoes is considered. From this work it has been proven
that this contribution does not only come from cosmic muons as it was previously thought,
but also from cosmic neutrons. Another interesting result is that a 47 veto coverage is
able to identify the ~ 100% of the cosmic muons that interact in the detector and also,
the ~ 67% of the cosmic neutrons.

An upper limit has been estimated for the radioactivity contribution of the
external and internal sources, < 5.11 x 1077 counts keV~! cm~2s~!. However, this limit
is dominated by the radioactivity from the Mylar window, whose radioactive rates are
not accurately measured, and from the radioactivity of the lead shielding, that has a
big statistical error due to its heavy computational weight. A further study of this
limit should potentially reduce the radioactivity contribution to the total TAXO-DO
background. On the other hand, the Micromegas readout contribution has resulted to
be < 4.57 x 1072 counts keV ! em =2 s71, which is well below the IAXO background needs,
and also, it has been proven that the cosmogenic activation of the copper parts of the
detector should not be a concern for the IAXO background. Finally, the contamination
from the argon gas has turned out not as problematic as expected, only contributing as
(1.03 £ 0.05) x 1078 countskeV~tem=2s71.

Overall, this TAXO-D0 background model has shown that the Micromegas x-ray
detectors designed for IAXO should be able to reach the desired background for the TAXO
needs. Also, this background model sets a base for the next part of this work, which is
the experimental measurement of the IAXO-D0 background prototype.
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|AXO-DO0 ultra-low background prototype
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8.1 Introduction

One of the goals in the TAXO experiment agenda has been the commissioning of an
ultra-low background Micromegas detector prototype with the same design as the TAXO
pathfinder in CAST (section 5.4.2) with all the upgrades and shielding improvements
developed so far, but without the space limitations that the system in CAST used to
have. This has been the principal motivation to build the TAXO-DO0 prototype at the
University of Zaragoza.

In this chapter, the experimental setup of the TAXO-DO0O prototype and the
Micromegas detector will be described, and the results of the characterization of the
Micromegas detector will be presented.

8.2 Experimental setup

The experimental setup of TAXO-DO0 is the last step from the design of the TAXO
pathfinder where all the low background improvements learnt from the data taking
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campaings at CAST and the benchmarks at the University of Zaragoza have been
implemented. It can be divided into five parts: the chamber and its internal elements,
the vacuum pipe and the calibration system, the gas system, the acquisition system with
the new electronic cards based on AGET chips and finally the passive shielding.

The first and main objective of this prototype has been to test the performance of
the improved design of the detector and the shielding in order to achieve the background
level required for the TAXO and BabyIAXO experiments.

Further phases are planned for TAXO-DO0O in order to study and fully test
the detector performance and capabilities, such as its operation with other gases,
the implementation of cosmic muon vetos and the study of the possible background
dependence with the magnet movement.

(d)

Figure 8.1: Pictures of (a) the built detector and (b) the detector pieces. (c¢) Scheme of
the chamber. (d) Extruded scheme of the detector.



8.2. FExperimental setup 189

8.2.1 Chamber and internal components

The gas chamber consist of a cylindrical piece of 18 mm thick radiopure copper. One of
the sides is closed by a 20 mm thick copper raquette where the readout is attached. This
raquette provides a long enough support to route all the high-voltage and and the data
paths out of the shielding, as shown in figure 8.1.

In the inner side of the chamber, a field shaper is used in order to create a
homogeneous drift field and reduce border effects. It is printed on a flexible and radiopure
multilayer circuit with polymide substrate. This circuit contains two 10 mm thick tracks
that emulate the the typical conductor rings. The outer part of this circuit is used to
bring the high-voltage connections from the detector board to the drift tracks and the
cathode. This field shaper is coated by a 3mm thick PTFE foil that acts as the inner
shielding, preventing this way the possible fluorescence from the tracks without disturbing
the electric field.

Mylar (C;oHg0,) thickness: 4 um
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0,4
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X-ray energy (keV)

Figure 8.2: X-ray transmission of a Mylar foil of 4 pm thick [232] for the TAXO Rol.

The other side of the chamber is closed by the strongback with a spider-web design
for the window support. This design was implemented taking advantage of the x-ray
focusing telescope, allowing a smaller x-ray window that minimizes the strongback grid
at the aperture surface. The x-ray window is a 4 ym aluminized mylar foil glued to the
copper frame. The aluminized mylar is a radiopure material that is able to withstand
the pressure difference between the gas volume inside the chamber and the vacuum pipe
outside (with a leak rate < 10~ mbls™!) while being highly transparent to x-rays, as
shown in figure 8.2. Also, on the inner part of the strongback, a copper ring is attached
to act as the drift cathode.

The chamber has two gas ports that allow the operation of the detector in gas
circulation mode. The overpressure guarantees a large quantum efficiency for x-rays in
the energy range of interest. All the joints are gas-tight and the gaskets and o-rings used
are made out of PTFE. Finally, the screws are made out of copper in order to remove
possible radioactive contamination close to the chamber.
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8.2.2 Calibration and vacuum system

Since this prototype aims to emulate the same working conditions, a detector of this
characteristics would have in TAXO or BabylAXO, the copper pipe that is meant to
attach the x-ray telescope to the detector is also included in the design. This pipe is
needed because of the external shielding that covers the detector (further described later
in this section). It is a 30 cm long radiopure copper (Cu-ETP) pipe with a minimum
wall thickness of 13 mm and an inner hole diameter of 24 mm. In order to replicate the
running conditions of previous CAST-Micromegas setups, a turbo pump station (Pfeiffer
Hi Cube 80) generates the needed vacuum (< 1074 mbar).

i

Figure 8.3: (Left) Calibrator attached to the exterior of the vacuum pipe. (Right)
Frontal view of the °°Cd source and the source holder, the vacuum tight o-ring and the
back locking to tighten the source in place.

This new and narrower pipe, while reducing the radioactive background, brought
a problem for the calibration system: the typical source used to calibrate these type of
detectors has always been °Fe because of its main emission line at 5.9 keV. However, the
available commercial *Fe calibration sources cannot be used because their diameter is
larger than the internal pipe diameter. Thus, a *°Cd source has had to be considered for
the calibration runs. This isotope is commercially encapsulated in a smaller aluminium
case, and therefore allowed designing a calibration system that brings the source through
the pipe closer to the chamber Mylar window when needed. The main emissions from
this source are summarized in table 6.1. We expect an energy spectra with a double peak
at 19-22keV and another peak at 8 keV due to the copper fluorescence.

The design of this calibration system is shown in figure 8.3. It is a vacuum tight
assembly bolted to the copper pipe DN63 CF (ConFlat) flange located out of the Lead
shielding. The source is placed in a PTFE source-holder at the end of an aluminium rod.
This rod allows the movement of the source inside the pipe all the way to the detector
Mylar window. When the calibration is finished, the source can be brought back to the
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parking position and shielded thanks to a 3 mm thick aluminium plate to avoid undesired
source contamination in the background data.

8.2.3 Gas system

A new gas system has been designed specifically for ITAXO-DO0 in order to allow a proper
functioning with both Argon and Xenon. The conceptual design of the gas system is
shown in figure 8.4. This design fulfils the requirements of all the possible scenarios: gas
injection, open loop gas circulation, recirculation and recovery, vacuum cleaning and leak
detection.
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Figure 8.4: Comprehensive scheme of the TAXO-DO0 gas system. This design allows gas
injection, open loop gas circulation, recirculation and recovery, vacuum cleaning and leak
detections.

The gas bottle is connected to the system with a relief valve to prevent any
overpressure above 3bar. Then, three valves are prepared for different procedures: a
vacuum valve for the vacuum purging procedure, an inlet valve for the injection of helium
for the gas leak detection procedure and an inlet port for the open loop gas circulation.

The next valve allows the gas injection to the system as well as the open loop
circulation. Then, another valve sets the mode of the gas circulation: open loop or
recirculation. If this valve is open for recirculation, the direction of the flow is marked by
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a pressure controller /pressure transmiter valve (a Bronkhorst back-pressure) that stops
the gas to pass through it. There is a gas buffer with a volume equal to the total volume
of the total system that helps regulating the pressure, and it can be bypassed. If we are in
recirculation mode, the gas then goes through a pump that keeps the flow at a constant
rate. If we are in open loop circulation, the pump can be bypassed as well. Then, an
Oxisorb filter is installed in order to clean the oxygen contamination of the gas in case of
out-gassing when it is in recirculation mode. If we are in open loop circulation, this filter
can be bypassed. Then, a calibrated valve controls the input gas flow of the chamber. A
flowmeter and a manometer are installed both at the inlet and outlet ports of the detector
chamber. A combination of a manual valve and an electro-valve controls the entrance of
the gas inside the chamber. The detector can also be bypassed for cleaning and leak
detection procedures. A relief valve prevents the chamber to reach pressures higher than
1.5 bar, which is important because the window could break. The pressure of the chamber
is set with the back-pressure. Finally, an exhaust valve allows the exit of the gas from
the system in open loop circulation.

Figure 8.5: Picture of the fully operative IAXO-D0 gas system at the laboratory in the
University of Zaragoza.

One of the main focuses has been to grant the gas purity and the absence of leaks.
For these purposes, the system is prepared to perform vacuum cleaning before injecting the
corresponding gases. Also, the exhaust, inlet and electro-valves have a > 108 mbarls™*
leak rate. The ball valves for bypass and block purposes have a < 1073 mbarls~! leak
rate. Finally, the system allows the recovery of the gas by cryopumping.

Finally, the working conditions are controlled to avoid any damage to the detector.
The information of the flowmeters, manometers and thermometer of the system is collected
thanks to a slow control computer, which also allows to set the pressure of the backpressure
and the conditions for the chamber electro-valves to close. It is also considered the
suppression of the pressure pulsation generated by the pump by a non-reverse valve at
the pump outlet. A picture of the gas system is shown in figure 8.5
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During the gas system commissioning, several leak tests both in vacuum and
overpressure modes were performed and they were all successfully passed with a <
10~®mbarls™! leak rate. In this first stage of IAXO-DO0, the system has been used only
in open loop circulation, so neither the pump nor the Oxisorb filter were used. During
the tests and the data taking, it performed well with very stable pressure and flow.

8.2.4 Electronics and acquisition system

When the primary charges reach the readout plane of the detector, electric signals are
induced both on the mesh and the strips. In previous setups, the signal from the mesh
was saved and used as the trigger for the acquisition. But in TAXO-DO0, the new AGET
electronics that acquire the signals from the strips features an auto-trigger functionality,
so the signal from the mesh is only used to monitor the acquisition.

Readout electronics

[AXO-DO prototype implements a new acquisition electronic card with four AGET chips
(ASIC For Generic Electronics for TPCs (GET) [181]). They are 64-channel Front-End
circuits that perform the detection, amplification and analog storage of the shaped signals
from the strips. Figure 8.6 shows an example of a raw x-ray event acquired with the
AGET electronic card. This design offers large flexibility with adjustable parameters
like the sampling frequency, shaping time, gain and signal polarity. They are based on
the AFTER ASIC [214] cards that were used in the last Micromegas setups in CAST,
but they present new relevant features such as the auto-trigger functionality for each
individual channel or decreased dead times for the measurements.
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Figure 8.6: Example of a raw x-ray event acquired with the AGET electronic card. The
baseline is marked in red and the signal pulses in green.
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The concept of the acquisition system is shown in figure 8.7. The signals from the
strips are carried to the connector footprint at the end of the raquette. An interface card
is connected to the fingerprint by a SAMTEC GFZ connector and distributes the 240
physical channels of the detector in four sets of 60 channels, ending in ERNI connectors.
Four ERNI-ERNI flexible cables connect the channels from the interface card to the Front-
End card (FEC). The AGET chips are configured with a sampling time of 50 MHz for the
512 samples it takes for each channel, which gives a window of ~10 us. This temporal
window is long enough to fit the maximum pulse duration taking into account the size of
the active volume of the detector and the gas conditions.
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Figure 8.7: Conceptual scheme of the TAXO-D0 acquisition system. The signals from the
strips are internally carried to the fingerprint of the raquette that is connected to a interface
card via a SAMTEC GFZ connector. The interface card distributes the channels to the four
AGET chips of the FEC card. The analogue information is digitalized in the FEM card and
is sent to the PC by a Ethernet cable. The FEM and FEC cards are fed by a LV power
supply and the detector is fed by a HV CAEN 2-fold power supply (mod. N471A) through
a HV filter box.

The architecture of the AGET chip is shown in figure 8.8. Each channel of the
AGET integrates a charge sensitive preamplifier (CSA) with adjustable gain, an analogue
filter (shaper), a discriminator for multiplicity building and a 512-sample analogue
memory based on a Switched Capacitor Array structure (SCA). It is used as a buffer
where the analogue signal coming from the shaper is continuously sampled and stored.
When the trigger marks the readout phase, the sampler is stopped and the 512 samples
of each channel are read back, starting by the oldest sample. The analogue data from all
the channels are multiplexed toward a single output to be sent to an external ADC in
the FEC for digitalization. On the other hand, the filtered signal is also compared by the
discriminator to a programmable threshold value set by a 8-bit DAC. When the signal
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crosses the threshold, the discriminator output signal sets the hit channel register to an
active level and forms a multiplicity signal with the other 63 discriminator signals.

12-bit ADC
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Figure 8.8: (Left) Architecture of the AGET chip [181]. (Right) Front-End Card (FEC)
with four AGET chips connected to the FEMINOS digital card.

Finally, the ADC data from the FEC is collected by a FEMINOS digital electronic
card [233], where a pedestal subtraction is performed and the final digital data is sent to
the DAQ computer via Ethernet connection.

All the electronic stages have been grounded carefully. Both the AGET FEC and
the FEMINOS as well as the mesh preamplifier are fixed inside a Faraday cage to minimize
induced noises. Also, the mesh signal cables and HV cables are wrapped with a grounded
metallic mesh to avoid any coupling. Finally, metallic braided cables are used to properly
ground every component and to bring the ground inside the HV connection box.

HYV connection filter box

To provide the high voltage to the detector parts, a HV-box has been designed to filter
the current and reduce the noise. It consists of a plastic box with a copper layer in the
inside to act as a Faraday cage. Inside it, RC low-frequency filters are implemented for
each of the HV connections. Each RC filter has two resistances of 200 M(2 and a capacitor
of 200nF. It also implements BNC and SHV feedthroughs to assure clean connections.
Both the drift and the mesh voltage were applied using a CAEN 2-fold HV power supply.
For these first measurements, the field shaper rings were not fed.

Acquisition software

The data acquisition software is based on the software developed at CEA /Saclay for the
FEMINOS card, and it is programmed using the REST libraries in order to produce
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REST-compatible data files.

It is in an early stage of development, so it does not have any interface or visual
control output, but it allows to initialize the electronics, to take pedestal runs and to
start the acquisition. Each step uses a configuration file provided by the FEMINOS user’s
manual [234] where specific parameters can be defined such as the general threshold for
the AGET chips, the readout mode, the size or the time of the run taken, etc. These
parameters were studied in order to obtain the optimum data taking conditions:

- SCA write clock: The SCA write clock sets the SCA data writing frecuency,
and translates in what we call the temporal window of the acquisition. By default,
the reference clock is 100 MHz, i.e. 10ns per temporal bin. Taking into account
that the AGET chip counts with 512 bins per event, the default temporal window
is ~b us. The parameter wck_divisor is used to set the value of the divisor to set
the SCA write clock and therefore, change the size of the temporal window. The
SCA write clock is obtained by dividing the 100 MHz reference clock by wck_divisor.
Valid values for the window clock divisor are [1, 255], leading to discrete frequency
values of 100 MHz, 50 MHz, 33 MHz, 25 MHz, etc., down to a minimum sampling
frequency of ~392kHz. In figure 8.9 are shown the pulses of 1°Cd calibration events
with different window clock divisor values.

s | I T e punpunperr)

(a) wck=0x05 (50 ns/bin) (b) wck=0x02 (20 ns/bin) (¢) wek=0x01 (10 ns/bin)

Figure 8.9: Pulses of 1°°Cd calibration events with different window clock divisor (wck)
values. Smaller clock divisor values translates into shorter temporal bins, what makes the
pulses wider.

- Trigger delay: The trig_delay parameter is used to apply a fixed latency to the
SCA stop order. The delay is expressed in 10 ns units and is programmable from
0 to 655.36 us. Modifying this field makes the pulses to start earlier or later in the
temporal window, as shown in figure 8.10. The pulses in these examples are placed
too close to the end of the window because the tests have been carried out with a
too big temporal window (~25 us).

- Gain: The aget gain parameter sets the gain of the AGET channels, being able
to select between 4 options: 120fC (0x0), 240fC (0x1), 1pC (0x2) and 10pC
(0x3). One feature of the AGET chip is that you can set the gain of every channel
individually. In our case, all the channels have been set at the same gain. Figure
8.11 shows pulses of 1%2Cd calibration events with different aget gain parameters.



8.2. FExperimental setup 197

&

1400— C =
1200~
1000[—

800~

0 100 200 300 00

i : Ty A
0 100 200 300 400 500
time bins,

(a) trig-delay=0xC8 (2 us) (b) trig-delay=0x12C (3 us) (c) trig-delay=0x1F4 (5 ps)

Figure 8.10: Pulses of 19°Cd calibration events with different trigger delay values. Longer
trigger delays make the pulse to start earlier at the temporal window.
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Figure 8.11: Pulses of °?Cd calibration events with different aget gain values. In the first
example, the pulses are too amplified and therefore, noise triggers the acquisition and is
kept as valid data.

- Shaping time: The AGET time parameter sets the period of time where the

pulse is shaped along. This parameter has a range between 70 ns (0x0) and 1014 ns
(0xF). Long shaping times (longer than the temporal extension of the initial pulse)
will integrate the pulse, therefore eliminating the high frequency noise of the pulse.
However, this implies a loss of temporal information since the shape of the pulse
will be defined by the electronics. On the other hand, very short shaping times will
maintain the temporal information, but at the expense of a noise increase and a
worse estimation of the height of the pulse (i.e. the energy of the event). Examples
of 1%9Cd calibration events with different shaping times are shown in figure 8.12.
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Figure 8.12: Pulses of 1°?Cd calibration events with different shaping time values. Too
short shaping times make the pulse too narrow and it looses information.
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After all the tests, the chosen configuration for the data taking campaign has been
a temporal window of ~10 us with bins of 20ns (wck_division = 0x02); a trigger delay
of 4 us (trig_-delay = 0x190); a gain of 240fC (aget gain = 0x1) and a shaping time of
1014 ns (aget time = 0xF) for the Micromegas characterization and 897ns (aget time =
0xD) for the data taking itself. The criterion followed to select these parameters has been
to obtain pulses that are entirely contained in the time window, so no information is lost,
while a long enough baseline is conserved in order to compute the energy threshold in
the analysis process. An example of a signal event from one of the '°Cd calibrations
performed during the data taking campaign is shown in figure 8.13.
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Figure 8.13: A signal event from one of the '°°Cd calibrations of the data taking campaing.
The configuration parameters are: wck_division = 0x02 (20ns), trig_delay = 0x190 (4 us),
aget gain = 0x1 (240fC) and aget time = 0xF (1014 ns). The pulses start a little past the
middle of the temporal window and the signals are completely contained inside the window.
This configuration also allows to have a long enough base line for the posterior analysis.

8.2.5 Shielding

IAXO-DO0 prototype puts together all the shielding improvements proved by the CAST
experiment and the bench-tests performed by the GIFNA group so far in order to reach
the lowest background level possible. These techniques are divided in passive and active
shielding.

Passive shielding

The TAXO experiment will not have the geometrical limitation that CAST had for the
passive shielding, so for IAXO-DO0 the passive lead shielding has been doubled in size.
The design consist on 20 cm of lead bricks around the detector chamber. Pictures of the
shielding can be seen in figure 8.14.

There are two weak spots in this design. The first one is the electronic connections
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Figure 8.14: (Left) Picture of the lead passive shielding of JAXO-D0. (Right) Picture
of the side of the shielding where the electronic connections are placed. This is one of the
weak spots of the shielding.

side. The raquette has to pass through the shielding to bring the electronic connections
out. This raquette has been designed to fit inside the 10 cm thick CAST shielding, so it
is not long enough to go through all the 20 cm. In this spot, the shielding is 5 cm thinner.
The second weak spot is at the pipe side. The vacuum pipe has to go through the shielding
in order to connect to the x-rays telescope. The design planned the minimum hole to fit
the pipe.

One of the objectives of TAXO-DO0 is to check if a thicker passive shielding would
reduce the background. On one hand, a thicker layer of lead would stop more energetic
external gammas. On the other hand, having a larger lead volume could increase the
cosmic neutrons contribution or produce secondary particles which, after their interactions
in vetoes, could help to veto these events. It is worth further studies on detector shielding.

Active shielding

Cosmic rays are one of the most important contributions to the background at sea level.
Underground tests and active shielding improvements have proven to be key in order to
reduce the background to the TAXO required levels.

The first time a CAST detector reached a background level below
10~%countskeV~'em=2s7! at surface was with the implementation of two plastic
scintillators as cosmic vetoes, one on top and another one at the back side [213].
Each plastic scintillator is attached to a photomultiplier tube (PMT) that collects the
scintillation light from the plastic and transforms it into a detectable signal. This setup
does not give any spatial information, but we are only interested in labelling the events
produced by muons that interacts in the gas so we can reject them.

The design for TAXO-DO is still in progress, and it involves the placement of 5-6
plastic scintillators that grants a ~4m solid angle coverage for cosmic muons. A proposal
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of the vetoes placement at IAXO-DO is shown in figure 8.15. The main idea is that every
muon that crosses the detector will leave energy in two of the scintillators for a better
identification. Also, as seen in previous sections, active vetoes are able to identify cosmic
neutrons as well, by detecting any secondary emission that the neutron can produce when
interacting with the lead shielding or the detector itself.
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Figure 8.15: A proposal of the muon vetoes placement at the TAXO-DO site. Five plastic
vetoes would grant ~4m solid angle coverage for cosmic muons.

The vetoes used in the last Micromegas setup in CAST were shipped back to
Zaragoza in order to use them for TAXO-DO0 together with some other spare vetoes. Also,
other new alternatives are being considered because nowadays, the manufacture of vetoes
with holes in the middle is possible, so they could be placed at the side of the detector
that will face the magnet. These ideas are being discussed and some tests with the vetoes
currently available are being done at IAXO-DO0, so they can be implemented for the next
data taking campaign.

8.3 Micromegas detector

The Micromegas detector implemented in TAXO-DO0 is an actual spare detector from
CAST, with the same design as the last one used in the IAXO pathfinder setup. In this
section, the detector will be described and the results from the laboratory characterization
will be presented.
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8.3.1 Technical description

The detector for TAXO-DO is an ultra-low background microbulk Micromegas from
the R-branch of CAST detectors. It is made out of copper and kapton following the
manufacturing process described in section 2.3.1. It has a 5pum thick copper mesh
suspended 50 um over the anode by the means of insulation pillars. This mesh has a
pattern of 3 x 3 holes lying over each pixel, with a pitch of 95 um and about 41 ym border
distance between each set of holes. A microscope picture of the mesh is shown in figure
8.16 (left). The active area of the detector is a square of 60 x 60 mm?, and it is patterned
with 120 strips per axis, with a pitch of 500 ym. Each strip connects a row of pixels on
both directions making the active area, but one direction is connected at the pixels level
and the other in a back-layer. A scheme of the strips of the readout is shown in figure
8.16 (right). The pixels are 313 x 313 um? with a 40 ym spacing between them.

QYD 0007

Figure 8.16: (Left) A microscope picture of the micromesh grid of the TAXO-D0 detector.
(Right) Scheme of the strips of the readout in two layers: one axis is connected at the pixels
level (green) and the other axis is connected at a top layer (purple). The top layer is removed
inside the black rectangle for visualization purposes.

The signals from the strips are routed individually through the surface of the
copper raquette to a fingerprint where the SAMTEC connector is plugged. Also, all
the high voltage pads are implemented in the detector printed circuit board and routed
through the surface of the raquette. They end in a SAMTEC HPF connector, where each
pin is fed with the corresponding voltage from the HV-filter box. A picture of the detector
as well as a scheme of the connections are shown in figure 8.17.

8.3.2 Detector characterization

Before starting the data taking campaign, an in situ characterization of the detector has
been done to test its operational performance and to find its best operational point.

These tests have been performed using Ar+2%C,H; (isobutane) as the gas target
for two main reasons. First, this particular mixture is usually used to test and characterize
Micromegas detectors, so it exists a lot of data to compare with. And also, it is the gas
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Figure 8.17: (Top) IAXO-D0 Micromegas detector. (Bottom) Schematics of the detector
layers: (green) the bottom layer, that contains the paths and connection points of the mesh,
drift and cathode high voltage and ground, and also the signal paths of the strips of one
axis; (purple) the middle layer, that contains the signal paths of the strips of the other axis;
(orange) top layer of grounding. Each individual strip is connected to the footprint at the
end of the raquette, as well as the HV connections.

mixture that was used in the Micromegas detectors in CAST, so it has been used for the
first TAXO-DO0 data taking campaign as well. The operation pressure was 1.4 bar and the
gas flow was set to 31/h. The gas system operated in open cycle to assure the maximum
purity of the gas. Also, as a good practice, we let the gas flow during a few hours before
taking any data in order for the target gas to be as clean as possible.

All the characterization measurements has been done with the 1°Cd calibration
source at the calibration position in vacuum conditions. The signals from the mesh has
been used only to monitor the process. On the other hand, the signals from the strips
have been acquired and processed! in order to obtain the energy spectrum in ADC units
for each measurement. A typical '%°Cd spectrum of the detector is shown in figure 8.18.
Then, a C++/root macro has been used in order to fit the spectra peaks. This macro
first finds the position of the peaks of the spectrum. Then, it estimates a background and
fits it to a polynomial function of degree one. After that, it fits the higher peak, which
is the copper 8 keV peak, to a Gaussian function. The second and the third higher peaks
correspond respectively to the 22keV and 19keV peaks from the source. A first Gaussian
fit is applied to the peaks individually. Then, a convoluted Gaussian fit is done using the

!The data analysis has been made using REST processes. The procedure to obtain the energy spectra
will be described in full detail in the next section.
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parameters of the individual fits. The mean errors obtained with this analysis are about
the 0.1% in the peak determination for both peaks, and the 1.8% and 3.2% in the FWHM
determination of the 8keV and 22keV peaks respectively.

Peak amplitude energy spectrum
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Figure 8.18: Typical 1°?Cd energy spectrum obtained with the TAXO-D0 Micromegas. In
this plot, the Gaussian fits of the peaks are shown. Red ones correspond to the individual
fits, and the green one is the convoluted fit for the double peak.

Electron transmission

The first characterization measurement has been to obtain the electron transmission curve
(also known as the electron transparency) of the Micromegas. This measurement gives
information about the amount of electrons that passes through the mesh holes once they
reach the readout plane.

The procedure has been to vary the drift voltage while keeping the mesh voltage
fixed at 320 V. For each drift voltage value, a 10 minutes run has been taken and the
spectrum has been analysed in order to find the position of both the 8keV and 22keV
peaks.

The electron transmission curve for the IAXO-D0 Micromegas is shown in figure
8.19. The relative electron transmission is plotted as a function of the drift to amplification
electric field ratio. The typical result for a microbulk Micromegas of this characteristics
has been obtained: transmission starts low at low drift voltages because the drift field is
not strong enough to bring the primary electrons to the readout before they recombine
again with the gas molecules. When the drift voltage is higher, the transmission also
increases until it reaches the plateau, where it remains constant until the drift voltage is
too high, and then it decreases again. This happens because at higher drift voltages the
drift field lines end on top of the mesh instead of passing through the holes. The plateu,
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that is the region for which the mesh is transparent to primary electrons, corresponds to
the drift voltages between 512 and 1040 V. Having a wide plateau means that the detector
can work at optimal conditions in wide range of drift to amplification electric field ratios,
and therefore the voltage fluctuations will have less impact in the detector performance.
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Figure 8.19: Electron transmission of the IAXO-D0 microbulk Micromegas detector as a
function of the drift-amplification electric field ratio, in Ar + 2%iC4H1o at 1.4 bar.

Even though we reached high drift voltages for this measurement, there were no
sparks problems and the detector worked smoothly. The results are compatible with
previous characterizations of similar detectors [14,195].

Gain and energy resolution

The second measurement has been to obtain the gain and the energy resolution curves
of the Micromegas. This measurement gives information about the amplification factor
of the primary electrons charge and the precision of the detector measurements of this
charge.

The procedure has been to vary the mesh voltage while keeping the same drift to
amplification electric field ratio. We chose the point in the middle of the transmission
curve plateau which had the best energy resolution in the previous measurement:
Edrift/Eamp=0.002. For each run, the drift voltage has been chosen accordingly and the
spectrum has been analysed in order to find the position and FWHM of the 8 keV and
22 keV peaks.

The relative gain curve for the TAXO-D0 Micromegas is shown in figure 8.20 (left).
This curve has been obtained by plotting the position of the 8keV and 22keV peaks
of the spectrum for each run as a function of the amplification field. The units of the
gain are arbitrary ADC units because the electronic chain has not been calibrated. The
main reason for not doing so has been that this particular detector had already been
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Figure 8.20: Left: Relative gain of the JAXO-DO0 microbulk Micromegas detector as a
function of the amplification electric field, in Ar + 2%iC4Hyy at 1.4bar. For the gain,
arbitrary ADC units are used. Right: Energy resolution of the IAXO-D0 microbulk
Micromegas detector as a function of the amplification electric field, in Ar + 2%iCyH1g
at 1.4bar. The energy resolution is expressed in FWHM percentage.

characterized in CAST [14] and the time has been a limiting factor. The main objective
for this characterization has been to check that the detector performed as it was expected.
So even though this plot is not directly comparable with previous measurements, the
tendency is the expected one: the gain rises exponentially with the amplification field [48].

The energy resolution curve for the TAXO-D0 Micromegas is shown in figure 8.20
(right). It has been obtained by plotting the FWHM of the 8keV and 22keV peaks of
the spectra of the previous runs as a function of the amplification field.

The FWHM (full width at half maximum) is an expression of the extent of function,
given by the difference between the two points where the distribution value is equal to
half of its maximum value. It is related with the Gaussian parameters by the expression:

2v/2n2
FWHM(%) = 100227 ~ 2357 (8.1)
p p

where p is the expected value of the Gaussian and o its standard deviation.
The results are compatible with previous measurements, with the best energy

resolution being 12% for the 22 keV peak and 18% for the 8 keV peak for an amplification
field of 64kV/cm (i.e Viesn =320V and Vg p=710V).

As a final note, during this measurement rather high mesh voltages have been
reached and the performance of the detector has been very stable.
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9.1 Introduction

The main goals for the TAXO-DO0 prototype built at the University of Zaragoza have been
to test the main low background techniques that have been applied to the final design of
the Micromegas detector, to study its radioactive background and to prove that it can
reach background levels of the order of ~ 1077 countskeV~! cm~2s7! in the IAXO energy
Rol. These are important points for the IAXO experiment, and even though the TAXO
pathfinder at CAST have already proven a suitable performance and very low background
levels, this next generation helioscope will allow to implement all the ultra low background
techniques learnt during the CAST experience with no limitations.

In this chapter, the conditions of the first [IAXO-DO0 data taking campaign will be
described, as well as the acquisition procedure and the detector performance during the
campaign. Then, the data analysis procedure using the REST software will be explained
and a detailed description of the x-ray characterization will be given. Finally, the IAXO-
DO Micromegas background level results from this first data taking campaign will be
presented.
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9.2 First IAXO-DO0 data taking campaign.

In this work it is showcased the first data taking campaign carried out with the IAXO-D0
prototype after its commissioning and test period. As it was described in the previous
section, a spare Micromegas detector from the IAXO pathfinder was operated with a
mixture of Ar+Isobutane (98/2)% with a 20 cm thick lead shielding and the new AGET
based electronic cards. Muon vetoes were not installed due to technical issues, but they
are already being tested in situ for the next campaign.

9.2.1 Data taking conditions

The first data taking campaign of IAXO-DO started the sixteenth of July and concluded
the twenty first of August of 2018. During these 37 days of data taking we were able
to acquire ~450 hours of background. Each background run was 20-23 hours long, and
between background runs, a 10-20 minutes 1°Cd calibration run was taken.

The data taking conditions for this first campaign are shown in table 9.1 and
they were chosen from the tests described previously in section 8.2.4 for the electronics,
and section 8.3.2 for the detector optimum operational point. The gas conditions were
chosen taking into account the quantum efficiency mentioned in section 6.4.1 and the
small volume of the detector chamber: with a capacity of ~0.91, the flux chosen allowed
to renew the gas three times per hour, ensuring that the gas was always clean.

Mesh voltage (V,) 320V (i.e. 64kV /cm)

Detector Drift voltage (Vq4) 710V (i.e. 130V/cm)
Gas system Pressure 1.4 bar
Flux 3-41/h
Gain 0x1
Electronics Shaping' t‘ime OXD‘(i.e. 897 ns?
Clock divisor 0x02 (i.e. 20ns/bin)
Trigger delay 0x190 (i.e. 400ns)

Table 9.1: Experimental parameters set for the first ITAXO-DO0 data taking campaign to
guarantee the optimum acquisition conditions. They are shown the parameter values and
their physical meaning when needed.

During this data taking period some problems were found that hindered the
normal working operation at some points. One recurrent inconvenient was that the new
acquisition software tended to crash at the end of some runs. This was not a major issue,
because the data was successfully saved, but it implied that after the crash happened, the
detector needed to be ramped down and the electronic card reset. The technical error
that caused the crashes was not easy to solve and the software priorities at that point
were on a different stage, so the data taking had to be done regardless this problem. To
avoid discrepancies, an extra calibration run was taken every time the system had to be
reset.
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Another inconvenient during the data taking campaign was that at the last week
of july and the first week of august, maintenance in the electric system of the building
was scheduled. This turned out to introduce a lot of electric noise that made it impossible
to acquire any quality data during that period. Also, and maybe related to this problem,
the power source of the acquisition computer broke, so it had to be replaced. This
issue allowed us to implement some upgrades to the experimental system, like a UPS
(uninterrupted power supply) to the acquisition computer.

These problems during the data taking period reduced the real acquisition time to
21 days out of the total 37 days of the campaign. And finally, the campaign was concluded
when the gas bottle was drained.

9.2.2 Acquisition procedure

The acquisition procedure for this data taking campaign in the TAXO-DO prototype
started by setting the environmental conditions of the detector. The gas pressure and
flow were set with the slow control and the gas system was configured from the gas panel
to work in open cycle (i.e. we did not recover the gas once it passed through the chamber).
The gas was let to circle through the system and chamber for at least one hour before
taking any data. In parallel, the Pfeiffer vacuum pump was started in order to make
vacuum inside of the pipe.

Once the environmental conditions of the data taking were reached, the electronic
cards were initialized by the acquisition software. Then, a pedestals run was taken in order
to measure the characteristic noise level of each of the channel’s baselines in absence of
signals. This run consists of an accumulation of a large number of measurements with all
the strips where the mean value m; and the standard deviation o; is calculated for each
strip. This information is used to set the trigger of the individual channels. For this data
taking campaign, a strip will trigger if its value s; is above the mean value plus three
times its standard deviation:

Also, the Feminos card was programmed to update its internal pedestal subtraction (or
equalization) constant table for the later data taking. When a strip triggers, the Feminos
card performs a pedestal equalization in order to compensate for the physical mismatch
between the baseline level of the different channels of the AGET chips. The updated
equalization values of each channel are applied to obtain the same baseline level for all
the channels after the equalization. This post-equalization baseline was chosen to be 250
ADC counts, which is the recommended value by the Feminos card provider.

After the pedestals run, the Micromegas amplification and the drift chamber
voltages were ramped up to their optimum operational values. The drift shaper of the
chamber allows to set the voltages at two intermediate rings in order to obtain a more
homogeneous electric field inside the chamber, but for this first data taking campaign
they were not used. The main reason behind it was to reduce the external noise of the
signal produced by the HV connectors.
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At this point the data taking conditions were reached. A 20 minutes long
calibration run was taken before each background run by bringing the '°Cd source closer
to the chamber window through the vacuum pipe. When the calibration was finished, the
source was brought back to the parking position and properly blocked, and finally the
background run was set for 20-23 hours.

9.2.3 Micromegas detector performance

The study of the detector performance during the IAXO-D0 data taking campaign was
done using the daily 1%°Cd calibrations taken between background runs. These calibrations
allowed to monitor in-situ if the detector was performing as expected. Then, for the offline
analysis, a script was used in order to fit the peaks of reference to Gaussian functions, as
it was previously described in in section 8.3.2.
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Figure 9.1: Energy spectrum of a 1°9Cd calibration run (15/08/2018) with the 8 keV and
22keV peaks fitted to Gaussian functions. The energy resolutions are also shown.

A typical 1°Cd spectrum measured with the TAXO-D0 Micromegas is shown in
figure 9.1. The spectrum shows the expected shape already described in section 6.4.2
with the TAXO-DO0 simulations: the highest peak correspond to the 8keV fluorescence
from the copper parts of the detector, and also at 5keV it appears its escape peak; then
the 22keV x-ray from the '%°Cd source present a double peak with its corresponding
19keV escape peak due to the energy resolution at those energies; and finally at the end
of the spectrum we find the 25keV emission from the *°Cd source. At the beginning of
the spectrum they are seen two small populations of events corresponding to the 1.4 keV
emission of the aluminium from the window and also the 3keV peak from the argon.
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Gain stability

The stability of the gain of the detector is a good indicator of its performance. It is
important for the consistency of the data to be acquired with a similar gain during the
data taking period. The evolution of the gain during the IAXO-D0 data taking campaign
is shown in figure 9.2. They are shown the positions of both the 8keV and 22keV peaks
of the %°Cd calibrations.
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Figure 9.2: Gain stability during the TAXO-D0 data taking campaign for the 8keV (red)
and 22keV (purple) peaks of the 1°9Cd calibration runs. Days with two different values of
the peak position correspond to those days when two calibrations had to be acquired due to
the software problems.

The gain of the detector is stable for both peaks, specially for the 8 keV peak that
is in the Rol. In this plot the problematic week at the end of july is visible, where the
setup had to be reset many times. There are two dates when the gain drops below the
normal tendency. This is because at the beginning of the data taking periods, the gas is
not still in its optimum condition for the data taking.

Energy resolution

Another good indicator of the detector performance is the energy resolution, because it is
directly related with the sensibility of the data acquisition. The calculation of the energy
resolution was explained in section 8.3.2. The evolution of the energy resolution for both
of the 8keV and 22keV peaks during the data taking campaign is shown in figure 9.3.

The energy resolution obtained with the TAXO-D0 Micrometas detector is stable
during the data taking period, specially for the 8 keV peak. Regarding the 22keV peak,
for some calibration runs the 19keV escape peak was not differentiated enough from the
22keV peak for the fitting script to identify two peaks, so the double fit almost coincide
with the value given by the individual fit. There is a specific day (14/08/2018) when the
resolution of the 22keV peak is worse than the rest. This was a problematic calibration
because of some electronic noise that we were able to solve afterwards.
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Figure 9.3: Energy resolution stability during the IAXO-DO0 data taking campaign for the
8keV (red) and 22keV (purple) peaks of the 1°°Cd calibration runs. It is also shown the
energy resolution obtained with the double Gaussian fit for the 19keV and 22keV double
peak (yellow) described in section 8.3.2. Days with two different values of energy resolution
correspond to those days when two calibrations had to be acquired due to the software
problems.

Spatial resolution

Finally, another indicator of the detector performance is the spatial resolution of the
strips of the readout. It can happen that this type of detectors show dead areas which
correspond to disconnected strips from the readout. This disconnected strips may come
from a problem during the manufacturing process, from their posterior removal due to a
shortcut with the mesh or from a bad connection with the electronic acquisition card. In
our particular case, no strips had to be removed due to malfunctioning reasons.

Figure 9.4 show the information from the charge collected by all the ACQ channels
for background (top) and calibration (bottom) runs along the data taking campaign.
From this plots we see that some strips did not collect data properly, specially from the
Y side of the readout. Although some of the malfunctioning strips seem consistently
disconnected during all the data taking campaign (like the 25, 184, 188, 189, 194 or 210),
some of them seem to fix themselves with time (like the 140, 161 or 198), and some of
them seem to get worse with time (like the 143, 164, 219 or 222). This may indicate that
the problem for many of the disconnected strips come from a bad connection at some
point of the electronic chain. There is also a strip (222) that collects significantly more
charge than its surrounding strips. This strip was identified as a problematic one, because
it is internally connected with another strip (64), which is located at the center of the X
axis and therefore, it collects more charge than the ones closer to the sides of the detector.
This strip will have some consequences in the analysis, as it will be shown later on this
chapter, but a proper use of the REST observables will mitigate this effect significantly.

It may seem that the amount of bad strips is too high, but for this particular
application, the malfunctioning of disperse strips does not have a critical effect on the
results. Usually, one single x-ray event triggers more than one strip (typically ~4 per
axis, as it will be shown later), and the possibility of one or two consecutive bad strips
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Figure 9.4: Information of the ACQ channels triggered for three TAXO-D0O (Top)
background runs and (Bottom) calibration runs respectively from the beginning, middle
and end of the data taking campaign. The first population correspond to the X strips (1-120
ACQ channels) and the second population, to the Y strips of the readout (121-240 ACQ
channels).

contained in the 2D print of the event is considered in the analysis. This issue may have
minor consequences, like a slight worsen of the energy resolution or the quality of some
analysis observables, which are not desirable for the final IAXO detectors, but they are
not significant for the conclusions of this work.

Finally, figure 9.5 show the cumulative distribution of the mean hit event position
(i.e. hitmap) of a background (left) and calibration (right) run. An evident difference can
be seen from the background run, where the events are homogeneously spread over the
readout surface, in comparison with the calibration run, where there is an accumulation of
events at the very center of the readout, that is the position over where the *Cd source
is placed. In this calibration hitmap, the disconnected strips are noticeable.

Considering that the readout is 6x6 cm?, the hitmaps show that very few events
reach the borders. This can be due to the fact that the field shaper was not used during
the data taking because of some electronic noise problems related to the HV connections.
Although it would be preferable to have a more homogeneous drift electric field with no
border effects, for the purpose of this data taking it was necessary to reduce the noise of
the measurements. Note that for the case of the IAXO detectors, the most meaningful
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Figure 9.5: Hitmap of the mean positions (Left) of the hit events of all the IAXO-D0
background runs and (Right) of a ~7.5 hours calibration run.

part is the center of the readout and the borders are usually not considered for the signal
recognition.

Also, the hitmap and the channel activity histograms show a non ideal situation
for an optimum performance, because there are a few problematic strips at the middle
part of the readout, that is the area where we would expect an axion signal. An extra
effort will be necessary in order to improve the strips connection and improve the spatial
resolution of the detector.

9.3 Data analysis with REST

REST software has been used to perform the main part of the analysis process of
the acquired data with the TAXO-DO0 prototype. It is the first time the very same
analysis software has been used for both experimental data and simulations in the CAST-
Micromegas context, so this is one important step in the IAXO data treatment philosophy.
Some external scripts have been used as well for some of the features that are not
implemented in the REST framework yet since it is still in a development stage.

9.3.1 General procedure

The first part of the analysis has been to use the REST processes in order to
transform the raw pulses acquired with the electronics to REST/root compatible
TRestRawSignalEvents. Then, a series of REST processes have been applied in order
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to transform these signals® into energy deposits or hits, and finally to group the near hits
into tracks, obtaining a TRestTrackEvent output file with observables from each analysis
process. Each of these event types were fully described in section 6.2.1, and a conceptual
scheme of the work-flow is shown in figure 9.6.

Raw
M TRestMultiFEMINOSToSignalProcess H@estRawSigndEve@

TRestRawSignalAnalysisProcess*

TRestSignalZeroSuppresionProcess

TRestSignalChannelActivityProcess

@ ResiSignaIEvenD—| TRestSignalToHitsProcess |- (@RestHitsEvend)

| TRestHitsAnalysisProcess

QRestTrackEve@<—| TRestHitsToTrackProcess |—¢RestHitsEve®

TRestTrackAnalysisProcess

(TRestTrackEvent)

Simulations and experimental data shared analysis

Figure 9.6: Scheme of the REST analysis steps for the experimental data. The purple
ovals represent the different event types, the red rectangles are the processes that transform
one event type into another, and the yellow rectangles are the processes that performs
transformations or calculate the observables for each type of event. (x) Note that in this
case, we have a process that both performs an analysis and transforms the event type.

One of the advantages of using the REST software is that even though this analysis
starts from experimental data, they can be processed up to the point where the same
analysis that was already used for the simulations can be applied. There is no need
to define other processes because the data will have the same software structure, so
the only difference between both analysis will be the steps from the raw data to the
TRestHitEvents.

1. TRestMultiFEMINOSToSignalProcess translates the binary acquisition data
format to a TRestRawSignalEvent using the information of the run and pedestal
configuration. This process is programmed taking into account the architecture of
the electronic card (Feminos) and it is prepared for acquisition systems with multiple
cards. In our case, only one card is used. The outputs are TRestRawSignalEvent
with raw signals (pulses) from each strip of the readout that triggered for each event.

2. TRestRawSignal AnalysisProcess obtains all the observables related to the
signals and their shape. This is a special process because, before calculating the
observables, it transforms the TRestRawSignalEvents into TRestSignalEvents by

In this work, the word signal related with the REST analysis refers to the electrical signal, or pulse,
that is measured and transformed by the electronic card. Do not mistake with the axion positive signal.
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assigning the charge and time stamp to each signal. Then, it obtains observables
related to the shape of the pulse, like the base line, the rise time, etc. All these
observables were described in section 6.2.1.

3. TRestSignalZeroSuppresionProcess eliminates all the bins from the signals
that do not contain any physical information, what is commonly called a zero
suppression. This process checks each time bin of the signal and only saves the
ones that pass a certain threshold, that is obtained with information of the baseline
and some other parameters set by the user. It is useful in order to reduce the digital
weight of the analysed data without loosing any relevant physical information.

4. TRestSignalChannelActivityProcess registers the charge collected by each
strip of the detector in a histogram, giving information about the activity of every
electronic channel (strip). This process is very useful in order to check whether or
not there are bad strips i.e. strips that do not work properly or are disconnected.

5. TRestSignalToHitsProcess transforms TRestSignalEvents
into TRestHitsEvents. For each signal, the x or y position is determined by the
position of the strip that triggered. To obtain the z position, a new method was
implemented in this work, where the top of the signal pulse is fitted with a Gaussian
function. The bin that corresponds to the center of the Gaussian is considered the
time when the signal was measured. Then, using the information of the sampling
time and the drift velocity of the gas at the TAXO-DO0 specific conditions, the relative
z position of the signal within the TRestSignalEvent is obtained. Some examples
of fitted signal are shown in figure 9.7. The reason for the implementation of this
method was that sometimes, specially for signals with lower energy, the shape of the
pulse was dominated by the electronic noise, so finding the center of the peak simply
as the highest value of the signal was not accurate enough. Finally, the energy of
the hit is defined as the height of this Gaussian over the signal baseline and the user
set threshold.
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Figure 9.7: Examples of the Gaussian fit performed by the analysis method in
TRestSignal ToHitsProcess to obtain the time of the signal. (Left) A smooth signal of
~3.9keV. (Right) A more noisy signal of ~0.15keV.

6. TRestHitsAnalysisProcess to obtain the hits observables related with the energy
and shape of the energy deposit. The most useful ones for the data analysis will
be the number of hits, that correspond directly with the number of strips that
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E,—E,

triggered for each event; the xy energy balance that will give information

Bt E,y
about the difference in the energy collection between each axis of strips; the ai,y
and o2, that will give information about the size of the event; the xy sigma balance
@ as well as the skewness, that will give information about the shape and
Og+0oy

symmetry of the event; and finally, the distance of the hits to the fiducial walls
of the (60x60 mm?)x (30 mm) fiducial prism.

TRestHitsToTrackProcess to search for hits closer than a selected distance to
define tracks, where this minimum distance is chosen by the same criterion as the
one used for the simulation analysis: two tracks will be considered as such if there
are two or more non triggered consecutive strips (i.e. 2mm of distance between
tracks).

. TRestTrackAnalysisProcess to obtain the tracks related observables, the most

useful ones being the number of tracks and the balance between the total energy

and the track with maximum energy of the of the TRestTrackEvent (Balance, =
E,—Epe® By —Ey* )
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Figure 9.8: Calibrated energy spectrum of a raw 19°Cd calibration run (purple) and
the same spectrum but only considering events with at least one track in both X and Y

dimensions (red) to remove the noise. The energy threshold in this case is ~0.25keV.

The second part of the analysis has consisted on the energy calibration of the

acquired spectra. For this purpose, the energy spectra of all the runs, both calibration
and background, have been generated with the REST plots tool. Only two cuts have
been applied in order to remove the noise at low energy: they have only been considered
the events with non-zero number of tracks in either x or y dimension. Figure 9.8 shows a
109Cd calibration run energy spectrum with and without these cuts and their effect at low
energy. The energy threshold resulting is ~0.25keV after applying the noise cuts, which
is already an improvement from the previous CAST Micromegas setups.



218 Chapter 9. TAXO-D0 background measurements

Once all the energy spectra have been obtained, the script explained in 8.3.2 has
been used to fit both the 8 keV and the 22 keV peaks for all the daily *?Cd calibration runs.
Then, each background run has been calibrated in energy considering the °?Cd calibration
performed the same day the run was taken. This has been done using an external
C++/root macro that takes the calibration information for each background run, as well
as the total time of the run and the surface of the detector readout considered, and then it
rescales both axis of the histogram to obtain the background level in countskeV ! cm=2s71
plotted as a function of the energy in keV.

The third part of the analysis has consisted on the x-ray characterization in a
similar way than the characterization described in section 7.2.2 for simulated data. With
this characterization, that will be further explained in the next section, the discrimination
cuts for the data observables have been obtained.

Finally, the last step of the analysis has been to apply these discrimination cuts to
every background run and the IAXO-DO0 background levels have been studied.

9.3.2 X-rays characterization

A good x-ray characterization in the axion energy Rol is a key step of the analysis. It is
needed a deep understanding of how an x-ray produced by the axion (the axion signal)
would be seen by the IAXO detector. The ideal scenario for this study would be to
illuminate the detector with a source that emits x-rays in the range of 2-6 keV and study
the events produced by such emission.

In previous CAST-Micromegas setups, these characterizations used to be done
with a ®Fe source, because this isotope emits a 5.9keV x-ray. But as it has already been
mentioned, due to mechanical issues, a *°Cd source had to be used for the IAXO-DO0
detector calibrations of the first data taking campaign. This isotope emits a 22keV x-ray
that is out of the axion energy Rol, but even though these x-rays are not the best sample
for the axion x-ray characterization, they interact with the copper of the detector and
8 keV fluorescent x-rays are produced. These x-rays are in the axion energy Rol and can
be used as an alternative for the axion signal characterization.

For this purpose, a 20 hours long '*Cd calibration run was performed on IAXO-D0
in the data taking conditions. The stability of the gain and the energy resolution of the
run are shown in figure 9.9. The 8keV peak remains very stable during the run. These
data have been analysed using the REST procedure described in the previous section, and
the main observables have been studied. The most representative observables for the x-ray
characterization have been the ones from the TRestHitsEvents and TRestTrackEvents,
which are the ones that give the topological information and describe the shape of the
energy deposit. Thanks to the previous CAST studies we have a solid knowledge of
what an x-ray event should look like when measured with a Micromegas detector: one-
single track events that leave a small, punctual or round-like and symmetric energy
deposit. Also, some considerations can be obtained from the observables from the
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Figure 9.9: Stability of the relative gain (right) and the energy resolution (left) of the
IAXO-DO0 20 hours long '%°Cd calibration run during the measurement period. Purple
triangles correspond to the gain and energy resolution of the 22keV peak of the °°Cd
spectrum and red diamonds correspond to the 8 keV peak from the copper fluorescence.

TRestSignalEvents even though the signal shape analysis is not in a very advanced stage.

Figure 9.10 shows the hit and track observables from the 8keV events (19%

FWHM), which have been used for this x-ray characterization. Some initial information
can be obtained from these plots:

In the hits energy spectrum it is shown the population of events chosen for this
study (blue area) in comparison to the total energy spectrum of this run (grey line).

The number of hits histogram correspond directly to the number of strips triggered
for each event. In the plot it is shown the sum of the x and y strips that triggered,
so we can see that these events vary from 1-2 and up to 8-9 strips per axis, with a
pitch of 500 um between strips.

The number of tracks in x and y direction are shown, Niqcks,» and Nipgeks,y. AS
it has already been mentioned, energy hits are considered to form a track if they
are up to 2mm away from each other. We would expect most of the x-ray events
to have one single track, but we see that there is a considerable large population of
two tracks events. These events will be studied separately because the observables
are optimised for one track events.

The balance between the energy collected by the x and y strips present a gaussian-
like distribution around zero. Considering its definition, %, we see that for most
of the events the energy collection from both axis is comparable. A small shift to
the positives values can be appreciated, but it can be explained by the fact that
there were more malfunctioning Y strips than X strips. Overall, this plot shows the

expected behaviour for this observable considering x-ray events.

The mean positions hitmap clearly shows a bigger accumulation of events at the
center of the readout where the '%Cd source is positioned. But it shows as well
that some strips are not working properly, specially in the y direction. There is
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Figure 9.10: Hit and track observables of the 8 keV x-rays from the 20 hours long °°Cd
calibration run. From the upper left corner: Hits deposited energy; number of hits; number
of tracks in x direction; number of tracks in y direction; balance between the energy collected
by the x and y strips; x-y mean positions; Ugly i.e. 2D extension of the energy deposit on

the readout; balance between the o, and the o,; 02 i.e. temporal extension of the energy

deposit; skewness in the x-y plane; skewness in the temporal direction; distance of the hits
to the fiducial prism wall. Further explanation can be found in the text below.

a region around x = 2mm where the y mean position seems to behave differently
compared to its surroundings. This will be discussed later, but this perturbation is
related with the two tracks events and the internally connected y strip mentioned
in section 9.2.3. As it was already explained, most of the observables are optimized
for one-single track events because the observable calculations are made at the
TRestHitEvent stage, where the tracks are still note defined. And even though the
calculation of observables related with the position is weighted, the result for two
or more tracks events can be less significant.

The Ufw observable is important because it gives information about the 2D extension
of the energy deposit on the Micromegas redout. The 8keV x-rays are smaller than
1mm?, which is equivalent to ~4-5 strips triggered per direction with a pitch of
0.5mm. Also, two different populations of events can be distinguished below and
above 02, ~ 0.25mm?. This effect will be discussed later on in this section.

The balance between the standard deviation from the mean positions of the x and
y axis, o, and o, present mainly a gaussian-like distribution around zero. We can
see also a smaller population of events with values around ~-0.8. Considering the
observable definition, Z:;ZZ , this means that these events are wider in the y direction.
This effect is caused by the events with more than 1 track in the y direction and the
internally connected y strip mentioned in section 9.2.3 that gives fake pulse of small
energy (less than 1keV). As it was mentioned before, the o, and o, observables are

defined at the hits analysis level, and takes into account all the hits of the hit events
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despite they are in the same track or not. This will be further discussed later on
this section. Finally, some events have a sigma balance observable equals to 1 or
-1, and correspond to those events with where only one strip was triggered in one
of each directions while the other direction had more than one strip triggered.

- The o? observable gives information about the temporal length of the event. It is
relevant because it is the only topological information that we can obtain from the
measured events with the IAXO-DO0 setup. From this characterization we can see
that the x-ray events are smaller than 4 mm? in the temporal direction (z direction).
Again, this observable is also calculated at the hits analysis level, so it does not
take into account the hits within the same track but the hits within the entire
TRestHitsEvent, and therefore can give misleading information for events with more
than one track.

- The skewness (7ay, 72) is a measure of the geometrical asymmetry of the event. It
is a statistical parameter that indicates how a distribution deviates from its mean
value. Taking into account our definition of this observable shown in equation 6.2.3,
a hit event with skewness ~0 will be symmetrical. On the other hand, a positive
value of a hit skewness means that the position of the hit is smaller than the mean
position of the hit event, and in the same way, a negative value of a hit skewness
means that the position of such a hit is bigger than the mean position of the hit
event.

From the ~,, observable plot we see that the 8keV x-rays show a Gaussian
distribution centred at v,, = 0, which means that most of the events are symmetrical
on the readout plane. We see a small population around ~ -,, = —3 that is caused
by the same problematic y strip for the events with 2 or more tracks and it will be
addressed later on this section.

From the v, observable plot we see two population of events centred around ~, ~ —1
and v, ~ 1. Events with v, < 0 correspond to those where some noise was recorded
at the readout before the physical event reached the readout. This first events prior
the main event usually trigger one single strip with a very small charge. On the
other hand v, > 0 correspond to those events where the main charge is deposited
first and then, some other strips with less charge trigger. Most of the one-single
track events have 7, ~ 0.

- Finally, the distance-to-wall, d,,, observable indicates the distance of the closest hit
of the hit event to the fiducial prism. Accordingly to this definition, d,, ~ O mm
means that the event contains hits very close to the walls of the fiducial volume,
and d,, ~ 30 mm corresponds to the events at the center of the readout. In the plot
we can see that the 8 keV x-rays occur towards the center of the readout, and there
are very few events with hits close to the edge. This plot also show the cumulation
of events with a hit at d,, ~ 9mm, which correspond to the problematic Y strip
already mentioned.

A detailed study of these data has been done in order to identify the best x-ray
population sample to define the discrimination cuts. One-single track events and two track
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events have been studied separately, and some considerations about the signal observables
have been made as well.

One-single track events study

From the CAST Micromegas experience we expect that the x-rays in the axion Rol interact
via photoelectric effect in the target gas and therefore they will leave one single energy
deposit that will be detected as a one-single track event (i.e. one track on each direction).
This is why the observables are defined to be optimum for these kind of events. In this
section, the study of one-single track events produced by the 8 keV x-rays from the long
19Cd calibration run will presented. Note that the notation one-single track is referring
to the number of physical events produced in the TPC, but this will translate into one
track in both x and y strips, Niacks,e = 1 and Niqers,y = 1, which leads to two total
number of tracks for the TRestTrackEvent in the analysis.
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Figure 9.11: Hit and track observables of the one-single track 8keV x-rays from the 20
hours long 1%9Cd calibration run. From the upper left corner: Hits deposited energy; number
of hits; number of tracks in x direction; number of tracks in y direction; balance between

the energy collected by the x and y strips; x-y mean positions; Ug)y i.e. 2D extension of the

energy deposit on the readout; balance between the o, and the o,; 02 i.e. temporal extension
of the energy deposit; skewness in the x-y plane; skewness in the temporal direction; distance
of the hits to the fiducial prism wall.

Figure 9.11 shows the most relevant hits and tracks observables for this population
of events and can be compared with figure 9.10 as a reference of how the one-single track
condition change the rest of the observables distributions. The first consequence is that
the number of events is reduced by a ~3.5 factor, which is a big reduction and a reason to
also consider two tracks events under certain circumstances. The second straight forward
consequence is that the effects observed in figure 9.10 produced by the problematic y strip
do not appear for this event population, and the behaviour of the observables fit with the
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expectations for typical x-ray events: rather small energy deposits (with less than 15 hits
i.e. strips triggered in total), where the total charge of the event is equally distributed
between the x and y strips and also, its topological distribution on the readout plane is
round-like and symmetric (as it is shown in the o, and o, balance and the xy skewness).

Regarding the spatial distribution, the hitmap shows a higher density of events at
the center of the readout, over where the source is placed, and now we can perfectly see
some bad strips in both x and y directions that affects the center of the readout plane.
This bad strips match with the ones previously identified in section 9.2.3. The distance-
to-wall observable also shows that the events are distributed towards the center of the
readout.

The temporal observables show that most of the events have a o2 ~ 1.5, with
translates into an extension of ~2.5mm, or ~0.1us considering a drift velocity of
~2.5cm pus~! for the mixtures of Ar+Isobutane (2%) at 1.4bar (see figure 6.11 for gas
mixtures properties). With this considered population of events, the skewness in the
temporal direction shows a Gaussian-like shape but it is not centred at zero as it would be
expected for symmetrical events. The distribution is shifted towards the positive values,
peaking at v, ~ 0.5, which can be explained from the way the condition of one-single
track event is imposed. As it has already has been mentioned, acquired data events are
two-dimensional, which means that the number of tracks is computed separately for the
x and y axis. A one-single track event will have one track per axis, which in most of the
cases correspond to the scenario where the same physical event deposited charge in both x
and y strips. But it can happen that the entire charge of an event is registered by a single
strip in one direction, and a noisy strip triggers in the other, so the TRestTrackEvent end
up with one track per axis but from different physical events. This difference in the time
of the events can shift the temporal skewness distribution.
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Figure 9.12: Correlation between the size of the events on the Micromegas readout,
o2, (Left) and the number of hits (i.e. strips that triggered) (Right) and the temporal

@,y
extension of the events for the 8keV x-rays with one-single track from the 20 hours long
199Cd calibration run. Bigger events (02 , 2 0.25mm?) will have more hits and a bigger o2.

Finally, an important remark has to be made about the agy observable, where

two different populations of events can be very well distinguished, below and above

2 2

05, ~ 025mm*. This effect is correlated with the number of hits (i.e. strips that

triégered) of the event, as it is shown in figure 9.13, and also with its temporal extension
o2. This could be explained by the fact that the 8keV x-rays are produced in the copper
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parts of the detector chamber. Taking into account that the walls of the chamber are
internally shielded by a PTFE layer, most of the events would come from the copper
cathode at the furthest part of the chamber from the readout, or from the copper raquette
that acts as the base of the Micromegas readout. This way, the events produced in the
copper cathode will interact at the top part of the chamber and will travel a longer distance
through the gas. Therefore, they will diffuse more and will turn into bigger events.
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18

»¢ [rm]

distance to prism wall Sigma xy2>0.25

20 25 3 20 25 30
distance [mmi] distance [mm]

Figure 9.13: Mean position hitmap and the distance to the fiducial prism wall of the
8keV x-rays with one-single track from the 20 hours long 1°9Cd calibration run with (Left)
07, > 0.25mm* and (Right) 02 , < 0.25mm?.

The same conclusion can be reached from the hitmaps in figure 9.13, where it
is shown the mean position of the 8keV events with 2, > 0.25mm?* (left) and with
02, < 0.25mm? (right). We see that events with bigger 2D print will be more frequently
produced at the center of the chamber as a product of the calibration x-rays that come
from the pipe interacting with the copper cathode. On the other hand, events with smaller

2D print are homogeneously spread on the readout surface.

This effect is actually very interesting because it allows us to correlate the 2D size
of the event with its temporal coordinate, so we can apply a cut in the z-direction to
only consider the 8keV x-rays that interacted at the furthest part of the chamber and
are a more representative sample than the ones produced close to the readout. Figure
9.14 shows the hit event observables from this specific event population and the results
fit with the expected behaviour of an event population produced by x-rays coming from
the pipe. This information will be used in the following step of the analysis in order to
define the cuts for the background discrimination process.
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Figure 9.14: Hit event observables of the 8keV x-ray events with one-single track and

Ugyy > 0.25 that will be used for the background discrimination process. In this figure,

starting from the top left corner, the following observables are shown: balance between the
energy collected by the x and y strips; agyy i.e. 2D extension of the energy deposit on the
readout; balance between the o, and the by; skewness in the x-y plane; o2 i.e. temporal
extension of the energy deposit; skewness in the temporal direction.

Two tracks events study

Although we expect that events produced by x-rays will have one-single energy deposit,
from the IAXO-DO '°Cd calibration data we obtain a not negligible amount of 8keV
x-rays events with two tracks. These two tracks events can have two tracks in either x or
y direction, while in the other they only have one track, or they can have two tracks in
both x and y directions. It turns out that from all the events at the 8keV peak, ~28%
of them have one-single track, i.e. only one track per direction, and ~45% of them have
two tracks, i.e. two tracks in at least one direction but no more than four tracks in total.
Two tracks events turn out to be an important part of the total 8keV x-rays.

This not negligible amount of two tracks events can be caused due to the fact that
the trigger threshold of the acquisition electronic card was set very low, so small noise
could actually have been recorded as a physical signal. An example of a two track event
is shown at the top of figure 9.15. Studying these events, we can see that some of them
are caused by the problematic Y strip (Y=20,8 mm) that is internally connected, as it
is shown at the bottom of figure 9.15. This effect is also shown in the distance-to-wall
observable in figure 9.17.

Since these two tracks events cannot be discarded, a separated study needs to be
done in order to check if the same observables that have been used for one-single track
events will be suitable, or instead a new set of cuts needs to be defined in order to consider
them for the total background. A very important observable for this purpose is the energy
balance between the total energy of the event in each direction (£, and E,) and the energy
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