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Scope of the thesis.

This thesis reports diverse research efforts developed in the frame of the T-REX
project which intends the application of gaseous Time Projection Chambers (TPCs)
to Rare Event Searches. The activities include pure R&D together with specific
research lines for the experiments CAST (CERN Axion Solar Telescope) and NEXT
(Neutrinoless double beta decay Experiment with a Xenon TPC).

The Laboratorio de Fisica Nuclear y Astroparticulas (LFNA) of the University
of Zaragoza brings an exceptional opportunity to undertake this work because of its
near three decades of experience in Rare Event Searches and a close relationship with
the development of the Canfranc Underground Lab (LSC); besides its collaboration
with the IRFU (Institut de Recherche sur les lois Fondamentales de 1'Univers) at
CEA /Saclay, which is the main authority on micromegas, one of the prominent
Micro-Pattern Gaseous Detectors (MPGDs).

Some of the Rare Event Searches that motivate the work are briefly reviewed
in chapter 1, remarking how TPCs can contribute to the different scenarios. The
main concepts required to follow the rest of the work are concisely introduced in
chapter 2.

The development of micromegas is quite recent, specially for the last micromegas
types, bulk and microbulk. Therefore the exploration and characterization of their
properties, even those that were already well known for classical layouts, is a first,
basic but essential, stage of the research. Chapters 3 and 4 were aimed to be a
practical reference (manual-like) about customary TPC features, despite focussing
in micromegas particular issues. Part of the R&D original work on basic micromegas
operation was inserted among these chapters. Chapter 5 can be seen as an appendix
on TPCs and micromegas features of direct interest for particular applications to
Rare Event Searches.

A software package for simulation of TPCs and micromegas was developed for
T-REX and is generically described in chapter 6. Chapter 7 contains two particular
examples of applications of the software to dark matter and to double beta decay
TPCs.

The second part of the thesis naturally focusses on the CAST experiment, as
the unique running Rare Event Search experiment that uses the state of the art
micromegas. The experiment, that has a remarkable relation with the evolution of
micromegas detectors, is presented in chapter 8. Chapters 9 and 10 report R&D on
CAST micromegas background based on, respectively, simulations and experimental
tests; and in chapter 11 their common conclusions are summarized as well as some
reflections on the prospects of further background improvements.
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CHAPTER 1

Rare Event Searches and TPCs.

Contents
1.1 Imntroduction. . . ... .. ...ttt 1
1.2 Physicalissues. . . . . . .« ¢t i i i it e e e e e e e e e e 2
1.2.1 Neutrinoless double beta decay. . . . . . .. .. ... ..... 2
1.2.2 Darkmatter . .. ... .. ... ... 6
1.2.3 Axions, ALPsand WISPs.. . . . . .. .. ... ... ..... 12

1.1 Introduction.

The Rare Event Searches category is defined by a purely experimental feature: the
identification of very unlikely phenomena for which very low (most of times un-
known) detection rate is expected. Theoretically it is a heterogeneous field con-
taining experiments with diverse goals from high energy physics and astroparticle
physics to nuclear physics. Nevertheless, all of them require very low background,
what makes the development of the detector a capital issue. Furthermore exper-
iment and detector are often synonymous in Rare Event Searches. The detector
will surely need shielding (active and/or passive), event discrimination capabilities,
careful material selection for assuring an ultra-low radioactivity and (unavoidably
in many cases) operation in underground labs.

They are finally these ultra-low background techniques which compose the com-
mon know-how that defines the field. Thus it often happens that an experiment
initially designed for a particular purpose, delivers a result for a different physical
issue as a by-product. That is the reason why generally talking about development
for Rare Event Searches has sense for an R&D program, like the T-REX][1] (TPCs
for Rare Events eXperiments) project, in which the present work is framed.

T-REX aims the application of a particular detector type, the Gaseous Time
Projection Chamber (TPC)! in Rare Event Searches. The feasibility of that goal
relies on the enhanced capabilities of TPCs thanks to the use of micromegas readout
planes (section 2.2). The TPCs are outstanding in event discrimination thanks to

!Unless the contrary is specified, we will always refer to gaseous TPCs, though nowadays liquid
TPCs are dominant in Rare Event Searches. A schematic revision of the TPC concept is done in
section 2.1.
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the topological information they can provide. Just the improvement of the discrim-
ination based on gathering more variate and detailed event information, together
with the availability for scaling the detector size, have been the keys of the impressive
evolution of Rare Event Searches experiments along the last decade.

Perhaps the discovery of the neutrino by Reines and Cowan in 1956 marks the
birth of the Rare Event Searches field. In fact the detection of atmospheric neutrinos
in the 60’s was pioneer of Underground Physics, and the (still not concluded) solution
of the neutrino oscillations puzzle is probably its most important achievement until
now. However, in this chapter, we will briefly describe the motivation for other three
searches which are certainly more demanding, from the background point of view,
as they aim to detect particles which are even more elusive than neutrinos: WIMPs
(section 1.2.2) and WISPs (section 1.2.3); and the very rare neutrinoless double
beta decay (section 1.2.1). Therefore these are the issues that boost the detectors
evolution. The present tendency in current experiments will be mentioned and the
contribution TPCs could bring to the each particular issue.

1.2 Physical issues.

1.2.1 Neutrinoless double beta decay.

The neutrinoless double beta decay (580v) is an hypothetical version of the standard
(though very rare) double beta decay process (852v):

(A, Z) = (A, Z+2) + 2~ (1.1)

Figure 1.1: Schemes of 532v (left) and 350v (right) decays.

Note that lack of the pair of antineutrinos implies violation of the lepton number
conservation; therefore we deal with physics beyond the Standard Model and of
primary interest for Cosmology?. Moreover, the process requires neutrino and an-
tineutrino to be the same particle (see figure 1.1 right), i.e. neutrino has to be a
Majorana particle, instead of a Dirac particle; hence the observation of 580r would

2The violation of the lepton number during the leptogenesis could be a via for the matter-
antimatter asymmetry generated during the bariogenesis.
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solve a fundamental doubt that is pending since the 30’s|2]. Furthermore, the deter-
mination of the 880v decay rate, Tlo/"27 can be related with the absolute scale of the
neutrino mass; thus complementing the neutrino oscillations experiments results,
which are only sensible to mass differences. The accessible parameter, the effective
neutrino mass is

Me

FNTlo/V2

(my) = (1.2)

where m. is the electron mass and Fl is factor that depends on the nuclear ma-
trix elements and so comes from Nuclear Physics[3]. (m,) is a combination of the
eigenvalues of the neutrino’s mass states; however it would mean a hint for figuring
out their hierarchy, i.e. the pattern the three neutrino masses are arranged in (see
figure 1.2).

e — ()’ (m,)" i
(Amz)m -
(1) L

107!

Inverted

(Amz)

atm

| nege | ineV

" (,1\1113)“““ 1072
V[
1073 Normal
(m,)° [
(Am’), i 90% CL (1 dof)

(m,) ()’ e— — 1074 ‘

107" 10 107 10! 1
normal hierarchy inverted hierarchy lightest neutrino mass in eV

Figure 1.2: Left: schemes of the neutrino mass hierarchy models which are consistent with
the observation of neutrino oscillations[4]. Right: representation of the schemes according
to theory and observations regarding the effective neutrino mass, that is related with the
experiment’s sensitivity through (1.2)[S]. The normal and inverted schemes are practically
coincident if the lightest neutrino mass is much higher than the differences (degenerate
scheme). The most restrictive limit from germanium detectors (IGEX, see next section) set
(m,) < 0.33-1.5, what needed Tlo/"2 > 1.57 x 10?® yr. Present generation of 330v decay
experiments aim to rule out the degenerate region and enter, for the first time, in the inverse
hierarchy region.

1.2.1.1 (50v: Experimental approaches.

Most of the experiments are based on the reconstruction of the double beta decay
spectrum (see figure 1.3). If there are no antineutrinos, the spectrum should be
simply a peak at ) value. It would appear at the end of the continuum spectrum of
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B62v decay. The ratio between both decay modes and the detector’s efficiency and
energy resolution are crucial to identify the 550v peak.

2.0
~ 1.5-
)
\w 0.90 1.00 1.10
o K,/0
% 1.0
0.5+ ]\
0.0 T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Figure 1.3: Spectrum showing S32v and S80r modes assuming 2% resolution for the
detector, K, = T} + 11 the sum of electron energies. The energy resolution becomes
critical if the S50v is highly suppressed respect to 532v, as is indeed the case. The big
picture is produced for a ratio of 102, the detail in the corner shows the situation for 106.
The figure is extracted from [6].

Since the beginning the usage of germanium detectors has been a successful
strategy. Germanium detectors had been used in ~ spectroscopy because of its
outstanding energy resolution and high efficiency, in addition they were a well es-
tablished technology. Fortunately there is an isotope, "°Ge, that is a 380v decay
candidate and the crystals can be enriched in this isotope. The concept of target and
detector being the same entity is highly convenient since the efficiency is optimized
and no physical frontiers affect the energy resolution.

During two decades this kind of experiments pioneered the evolution of all the
basic techniques of Rare Event Searches: modifying the spectroscopy germanium de-
tectors to become radiopure, building complex shieldings, using pulse-shape analysis
for discrimination, etc. At the early 2000’s the state-of-the-art seemed to reach its
maxima with the IGEX[7] and Heidelberg-Moscow|8] experiments. They provided
the (still now) best limit for T 10/”2 in Ge and a controversial claim[9].

The next step in the evolution, unavoidable for scaling the mass up, is the devel-
opment of a matrix of germanium detectors, each of them completely operational.
In consequence the scaling requires huge efforts for gathering the "®Ge crystals, im-
plying the fusion of collaborations. But the challenge is also technical and in cost,
since essentially the basic set-up (a single germanium detector) is multiplied n times
for getting a n scaling factor of the mass. The MAJORANA[10] and GERDA|11]
collaborations have undertook the challenge, nevertheless, and aim to instrumen-
talise about 1 ton of active germanium. The same consideration can be applied to
experiment based on bolometers, like CUORE[12].
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When the source/detector is a fluid contained in a vessel, the scaling is more
natural. The complexity of the detector is essentially related with the readout,
which grows slowly than the mass (typically the mass-readout ratio would go as
n?/3 with n the scaling factor). So a liquid xenon TPC can be an interesting option
since 13%Xe is a good BBA0v candidate, with a high Qg relatively abundant and
with a not very intense S52v mode. The latter is so much so that only recently
the EXO (Enriched Xenon Observatory)[13]| collaboration, with 200 kg of xenon
enriched 80% in '36Xe, has reported the first observation of the 332v decay of this
isotope[14]. The observation has been confirmed more recently by the KamLAND-Z
en (KamLAND Zero-Neutrino Double-Beta Decay) experiment|[15]. That is a 300
kg xenon (enriched in 13%Xe) calorimeter with capability to reconstruct the vertex
and strong active shielding.

The liquid TPC has modest energy resolution compared with germanium detec-
tors and bolometers (o0/FE < 2% is showed in [13]) and limited topological capabili-
ties, compared with a gaseous TPC, for discrimination. However both features are
enhanced by the operation in hybrid mode that allows the measurement of light and
charge and the self-shielding is excellent. In conclusion the liquid Xe TPC seems
very appealing because of being a very balanced solution.

1.2.1.2 Gaseous TPCs for 550v decay.

The double beta decay has a clear topological signature: that of two electron
tracks with a common vertex (see section 7.2). That suggests that a gaseous TPC
would be powerful for event discrimination. The NEMO (Neutrino Ettore Majorana
Observatory)[16] collaboration already exploits that by introducing the target foils in
a kind of narrow gaseous chambers. However, because of leaving the source/detector
identification, the efficiency and energy resolution are degraded. Moreover the scal-
ing possibilities of this approach are linear in the same sense as in the germanium
and bolometer arrays.

A gaseous enriched '36Xe TPC is highly appealing. In principle most of the
benefits of the liquid TPC approach are kept or enhanced, the drift is easier, no
cryogenics is needed, the energy resolution is better and the mass can scale just
by increasing the pressure. The Gotthard TPC[17], with 3.3 kg of gas at 5.5 atm,
was an encouraging attempt, pioneer of the application of TPCs to Rare Event
Searches in the 90’s. Its main limitation was the energy resolution, which is the
final requirement for all the detectors, since both neutrino and neutrinoless modes
cannot be distinguished by topological means.

However, the introduction of MPGDs (Micro-Pattern Gaseous Detectors, see
section 2.2) makes modern TPCs overcome the Gotthard TPC’s limitations and
they could exploit the promising results it actually showed. However a big enough
high pressure gaseous xenon (HPGXe) TPC has still to be demonstrated (see some
hints in chapter 5), and also that the discrimination capabilities (see section 7.2)
would be powerful enough so as to compensate the total mass disadvantage (a first
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deep study about that is done in a Ph.D. work inside T-REX]18], which is extended
in [19]). NEXT (Neutrinoless double beta decay Experiment with a Xenon TPC)|20]
is expected to operate 100 kg of enriched xenon in the Canfranc Underground Lab-
oratory. The NEXT project’s highlight is a full three dimensional reconstruction
of the event topology, including its absolute position thanks to the combination of
light and charge signals. NEXT has a R&D program dedicated to micromegas. The
EXO project also supports a collateral R&D program for a HPGXe TPC|21].

1.2.2 Dark matter

The observational evidences that support the presence of Dark Matter (DM), ac-
cumulated since the 30’s, are quite numerous and variate (see a review in [22]). It
is particularly significant that they appear at very different scales, from galaxies to
clusters up to the largest observed astronomical structures.

However the most valuable support comes from Cosmology; the last decade saw
the birth of the Cosmology’s precision era, whose results|23, 24, 25] crystallised in
the ACDM model. That means a new paradigm for the Universe’s History where
its composition is quantified and rather constrained, giving an important role for
DM. According to the customary notation in Cosmology the different contributions
to the density of energy p are denoted as

_Pi

Q= . (1.3)
where p. is the critical density that corresponds with a flat, i.e. with FEuclidean
metric, Universe. Today, the two relevant contributions are {257, the matter density,
and Qy, which is the Dark Energy (DE) that causes the accelerated expansion of the
universe. Figure 1.4 shows eloquently how the three independent observations were
coincident in a scenario dominated by DE, with an also very important contribution
from matter that requires most of it to be DM, and probably a flat universe.

Nevertheless the deductions taken from the Cosmic Microwave Background
(CMB) registered by WMAP put the most precise constrains by far. Therefore the
ACDM model suitability to fit the observational data has been recently confirmed
and its accuracy be improved by the results of WMAP’s successor, the PLANCK]|26]
in March 2013[27]. The new 68% limits are[28]:

Qu = 0.314 4 0.020 (1.4)
Q= 0.686 =+ 0.020 (1.5)

From the 31.4% of matter density only the 4.2% corresponds to baryonic matter,
constrained by the Big Bang Nucleosynthesis (only ~ 0.3% is luminous); so 27.2%
is non-baryonic DM and 68.6% is DE. The nature of the latter is even less known
than that of DM, being the theoretical proposals rather diverse, from the Einstein’s
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cosmological constant to quintessence fields. Its study is, in principle, out of the
scope of this work?®. The PLANCK’s result for the Curvature Parameter today, that
accounts for departures from spatial flatness, is Qg =1 - > Q; = —0.0096&80%120

(68% CL), what means a great hint towards a Universe with zero curvature.

The observations that allow to reconstruct the DM distribution show it to
be relatively disperse in big halos that surpass the galaxy and cluster luminous
dimensions[29]. The collision at the Bullet cluster|30] evidences the nature of DM
dynamics: very weak interactions with itself and the other types of matter involved
in the collision (gas and galaxies). That observation confirms DM to be very weakly
interacting, but also atomized, likely composed of simple particles.

In ACDM, CDM stands for Cold DM, i.e. composed of non relativistic particles.
A too large contribution of hot DM does not allow the structure formation as it
is known to happen, from smaller to bigger structures. That rules out neutrinos
as the only explanation (neither the main contribution, by far), and also azions
that would had been generated thermically in the primordial plasma. However,
a different mechanism can produce non relativistic axions, see section 1.2.3 about
axions and axion-like particles.

Therefore the DM candidates must be looked for beyond the Standard Model. If
they are relatively heavy, more likely to be non relativistic, they are generically called
WIMPs (Weakly Interacting Massive Particles). Also WISPs (Weakly Interacting
Slim Particles), like axions, are candidates if produced so as not to be relativistic (see
section 1.2.3). It was decided to talk only about WIMPs in this DM section because

3There could be a link, nevertheless, regarding chamaleons, see section 1.2.3.
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they are the traditional DM candidate, searched in most of DM experiments, and
the experimental approaches of WIMP searches are usually very different from those
searching WISPs. But WISPs are as good DM candidates as WIMPs; and WIMPs
are as well motivated theoretically (independently on the DM problem) as WISPs.
There is no lack of WIMPs in the Standard Model proposed extensions, like SUSY
(Supersymmetry). Reviews on the zoo can be found in 22, 31].

1.2.2.1 Direct detection of WIMPs.

WIMPs direct detection inherits the requirements and techniques from 850v decay
experiments, in fact many of the first limits where given as by-products of 560v
decay experiments|32|. The challenge becomes even more exigent because of the
detection at low energies and the absence of a peak in the expected spectrum (see
figure 1.5). In principle, no event rejection based on topology (like simple PSA) is
powerful with low energy events beyond the rejection of multi-interaction events.
The energy resolution cannot help to focus the search in a narrow range of interest.
The discrimination of v/ and « by other means is mandatory.
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Figure 1.5: Examples of WIMP-induced nuclear recoil expected rates and spectra for a
spin-independent nucleon cross section of 10742 ¢m? and both 100 GeV and 500 GeV
WIMP masses for three example target materials: germanium (dot), xenon (solid) and ar-
gon (dashed). Energy deposits are given in electron equivalent energy (see section 3.1.5.1).
The figure is extracted from [33].

The use of hybrid bolometers has been specially successfully since the compar-
ison of different energy measurements depends on the interaction type. Thus the
capability of registering both heat and light (CRESST II|34], ROSEBUD|35]) or
heat and charge (CDMS 11|36], EDELWEISS 11|37]) brings the possibility of select-
ing the nuclear recoils that might be caused by a WIMP scattering. The way DM
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experiments are evolving is similar than that of the S80r decay ones. Therefore
an increase of the available information (for discrimination) is procured. As well as
scaling masses up, but also segmentation (for self-shielding).

The liquid TPCs have advantage in this sense since only their readout must be
segmented, they guarantee the best self-shielding and the energy resolution limita-
tions are not so critical in the DM context. They can be competitive because hybrid
Liquid TPCs, reading both charge and light, have been developed (ZEPLIN III|38],
XENON|39], LUX]40]) thanks to the combination of a liquid phase (which is the tar-
get itself) with a gaseous phase for charge amplification. For further scaling up, the
use of argon, though apparently with worse scintillation /ionization properties, can
be preferred because of its much lower cost. An argon-based liquid TPC, the ArDM
project[41], will be soon operational at the Canfranc Underground Laboratory.

1.2.2.2 DM signatures and WIMP searches with TPCs.

The kind of spectra plotted in figure 1.5, with pseudo-exponential shape and a
energy range depending on the WIMP’s mass, makes very challenging the claim of a
positive signal. To identify an excess of counts the background must be completely
explained. The nuclear recoils caused by neutrons are practically not distinguishable
from WIMP-induced ones. Underground sites usually have relatively high neutrons
flux from fission in the rocks, which, in addition, is difficult to be characterized
with accuracy. The recognition of an unambiguous extraterrestrial signature in the
background signal could be indispensable to convince the DM community.

The most famous and significant case is that of the DAMA experiment. DAMA
was based in Nal(T1) scintillators and claims to have found the annual modulation of
the DM signal in its background evolution. The WIMPs interaction rate is expected
to be modulated by the changing relative velocity of the Earth with respect to
the galaxy (and so with respect to the DM halo) along its translational movement
around the Sun. Currently DAMA/LIBRA (experiment upgrade to 250 kg of Nal)
has accumulated 0.87 ton x year along 6 complete annual cycles founding a positive
signal with 8.90(42|. However the DM community has not accepted the result as a
WIMPs direct detection evidence. It is also true that the claimed WIMP has been
largely rejected by other experiments with, in principle, much better sensitivities
(see figure 1.6). But the theoretical uncertainties still may have degrees of freedom
to make compatible the DAMA positive results with the rest of negatives (see the
next point about light WIMPs). The Canfranc Underground Laboratory will host
the ANAIS[43| experiment that will try to confirm the DAMA result by means of
the same basic technique, despite producing an independent result.

Another DM signature would require the use of a gaseous TPC: the directional
signature, which is actually related with the annual and daily modulations. In galac-
tic coordinates the WIMPs wind always comes from a fixed direction, approximately
from the Cygnus constellation in the FEarth’s night sky view. Thanks to the corre-
lation between the incident expected WIMP direction and the initial recoil’s one, a
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Figure 1.6: WIMPs exclusion plot summary for spin-independent WIMP-nucleon scat-
tering and standard DM galactic halo[45] as published by XENON100[44], currently the
most sensitive DM experiment. The remarked regions correspond to DAMA and other
WIMP claims (by CoGeNT and CRESST), in principle excluded by XENON100. The
XENONT100 prospects are exploring the SUSY favoured region (grey 1o /20 contours).
The plot shows the amazing improvement in experiments sensitivity, about 4 orders of
magnitude, in the last decade, since in the early 2000’s the DAMA region was not covered.

peak, that cannot be found in the energy spectra, should be identified in the direc-
tion distribution (see figure 1.7). In fact this method avoid the essential problem of
neutron-induced background®.

The experimental challenge is impressive: the reconstruction of low energy nu-
clear recoil tracks. It requires not only a gaseous TPC, but one working at low
pressure, so decreasing the target mass. However, directionality allows a claim of a
positive signal with less accumulation of statistics[46] which would be reinforced by
an unmistakable galactic signature.

A correct reconstruction of the recoil track is challenging even before consid-
ering the practical details. The ionization theory of the recoils in the range of
energies of interest is situated in the knowledge frontier (see section 3.1.5). A fully
confident Monte Carlo simulation that demonstrates potential for a high efficiency
direction and sense recognition is not available. The performance of the TPC must
be outstanding from all the points of view: high gain (so as to assure a low en-
ergy threshold), and accurate imaging capabilities after the drift leaning on a highly
granulated readout, in addition, a big chamber size (so as to procure a big target
mass at low pressure).

4 Another possibility the comparison of positive signals in different materials based on a different
dependency on A, the atomic mass, of WIMPs and neutron cross sections.
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Figure 1.7: 100 GeV WIMPs induced nuclear recoils rate for cross section of 10~ pb and
standard DM halo model, as they would be registered by an ideal directional detector in
galactic (I, b) coordintates. Extracted from [46].

Nevertheless there are several projects that undertook the design and operation
of prototypes. The DRIFT[47| collaboration has pioneered the field, proposing and
proving non conventional TPCs (see section 4.2.2.1). However DRIFT prototypes’
performance has been limited in part due to the use of traditional wire planes
readouts. The outstanding readout features demanded by the physical challenge
make the present DM TPC projects opt for MPGDs: microdot in NEWAGEJ[48],
GEM and micromegas in DMTPC[49] and micromegas in MIMAC[50].

These projects currently use fluorine as the target, instead of the classic option
of argon or xenon. The reason is that only in the case of a WIMP cross section
that were enhanced for non-zero spin nuclei, like fluorine, their discovery potential
would be competitive. Furthermore the usage of a light nucleus brings practical
advantages since the recoils are longer®. The community is growing, achieving mile-
stones and generating expectations and gave birth to an international forum aiming
to share R&D progress and also boost theoretical and simulation studies: CYGNUS
(Cosmology with Nuclear Recoils)[51].

1.2.2.3 Low mass WIMPs and TPCs.

SUSY models prefer WIMP masses of ~100 GeV; it is also true that sensitivity
of common direct detection experiments sharply decreases for masses lower than
~ 10 GeV because of the threshold of the discrimination techniques (see figure

"Unfortunately the use of *He is practically forbidden at present because of its shortage.
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1.6). Therefore the window of masses < 10 GeV is not strongly constrained, though
not theoretically forbidden. A low threshold, at the sub-keV level, is the main
requirement to be competitive, even with a raw counting detector and low target
masses.

The case for light WIMPs has been recently reinforced by the claim of an excess
of counts in a novel low-noise germanium, CoGeNT[52], and analysis that proposes
that a light neutralino could bring conciliation of CoGeNT excess and DAMA signal
while the rest of experiments would be no sensitive to it[53, 54].

TPCs could have a contribution to this question. First, simple recoil versus
~v/B event discrimination based on event topology (track length) could be powerful.
Even operating at atmospheric pressure, it could lead to relatively low discrimina-
tion thresholds ~ 10 keV. A preliminary study on that possibility is presented in
section 7.1. Second, TPCs equipped with micromegas readout have shown excellent
discrimination capabilities as X-rays detectors below 10 keV. X-rays and nuclear re-
coils are not distinguished in this approach, but the discrimination for 5, a, muons
and noise rejection is efficient. The case is largely discussed in chapters 8 and 9.
The same detector type has been already operated underground producing encour-
aging results (see chapter 10). These detectors, thanks to the micromegas readout,
seem to be already able of threshold below the keV. Moreover, when operating in
optimum conditions, there is no sign of an increase of the background level at low
energies (present software threshold = 2 keV) while software efficiency from analysis
discrimination criteria remains high.

The DM line of the T-REX project is oriented to this approach as a first goal.
The detector mass of the prototypes already tried underground is easily scalable.
The T-REX research summarized in section 5.1 even points to the possibility of
increasing the gas pressure up to several bars without worsening the detector per-
formance.

1.2.3 Axions, ALPs and WISPs.

Axions are consequence of one of the most traditional and best motivated extensions
of the Standard Model (SM). The Quantum Chromodynamics (QCD) lagrangian
naturally accepts a term with the following form®:

L;= é%GW“éM (1.6)

where G is the gluon field and G its dual, a the strong coupling constant and 6 just
parametrizes the term’s strength. Such a term violates charge-parity (CP) symme-
try, as electro-weak interactions actually do, and has observational consequences,
like the prediction of an electric dipole moment for the neutron (nEDM). However

5Tt is not only the possibility, but the therm had been invoked[55] to bypass another SM defi-
ciency, the Ua (1) problem[56].
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experimental tests on nEDM constrain § < 107°[57]. This extreme fine-tuning
which has to be assumed by the SM is known as the strong CP problem[58|.

The Peccei-Quinn (PQ) mechanism[59, 60] proposes to see (1.6) as ~ aG**Gyq,
where a is a new field associated with a new U(1) global symmetry (the PQ sym-
metry), instead of a fixed parameter. The PQ symmetry is spontaneously broken at
scale f,, which is not fixed by theory, then Lgcp is CP-conserving as result of the
dynamic relaxation to a minimum where Lz vanishes. The field a would manifest
itself as a pseudo-Nambu-Goldstone boson[61, 62]: the azion.

Since f, is higher than 10% GeV, otherwise the axion would have been discovered
in accelerators, its mass is small because is acquired by mixing with pions

™ 107
Mg ~ mwﬁ ~ 0.60eV OfGeV (1.7)

with m, = 135 MeV and f; &~ 92 MeV. The axion has a coupling with photons

—

Loy = ng’ -Ba,  gay~1/fa (1.8)

that leads to photon-axion oscillations in the presence of external magnetic fields[63]:
the Primakoff” conversion of photons into axions (in the core of stars) and the inverse
Primakoff conversion of axions into photons (in helioscopes, see later on). From (1.7)
and (1.8)

Ma ~ Gary (1.9)

and the three equations summarize the properties of the generic axion. Depend-
ing on the model an extra coupling with SM fermions can be postulated and the
proportionality factors are varied[64].

They are called azion-like particles (ALPs) those that are light and share the
axion phenomenology, i.e. the axion-like coupling with two photons (Primakoff
effect), but are nor motivated by the strong CP problem neither linked with the PQ
symmetry. In contrast to original QCD axions, for ALPs m, and g4 are independent
parameters. They are typically consequence of new symmetries by SM extensions
that are broken at high energy scales (like axions themselves), but also appear in
string theory. They are an important key in the context of the low energy frontier
of Particle Physics|[65].

Several astrophysical and astronomical observations have been interpreted as
hints for ALPs. To address the problem of the excessive transparency of the in-
tergalactic medium to very high energy v (2 100 GeV), ALP-photon oscillations
have been suggested. For instance as explanation for the observation of high energy
v from active galactic nuclei[66, 67, 68] and for the detection of ultra high energy
cosmic rays (2> 10'® GeV) correlated with very distant blazars[69]. The anomalies

"Named Primakoff by analogy with the Primakoff effects of pions.
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observed in the white-dwarf (WD) stars’ evolution could be a hint for an additional
cooling mechanism via ALP emission|70, 71, 72].

A more generic category, that includes ALPs, is named WISPs (Weakly
Interacting Slim Particles), because of the role they can play in DM prob-
lem as an alternative to WIMPs (see just later on). Examples of WISPs are
paraphotons|73|, minicharged particles|74] and chameleons|75]. The latter are re-
lated with quintessence field theories to explain the Dark Energy and, inside partic-
ular contexts still in early stages of development, could be classified as ALPs; thus
an experiment aiming detection of ALP might carry out a first Particle Physics tests
of Dark Energy theories|76].

1.2.3.1 ALPs and DM.

Due to its small mass the present relic from the thermally produced axions in the
primordial plasma would contribute to the hot dark matter, so they cannot account
for the contribution required by the AC(old)DM model. In fact the astronomical
constrains to the hot DM contributions impose an upper bound for the axion mass
mg < 0.72 eV[77], since the thermal production mechanism is more efficient for
larger masses.

However, another two related mechanisms could produce non-relativistic
axions|78, 79]. The vacuum realignment relies in the oscillation of the a field around
the CP-conserving minimum. At the same time domains with different populations
can be created, together with the corresponding borders or topological defects, which
can relax producing a new axions population. The impact on the present axion’s
density depends on whether the inflation happens before or later than the PQ sym-
metry breaking[80].

In the second case the a field is homogenized by the inflation and no domains are
left, only the particular primordial domain affects to the calculations. The bound
imposed for m, by the realignment mechanism, this time for accounting the whole
DM contribution of the universe, is lower than the bound previously mentioned
by the total amount of hot DM. Naturally a prediction for masses higher than
weV is deduced[80]. Smaller masses are not strictly forbidden, but must be argued
by anthropic reasons. In the first case the calculation is much more complex, in
principle a higher mass would be required, but for both cases axions could account
for the cold DM.
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These mechanisms are even more interesting since could be generic for ALPs
from similar broken symmetries. Thus they became potential solutions of the DM
problem in a wider range of the g,y vs m, space of parameters[81]. The, up to
now, negative observation of WIMPs at LHC might favour the WISPy solution for
the DM problem. The idea is also reinforced by the discovery of the Higgs, as a
confirmation of the breaking symmetry mechanisms, and because its actual mass,
relatively light, is not comfortable for SUSY expectations.

1.2.3.2 Direct axions detection. Helioscopes.

The experimental strategies for axions direct detection, all of them based in the
Primakoff effect®, can be classified according to the source of axions. Haloscopes[63]
aim at direct detection of relic axions. The significance of such a discovery would
be maximum as would imply a direct confirmation of axions as DM components.
However the theoretical uncertainties are the biggest compared with other strategies.
From the practical point of view the relic axions energies require the detection of
microwave photons in resonant cavities. The resonant cavities are very sensitive
for a given axion mass, but extending their sensitivity to wider mass ranges is
painful (see figure 1.10). The opposite strategy is the use of laboratory axions from
lasers in photon regeneration, also known as light-shinning-through-wall (LSW),
experiments|82]. The theoretical uncertainties are minimized, but sensitivity is also
smaller, basically because two consecutive Primakoff conversions are needed.

The helioscope|63] gets a nice balance between both strategies. The detection of
solar actions provides an intense flux of relatively high energy axions (X-rays range,
see figure 1.8) whose calculation|83, 84] relies in the rather robust Solar Physics.
Its principle is the detection of X-rays from axion inverse-Primakoff conversion, in
a transverse mangetic field, in correlation with the Sun (see figure 1.9).
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Figure 1.8: Solar axions flux spectrum. An early calculation[83] is compared with a 23
years newer one[84].

8therefore also susceptible to detect ALPs.
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Figure 1.9: Illustration of the helioscope concept. Due to Primakoff effect in the core
of the Sun, the virtual photon (vertical blue) comes from e,Ze (solar plasma); while for
the inverse conversion in the helioscope the source of the virtual photons is B, the magnet
field.
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Figure 1.10: ALPs summary exclusion plot, taken from [86]. The yellow band represents
the true axion models, with linked m, and g,,. Helioscopes (blue line) are covering the
biggest area of the parameters space, with better sensibility than LSW experiments and
more versatile that MW cavities. Particularly CAST, the red thin line is an expectation for
the 2012 campaign, touching the axions KSVZ line up to the Hot DM limit. The regular
region corresponds to vacuum runs, while the bound is more irregular during the buffer gas
scan. The axions preferred window for DM, 1076 < m, < 1073 eV, could be explored
beyond the bounds imposed by HB stars[87] if CAST’s vacuum results were superseded
(see section 8.1.1 and particularly the 2013 expectation plot in figure 8.4).
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The conversion probability for a magnet with a transverse magnetic field B along
a length L is|63]

B\*/ L \?
P, =26x10""7 <1OT> (m) (gay x 101°GeV)2F (1.10)

where

2[1 — cos(qL)]
(qL)?

accounts for the coherence of the process, being ¢ the momentum transfer. For

F= (1.11)

a magnet length about 10 m the coherence is preserved up to m, ~ 1072 eV,
behind this axion mass the sensitivity of the experiment is constant and then drops
(see figure 1.10). However it can be extended to higher masses by the technique
of introducing a buffer gas in the magnet beam pipes|85], then scanning m, in a
similar way resonant cavities do in haloscopes.

1.2.3.3 TPCs and ALPs searches.

The interest in TPCs for ALPs searches is motivated by their merits as low back-
ground X-rays detectors for complementing a magnet in the implementation of a
helioscope. In the study |86 the expression (1.10) is further developed to include
the detection of the X-rays and the different aspects that influence a helioscope’s
discovery potential are quantified in a factorized figure of merits: fir = farfofpfr
(Helioscope, Magnet, Optics, Detectors and Tracking, respectively):

€o Ed

—, fop=—F, [fr=Vet 1.12
S = Ve (112)
Inside fpr, B, L and A are the magnet field, length and cross sectional area. fo
represents the possibility of a focussing device which concentrates the signal in a

fu = BiL*A, fo=

spot with area a and efficiency &,; if such a device is not used, fo = A~1/2 (in both
cases the whole area A is assumed to be covered). The importance of detectors is
manifested in fp through its efficiency ¢4 and background b, expressed in counts
per unit area and time. The exposure fr is related with the time extension of the
experiment ¢ and the fraction of time the helioscope is able to track the Sun &;.

The arguments for the proposal of a TPC as a suitable low background X-ray
detector for a helioscope, specially TPCs equipped with micromegas, rely on its
operation in the CAST experiment (the present state-of-the-art helioscope) during
10 years, which is reviewed in chapter 8 and discussed in detail in the followings
chapters 9, 10 and 11. Although the impact of fp in fy seems to be modest, its
improvement has been relevant enough so as to motivate new data taking cam-
paigns in CAST (see section 8.1.1). Moreover the prospects to achieve ultra-low
background micromegas detectors at surface is one of the ingredients of CAST’s
proposed successor: the International AXion Observatory (IAXO)[193].
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2.1 The TPC concept.

The Time Projection Chamber (TPC) idea was possible thanks to the development
of the Multi-Wire Proportional Chamber (MWPC). The use of gaseous detectors in
Particle Physics is as old as the field itself[89] since it was seen that ionizing radia-
tion produces discharges in gases if a strong electric field is applied. The technical
solution of amplifying the charges by means of the electric field created in a wire
plane, but producing a signal proportional to energy, really meant a revolution in
Particle Physics instrumentation. The invention of the MWPC by Georges Charpak
in 1968[90| provided the physicists with a powerful tool for particle identification
and tracking: not only energy measurement but also the energy loss rate (stopping
power dE/ dz, see section 3.1) was available, good spatial and time resolution, scal-
ability, low material budget, high trigger rate capabilities. Two perpendicular wire
planes can be superposed in order to complete the spatial information. A series of
planes can be piled up to register slices of the ionization path.

The structure can be simplified if a single MWPC (or any other type of readout
structure) is installed at the end of a gaseous chamber where a constant electric field
is applied. That is a drift chamber whose working principle is sketched in figure 2.1.
The electric drift field has to be not so strong as to produce charge amplification,
but intense enough so as to safely drive the primary charges produced by ionizing
particles through the chamber to the wires. Such a device is able to register the
ionization path projection on its readout plane.

If the front-end electronics connected to the wires are fast enough, time differ-
ences between signals at wires can be quantified. These relative delays are generated
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Figure 2.1: The drift chamber working principle, which is composed of three basic pro-
cesses. First, ionization: a charged particle release electrons (primary charges) along its
path in an amount that is proportional to the energy deposited in the gas. Second, the drift:
the application of an electric field is able to drive the primary charges to the readout plane.
Third, the amplification: the generation of good quality electronic signals requires the
amplification of charge or light by means of any specialized structure. That has been clas-
sically a MWPC, despite nowadays MPGDs (see next section) are replacing them. When
the readout can record the time differences between the several signals generated for the
same event, the drift chamber evolves to a TPC.

during the drift of the primary charges to the wire, hence they are ideally propor-
tional to the relative distances between the particular positions where ionization was
produced projected on the drift field axis. The correct interpretation of these time
differences allows the full three dimensional reconstruction of the track. That was
the TPC proposal by David Nygren in 1974|91, 92|, only six years after the MWPC.

2.2 New generation: MPGDs and micromegas.

Micro-Pattern Gas Detectors (MPGD) replace the MWPC with a readout imple-
mented by means of printed-circuit-board (PCB) techniques, thus the typical an-
ode’s segments dimensions are ~100pum . That enhances some of the MWPC
features: the spatial resolution can become ~10pum [93], faster signals ~10-100
ns (see section 4.5, particularly figure 4.32) and higher counting rates ~ 106
counts/mm?[94].

The first MPGD was the Micro Strip Gas Counter (MSGC) conceived by Oed in
1986[95]. In the MSGC, basically the MWPC was printed as metallic strips in a glass
base (see figure 2.2). New MPGD designs multiplied in the 90’s: we will remark the
microdot gas avalanche chamber[96] (1995), the MICROMEGAS (MI-CRO-MEsh-
GAseous Structure)|94]| (1996), the GEM (Gas Electron Multiplier)|97] (1996), the
WELL detector[98] (1999) and the Micro Plzel Chamber (u-PIC)[99] (2004).
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The introduction of micromegas by loannis Giomataris meant another stage in
the readout evolution because the basic electric field layout is changed. The intro-
duction of a flat electrode over the printed strips (gap ~ 25— 130 um ) changes the
typical shape of the amplification field produced by wires, with cylindrical symme-
try, to a much simpler near parallel planes geometry. While for the former the field
intensity depends on the distance r to the wire as E ~ 1/r, for the latter a constant
amplification field Eqpyp is produced in all the amplification region (see figure 2.3
and compare with 2.2). That disposition, where a high E,,,, acts since the begin-
ning of the avalanche process, reports benefits for the amplification statistics (see
section 4.4.2).

Another essential advantage is the fact that drift and amplification regions are
practically decoupled. Thus there is Eg;f; that can be optimized regarding the
drift properties of the gas while E,,,, can be independently chosen so as to get a
desired gain during the amplification process. The amplification does not depend
on Eg;p- It is needed, of course, that the drifted electrons enter the amplification
region, so the flat electrode over the anode must be actually a grid, the mesh. The
sharp increase of the electric field lines density below the mesh (see figure 2.3) can
assure, in most of the situations, the electrons passage through the mesh not to be
a practical limitation (see section 4.3).

The main technological challenge is the suspension of the thin mesh, typically
~3-5 um thick, assuring it to be parallel along all the area. Inhomogeneities of the
gap would produce gain spatial dependence (though the problem is not so severe as
it seems, see section 4.4.1.1), or even sparks in particulary bended zones; the quality
of the mesh manufacturing is essential for the same reason. The solution adopted
by all micromegas versions is the presence of periodic insulator spacers, the pillars,
between the mesh and the anode. In early micromegas the pillars were glued to the
anode and electroformed meshes were suspended on them. The electrostatical forces
were mainly responsible of the mesh planarity, though peripheral tensors were also
needed (as well as considerable skill and expertise). Latter developments|100] found
ways to attach the pillars to the mesh.
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Figure 2.3: Left: the TPC concept with a micromegas readout as it was first presented[94].
The mesh divides the chamber into drift-conversion volume and amplification volume. The
primary electrons released by ionization by charged particles are driven to the mesh by a
constant electric field, g, f¢; the drift velocity is also constant (see section 4.2.1). Once in
the amplification gap, where there is an also constant F,,,, the avalanche process occurs.
Fast front-end electronics connected to the anode strips register signals which are ideally
proportional to the projection of the ionization yield path. The mesh signal can provide
a common trigger while the time differences between mesh and anodes signals allow the
reconstruction of the drift coordinate. Right: electric field layout in a drift chamber with
micromegas. Note both main regions have constant electric field, with only a fast transition
in between. The ration between both fields strength, typically Fy,p ~ 100 Eg,; ¢, produces
a condensation of the electric field lines that makes the mesh near fully transparent.

More recent micromegas manufacturing techniques build the complete mi-
cromegas amplification structure, anode-gap-mesh, as a unit, so as there is no free-
dom allowed for the mesh misalignment which relies in the manufacturing process
accuracy. The robustness and homogeneity of these new micromegas, bulk and mi-
crombulk types (see next sections), have really boosted their applications, in partic-
ular allowing a feasible scaling to larger surfaces. After classical micromegas, bulk
and microbulk have been tested in the CAST experiment; a summary of CAST
experience with them is reported in section 8.2.1.

2.2.1 Bulk micromegas.

The bulk type of micromegas is the most similar one to a commercial micromegas
thanks to the use of an actually commercial woven wired mesh (available in several
materials: copper, iron, nickel) and a fast, and inexpensive as well, manufacturing
process (see figure 2.4 left). Such a mesh (see figure 2.4 right) is stretched and
then encapsulated in an isolator material, named vacrel, to lately remove part of
the vacrel, remaining the pillars together with additional protection structures as
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border reinforcements or contact protections. The mesh is attached between the
pillars, so they emerge over the mesh giving additional protection. This structure,
together with the hard woven mesh of 30 pum thickness wires, result in a remarkably
robust and flexible micromegas, that is not easily damaged by touching or by sparks,
which can be glued to a conventional PCB readout.

opper

Base Material UH,{-HJ’H."Hf’f'ff'f'HIf'Hf'M\F
R4

Laminatlon of wacrel
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Encopsulotion of
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Development of
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Figure 2.4: Left: sketch of the bulk manufacturing process[101]. Right: detail of the iron
woven mesh showing one of the vacrel pillars.

However the bulks performance is limited by the nature of their mesh, which is
relatively thick and irregular (presenting nodes). To assure the geometrical desirable
condition of the amplification gap being much longer than the mesh thickness, bulks
typical gap is 128 um . That relatively long gap limits the velocity of their signals and
they operate at lower amplification fields than other micromegas types. Nevertheless
they are able of very high gain and acceptable energy resolution. Bulks performance
is shown and compared with microbulks (the other recent micromegas version, see
next section) in chapter 4. The fact that they are used together with PCB readouts
makes them non convenient from the radiopurity point of view. However it may
exist the possibility of using readout bases of a different nature.

The pillars, about 300 um diameter, are relatively spaced, around 2 mm. There-
fore the insulator amount of material between electrodes is minimized and bulks
have low capacitance per unit area, what helps to build large areas without a limit-
ing noise and there is no need to segment the mesh. Thus large areas are possible,
like projected in MAMA (Muon Atlas Micromegas Activity) for the ATLAS detec-
tor upgrade for sSLHC (LHC with enhanced luminosity)[102]. Bulks are the most
popular micromegas type, in application to several experiments including the Rare
Event Searches T2K|[103] and MIMAC|50].
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2.2.2 Microbulk micromegas.

The microbulk type of micromegas[105] was added the prefix micro to emphasize
the better accuracy of their manufacture with respect to bulks and the return to
very thin meshes, 5pum , and narrower amplification gaps: 50, 25 um . However
they could be said to be really bulk micromegas because the mesh is not separately
built and attached, like in bulks; in contrast, in microbulks, the raw material is a
double clad kapton' foil (copper-kapton-copper) from which the mesh, gap pillars
and anode are built as an unit.

The amplification structure is produced thanks to the state-of-the-art lithog-
raphy techniques, particularly the etching of the kapton through the mesh holes
to create the amplification volume. Thus the homogeneity of the gap has ~ 1 um
accuracy, so the energy resolution is outstanding even for a MPGD (see proofs of
their performance in 4, particularly figure 4.22 right) and the whole detector is a
robust block (see figure 2.5 left). Microbulks are more fragile than bulks to han-
dling and sparks due to their delicate mesh, however more robust against continuous
vibrations and tensions, and generally more stable.

copper kapton

mesh \ pillards
copper
anode L
PCB support ;|

anode conlact mesh contact

Figure 2.5: Left: sketch of the typical microbulk prototype (see a photo in figure 4.22
left). Right: microscope view of a CAST microbulk with a pixel-like anode’s pattern. The
circles delimit the areas where the kapton has been removed by etching.

Because the kapton etching is activated from the mesh printed holes, the ampli-
fication volume consists of a series of separated cells below the holes, rather than a
common volume with pillars in between (see figure 2.5 right). That increases the
capacity per unit area, with respect to bulks, what might mean a limitation for
microbulks scaling to larger areas (they can be segmented, nevertheless). However
a first experience with a relatively big microbulk is encouraging, see section 5.5.3,
particularly figure 5.10. Moreover the manufacturing techniques are still progressing
and new microbulk versions with true pillars are currently developed. On the other
hand, there could be advantages for the isolated amplifications cells sketch related
with geometrical quenching (see section 4.4.1.2).

'Kapton: flexible polyamide with very good insulating properties.
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The microbulk basic structure can be glued to a complex readout plane. One
advantage is that the readout layout can be also built by means of the lithography
techniques using the same raw materials, therefore the whole microbulk is radiop-
ure (see section 5.4). Readouts as complex as those used for pixel-like 2D CAST
microbulk micromegas have been built in this way; the process, from the basic
manufacturing of the mesh to the complete detector, is sketched in figure 8.14.

Microbulks are the most recent micromegas approach (ca. 2007), their manu-
facturing is exclusive at CERN and they still need to be better known by the Rare
Event Searches community. However microbulk may have the best potential appli-
cability to the field. They are gathering merits in the running CAST experiment
(three of its four detectors are microbuks at present, see chapter 8) and also tested
by the NEXT-micromegas R&D line[107].

2.2.3 InGrid.

InGrid|108, 109] are micromegas-like structures integrated in silicon chips. Thus a
charge amplification stage and a high granularity readout are practically undistin-
guishable. They are descendants of the development line of high granularity pixel
readouts based in CMOS technology that were commonly used as complement for
MPGDs (usually GEM and micromegas) in small gaseous chambers. The MediPix
chip[110] (whose name evidences the fact it was proposed for medical applications),
was a matrix of photon counters. But the more recent TimePix[111] has the capa-
bility of measuring the arrival time of the avalanches, since it was already conceived
to instrument a TPC.

In InGrid, wafer post-processing based in SU8 photo-resistor allows the creation
of a micromegas-like mesh and pillars over the chip. That technique produces an
outstanding accuracy of mesh manufacturing and a very good alignment between
the mesh and readout patterns (see photo in figure 2.6). The InGrid fabrication
process and performance are studied in detail in [112].

Figure 2.6: Microscopic photograph of a InGrid integrated on a TimePix chip, extracted
from [112].
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In spite of their impressing tracking capabilities, InGriD detectors still have to
demonstrate they can fulfil some of the requirements to be competitive in Rare
Event Searches: essentially scaling up and radiopurity. In principle, the fact they
are based on Silicon technology is an advantage for any technical challenge and
silicon chips are known to be radiopure, hence InGrids may be radiopure themselves
by means of an optimized wafer post-processing. The upcoming installation of an
InGrid detector in one of the CAST experiment’s detection lines will be a significant
step towards the confirmation of InGrids as low-background detectors.

2.2.4 GEMs

It is worth to comment on GEMs since they are, perhaps, the most known MPGD.
At first sight, they can seem to be very similar to microbulks, since both are built
from a double copper-clad kapton foil (50 um thick) which is made holes in by
etching. However, in the case for a GEM, the foil is completely perforated from
face to face (see figure 2.7 right). The two copper faces are used as electrodes to
produce an intense electric field whose lines concentrate through the holes that work
as amplification regions.

Figure 2.7: Left: microscope view of a GEM. Right: electric field configuration of a GEM.

The main difference with micromegas is the fact that there is no a clearly defined
anode, therefore, despite about 50% of the avalanche electrons being collected by
the electrodes, the induced signal is more bipolar (see section 4.5). The electric field
configuration is a bit less regular, since they are two transition zones. One advantage
of micromegas is how they are naturally integrated with a readout, as a single and
robust unit, with correlation between mesh and anode designs, in particular in the
case for the microbulks.

However the usage of GEMs as a floating pre-amplification stage over an inde-
pendent readout brings a versatility that has made them very successful. They can
work together with PCB readouts, CCDs or other MPGDs, typically MSGCs and
micromegas. The idea can be generalized by the implementation of double or triple
GEM (see figure 2.8) for higher amplification gains.
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Figure 2.8: Sketch of a drift chamber operating a triple GEM[113].

The usage of a GEM cascade degrades the spatial resolution and implies con-
struction difficulties; an alternative to avoid these problems can be the introduction
of a thicker GEM (THGEM]|114|) with 400 ym gap.
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This chapter, and the next one, aim to be a brief report on the processes in-
volved in the detection of particles by gaseous chambers equipped with micromegas.
It is not a Physics lesson, not complete nor deep, but only focused in the good
understanding of this kind of detectors’ phenomenology; the cases, always of direct
interest for Rare Event Searches, are discussed in the context of a micromegas detec-
tor. The processes are described in chronological order, from the interaction of the
particle to the amplification in the micromegas. Own research results are included,
sometimes for illustration because the familiarization with this phenomenology, the
creation of references, has been a goal of this work; others because our R&D lines
were devoted to processes which are specific of micromegas or some particular cases
interesting towards Rare Event Searches applications.

This chapter treats the physical absorption of energy from particles and radia-
tion by the gas which triggers the detection mechanism when they interact in the
chamber’s sensitive volume. We will also pay some attention to processes which
occur in the detector neighborhood, but can produce a secondary response of the
detector. All the signal generated in the micromegas readout is finally due to the
production of free charges by ionization by a charged particle (with exception of
chambers equipped with light sensors); therefore this is the fundamental process we
are going to start with and study in more detail.
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3.1 Ionization by charged particles.

3.1.1 Coulomb scattering.

The ionization differential cross section is a previous result to obtain the ionization
yield, however it is interesting by itself. It is important to define the physical picture
and assumptions. The electron, the target which is susceptible to be hit resulting in
ionization of the medium, is supposed to be free and at rest; thus no dependence on
the medium can be expected from this scope. The interaction between the ionizing
particle and the electron is purely Coulombian and the mass of the former makes
the electron’s one negligible (therefore the particle mass will not appear explicitly in
the result). That is practically the famous Rutherford’s problem, with just opposite
projectile and target, and its deduction can be found in text books (semi-classical
calculation by Bohr in [115] or by means of Fermi and Yukawa theories in [116]).
When related with T, the energy lost by the particle and transferred to the electron
in an individual Coulomb collision, it looks like

do 27220 1
T~ mlR T (3.

with z the net charge of the particle and 5 = v/c its relative velocity; being a =

e? ~ 1

dmeoh ~ 137
(3.1) is valid while the ionizing particle, much heavier than an electron, is fast enough

so as the electron can be considered to be at rest, and the energy transfer high
enough to consider the electron to be free. The relevant remark is that % oc 1/T?

the fine-structure constant and m, the electron mass. The expression

what means a large tail in the dependence which assures that relatively high energy
transfers are not so unlikely.

3.1.2 Mean energy loss. Bethe-Bloch formula.

The mean energy lost in ionization when the particle passes through a volume el-
ement of material, named electronic stopping power, is computed from (3.1) by
weighting all the possible energy transfers:

dE AN [Tmer (g
— = — T7dT 2
dx dr J; dT d (32)

where the medium, with atomic and mass numbers Z and A and mass density p is
described as a homogeneous density of free electrons at rest

dN/dx = N4y (Z/A)p (3.3)
being N4 the Avogadro’s number; and the integral is extended from I, a sort of

mean tonization potential, and, Tz, the maximum energy transfer allowed by
the collision kinematics. Applying that the ionizing particle mass M > me:
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Tnaz = 2mec®(87)%; v = (\/ 1— ﬁz)fl (3.4)

The final realization of this calculation for the electronic stopping power is the
notorious Bethe-Bloch formula

2,2 2

o R gy [ln (2"}60 /3%2) - ﬁ?] (3.5)
Although the final expression (3.5) has been obtained using higher order correc-
tions, the simple description of the medium by (3.3) can still be recognized as well
as the integration of (3.1) made in (3.2) using (3.4), which directly brings the two
main terms that dominate the formula’s character: 1/3% at low velocities and the
logarithm at high velocities (see figure 3.5). The former is responsible of the typical
increase of the ionization yield experimented by charged particles at the end of their

trajectory, usually called blob (see figure 3.1 right).
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Figure 3.1: Left: Bragg curve for 5.5 MeV ?*! Am « in air, extracted from [117]. Right:
two of these alphas tracks in Ar as were registered by the Zaragoza’s lab high pressure
chamber (see section 5.5.3). The pixel size (X and Y) is 8.3 mm. It is clear from the Bragg
curve that the typical blob corresponds to the end of the path.

The logarithmic term causes the apparition of a minimum followed by a soft
rise, named the relativistic rise. An additional correction is needed at high veloci-
ties to take into account the density effect, the polarization of the medium by the
particle’s field which screens its ionization capabilities. Therefore the relativistic
rige is attenuated and becomes the Fermi plateau; thus very fast particles electronic
stopping power does not increase much more than 50% of the minimum value. For
a parametrization to include this effect in (3.5) see [118]. Then, while particles are
fast enough, dFE/dz is roughly independent on the velocity and relatively weak.
Particles in this situation are called minimum ionizing particles, MIPs. This point
of view of computing the stopping power along a particle trajectory is known as
Bragg curve (see figure 3.1 left).
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The main virtue of (3.5) resides in the fact that it provides an almost universal
(under the assumptions explained above) curve that describes the stopping power of
heavy particles ' as function of its charge and 3, or, if preferred, to the ratio between
the kinetic energy and its mass since v(3) —1 = Ej,/Mc?. This advantage is usually
emphasized by using an alternative form of (3.5) that expresses the stopping power
in terms of the mass thickness d(pz) :

dE MeV \ Z 51 2mec® 5 o 2
= 2246, (37)

The fact of requiring a minimum energy transfer to release the electron is somehow
rectifying the free electrons picture and, indeed, its introduction means the only
qualitative dependency on the medium. In addition, the selection of a mean or
ef fective ionization potential (which in practice is deduced by fitting experimental
data using (3.5)) is assuming that most of the energy transfers should be bigger than
it. The respective values for Ar and Xe are 188 and 482 eV (see figure 3.2), useful
values for gas of interest for TPCs can be found in table 1.5 of [116]). In practice,
the dependence is weak, as for Z/A, and it can be generally said that the minimum,
associated with the change of regime, is situated around 8 ~ 0.96 or v ~ v ~ 3.2;
and MIPs lose ~ 2 MeV g~! cm™2.
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Figure 3.2: Mean lonization Potential for several elements, extracted from [119]. I ~
10eV - Z is areasonable approximation for Z > 18 (from Ar on).

!Moreover, it can be extended, up to certain point, to electrons, see section 3.1.4.
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3.1.3 Applicability of the Bethe-Bloch formula and thin absorbers.

The adjective mean preceding the previous result is a drastic limit for its usefulness,
specially in the case of TPCs. Using a cross section so disperse as (3.1), the long
tail has a big impact in the calculation of the mean as in (3.2). In reality, the cross
section acts a limited number of times (following Poisson Statistics) while crossing
an absorber material. The realization, or not, of a high energy transfer produces
big deviations from the mean. The situation is even worse in the case of electrons?
which can completely share its kinetic energy in a single collision (T},4, = Ei/2),

then suddenly changing all the event’s story.

The mean energy loss will be reflected only after accumulating statistics or if the
material is dense or thick enough to average many collisions; and, in both cases, if
the absorber was also a detector, if it would be able to register all the energy loss
(see next section 3.1.4). That can be achieved, for instance, by plastic scintillator
detectors (and even there the energy loss distribution is not Gaussian); but, it is
not the case for gaseous detectors equipped with a granular readout.

Landau developed an analytic approach for thin absorbers which assumes all
the previous requirements to obtain the distribution of energy losses, A, which is
described with a Landau distribution. Landau’s thin absorbers are still too thick for
most of TPC detectors because the calculation’s assumptions (including A > elec-
tron binding energies) need for a thickness around 170 cm/bar in argon gas[120].
The Landau distribution becomes wider as pz, the absorber thickness in g/cm?,
decreases; indeed, real energy fluctuations tend to be wider than Landau’s the-
ory prediction and its shape becomes irregular as the binding energies start being
relevant|118].

However, for really thin absorbers, the most probable energy loss, A,, from
Landau’s theory, is the best guess we can make for the passing of a single particle:

2?2 0.1536 Z
A= [m (W) _ g +o.423] =T ke (39

which is situated far from the Bethe-Bloch (dE/pdz) (see figure 3.3).

3.1.4 J-rays and restricted energy loss.

The strongest electronic collisions make electrons of the medium energetic enough
so as to ionize the gas as well, and their tracks can be seen by a detector with high
space resolution, like a TPC. These secondary electrons are called §-rays and their
contribution to the total strength of the signal secondary ionization®. As they are

2The previous calculus can be re-made for electrons, with correct kinematics, (see for, example,
[115]), but it is even less useful for the reasons explained here. It is more practical to use the
restricted energy loss formula (3.9).

3There are other phenomena which are said to contribute to the secondary ionization as the
Auger electrons, see section 3.2.1.
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Figure 3.3: Example of the typical Landau distribution for MIP particles crossing a mod-
erate thin absorber. The Landau FWHM is aproximately 4. The most probable value
divided the absorber thickness is compared with the Bethe-Bloch (dFE/ dz). The example
is only for guidance and based in reference [118].

more energetic, these collisions fit better the assumptions of the calculus, and that
is the reason why it is often said than secondary ionization follows the % o 1/T?
statistics rule described by Rutherford scattering (3.1).

Due to the shape of (3.5), d-ray tracks can be much more intense than the main
particle’s, specially if that is a MIP. Working with an small TPC, the situation
could be rather confusing for pattern recognition. Besides this additional problem,
that is closely related with the discussion of the previous section because §-rays can
extract energy out of the chamber. Regarding the stopping power, as suffered by the
incident particle, it is clear that the secondary ionization, even actually produced
by the d-rays, is contemplated in (3.5). On the other hand, if we are interested
in the ionization density along the track, for particle recognition or by adjusting
the chamber gain for selecting a practical dynamic range, the fact than §-rays can
significantly disperse the ionization is relevant.

The electrons’ range dependency on energy and the readout pitch naturally
introduce a maximum for the strength of the signal that can be registered by a
readout unity (wire, pixel or strip) which can be used as a practical cut, Epz,
in the calculation (3.2). In addition, the introduction of the cut minimized some
of the disadvantages of the original Bethe-Bloch formula that were exposed in the
previous section. In particular, the new cut disables the kinetic maximum (F,,q,; <
Tinaz) that meant an important difference between heavy particles and electrons.
Therefore the restricted energy loss formula[121] inherits and reinforces the Bethe-
Bloch formula’s universality and can be trusted also for electrons:

dE MeV \ Z , 1 V2me®Epax 2



3.1. lonization by charged particles. 35

Given a readout, the electrons’ range is the other piece of information needed to
define E,uq.. A customary parametrization [122] valid up to few hundreds of keV
(while dE/dx x 1/5?) is:

R[g/cm?] = 0.71 E [MeV]"™ (3.10)

In figure 3.4 we compare it with the results from a Monte Carlo simulation (realized
with the GEANT4 application presented in chapter 6) for electrons in argon at 1 bar,
the results can be scaled with 1/P. Two different range definitions are considered:
the track length is the complete length of the electron trajectory; the projected range
is the maximum distance from the starting point to any point along its trajectory,
projected on the initial direction, i.e. the depth it can penetrate in the medium.

=
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Figure 3.4: Electrons’ range in argon at 1 bar. Computed by Monte Carlo and compared
with parametrization (3.10) and NIST ESTAR database.

Because the low energy electron trajectories are rather chaotic (in fact, the
selection of the initial direction or any other one would give practically the same
result) both ranges are very different and the distributions quite wide (the bars in
the plot represent the RMS of the obtained distribution). The application of (3.10)
lies just between both series which have been fitted to:

track length: (4.3+0.6)-10"2mm - E [keV]-7*+004 (3.11)
projected range: (1.9+0.5)-102mm - E [keV]! %9009 (3.12)

It is desirable to have a single and understandable expression, however there are
parametrizations for the stopping power and related quantities available, like the
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Stopping Power and Ranges for Electrons, ESTAR, database[123] from the National
Institute of Standards and Technology (NIST). From ESTAR we have extracted the
CSDA (continuous-slowing-down approzimation) range for argon an plotted it in
figure 3.4. In this approximation the rate of energy loss at every point along the
track is assumed to be equal to the mean stopping power, that is to say, like drawing
the Bragg curve, and we obtain something very similar to the mean value of the
track length of the Monte Carlo. It must be noted that the stopping power curve
used by ESTAR is already very different in strength than the Bethe-Bloch formula
(3.5), see figure 3.5. We deduce that for ESTAR’s CSDA calculation the fluctuations
have been neglected, but not all the possible values were considered, i.e. a E,,q, cut
was applied.

(keV/em/bar)

1500 keV e-

O \I\Il\l | IIIIII| \\I\\I‘ |

10 10° 10°
particle energy (v )

Figure 3.5: Several calculations for the stopping power in Ar. The original Bethe-Bloch
formula is compared with the restricted energy loss modification for two different cuts
(justified in the text) and the NIST ESTAR database. Note that ESTAR is a parametrization
for electrons. Some usual incident particles are located in the plot to give a graphical idea
of their Physics case: the 21Am a (8 = 0.05), the °Fe photoelectrons (8 = 0.15), 1500
keV electrons (8 = 0.97) as those involved in 3¢Xe 33 decay, mean energy cosmic muons
(8 =0.9997) and LHC protons (8 = 0.9999996).

In order to define the cut, Ep,qz, to be introduced in (3.9), we rely in the pro-
jected range to have an estimation of the maximum reasonable amount of energy
expected in a readout unity. We choose, for instance, E;,q, = 10 keV for a highly
granular readout, like a CAST detector (see section 8.2.2), with a pitch below 1
mm. For a second example, we think of a high pressure chamber, around 10 bar,
with a pixel side of 0.5 cm like in NEXT micromegas prototypes (see section 5.5.4),
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but we consider 2 cm projected range to estimate the case of xenon, were the track
is shorter, therefore E,,q, = 250 keV is chosen using (3.12).

It is shown in figure 3.5 how the implementation of a practical cut has a dra-
matic effect on the stopping power relative to the Bethe-Bloch formula, however the
behavior is soft with E,,,.. In particular the relativistic rise is strongly moderated.
The parametrization by ESTAR is in between our two examples of restricted energy,
and the difference at high energies is due to the implementation of the density effect.
In any case the increase is below the 50% compared to the minimum along a very
wide range.

The modified Bethe-Bloch formula with restricted energy loss by application of
a custom-made FE,,., (3.9) seems to be a simple and understandable formula that
allows a good description of the signal origin in the ionization chamber along a wide
range of energies in most of the cases of interest for us. Even though it still has
the disadvantages discussed in the previous section which are related with the mean
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Figure 3.6: Stopping power of positive muons on copper along 12 orders of magnitude
in energy. Vertical bands indicate boundaries between different approximations. Extracted
from [118].

The complete picture is of course more complicated (see figure 3.6). At higher
energies specially the lightest particles like electrons lose energy mainly by radiation
yield, which in principle has no effect on the chamber, but can generate indirectly
signals (see section 3.2.3). On the other hand, shell-corrections must be included to
attend to atomic binding energies to assure good accuracy in the low energy region.
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In addition, it is clear that when the energy is very low the ionization should also
decrease. Although the Bethe-Bloch formula produces a fall at very low 3, the
actual effects that produce the decrease have not been contemplated and a new
approach must be developed. The Bethe-Bloch based formulas explained here are
valid only down to S > 0.05. The low energy ions which are of interest for dark
matter searches are deeply below this threshold, and therefore their stopping power
must be discussed in a specific section.

Regarding the distribution of energy depositions, The Landau’s approach can
be a good estimator of the most probable value, but fails in the distribution shape
description in a TPC, especially at energies of few keV, comparable with medium
binding energies. A Monte Carlo simulation should be carried out, what is even
more necessary if we are interested in the distribution of charge along the particle
path.

3.1.5 Stopping Power of non relativistic ions.

The boundary S ~ 0.05, pointed out as the condition for usage of Bethe-Bloch-
based stopping power expressions, can be expressed as ~ 1 MeV /nucleon for ions,
what is far from the typical nuclear recoil energies involved in dark matter searches.
Two factors make the stopping power more complicated below this mark: the loss
of efficiency in ionizing the medium and the inclusion of a new component to the
stopping power related with strong interactions with the medium nuclei of increasing
contribution as the energy decreases

dE dFE dFE
dE _ 1 dE ab 3.13
dzx |: dx :| electronic - |: dx :| nuclear ( )

The energy lost in nuclear interactions is not directly involved in the ionization
of the gas, but these elastic atom-atom collisions can produce secondary ions able
to ionize by themselves (analogue to d-electrons). The classical approach [125] is
again Rutherford scattering in the screening field of the atoms, therefore the ob-
tained stopping power looks very similar to a re-escaled Bethe-Bloch curve (see, for
example, figure 3.8 left).

The electronic contribution is well characterized by the non relativistic approach
developed by Lindhard et al. (LSS-Theory) [125, 126] where the media is described
as a free electron gas whose interactions with the incident ion can be considered
as small perturbations. Then, as a projectile moving in a viscous medium?, in the

LSS-Theory the energy loss is found to be proportional to the velocity:
E

[d} o vz (3.14)

dz | 1.gs

4This is why ballistic jargon is very extended in this issue.
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Besides the dependency on the medium to be much more complicated than the
typical Z/A in Bethe-Bloch approach, the major difficulty here is how to define an
effective ion charge z for nuclei which are moving with velocities similar to those
of the orbiting electrons. As the atom kinetic energy is increased it is stripped of
its orbital electrons but, at the same time, the medium is polarized resulting in a
screening of the ion charge®; both effects are reciprocally influenced and the result
is a complicate dependency on the ion, the medium and the velocity.

The LSS-theory is valid below § ~ 0.01 ~ 50 keV /nucleon (see figure 3.6 and
3.7 right). For the range 0.01 < 8 < 0.05 there is not an accepted comprehensible
statistical theory. The use of more complicated models for atoms (both as incident
particle and as medium) forced the use of computers (or, alternatively, computers
brought the opportunity to try them) in the late 70’s[126]. The approach by Ziegler
et al.|127] implemented in the free accessed, but not open source, SRIM (Stopping
Range of Ions in Matter) software[128| has became the most similar to a paradigm.
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Figure 3.7: Left: Stopping power for He ions in He gas from SRIM tables. The nuclear
stopping power has been amplified ten times. The lateral straggling is also represented for
ions with this initial energy. Right: electronic stopping power as function of velocity for
the same energy range. Note the linear regime around 0.01 < [ predicted by LSS-theories.

Although SRIM was initially thought for ion transport in solids (for the study of
ion implantation and similar applications), in our energy range of interest the atoms
can be considered as free an SRIM is widely used by the gaseous TPC community
(however, there is less experimental verification). Present version of SRIM produces
tables for mean values of electronic and nuclear stopping ranges, also the projected
range of the ion path and their longitudinal and lateral straggling. SRIM can also
generate individual ion paths using Monte Carlo based on these tables, including
cascades of secondary recoils caused by ion-atom collision, though only the primary
path is described with detail registering, step by step, all the partial energy losses.
The plots in figures 3.7 and 3.8, from SRIM tables, are used to illustrate the nature

5This is not exclusive of low energy ions, at higher energies difference between antiparticles
stopping powers is known as the Barkas effect. An example of that is represented for u+ and pu~
in figure 3.6
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of the stopping power in this context. Similar plots can be found in [129] for C, F
and S recoils in CFy4 and CSy gases, but here we will focuses in noble gases.

In figure 3.7 « particles (He ions in this context) are used to show the electronic
stopping range at low energies. For such light ions moving in light media the elec-
tronic contributions dominates during practically all the energy range. It is shown
how the stopping power has a transition from the Bethe-Bloch application range
to the LSS regime known as the Bragg peak which explains totally the shape of
the curve if figure 3.1. We can detect that SRIM adds some small corrections to
Lindhard simple model at very low energies which are more evident for heavier ions.
The straggling is strongly related with the nuclear stopping power (hence for He
ions is always small), as collisions with particle of the same, or similar, masses can
sharply change the ion-projectile momentum. In particular, the lateral straggling
(final deviation orthogonal to the initial direction) means a fundamental difficulty
for directional detectors.

Plots for argon and xenon in figure 3.8 show that for medium and high ion
masses the electric stopping power is always inside the LSS range and how the
nuclear contribution enhances as the ion and the medium atoms masses increase.
While for argon we can distinguish two stages where each contribution dominates,
for xenon the nuclear stopping power is always the main effect. Like in the helium
case, the straggling is more important where nuclear stopping power is higher and
peaks up when electronic stopping power losses influence.
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Figure 3.8: Left: Stopping power and lateral straggling for argon ions in argon gas from
SRIM tables. Right: the same for Xe ions in Xe gas. The electronic stopping power has
been amplified ten times.

In contrast to electrons, the projected range of low energy ions is approximately
linear with energy. In figure 3.9, it is shown that this assertion is more accurate for
medium size masses and fails at very low energies (<20 keV). In general, the lighter
the ion and the medium atomic masses, the longer the range. The range scales with
the inverse of the gas pressure and can also be stretched by addition of lighter atoms
(figure 3.10), which also improves the straggling, but very softly.
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Figure 3.9: Projected range in noble gases as function of the initial ion recoil energies,
from SRIM tables. The line is a linear fit attempt.
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Figure 3.10: The line is a linear fit attempt. Right: projected range for Ar-He mixtures
for several initial energies, from SRIM tables. The line is a linear fit attempt. The detail
corresponds to the lateral straggling for 100 keV ions paths.

3.1.5.1 Quenching factor.

As a result of the effect of a non negligible nuclear stopping power, low energy ions
are not as efficient in ionizing the medium as electrons. The heavy ion can keep a
significant amount of energy, though being unable to ionize the medium [130]. The
primary ion produces a certain number of secondary recoils in a cascade process,
each one leads to a loss of an appreciable amount of residual energy.

Theoretically the quenching factor, @, as it was introduced by Lindhard, is the
ratio between the energy given to the electronic excitation and the total energy.
This is an experimental key parameter that is usually to be defined as
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E,
Q = E; Eee = QET‘ (315)

where F, and E, are the measurements of the energy done by the detector for a
nuclear recoil and an electron of the same energy, since for electrons practically all
the energy is lost in ionization®. Since electrons (basically photoelectrons from X-ray
or 7 sources) are commonly used to calibrate the detectors the electron equivalent
energy, Fee, is defined for nuclear recoils as the energy of an electron that would give
the same measurement of the energy. As Q < 1, this is a compromising parameter
for Dark Matter detectors sensibility, because the recoils energy range of interest is
invaded by lower energy (and so, surely, much many) ~.

Lindhard et al.[125] already gave a parametrization for the case of recoils of

medium own atoms’:
9(E)
= 3.16
Q=17 o(E) (3.16)
and g(FE) is approximated in the range from 10 keV to 1 MeV by:
75/18 e
9(E) = 0.66 ~ > E(keV) / (3.17)

F.J. Iguaz wrote a method to get a detailed description of the ion cascade
built from individual nuclear recoils simulated with SRIM for the RESTSoft
framework|[133] (see chapter 6). An energy threshold is defined to decide when
the energy loss by nuclear stopping power yielded by a simulation step motivates
the simulation of a secondary recoil. This threshold also defines the residual energy
lost per recoil. We will try a validation of the method by a direct comparison be-
tween the simulation results and 3.16 and 3.17. Figure 3.11 shows the simulation
of 200 argon recoils in argon per initial energy using 100 eV as residual-threshold
energy. The primary charge is generated only from electronic energy losses, using
NIPs = Fe./26.4 €V in average (see chapter 6). The comparison with the NIPs
expected from the initial ion energy gives the simulated quenching factor.

The results for Ar ions in Ar gas are plotted in figure 3.12 where it is shown how
the simulation approaches Lindhard calculation only if secondary ions are added
to the simulation. Secondary recoils are responsible of at least one half of the
charge yield, so they should be taken into account for a detailed study of charge
generation along the recoil path. Regarding the theory-simulation comparison, we
do not have a detailed study on energy residual-threshold dependency (which is

SHere, we refer in general to the measurement of energy instead of talking about primary charge
yield because the same concept applies for detectors based on light collection or semiconductors.
Therefore, E, is the visible energy.

"The case of different ion and medium is discussed in [131] for directional detector purposes,
and experimental data can be found in [132].
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not a well understood parameter[130]). On the other hand an obvious limitation

of our cascade reconstruction method is that

all the partial energy loss by nuclear

stopping power does not have to be interpreted as produced by a single collision,

and so, invested in only one secondary recoil.
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Another remarkable point from these simulations is the very poor energy resolu-

tion visible in figure 3.11 which is consequenc

e of the dispersion in the partition of
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the energy losses between recoils residual energy and electronic excitation. With the
100 eV residual energy-threshold up to 200 secondary recoils are simulated for each
primary ion of 100 keV, with very big variations on this number. The asymptotic
value of ~ 30% FWHM is in agreement with results from [134] for F ions in CFy,
even though secondary recoils are not used in those simulations. These results point
to another fundamental difficulty for Dark Matter searches, despite it is not easy to
be experimentally proven.

3.1.5.2 Head-tail effect.

The head-tail effect is a common way of speaking that makes reference to the possi-
bility of an asymmetry in the Bragg curve, like the one clearly shown by a-particles
in figure 3.1, which would allow to distinguish the head (end of the track) from
the tail (beginning of the track). In the case of a-particles and electrons, the head
has much more intense ionization since these particles move on the right side of
the Bragg peak (see figures 3.5 and 3.7). In contrast, for low energy ions we would
expect the tail to dominate over the head, as they are situated on the left side of the
Bragg peak. Note this consideration has not taken into account the effect of nuclear
stopping power, however more deep discussion [131] leads to the same conclusion
(only from mean values). Moreover the effect has been observed by the DMTPC
collaboration using 14.1 MeV neutrons from a deuteron-triton generator|135| and
also with a 252Cf source[136] for F recoils in the range from 200 to 800 keV.

In [129], stopping power curves using SRIM for C, F and S in CF4 and CSy are
plotted. The most interesting, F and S, as medium size atoms are basically very
similar to Ar (figure 3.8 left); there is a low energy stage, dominated by the nuclear
stopping power. While a high energy stage, where Lindhard model for electronic
stopping power is a good approximation, can be distinguished. In the high energy
stage a tail dominance is expected. The DMTPC would have seen the effect because
their F recoils have a long part of their paths along which the electronic stopping
power is clearly dominant.

In our preliminary study on argon recoils below 100 keV at 1 bar®, we
proposed[133] the volumetric density of the charge as discriminator because sim-
ple Bragg-like curves often give non conclusive results. We detected that limitation
is due to the straggling of the main path plus the presence of secondary recoils;
since both are more common near the head, a higher charge yield around the end
of the path can be produced. However, this additional charge is expected to be
more disperse. The algorithm is illustrated in figure 3.13 for a complete simulation
(including secondary recoils) of an argon recoil. Even though the success rate was
promising, such a method would need for a really powerful topological capabilities
of the chamber.

8The simulated path is scalable with the inverse of the pressure and so conclusions based on
the path features should be universal, with the exception of drift diffusion effects.
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Figure 3.13: Illustration of a sense recognition algorithm over a 40 keV Ar ion cascade
simulated with RESTSoft (based on individual SRIM recoil simulations). After the deter-
mination of the recoil direction, two volumetric regions (only readout projection is plot)
are defined assuming that the head corresponds with the lowest density of charge.

In the paper previously mentioned [129], following a simulation extension of
SRIM very similar to the RESTSoft approach (see section 6.3.3) the DRIFT re-
searchers admit the importance of the straggling caused by the nuclear collisions
(despite neglecting secondary recoils). The straggling together with the necessity
to project the ionization yield onto the readout axes, means a factor that competes
with the pure Bragg curve to enhance the strength of the head respect to the tail.
Depending on the ion and its initial energy the Bragg-like curves (projected onto the
readout axes) can be basically flat or inclined to the head or to the tail (in agree-
ment with our studies|133]). After studying simulations of the same nature|134],
researchers from the MIMAC collaboration suggest not to consider the head-tail
effect for Dark Matter searches with recoils below 100 keV.

3.2 Other indirect mechanisms to generate ionization

Fast charged particles will always be the source of the signal readable in the mi-
cromegas chamber. Therefeore, at the end of every of the following subsections, we
will be addressed to the previous section. However the following physical processes
will enable the TPC to detect other kind of particles.

3.2.1 Interactions of photons.

In contrast to the ionizing particles (at least macroscopically), the photons interact
with matter in a discrete way that suddenly changes the photon state and can even
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be completely absorbed. The stopping power concept is replaced by the differential
cross section which describes the possibility of such a process to happen.

The following expression illustrates the way that applies for a beam of photons
with initial intensity Iy crossing a thickness x of material with N molecules per unit
volume, and it will be useful to show several common definitions related with the
same concept:

I(z) = Ie "N = [pe "X = [ye™@/* (3.18)

where X = pz is the mass thickness with p the mass density and pu = o N/p is the
(frequently tabled) mass attenuation coefficient, and A = 1/(pu) is the mean free
path of the photons in the material.

The mass attenuation coefficient is probably the most useful construction be-
cause it is just summed for different processes or simply composed for a material
mixture:

Pmix:1,2...,n = P1P1 + DP2afpio + ... + Dpfin (3.19)

with p1, pops ..., pn the percentages, in weigth, of the 1,2, ..., n compounds of
the mixture.

Photons can interact with matter through four processes:

photo-electric effect: absorption of the photon by the atom.

Compton effect: scattering of the photon by one shell electron. Also called
Thompson scattering at very low energies.

pair creation: creation of an electron-positron pair.

Rayleigh scattering, or coherent scattering: scattering of the photon by the
whole atom.

All these effects are exposed in reference books as [115, 137] and here only the
ideas of direct interest will be remarked. Pair creation, as a typical process in High
Energy Physics (see figure 3.14) will not be discussed. Tables for mass attenuation
coefficients can be found in the XCOM database[138| from NIST.

3.2.1.1 Photo-electric effect (Fluorescence, escape peaks and Auger
electrons).

The photo-electric effect is the process that determines the quantum efficiency of
the chamber for X-rays since is the one which can easily produce ionization yield
proportional to the photon energy. The photo-electron is released with the energy
of the absorbed photon E, with the payment of the electron binding energy, Espe:
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Figure 3.14: Cross sections obtained from [138], expressed as 1/, for Ar (left) and Xe
(right) gases at standard conditions (1/\ o< P, with P the gas pressure).

Ee = Ey - Eshell (320)

However, many times Fpy is relatively small or can be finally delivered as secondary
ionization (see below).

The photo-electric cross section is the sum of all the atom shells’ contribution.
When one shell becomes accessible to the photon energy a sharp increase is observed
in the cross section (called K-edge, L-edge, M-edge, ...), and this new shell tends
to dominate the cross section. In figure 3.14 left, it can be seen how, once the K
shell is available, above 3.19 keV its contribution is ~ 90% of the total cross section.
Something similar happens to Xe at 33 keV (in the same figure at right), and for L
shells around 5 keV. Fast access to atomic shells data can be done through [139].

The dependency of the photo-electric cross section goes with the 4th or 5th power
of the energy and is highly dependent on Z, the atomic number of the material.
Therefore, the small fractions of organic gases usually added to noble gases in TPCs
do not have an appreciable impact on the detector quantum efficiency since their
molecules are usually composed of low-Z atoms.

Because the photo-electron has been rejected from an atomic shell, a vacancy
has been created in the electronic structure (in fact, deeper vacancies are more likely
when possible, as we saw just before) and the atom have two possibilities to relax
which can result in secondary ionization:

e fluorescence, by radiative transition from an outer shell. If the fluorescence
photons are absorbed by the gas, the detector can recover the initial energy of
the X-ray (although in two separate clusters, or point-like energy depositions).
While if the secondary photon is not absorbed the energy measurement will
be shifted from the X-ray energy by an energy characteristic of the detector
gas; this is the origin of the escape peaks.
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e emission of an Auger electron, a non radiative transition where electrons with
characteristic energies of the detector gas are rejected. Therefore the excita-
tion energy is released as ionization and this kind of event is most of times
indistinguishable from a single electron carrying the whole energy.

Several of these transitions can happen in cascade.

Fluorescence can have a big impact in the detector registered spectra, sometimes
making difficult (others giving hints to) their interpretation (a practical example of
that can be found in section 6.2.7.2). Generally speaking, for a gaseous detector
where a big ratio of the chamber is an active volume (i.e. the ionization generated
inside is susceptible to generate a signal in the micromegas) the fluorescences of the
detector gas are reflected in the spectra as escape peaks. To see a gas fluorescence
it would be needed an absorption in the dead volume of the detector and then the
capture of the fluorescence photon. In contrast, fluorescence peaks are often due
to solid parts of the detector, especially metallic pieces with medium Z elements
(read-out, cathode, field-shaper, etc.), what could mean a limitation for the detector
background at low energies. For illustration of that see figure 3.15.
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Figure 3.15: An already classic spectrum taken with a micromegas published in [100]
for a '99Cd calibration with vy-rays of 25 and 22 keV. Two argon escape peaks related
with intense peaks can be observed as well as the 8 keV fluorescence of copper from the
micromegas mesh and 3 keV from the argon itself. The percentages make reference to the
energy resolution as FWHM.

A few words about the X-rays photo-electric effect in the particular case of Ar,
as the most widely gas used to fill TPCs. We saw how for energies of few keVs the
absorption cross section is dominated by the presence of the K-edge at 3.19 keV. A
vacancy in the K-edge is followed ~15% of times by a 3.19 keV photon and ~85%
of times by an Auger electron about the same energy. That means and advantage
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for Ar chambers’ X-rays efficiency. The ®°Fe 5.9 keV X-rays are commonly used
to calibrate at low energies. They have only ~10% possibilities to interact with
an electron in a shell other than K, in these cases the result is fundamentally a
photo-electron with the whole X-ray energy. If interacting with a K-electron and
a fluorescence photon was emitted with energy ~5.9-3.2, below the K-edge, we
see from figure 3.14 left how its mean free path would be very similar to the 5.9
keV original X-ray’s and it may have higher possibilities to escape than expected.
Actually the relative strength of the Ar escape peak will strongly depend on the
chamber geometry. A study on the ®*Fe 5.9 keV X-rays spectrum in Ar is done in
[112].

3.2.1.2 Compton effect.

When interacting by Compton effect the photons are not absorbed but scattered by
the medium electrons, the initial photon energy E, cannot be measured. Compton
interactions are responsible of most of the counts in the chamber by medium-high
energy 7-rays (see figure 3.14). At the energies where te Compton effect is dominant,
the atomic binding energies are relatively small. When the electrons are considered
to be free, conservation of energy and momentum lead to these relationship between
the energy change and the dispersion angle 6 of the photon:

1 1 1
— — — = — (1 —cos#t 3.21
E, E, mGCQ( ) ( )

independent on the medium. Note that, from the kinematics of the collision, there
is a maximum energy transfer to the Compton electron T = Eﬁ/ - E:

QEW/(mec2)
Trar = E7 <1 n 2E7/(m802)> (3.22)

but there is not a minimum. In fact, the low energy depositions are favored, as
can be seen from the differential cross section of the process do/df2, deduced by
Klein and Nishina in 1929. But it is more useful for us to substitute 3.21 in the
Klein-Nishina formula to obtain the energy distribution of the Compton electrons:

do 9 o1 2(mec?)?s? s 2mec?
— = — |2 — 3.23
ar e P e T T T E, (3.23)

where s = T/E, and r. = €?/(4mephc) is the classical electron radius. The distri-
bution, which is plotted for several E, values in figure 3.16, must be truncated in
T = Tiaz, what leads to a sharp rise, known as Compton-edge, and the consequent
peak, the back-scattering peak. In the same figure can be appreciated that, even
though they do not form a peak, low energy transfers are relatively more frequent
than big angle dispersions, specially for medium energy 7-rays, which is a threat for
low energy background.
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Figure 3.16: Compton electron energy distributions drawn using (3.23) for £, = 250, 500
and 800 ke V.

In the classical limit the cross section becomes independent of the energy and
equal to the Thompson cross section and no energy is transferred, photons are just
dispersed.

3.2.1.3 Rayleigh scattering.

This is the classical radiation dispersion by the atoms which do not transfer energy
to the medium. Here we just make a warning about the fact that the Rayleigh cross
section can be non negligible at low energies (see figure 3.14). Then, in principle
forbidden trajectories could be allowed for the X-rays thanks to Rayleigh dispersion,
what might become an unexpected background origin.

3.2.2 Interactions of neutrons and WIMPs.

Neutrons and WIMPs can experiment elastic scattering with the detector gas nuclei.
Although the nature of the processes are different (and depending on the WIMP
type and model), both mechanisms are fundamentally elastic collisions that share
the same kinematics and reject a nuclear recoil which ionizes the medium and can be
registered by the micromegas (from this point on, the event description is addressed
to section 3.1.5). Therefore it is clear why neutrons are the most dangerous back-
ground for direct Dark Matter searches which look for WIMP-induced recoils; in
addition, neutron-induced recoils can also mimic the signal from low energy X-rays.

The conservation of energy and momentum leads to the following energy share-
out for a collision in which the incoming neutron, or WIMP, with energy E and
mass m is scattered and angle 8 from its incident direction by a nucleus of mass M:
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2mM
T= mE(l —cosf) (3.24)

where T is the energy transferred to the nucleus, which can be as high as E only if
m = M. If the nucleus could be considered as a point-like particle, such a collision
would be isotropic; then, since from (3.24)dT"  sin@df like dS2, the differential

cross section % is not dependent on the recoil energy and can be expressed as

do o

o7 (E) = T (3.25)

point—like

where oV is the cross section at zero momentum transfer and T)yq. i the maximum
energy transferred when 6 = 7 in (3.24) In (3.25) has been emphasized that do/dT
is dependent on F, but not on 7.

Because the nuclei are actually not point-like (at least it cannot be considered
to be when the momentum transfer ¢ = V2MT related wavelength ¢/h is not
large compared with the nucleus effective radius) the previous expression must be
corrected by the nucleus form factor F' ((7'(0))

do do

= F(T)? (3.26)

point—like

When the scattering is coherent, i.e. the nucleus acts as a whole, the nuclear form
factor is computed as the Fourier transform of the nuclear mass density distribution

(r):
' Flg) = / / / &7 (1) dBr = 4; /0 ~ sin(qr)rpr dr (3.27)

hence it depends on the description of p(r) for which there are several classic and
widely used parametrizations (see [130] and references there in).

In the incoherent scattering the particle is absorbed by the nucleus and then
rejected, but the same kinematics described above are valid. Neutron cross section
curves are dominated by the resonances due to incoherent scattering (see figure 3.17)
and so they change dramatically even to similar nuclei. WIMPs cross sections have
a different signature that can be used by Dark Matter Searches to differentiate from
neutron’s background by comparison of the results of several target materials. They
depend, of course, on the WIMP’s nature and model, but can be divided in two
basic groups which can coexist:

e Spin Independent (ST) interactions, as supposed for most of standard WIMP
Dark Matter candidates as MSSM neutralino [140]. If the scattering is coher-
ent o o< [Zg,+ (A— Z)gy)?, i.e. the contributions from the Z protons and the
A — Z neutrons of the nucleus, with their respective coupling WIMP-proton
(g9p) and WIMP-neutron (gy,), are just summed. In the easiest case g, ~ gn
and o oc A2
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e Spin Dependent (SD) interactions are sensitive to the nuclear spin, J, then
they are subject to more uncertainity from both WIMP and nuclear models
(besides, the form factor for SD cannot be calculated only on basis to 3.27).
However, for some nuclei, they can enhance the cross section what motivates
Dark Matter searchers with TPCs based in CF4 (*F) or 3He.
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Figure 3.17: Elastic cross sections for “Ar and 13! Xe obtained using [141].

Much more detailed explanation on WIMPs cross sections and how to use it to
estimate the detection rate in a Dark Matter experiment can be found in other Ph.
D. theses by colleagues of my group as [142, 143, 144] and the references there in.

In the case of inelastic scattering (the nucleus is excited) a nuclear recoil is also
produced, but 3.24 is not valid here. The collision can be followed by a y-decay that
can help to identify the process, however gaseous TPCs detection efficiency is poor
for 7. Neutrons can also trigger a variety of nuclear reactions (spallation, fission,
etc.) which are typical of High Energy and Nuclear Physics and are beyond the
scope of this text.

3.2.3 Bremsstrahlung.

The last section of this chapter is devoted to a process that does not generate imme-
diately ionization in the medium, on the contrary, it can mean a loss of the deposited
energy by a charged particle. On the other hand, it can produce secondary ioniza-
tion in the chamber, even when the interaction itself has happen out of the chamber.
The Bremsstrahlung (braking radiation) is experimented by charged particles when
they are scattered by the electric field of the medium nuclei. That mechanism of ra-
diative energy loss is in competition with the ionization produced by scattering with
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the electrons of the medium that was studied in the first sections of this chapter.

dFE dFE dE
R ek ad 2
dx |: dx :| ion " |: dx :| rad (3 8)

The radiative stopping power is proportional to the particle energy (see, for example
sections 11.5.2 and 11.5.3 of [145])

dE E
R N —— 2
|: dz :| rad Xo (3 9)

The last equation justifies the name of radiation length given to Xy since, in average,
E = Epexp(—z/Xy). The radiation length dependency with medium (Z, A) and
particle mass, m, is approximately (calculus and tables can be found in [146])

1z
XS Am? (3.30)
Then bremsstrahlung is more efficient for light particles that can suffer strong de-
celerations which act as photon shots. Since it is proportional to the particle energy,
while ionization tends to saturate, it becomes dominant at high energies (see figure
3.6) and finally the energy loss by bremsstrahlung rises over the ionization stopping
power at the critical energy, E. (see figure 3.6). For our purposes, bremsstrahlung
is only relevant for cosmic (high energy) muons or for electrons around the MeV.
The following approximations (see [118] and references there in) are valid only for

electrons:
10 M.
L= 623_162\1 (solids and liquids); (3.31)
700 MeV
= Ztogz (B 332
716g/cm? - A
X = g/cm (3.33)

Z(Z+1)In287/\/Z

Even still far from their critical energy, electron’s radiation length in a xenon
TPC at 10 bars is ~ 1.5 m and so, along the few tens of ¢m paths of electrons
between 1 or 2 MeV, it is not rare that some photons are shoe. They can gen-
erate secondary clusters or escape from the chamber with consequent danger for
calorimetric detectors. On the other hand, the possibility is higher in metals, in
particular in lead, and therefore relatively high energy electrons originated by nat-
ural radioactivity or cosmic muons can induce low energy events in the chamber by
bremsstrahlung experimented in the detector’s shielding.
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This chapter is devoted to the chain of processes that happen in the detector,
which are triggered by the physical interactions described in the previous chapter
and yield an electronic signal, and how they transform the original information.

Since there exist several manuals that explains the working of a TPC, we will
focus in micromegas particularities, and the discussion will be more detailed about
the features that are being directly studied by the T-REX project. The next chapter
is an special extension in this sense, dealing with no essential aspects, but which are
critical for most or some applications of TPCs to rare event searches.
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4.1 Primary Charge generation.

The creation of free electrons by the interaction of the gas atoms or molecules with
the ionizing particles is the essential process that allows the working of the gaseous
detectors. This process has, in principle, several dependences: on the type of gas
molecule, on the type of the ionizing particle, on the strength of the particular energy
deposition. The relationship between these issues brings diverse possibilities for the
process end which, in principle, produce big statistical fluctuations. Fortunately
the nature moderates these dependences and limits the fluctuations for the benefit
of the gaseous detectors’ potential as proportional counters. There are two main
parameters, empirically defined, that quantify the generation of the primary charge,
which are the scope of this section.

4.1.1 W, averaged energy per ion pair.

The original interactions that trigger the detection process are the inelastic collisions
produced by an ionizing particle that were studied in section 3.1. These discrete
energy deposits can ionize the gas molecules, but also excite higher energy electronic
states (radiative excitations) or vibrational or rotational states'. Sometimes the
energy invested in excitation can be reconverted into ionization (see section 3.2.1.1).
Besides, even if the collision produces effective ionization, the free electron can retain
a certain amount of energy and being unable to ionize again the gas.

The ionization yield must be characterized by an empirical parameter that relates
the total production of primary charges, n., with the energy deposited in the active
volume of the chamber Ey?

W = Ey/ne (4.1)

W is the average energy required to produce an electron-ion pair, often referred
simply as the W-value. As a rule: E.,. (first energy of excitation) < FE; (first
energy of ionization) < W. Recompilations of these values can be found in [147]
and [115]. Roughly speaking W is about 1.5-2 times F; for noble gases, and 2-3
times E; for more complex molecules. We will just remark Wy, = 26.3 ¢V and
Wye = 21.9 V.

A crucial result for the operation of gaseous detectors is the fact that W is only
slightly decreasing with the energy of the ionizing particle. Only when energies are
of the same order than the ionization and excitation potentials W rises|148].

!Precisely the kind of gases used in the gaseous chambers usually belong to one of the two
extreme cases: the simplest molecules, noble gases, unable of vibrational or rotational modes; or
complex organic molecules with numerous and energetic excitation modes. In most of cases a
mixture of both types is used because of reasons that will be shown along the chapter.

2The absolutely empirical character of the W-value causes some confusion about its exact defi-
nition. For practical reasons FEy is often the initial total energy of the ionizing particle, what can
produce a small overestimation of W because of its rise at very low energies.
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The dependence is also weak with the radiation type. In figure 4.1 the charge
yield obtained in a chamber with micromegas is directly compared for 13.9 keV X-
rays and 5.4 MeV a. Although the micromegas gain is plotted, it has been extracted
from a comparison of the signal strength which already assumes W, = Wx,q, (see
4.4). These measurements were conceived to study other processes as well, and
they would be revisited and discussed with more detail later; for the moment it is
clear that the calculated gains could not match unless W, ~ Wx 4y, even though
< dFE/dz > is more than one order of magnitude higher for the .
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Figure 4.1: Gains deduced for a micromegas in Ar with CH4 for several CH, concentra-
tions and pressures, using the set-up described in section 5.1. The closed markers (circle,
squares and triangles) are calculated from 24! Am 5.4 o while asterisks and crosses from
241 Am 13.9 keV X-rays at the same time, i.e. during an only measurement run, using ex-
actly the same gas and set-up conditions. The highest point of the series is the last one
before the micromegas starts continuously sparking.

The W-value for a gas mixture is given by a simple weighted average

W= (H Wk> /> | Cron [T Wi (4.2)
k k

ik

with C} the concentration of each component and o the relative cross sections
(>-or = 1). Therefore no spectacular effect is expected from the addition of a
new component in small concentrations. The rule 4.2 is not valid when there is an
interplay between two components (see the case of Penning mixtures in section 5.3).
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4.1.2 F, the Fano factor.

If the generation of primary charges followed Poisson Statistics, the variance of the
charge yield for events that average n, would be 02 = n,. Then that would imply an
essential limitation for the energy resolution of the detector because of the variation
of the primary ionization, which would be expressed as full width at half maximum

(FWHM):
1 /1 W

that produces R|piaar ~ 15.6% FWHM for 6 keV X-rays in argon. Microbulk
micromegas actually achieve 11% FWHM for the %°Fe peak® (see figure 4.22 right),
an experimental value certainly affected by other additional variance sources (see
section 4.4.2).

Facing the evidence that the process is not purely Poissonian (besides the ion-
izing particle has a finite energy that imposes a maximum n,., the excitation and
ionization possibilities are not independent) the actual variance is corrected using
the Fanofactor, whose empirical definition could be: the F' so as to fit

o = Fn, (4.4)
thus

rw

R(FWHM)|,; = 2.35
Ey

(4.5)

what is known as the Fano’s limit and yields R|paar ~ 7% and R|paxe ~ 5%
FWHM for argon (F = 0.17) and xenon (F' = 0.13) respectively at 6 keV. A good
compilation of F' values is done in [112]. It seems that F' follows a composing
rule equivalent to (4.2), and so small amounts of additives cannot bring impressive
improvements, again with the possible exception of the Penning mixtures (section
5.3).

4.2 Drift, diffusion and attachment.

The drift of the electrons along the chamber to the readout plane is obviously a
crucial process for a TPC. The deviation suffered by the electrons from the projection
of its initial position to the readout plane and the expected arrival time produces a
diffusion of the topological information that affects the TPC imaging capabilities.

3That has been obtained with argon plus an small amount (2-5%) of isobutane, however the
primary charge generation is a process where atoms basically can be considered independent (see
equation (4.2), but keeping in mind the exception of the Penning mixtures), then the primary
charge generation statistics are dominated by the interaction with the argon atoms.
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The drift time limits its application to high rates scenarios and a slow drift velocity
can produce undesired secondary effects.

In spite of being continuously accelerated by the action of the drift field E, the
electrons get an steady drift velocity vy, which manifests macroscopically. That
reminds the classical case of the motion with friction proportional to the velocity

Aoy =
me% = ¢E — K (4.6)

with m. and e the electron mass and charge?. Note that the equation (4.6) suggests
the definition of a characteristic time 7 = m/K for reaching the steady state. From
a microscopic point of view, from which the electrons have an instantaneous velocity
v; different than vg, the macroscopic characteristic time is justified by the average
time between collisions of the electrons with the gas molecules, 1/7 = o Nv;, with N
the molecules density of the gas and o the cross section for interactions producing
an effective momentum transfer between electrons and molecules.

The following qualitative picture may help to construct comprehensive explana-
tions for most of the formulas and plots recompiled in the section, though some of
them can seem to go against intuition. Firstly, it must be noticed that the direc-
tion of v; can change completely after a collision (in simple models the scattering
is isotropic), due to the mass ratio between electrons and molecules. Besides, for
elastic collisions the fraction of energy loss per collision, A, is of the order of 1074,
So, if only elastic collisions are frequent, we have basically a random walk affected
by a continuously interrupted tendency to drift in the direction of E.

Under these circumstances it is understandable that the possibility of ©; being
eventually reduced by a big energy loss could bring a benefit, since it would work
like a kind of reset of the instantaneous velocity. Thus the deviations caused by
the scattering are minimized and the electric field energy is invested in driving
the charges only in the drift direction. The inelastic collisions causing high A can
partially materialize such a reset.

However, an excessive shortening of the electron’s mean free path is also negative
for the drift velocity. In addition, each collision means a possibility of the electron
being attached by the molecule. The interplay between both effects together with the
cross sections that define the interactions between electrons and molecules explain
the drift properties of the gases.

There are two extreme cases for gases regarding the way they interact with
free electrons®, both are often chosen for gaseous chambers. On one hand there
are the noble gases, with the simplest molecular structures, inelastic collisions at
low energies with electrons are not possible and they are very unlikely to absorb

4Equation (4.6), was first introduced for electrons transport by P. Langevin. With the addition
of a magnetic force is known as the Langevin formula.
5Molecules with high electron affinity that tend to attach the electron are not considered here.
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an electron and have low cross sections allowing long mean free paths. On the
other hand there are molecules with complex structures, like organic vapours, whose
rotational or vibrational modes can be activated at energies much lower than the
electronic excitation energies, what requires a relatively high energy loss for the
electron. Those possibilities also increase the cross section.

The most common choice is a gas mixture based in a noble gas with addition of
a, usually not too big, amount of a gas of the second group, called the quencher®.
The mixture’s drift properties can be optimized depending on the composition and
the applied drift field.

There is a rigorous theory of the electrons transport in gases, which can calculate
the velocities’ distribution, etc; it was just revised during the development of the first
TPCs[149]. Usually the Monte Carlo approach is more popular, being the Magholtz
code[150] the most common. We will just comment general tendencies and cases of
particular interest.

4.2.1 Drift velocity.

If the thermal energy is negligible, i.e. (1/2)mv? > (3/2)kT, as in the case of
the operational TPCs, the drift velocity as well as the mean instantaneous velocity
can be accounted from the energy balance along the drift. The manifestation of a
steady (macro picture) or a well defined mean (micro picture) drift velocity entails
taht the energy won from the drift field equals the energy lost from collision to
collision in average. The resulting velocities are function of the collision properties.
The following expressions are due to Townsend[151] from a simple approach which
can be also found in [116]:

“3:mezean(g) A(;) (4.7)
. B 2 (4.8)

meNo(e) | Ale)

The shape of the velocities” functions have been basically transferred to the
dependence of A(¢) and o(g) with e = (1/2)mwv?; N being the atomic density. As
actually € >~ FEA ~ v?, with A ~ N~! the average path drifted between collisions,
both velocities are function of the ratio /N, or E/P (P the gas pressure), called the
reduced field, which is conveniently used to parametrize the drift properties. Note
the opposite dependence in equations (4.7) and (4.8) on A; that is the manifestation
of the reset effect of the collisions with big losses we referred to in the section’s

introduction.

5This denomination more exactly comes from the role the quencher plays in the amplification
process (see section 4.4), however in a TPC the gas must be selected regarding as much to the gain
as to the drift properties.
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From the drift velocity point of view, the optimum case is a gas that allows a
long mean free path but causes very inelastic collisions. Thus the electrons are able
to reach high velocities and are only driven by the drift field with small deviations.

These are often conflicting features for a simple gas, and that is the reason why
mixtures are frequently used. The average time between collisions (or the effective
cross section) and the mean fraction of energy loss per collision can be constructed
from the components following direct composing rules. The huge differences in the
cross sections and the impact of a single inelastic collision implies that, in contrast
to the W-value, impressive effects are produced by addition of small fractions of
quencher gases. How it works is illustrated in figure 4.2 for argon gas and two
typical quenchers. The shape of the drift curves can be justified in basis to the
collision properties for the involved gases plotted in figure 4.3.
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Figure 4.2: Drift velocities calculated with Magboltz. Note the dependence on the E/P
ratio, explicitly written in the axis; it was exactly reproduced in the Monte Carlo results.

Although the pure argon gas has the lowest cross sections, the strategy of having
only elastic collisions does not work satisfactorily because of the reason advanced in
the section’s introduction: the dispersion of the direction of the electron’s velocity in
each collision. The cross section has a dip due to a quantum interaction between the
electron and the gas molecules wave lengths named Ramsauer effect, that is related
with a maximum in the drift velocity, but it is placed at very low drift fields. The
opposite strategy, that of the quencher here represented by the CFy gas’, certainly
yields higher drift velocities, however a high F is needed to compensate the short
mean free path.

"Many times called freon.
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Figure 4.3: Cross sections for effective momentum transfer of electron with Ar, isobutane
and CF,, extracted from [150]. The solid line, which is continuous along the energy range
and shows the Ramsauer dip around 0.1 eV, corresponds to the elastic cross section. The
rest of solid lines are vibrational modes. The short dashed lines curves, which raise about
10 eV, are excitation cross sections. The long dashed ones, which are activated only with
slightly higher energies, corresponds to the ionization cross sections. The last plot, taken
from [116] shows a comparison of the inelasticity of the collisions of Ar and methane.

When a mixture of gases that follow the opposite strategies is tried, the interplay
between the mean free path and the efficiency of the reset mechanism makes the drift
velocity curve develop a peak whose strength and position depends on the mixture
composition: the higher the quencher fraction, the faster the gas can become, but
stronger drift fields are needed.

The effect of isobutane, iC4H;g, in the drift properties is also plotted and com-
pared with CF4. The isobutane is more appreciated for its benefits of the amplifi-
cation properties, but its addition produces also an important improvement of the
pure noble gases drift features. However, figure 4.3 shows that, in contrast to CFy,
any amount of isobutane cannot make the inelastic collisions dominant, since the
elastic cross section is also very high for this organic molecule. As a consequence,
even with higher fractions of isobutane, drift velocities higher than ~ 5 cm/ us can-
not be surpassed in argon-isobutane mixtues. The butane, C4Hjg, whose A(e) is
plotted in figure 4.3 to illustrate generically the difference between a noble gas and
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a quencher, is another usual quencher whose effects in the drift are intermediate
between CF4 and isobutane.

4.2.2 Diffusion.

The particular history of collisions suffered by the electrons during the drift to the
readout cathode accumulate individual deviations of the positions of the electrons
respect to the center of charge motion described by the drift velocity. For an electron
starting at the origin and drifted by the field E = —FZ, the density of probability
of the electron’s position after drifting a time ¢ is

1 1 2 2 +y? (2 —vgt)?
Jy 2 1) = - - 4.9
@y 2t = s (\/47rDTt> eXp[ 4Dt 4Dt (4.9)

where D, and D7 are the diffusion constants in the direction of the drift field and
perpendicular to it, respectively. Many times it is more convenient to re-parametrize
(4.9) using

V2Dt = 2D.1 _ oz - V1 (4.10)

Uy

where [ is the drifted distance. The D’s and ¢’s are called equally diffusion constants
and coefficients in the literature, they will be distinguished by their dimensions.

The Gaussian shape of the diffusion is suggested as solution of a transport equa-
tion for a conserved current of density, and can also be justified in a simple mi-
croscopic picture considering random collisions and isotropic scattering. Note that
the particular expression (4.9) considers the electric anisotropy of the media, as it
is experimentally observed (see details in [116]). The microscopic treatment brings
some interesting results, however they have implicit, but essential, dependences on
the gas electronic properties. For instance, it is found that Dy < Dy, the ratio
being given by

DL . 1 + Y (3 5‘y

= ; =—— 4.11
Dr 1+2v’ v Oe (4.11)

with v = 1/7 and the derivative evaluated in the balance point.

We will comment particular examples produced with Magoltz. Equivalent figures
to 4.2 for diffusion o’s are 4.4 and 4.5. The conclusions and reasonings that can
be extracted from them are practically equivalent to those of the drift velocity
dependences. The first remarkable fact is the impressive improvement got with the
addition of even an small amount of quencher, which is more moderated in the case
of the isobutane than in the case of CFy.

Regarding the diffusion, it seems more clear than in the case of the velocity that
inelastic collisions, even being frequent, are useful since a short mean free path also
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Figure 4.5: Longitudinal o calculated with Magboltz. In the right a detail in linear scale
for the mixtures. Notice the scaling factors E/P and P/2.

contributes to decrease the accumulated deviation. It seems a rule that increasing
the quencher fraction and the electric field improves the diffusion. However a kind
of optimum seems to be achieved for transversal diffusion around 20% of CF,%.
Besides the curve is more complicated in the case of the longitudinal diffusion, which
is clearly correlated with the drift velocity’s curve; it develops a minimum and so
anomalous sections where increasing the drift field implies a diffusion worsening.

A scaling factor with N or P is assumed by the plots and it is exactly reproduced
by the Magboltz program. It can be easily understood from the simple microscopic
picture. Since 7 ~ N~!, the number of collisions during the drift goes as n ~

8 A simple study for optimization of the Ar-CF, mixture for Dark Matter searches, taking into
account also other considerations, is done in section 7.1.4, see figure 7.11.
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t/T ~ N; on the other hand the mean displacement in a given direction \; ~ N1
and the mean accumulated displacements for a random walk is /nA. Therefore
Op ~ /Ay ~ N1/,

4.2.2.1 Mechanisms to improve the diffusion.

One resource to minimize diffusion effects is the application of a magnetic field B ,
the electron trajectories become helical instead of straight lines, what produces a
net decrease of the diffusion constant transversal to B (see details in [116]):

DT((JJ) 1

= 4.12
Dr(B=0) 1+ w?7? (4.12)

where w = (e/m.)B is the cyclotron frequency of the electron.

The drift of ions presents advantages from the diffusion point of view, since even
the elastic collisions produce high energy losses and they are not isotropic (see [116]).
However they have much slower drift velocities and the primary charges cannot be
amplified as easy as with electrons; therefore only very high energy signals could be
detected.

The concept of the negative ion TPC (NITPC)[152] tries to combine ions drift
properties with usual electron amplification. The idea is to use an electronegative
gas with the aim of attaching the primary electrons, what creates negative ions that
drift, slow but with low diffusion. When they arrive to a region near the readout,
they are dissociated again by means of a strong magnetic field; thus electrons can
start the avalanche process (see section 4.4). The development of such a TPC means
a technical challenge that is being faced by the DRIFT collaboration[47].

4.2.3 Attachment and recombination.

The attachment is the absorption of the electron by a molecule present in the gas
during the drift. It produces an obvious impact on the detector signal strength and
resolution. All the molecules have a certain attachment cross section (the lowest
correspond to the noble gases), but attachment is generically caused by impurities
with high electron affinity, specially air and water. A review about the different
kinds of attachment mechanism is done in [18].

Another mechanism producing the same undesirable result is the recombination
that happens when the electrons meet the positive ions that are drifting in the
opposite sense (see an example in figure 4.13). Generically the probability of an
electron surviving in the gas is accounted by any of the following formulations:

T gt/ — orat — g/ he — gaz (4.13)
no

where the regarded parameter will be called electron’s mean lifetime or attachment
rate or electron’s capture mean free path or attachment constant. They will be often
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referred just as attachment coefficient and will be distinguished by the dimensions.

In order to avoid the attachment, for a gas with a given concentration of elec-
tronegative molecules, it is clear that increasing the drift velocity is an advantage,
what usually requires higher drift voltages. This effect is not absorbed by the for-
mulations of (4.13) in terms of length, since the attachment cross sections tend to
decrease with ¢, that is increased with FE.

Although the micromegas’ structure prevents the recombination, because the
ion back-flow produced in the amplification is absorbed by the mesh and does not
enter the drift region, the mesh itself introduces a fundamental limitation for the
drift field intensity, which may be needed to avoid attachment and recombination.
That will be the issue of the next section.

4.3 Mesh transparency.

Many of micromegas advantages are based on the practical division of the chamber
into two volumes: the drift and the amplification regions. However a physical barrier,
the micromegas mesh, is placed in between. The reason why this obstacle is not
usually a problem in practice will be visually understood from figure 4.6.

Ideally the electrons will follow the lines of the electric drift field. Thus the elec-
tronic transparency or transmission of the mesh, i.e. the percentage of the electrons
that reach the amplification region, would be computed from a given geometry as
Ne = ®13/(P13 + P12), the &,y are defined in the caption of figure 4.6.

The transparency relies on the increase of the density of the field lines produced
in the amplification region with respect to the drift region; i.e. the field ratio FR
= Edrift/ FPamp works against the mesh transmission. The dependency of the signal
amplitude on FR is often called the micromegas’ transparecy or transmission curve.
Experimentally it is explored by fixing Famp and changing Eyyig, i-e.

[776 (Edrift )} Eamp=Eo

That should be named the chamber’s collection efficiency curve, because other cham-
ber features, like the drift field geometry, and effects due to processes associated
with electrons transport, can be detected in the curve. In fact, taking a collection
efficiency curve is one of the most useful diagnostic tests for a micromegas chamber.

Collection efficiency curves taken for several micromegas mesh’s geometries (see
figure 4.7 and table 4.1) are plotted in figure 4.8. The mesh transparency causes
the fall of all the curves at high FR. A significant feature is that, for low enough
FR, the signal saturates and become independent on FR, that is called the plateau.
This fact suggests the mesh transmission to be near the 100% and so the signal
strength is customarily normalized to the plateau value. The existence of a plateau
is a crucial requirement for the proper performance of a micromegas detector.
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#“’12

Figure 4.6: Electrostatic sketch of a
micromegas chamber (extracted from
[153]). ®,, means the flux to electrode =
from electrode y, being 1: the drift cath-
ode; 2: the micromegas mesh and 3: the
anode.

Micromesh

Anode plane
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Figure 4.7: Mesh types whose transparency is compared in figure 4.8. The mesh design’s
parameters are collected in table 4.1.

# name pattern pitch (pm ) @ (pm ) Nopt
1 classic hexa 100 30 0.17
2 SA sqrt 100 30 0.071
3 CAST sqrt? 100 30 0.038
4 IKERLAN PCB sqrt 100 50 0.20
5  bulk woven 80 50 0.44

Table 4.1: Mesh’s parameters for the types photographed in 4.7. Types 1, 2 an 3 are
microbulk. For the type 5, @ means the interior square’s side.
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Figure 4.8: Collection efficiency curves taken for the different mesh types of figure 4.7
and table 4.1. The gas is Ar + 5% iC4H;( at atmospheric pressure for all the curves, with
exception of the number 3, taken at CAST operation conditions: Ar + 2% iC4Hig at 1.4
bar.

If no plateau is observed, the identification of the maximum with 7, = 1 is not
supported and the comparison with other curves may lead to error. That is often
caused by electron drift problems, as attachment or recombination. The low FR
part of the curve is useful for the diagnostic of the gas purity. An example can be
found in the curve number 3, nevertheless it should be noted that it corresponds
to a CAST detector’s chamber, while the rest of them have been taken under tests
conditions in specially dedicated set-ups, thus the CAST chamber is 3-6 times taller
and the gas a bit slower. The case of curve number 4 has a different nature and its
discussion will be postponed to section 4.3.2.

The correlation between the plateau extension and the optic transparency of the
mesh, calculated as 7opt = (holes area)/(mesh area), is evident (see table 4.1). The
hexagonal pattern of the first microbulks (called classic) produces a plateau up to
FR ~ 1072, which is dramatically reduced if the pattern is squared. Apart from
the transparency, when operating in the plateau, the microbulk type 2 are as good
as type 1. The type 3 is like 2, but the mesh holes are put into isolated groups (see
section 8.2.2), the plateau ends at FR ~ 1073, one order of magnitude worse than
classic microculks.

The loss of transparency can be compensated by means of an enlargement of
the holes size, up to recovering the optical transparency, as it is done with type
4. However this may entail secondary effects (see section 4.3.2). The bulk’s woven
mesh is the most transparent.
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The consequences of the loss of electronic collection efficiency go beyond a soft
degradation of the signal strength. A limited transparency, like attachment and
recombination, entails a difficulty affecting the primary charges, what degrades se-
riously the energy resolution of the micromegas. In figure 4.9 left is shown a perfect
inverse correlation between the transparency and the energy resolution and how the
latter degenerates suddenly when the end of the plateau is reached. For a detector
without a wide plateau, the transparency becomes a matter of tuning, limiting the
operational range and stability (see figure 4.9 right).
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Figure 4.9: Correlation between transparency and energy resolution. Left: for a microbulk
from the group CM, classic type 1. Right: for a CAST microbulk, detector M10.

4.3.1 Parametrization of the typical transparency fall.

The fall is well fitted to an exponential up to the transparency loss is around 50%,
see for instance, figure 4.11. A simple fit for the first half of the fall is

Ne = exp [~d(FR — FRenq)] (4.14)
where F'R.,qs marks the end of the plateau due to the loss of transparency and d is

the slope of the fall. The results from fitting the transparency curves of figure 4.8
are gathered in table 4.2 and plotted in figure 4.10.

micromegas # ‘ 1 2 3 4 )
FReng (x1073) | 8.704 1.523 1.176 10.04 11.33
d 56.35 185.3 2985 49.26 25.56

Table 4.2: Fitresults (fit 4.14) for the meshes described in table 4.1. The values are plotted
versus the mesh’s optical transparency in figure 4.10.



70 Chapter 4. Working principles of the TPC-micromegas.

1.2E-02 4.5E-02
2 o I
& bulk — "L 40E02
10E-02 { '+ o 7
7 L 3.5E-02
o -
8.0E-03 | Pie L 3.0E-02
I" //
e L 2 5E-02
6.0E-03 il
X OFRend - 2.0E-02
4.0E-03 A e x1/d - 15E-02
R
Fap L 1.0E-02
2.0E-03 { e
Q(.'zﬁ L 5.0E-03
! Nopt
0.0E+00 , : . ; . , . . 0.0E+00

0 0.05 01 015 02 025 03 035 04 045

Figure 4.10: Results from table 4.2 plotted versus the optical transparency of the mesh.
An approximate linear dependency can be found only with the exception of the plateau
extension of the bulk.

The fall’s slope becomes softer below 0.5. Since it is the most reproduced design
for microbulks, the transparency fall of mesh type 1 is characterized in detail in
figure 4.11. In order to describe the whole fall the following function can be used:

Ne = p1 - exp [—p2(FR —po)] + p3(FR — py) ™" (4.15)

taking the results for the parameters that are written in figure 4.11.
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Figure 4.11: Reference for a micromegas transparency (from curve number 1 in figure
4.8). The simple exponential fit (4.14) is drawn with a thin line. The complete fit (4.15)
is drawn with a gross line; the functions it consists on are also drawn with non continuous
lines and the fit parameters are written in the legend.
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4.3.2 Limits for the mesh design.

The degradation of the electronic collection efficiency for low FR observed for the
curve number 4 in figure 4.8 is difficult to be attributed to attachment regarding
the testing conditions (high gas flow and short drift gap of only 5 mm). The gas
hypothesis is completely ruled out by the precise reproduction of the curve with a
different specimen in a different laboratory (see figure 4.12).
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Figure 4.12: Transparency curves registered for IKERLAN PCB micromegas (mesh type
number 4 in figure 4.7). Black diamonds and solid line: PCB2, Zaragoza’s lab, Aug 2008.
Empty circles and dashed line: PCB3, Saclay’s lab, Oct 2008.

The absence of the plateau is a feature of the particular micromegas structure.
Trying to explain the curve we come back to figure 4.6, in the sketch two zones
with very well defined electric field are clearly distinguished above and below the
mesh. These are Egigg and Famp, and their sharp differentiation makes physics of
micromegas be simple and effective. Nevertheless, it actually exists a transition
zone originated by the deviation from the ideal parallel-plates geometry due to the
required holes. Such a zone should be smaller as smaller are the holes with respect
to the typical micromegas’ lengths: the pitch and the amplification gap. If the
transition is too slow, or the transition volume starts being comparable with the
amplification volume, the fact that the micromegas gain is independent on Equg
can stop being true.

This should be the case for these IKERLAN PCB micromegas’ with 50 um
diameter holes and 50 pm amplification gap. Therefore the left fall of the curves

9These micromegas were developed by the IKERLAN technology center (L. Fernandez and D.
Gassull) in collaboration with the LENA, and are based on conventional lithography techniques.
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cannot be due to electron transport problems neither to a transparency loss, but to
a decrease of the gain through a dependence on Eg,is (similar observations are made
in [112] studying InGrid detectors). The peak must manifest a compromise between
the gain and the transparency. These particular micromegas had a typical energy
resolution of 16% FWHM at 6 keV which must be limited by the mesh pattern.

4.3.3 Transparency quench.

The concept of quenching factor as a dependence of the signal strength on the
kind of particle is usually referred to the physical interaction (see section 3.1.5.1).
However any other difference on the drift or the amplification processes would lead
to the same result in practice. It can be imagined that the high density of charges
generated by the « particles may disturb the electric field geometry in the transition
region, between the drift and the amplification volumes, worsening the concentration
of drift lines through the mesh’s holes and causing a loss of electronic transmission.
That space-charge effect could be named transparency quench.

It was already demonstrated in figure 4.1 that the effect is small when the mi-
cromegas is working inside the plateau. The measurements of figure 4.13 check
whether the extension of the plateau itself is affected by the charge density. They
show no distinction between the two kinds of events at high FR. On the contrary, for
the dense electron clouds of « events the recombination reduces collection efficiency
at low FR.
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Figure 4.13: Electronic collection efficiency curves taken with a classic microbulk mi-
cromegas (type 1 in 4.1) in Ar with 5% iC4H;g at 4 bar, using the set-up described in 4.4.
Circles are calculated from ?*!Am 5.4 o and asterisks from 2! Am 13.9 keV X-rays at
the same time (during an only measurement run, using exactly the same gas and set-up
conditions). Eanmyp, 1s fixed to 88 kV/cm and Eqyie varies from 0.15 to 1.15 kV/cm.
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4.3.4 Transparency and diffusion.

Most of reasonings about the mesh transparency are made on the basis of electro-
static sketches as the one in figure 4.6. We must be aware of the implicit assumption
that the drift electrons will follow the electric field lines is an idealization, the con-
trary may lead to think that the mesh transparency is a purely geometrical aspect.
A rigorous study of the mesh transparency requires the Monte Carlo simulation of
the electrons’ trajectories, which are affected by collisions, and so it concerns the
gas properties. Particularly the transversal diffusion can be seen as the degree of
deviation from the ideal electrostatic model.

We think that figure 4.14 shows evidence that diffusion affects the transparency.
Measurements are made for both bulk and microbulk (classic type, number 1 in table
4.1) sharing the same gas (see figure 4.15) for argon with 5% isobutane (iC4Hjg)
and CF4, whose diffusion properties have been studied in section 4.2.2.
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Figure 4.14: Transparency curves taken with a classic microbulk micromegas (ub), type 1
in 4.1, and a bulk micromegas (b), in Ar with 5% iC4H;o and CF;g at atmospheric pressure,
and pure Xe at 3 bar.

It seems that the improvement of diffusion by the CF4 enlarges the end of the
plateau and also softens the transparency’s fall slope. It is remarkable the fact that
the microbulk, when using CF4, becomes more transparent than the bulk, if using
iC4H19. A complete set of transparency curves for argon with several isobutane
concentrations is reported in [154] and shows the same effect: the transparency
plateau is extended as the isobutane concetration is increased. Similar observations
with InGrids are made in [112].
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Figure 4.15: Saclay’s micromegas lab tests chamber, where most of the gas and mi-
cromegas characterization measurements of present and next sections were carried out
(courtesy of A. Giganon). Particularly the photo shows the set-up prepared for the mea-
surements of figure 4.14, a microbulk (left) and a bulk (right) with individual drift grids
inside the same chamber, Dec 2007.

A third transparency curve is added to figure 4.14 for a gas with much worse
diffusion, pure xenon (only slightly better than argon in figure 4.4), using the same
microbulk type, though in a different set-up (Zaragoza’s HP-test chamber) and
pressure. The complete set of measurements with pure xenon is plotted in figure
4.16; there how the plateau extends to higher FR as higher is the gas pressure can
be appreciated.
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Figure 4.16: Transparency curves for pure xenon at different pressures, the reference curve
number 1 from figure 4.8 is also plotted for comparison. Figure extracted from [155].
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Such a behaviour could be connected with the o ~ P~'/2 general scaling rule
expected from section 4.2.2. The effect of pressure in the plateau is much clearer in
the set of measurements with xenon and 1.5% trimethylamine shown in [156]. The
transparency curve at 1 bar is very similar to the one obtained in argon with 5%
isobutane. Furthermore, as pressure is increased, the plateau’s end moves to higher
FR and the transparency’s fall becomes softer.

4.4 Amplification: gain and energy resolution.

In this section the avalanche process that produces the amplification of the primary
charges will be studied for the particular case of a micromegas, i.e. in an uniform
electric field. Some representative experimental results will be reported.

4.4.1 The Townsend coefficient and the micromegas gain.

When an electron is accelerated by an electric field and becomes energetic enough, it
can yield secondary ionization whose products will join the avalanche. The process
of multiplication of the N electrons of the avalanche is described by the Townsend
coeflicient «, which is defined by the equation

dN = N(s)ads (4.16)

where s parametrizes the development of the multiplication process as the length the
avalanche progresses in the direction of the electric field. Basically a(e) = peoi(e)
depending on the electron energy from the ionization cross section and proportional
to the electronic density of the gas. However the useful definition of the coefficient
incorporates the energy distribution of the electrons for the electric field E, pg(e),
and works as a mean (for high N)

a(E) = /OOOpE(s)a(e) de (4.17)

therefore the Townsend coefficient is determined experimentally or computed with
a Monte Carlo (see figure 4.17).

The discussion for a microscopic understanding of the avalanche development
is made in similar terms of that of section 4.2, though the energies are higher and
so the involved cross sections are different. The relevant processes are ionization,
recombination, attachment by electronegative molecules, and excitation and desex-
citation where photons in the UV range are implied. There are several popular
semi-empirical expressions with parameters that depend on the gas, like the Rose-
Korft’s[157]

o= PAe BP/E (4.18)
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with P the gas pressure and where A and B are gas’ parameters. Diethorn proposed
a Townsend coefficient proportional to E[158]. According to figure 4.17, the linear
approximation seems quite accurate for electric fields higher than few tens of kV /cm.
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Figure 4.17: Townsend coefficient as function of the electric field according to Magboltz
for pure argon and after the addition of two quencher gases. Detail in linear scale.

For a uniform electric field, the integration of (4.16) along the micromegas am-
plification gap d produces

G = N/Ny = e (4.19)
as the ideal expression for a micromegas gain.

4.4.1.1 The maximal condition of the micromgas gain.

One of the beneficial basis of micromegas can be deduced by combination of (4.18)
and (4.19):

BPd

G = exp (APde*T> , (4.20)

with V' = FEd the voltage applied between the micromegas mesh and anode. It
shows G as a function of the product Pd. The differentiation of (4.20) with respect
to d,

9C _ o (1 - BPd) , (4.21)

finds that a maximum can be tuned for a micromegas depending on the gas and the
operation conditions. It can be shown[159] that for argon based mixtures operating
near atmospheric pressure, the operative values of the pair V and d (i.e. voltages
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that produce a high gain inside stability) are close to the condition BPd/V =1 for
micro-gaps around 50 pm . Then, since working in the neighbourhood of a maximal
point, the effect of the variations in the micromegas gap due to manufacturing
imperfections are minimized, as well as the variations in the gas pressure. That
brings benefits for the homogeneity of the micromegas response in space (energy
resolution) and time (gain stability). The existence of the maximum is demonstrated
in [159], not by testing micromegas with different gaps, but inducing equivalent
variations of the pressure. In [160| three micromegas-like InGrid with gaps between
45 and 70 ym point to an optimum gap about 53 ym .

That condition will not be mistaken for a condition for achieving a maximum
gain with a micromegas. The condition was interpreted as an optimum electric
field for a given gas and conditions. Then the combination of F and d will result
in a certain gain, in case E is applicable. Actually larger gaps usually achieve
higher maximum gains despite working with lower fields. The limit on the gain of a
micromegas has a different nature and is briefly commented in the following section.

4.4.1.2 Maximum achievable gain.

The real avalanche has a geometry where ions and electron charges are not uni-
formly distributed. The internal electric field induced by the charges can produce a
spark breakdown if they are too numerous. A phenomenological limit known as the
Raether condition predicts the breakdown when G ~ 102, i.e. ad ~ 20.

In practice it is difficult to achieve G > 10° because other aspects can also trigger
the spark. The most important is the induction of a second avalanche started by
a secondary photon that induces a photo-electron in a gas molecule or the mesh
material. Avoiding this is the main purpose of the quencher gas, which must have
good absorption cross section for these photons and lead to the excitation of non
radiative states (rotating, vibrating). In the absence of any quencher, pure argon
or xenon break down before achieving G > 103 in typical microbulks[161]. The role
of the quencher is then crucial in order to achieve high gain and stability; besides it
can produce diverse effects that are left to section 4.4.3 for being illustrated in basis
to some practical examples.

Both spark breakdown trigger mechanisms mentioned above are understandably
reinforced for high stopping power particles and high trigger rate, i.e. by the time
and space density of avalanches, since the photons generated by an avalanche can
affect another one. The maximum stable gain obtained in figures 4.1 and 5.3 can
be compared with typical gains, for example from figure 4.24; they are much lower
in presence of a-particles, even though the trigger rate was decreased to few Hz by
collimation of the source.

In this sense the microbulk geometry is thought to provide an advantage since
the the amplification volume is divided in a kind of amplification cells isolated by ~
50-100 pm of kapton, which can absorb the photons acting as a geometric quencher.
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Finally the design lengths and tolerance of materials can imply a limitation to
the voltage applied to the micromegas. Specially particular imperfections in the
softness of the mesh and anode surfaces and borders, the presence of a piece of
dust or humidity, which tends to be persistent inside the micromegas structure, can
limit the operation of a micromegas because of reasons that are not related with the
avalanche process.

4.4.2 Avalanche fluctuations and energy resolution.

In order to characterize the avalanche fluctuations, an immersion in the microscopic
picture associated to equation (4.16) is required (details are given in [116]). That
means that a(e) must be evaluated for the particular electron, what actually in-
troduces a dependency a(s), even when E is constant, related with the particular
electron history or the avalanche development.

A new electron, that is produced with nearly zero energy, needs to travel a
distance longer than so = U;/E, with U; the first energy of ionization of the gas,
before being able to ionize as well. On the other hand, from (4.16) it can be defined
an ionization mean free path for the electron A\ = 1/a. The comparison of both
lengths is related with the relevance of the particular position the electron was
released, and parametrizes the distributions of avalanches

(X(l?)lﬁ

X(E) = %0 === (4.22)

X is named the relazation parameter. Note that from the definition of a(E) in (4.17),
so already influences a(E) because is related with the electrons’ energy distribution
and x < 1. Values of x from Magboltz’s description of a(E) (see figure 4.17) for an
argon-based mixture are plotted in figure 4.18. Values of U;: 15.8 eV (Ar) and 12.1
eV (Xe).
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Figure 4.18: Relaxation parameter y(FE) plotted from expression 4.22 for argon based
mixtures (U; = 15.8 eV) and a(E) of Ar/iC4H;o 98/2 taken from figure 4.17.
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According to the typical dependency of «(FE), x(F) usually increases with E.
Therefore the limit x(F) < 1 is called the weak fields approximation. In such a
limit the electrons are energetic enough to practically ionize at every time, i.e. there
is no history dependency since s9 — 0 and so the position the electron was released
in is irrelevant. Thus the interpretation of (4.17) as a probability per path length is
directly applicable. In agreement with this reasoning the electrons follow a purely
stochastic cascade process which, after having advanced a distance s has produced
a population N obeying the following probability distribution

P(N,s) = Nts)e_N](VS)’ N(s) = (4.23)

The way the cascade is developed is actually independent on the particular scale
given by a, i.e. P(N,N), this means that for a given multiplication factor G = N,
the distribution is the same for any micromegas'®. The lowest multiplication factors
are always the most probable and there is no maximum. The distribution (4.23) has
an associated variance

o?(s) = N%(s) (4.24)

Note that (4.24) (Yule-Ferry law) does not introduce any relative advantage with
the size of the avalanche, in contrast to what happens in the case of the primary
charge generation with the energy of the interaction (see section 4.1.2).

If x increases, strong field limit, so entails a sterile path for the electron along
which there is no charge yield. That introduces a kind of pattern with ionizations
produced approximately every sg, and so the the ionization process become more
regular. Therefore the fluctuations are reduced and a most probable multiplication
factor rises as a maximum in the P(N) distribution.

The problem has been addressed by means of Monte Carlo models for the in-
dividual electron trajectories[162] or by introducing a dependency of the ionization
probability with the current avalanche size|163|. Even tougth there are subtle differ-
ences between the different provided answers, the Polya distribution, also known as
Negative Binomial Distribution, is found to reproduce quite accurately the distribu-
tions generated by single electron avalanches (for a comparison with the experiment
using a micromegas see [164]):

P(m,N) = m” 1 (%ml) exp <—m]]\_\;> (4.25)

for G = N and m a parameter whose meaning will be shown just below!!. The
distribution (4.25) has a maximum at N(m — 1)/m and a variance

19Tn fact that is also true for any dependency a(s), using in this case N(s) = exp (fos a(s')ds’).
1Some authors use 6 + 1 = m.
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o? = N?% (4.26)

with b = m~ 112 There is a connection between b and the relaxation
parameter[165]'3

b = =1

= 4.27
de=X —2e72x — 1 ( )

Then b decreases with x (see figure 4.19 left, the model has sense only for x <
In2 ~ 0.69) and, since x(FE) is also monotonic in the usual range (see figure 4.18), b
decreases with E (see figure 4.19 right). Therefore, as E is increased, the maximum
of the distribution moves to higher values and the variance becomes narrower for the
same gain (see figure 4.20). That is another advantage of the choice of micro-gaps
that work at higher E. Note that the expressions (4.25) and (4.26) are reduced to
the weak field results (4.23) and (4.24) for m =1, i.e. x — 0.
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Figure 4.19: Left: single avalanche relative variance b(x) as expression 4.27. Right:
evaluated from x(F) from figure 4.18 for Ar/iC4H;o 98/2.

4.4.2.1 Simulating avalanches.

The results compiled in the previous section provide an algorithm to simulate the
micromegas signals’ strength and fluctuations:

1. The multiplication factor G = N is evaluated using equation (4.19) with Mag-
boltz’s prediction for the Townsend coefficient a(F). See figure 6.13 left for
reconstruction of the gain curve of a 50 pum micromegas working in Ar/iC4Hig
98/2 at 1 bar using the data plotted in figure 4.17. Alternatively an experi-
mental measurement of the micromegas gain curve, G(E), could be used.

123ome authors use fo = 1/(0 +1) = b.
3Tn fact expression (4.27) for the relative variance of the avalanche is more general an can be
deduced analytically from Legler models’ assumptions[162] without quoting the Polya distribution.
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Figure 4.20: Polya distribution functions for single electron avalanches plotted from sev-
eral values of m..

2. The relaxation parameter is evaluated using (4.22). That is done for the same
example in Ar/iC4H1p 98/2 in figure 4.18.

3. The parameter m of the Polya distributions is evaluated as m = b~! using
(4.27) (see figure 4.19).

4. The Polya distribution P(G,b~!) (4.25) is used, in a Monte Carlo loop, to
generate the final number of electrons N resulting from each single electron
avalanche.

5. n avalanches are simulated for the n primary electrons collected by the mesh,
a particular pixel, etc. Thus the whole final charge relative o scales with
1/4/n because of the Central Limit Theorem (CLT). The relative variance
b of individual avalanches for our particular example (see figure 4.19 right,
relative FWHM = 2.35v/b) is translated into a relative FWHM for *Fe X-
rays (n = 227) as it is plotted in figure 6.13 right.

4.4.2.2 Final (but still ideal) energy resolution for a micromegas.

The process described in the previous section does not have into account the pri-
mary electrons number n already has fluctuations. The primary ionization process
variance from section 4.1.2 is amplified by the multiplication process with gain ¢

amp

ol=nF 5  g¢*.nF; (4.28)

on the other hand the single avalanche variance from equation (4.26) is produced n
times
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o2 = g% SN n - g°b; (4.29)

using N/n = g and by convolution of both variances
07 =—(F+Db) (4.30)

which can be arranged as the relative energy resolution as FWHM, and applying
n = E/W (section 4.1.1) it is written as:

I

FWHM = 2.35(/ — (F +b) (4.31)

E
Therefore, because of the accumulation of n avalanches from n primary charges,
the b enters in the expression at the same level as F' and the final energy resolution
1
scales with ~ E™ 2.

According to the plots of our particular example, Ar/iC4Hyp 98/2 in a 50 ym
gap micromegas (see previous sections), working with a typical field of |E | ~6-10%
V/em corresponds to b ~ 0.3 (m ~ 3.3, x ~ 0.3). Evaluating (4.31) also with
F = 0.2 (see section 4.1.2) and n = 227 (6 keV) yields FWHM =~ 11%, what is
certainly close to the experimental values obtained with small microbulk prototypes
(see next section). Sometimes it is considered a more general parameter G > b (it
will not be mistaken for the micromegas gain) to include other causes of degradation
of the energy resolution as noise, etc.

4.4.3 Experimental examples: gain curves and energy resolution.

A compilation of experimental measurements, taken during the R&D tasks which
are part of this work, will follow with the aim of providing some references for very
commonly used gas mixtures and illustrating the complex role of the quencher gas.

The measurements were carried out with the usual bulk and microbulk proto-
types described in figures 4.21 and 4.22 in tests chamber like the one of figure 4.15 in
Saclay or an equivalent one built in Zaragoza. The simple set-ups used, basically the
mounting of a drift cathode, were always as photographed in the already mentioned
figures, with maximum drift distance about 1 cm.

The electronic chain was a basic analogical line for spectroscopy measurements
reading the mesh signal. In Saclay it was composed of an ORTEC 142 C charge
preamplifier followed by an ORTEC 572 A amplifier. For measurements specified to
be done in Zaragoza they were a CANBERRA 2004 preamplifier and a CANBERRA
AFT 2025 amplifier. The signal strength was directly read from the Oscilloscope
or using a Multi-channel analyser AMPTEK MCA-8000 A, also used for taking the
spectra.
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Figure 4.21: Bulk micromegas, 10 x 10 cm? active area and 128 ym amplification gap,
manufactured in CEA/Saclay. In the photo (left), ready for being tested inside the tests
chamber. Note how the pillars that support the cathode grid directly rest on the micromegas
active area. Right: 5°Fe spectrum taken with this prototype in Ar/iC4Hyg 95/5 at atmo-
spheric pressure.

Counts

300
11.0% FWHM

100

“S200 250 300 350
Energy (a.u.)

[=]
(%]
o
=
o
o
=y
(%2
o

Figure 4.22: Left: 3.5 cm & active area microbulk micromegas with 50 pm amplification
gap. Right: 5°Fe spectrum taken with this prototype in Ar/iC4H1o 95/5 at atmospheric
pressure.

All the measurements were done using a ®>Fe source which was not collimated
and placed several cm over the micromegas. The energy resolution results refer
to the 5.90 keV line (Mn K,), though the resolution is usually good enough to
consider also the 6.49 keV line (Mn Kg); therefore a double peak fit is done fixing
the relative areas of both peaks according to the charts. For bulks, however, it is
often relevant to fit also the argon’s escape peak, this time with a relatively free
weight and position as it is only needed to approximate the main peak background.
Finally an exponential decay is used to fit the residual noise base.
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X 3.5 cm @ microbulks (as the one in figure
o8 M 12 14 s e 12 1om 4.22 left) from two series: GM, Feb 2009
Energy resolution at 6 keV (FWHM 2&) (crosses); C'M, May 2009 (circles).

The spectra of figures 4.21 and 4.22 are taken in Ar/iC4Hig 95/5; that is the
most common gas mixture used in our environment because of the relatively low cost
of argon and the properties as quencher of isobutane (that will be shown just later),
while the particular proportion is taken from considerations done in section 4.4.1.1.
The resolution shown in figure 4.21 is certainly notable for a bulk. The bulk that
was actually used for the rest of the measurements of this section performed 23.9%
FWHM in the same conditions, this value must be kept as a reference for the rest of
the bulk resolutions. Regarding the microbulk, the 11% FWHM value (so close to
the theoretical limit according to the calculations done at the end of section 4.4.2.2)
is nowadays routinely achieved by small prototypes. The figure 4.23 summarizes the
result for two different series of microbulks characterized in Zaragoza.

The gain curves (see figure 4.24), G(F), are suitable to be fitted to an exponen-
tial, as predicted by Diethorn and, at first order, by Rose and Korff (4.18). The
operational electric field depends strongly on the gas. It can be checked how iC4Hq
and CF4 produce opposite sense variations on the Townsend coefficient of argon
from figure 4.17 and the corresponding shift in the gain curve; see also figure 4.25
for a direct comparison between Ar which has been added 10% iC4Hyp or CFy4.

That figure, 4.25, compares the reference mixture Ar/iC4H1p 95/5 with the use
of other typical quenchers and proportions. Some general rules can be extracted
from it, however it actually shows a complex dependency on the exact mixture
composition. The higher the quencher gas proportion, the higher the operational
voltages; but the Townsend coeffcient « does not follow a direct composition rule;
since very different cross sections are involved, small amounts of quencher produce
deep changes and the shift in voltages saturates soon.

Other feature that is highly dependent on the gas composition is the maximum
achievable gain. From figure 4.24 can be deduced that the sparks limit is not depen-
dent on the strength of F but more on the size of the avalanche, since different gaps
and gases needing very different operational electric fields finally achieve similar
maximum gains. That fact agrees with the idea pointed out by the Raether limit,
and with the density of photons having a fixed probability to generate a secondary
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Figure 4.24: Comparison of gain curves for bulk (circles) and microbulk (triangles) mi-
cromegas in Ar/iC4Hig 95/5 (filled markers) and CF4 (empty markers). The maximum

gain cannot be directly compared because different prototypes were used.
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Figure 4.25: Gain curves for bulk micromegas using different gas mixtures. The last
(highest) point of each series corresponds to the maximum stable gain.

avalanche (see section 4.4.1.2). However that fact is true for gas mixtures which

actually have good quenching capabilities. Pure noble gases seems not to achieve
gains higher than 103 (see section 5.2) and it is very notable the improvement of

Ar/CF4 90/10 with the addition of 2% iC4H;o in 4.25.



86 Chapter 4. Working principles of the TPC-micromegas.

The quencher gases affect the dynamic of the avalanche at different levels, chang-
ing the Townsend coefficient and the photons and electrons absorption cross sections.
Therefore, the different quencher characteristics can be complementary. That seems
to be the case of isobutane and CF,. Isobutane has very good photon non radia-
tive absorption, it allows very high gains at low electric fields and also good energy
resolution. On the other hand CF4 is more appreciated from the drift point of view
(see section 4.2). Relatively high concentrations of CF4 are needed to produce an
efficient enough quenching effect to reach very high gains > 10, as a consequence
very intense electric fields are required (see figure 4.24).

The ternary mixture Ar/CF,/iC4Hio 88/10/2 (figure 4.25) balances both
quenchers properties and seems to keep the isobutane and CF4 mixtures individ-
ual advantages. Ar/CF4/iC4H;io mixtures are studied with more detail in section
4.4.3.1. Isobutane can also relax the very high operational voltages needed for pure
CF4 operation, though the effect saturates soon with the iC4Hjg percentage (see
figure 4.26). On the contrary, the effect of addition of isobutane to a CO9 quenched
gas is much more modest.
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Figure 4.26: Gain curves for microbulk micromegas showing the effect of adding iC4H1g
to pure CF,. The 10% isobutane mixture’s curve is truncated because of microbulk’s dam-
age. The resolution was also slightly improved from 17.1% to 16.7% (with 5% iC4Hig).
These resolution values are equivalent to the result in Ar/iC4H1¢ 95/5 for that particular
microbulk.

Another interesting feature of the gain curve is the exactness of the exponential
behaviour, i.e. the straightness of the series in the semi-logarithmic plots. It can be
detected that the series show an over-exponential gain, which is more evident from
some mixtures and becomes more clear at high gains. That behaviour could be due
to the contribution of secondary avalanches triggered by photons (photon-feedback),
and it is a prelude of the spark. This possibility implies new fluctuations that have
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Figure 4.27: Resolution vs gain, taken with
a C' M microbulk in Zaragoza. No very high
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12 gains were tried during that test, so as not to

s risk the microbulk. Equivalent curves show-
3 | ing further resolution degradation at high
1E+02 1E403 ean B+ gain can be found, for instance, in [100].

not been accounted in the single avalanche model, and the energy resolution degrades
in the over-exponential behaviour piece of the gain curve. A typical energy resolution
curve, figure 4.27, improves with gain since the signal-to-noise-ratio (SNR) increases,
but there is an optimum after which the growing extra-fluctuations cause resolution
degradation. Therefore a straight gain curve can be a sign of good, or at least stable,
energy resolution.

Studying the measurements summarized in figure 4.25, one guesses that the
prevention of the over-exponential behaviour and the tolerance of the secondary
avalanches (not producing sparks) are different aspects of the gas mixture. The
addition of quencher logically helps preventing the secondary avalanches, so the
10% isobutane curve is straighter than the 5%, thought the maximum achievable
gain is similar. Comparing the energy resolution at high gain, ~ 3 x 10, when
the 5% gain curve is clearly over-exponential, the energy resolution is 25.9% (5%
isobutane) while 21.8% (10% isobutane).

Isobutane seems to have a good tolerance that makes these mixtures develop
a long stable over-exponential stage that allow them to reach gains > 10* with
small quencher amount. Ar/CF4 90/10 is also clearly over-exponential but, the bad
photon quenching properties of CF4, makes the secondary avalanche too probable
still at low gains. Energy resolution is worse than 30% along all the curve. On the
contrary, both Ar/COs curves (with and without iC4Hj() are completely straight up
to the end and show no resolution degradation, 23.1% in the last point of Ar/COq
90/10 (it must be reminded Ar/iC4Hip 95/5 performed 23.9% actually at a bit
smaller gain); then, suddenly, the continuous sparking limit appears. Therefore
CO4 as quencher seems to prevent the secondary avalanches, but do not tolerate
them. Ar/COy/iC4H1p mixtures are studied with more detail in section 4.4.3.2

4.4.3.1 Ar/CF,/iC4H;p mixtures.

The effect of adding iC4H1p to Ar/CF4 90/10 is studied in figure 4.28 for several
amounts of isobutane. The effect of lowering the operational voltage saturates soon,
but higher maximum gains and more straight curves are obtained as higher the
isobutane proportion is. The energy resolution is improved for a given gain, as it is
shown in figure 4.29 for G = 10* with exception of the point with absence of iC4H1g
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Figure 4.28: Gain curves for bulk micromegas in different Ar/CF4/iC4H;g mixtures.
These are independent measures of those of figure 4.25, though taken with the same bulk.

36

34

32 |

30 |

28 |

Energy resolution at 6 keV (FWHM %)

26 -

24 |

22 |

25 3

3.5 4
% isobutane

4.5

n

33.8% FWHM f

T T T T T T[T T[T T T[T

N
200 300 300 500 600

Channel

21.0% FWHM

Ll
250
Channel

50 150 200

Figure 4.29: Left: energy resolution at G ~ x10* for Ar/CF4/iC4Hyo (90 — x)/10/x
mixtures. Right: spectra at G ~ 4 x 103 for = 0.5 (up) and = 4.0 (down).

Y Unfortunately a systematic characterization of the energy resolution was not carried out, since
the main purpose of the work[166] was just to find a high stable gain and fast gas mixture.
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To sum up, the addition of 4% iC4H;¢ has led to obtain a gas mixture that should
keep the Ar/CF4 90/10 drift properties, but working at mesh-anode voltages which
are 20% lower. Moreover it is able to achieve a maximum gain as high as Ar/iC4Hig
95/5, but, due to the combination of both quenchers, with a softer over-exponential
behaviour, what allows an improved energy resolution.

The same has been tried with a mixture with higher concentration of CF,4 for
excellent drift properties. The particular mixture Ar/CFy4/iC4Hio 73/25/2 was
checked to have a transparency curve as good as pure CFy (see figure 4.14) and
the energy resolution that is demonstrated in figure 7.14.

4.4.3.2 Ar/CO3/iC4H;y mixtures.

The COy concentration was increased to 20% to test whether the maximum gain
could be enhanced and the energy resolution as well (see figure 4.30). The obtained
energy resolution value was notable (see figure 4.31) achieving 20.1% at 625 V,
G ~ 7 x 103, the best energy resolution got during this study. The result is even
more significant as it was taken only 20 V before the sparking limit, again in a
completely straight gain curve. But the maximum gain was hardly increased and
sparks appeared without any warning signal; it seems that COs alone cannot tolerate
the secondary avalanches, even in high concentrations.
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Figure 4.30: Gain curves for bulk micromegas in different Ar/CO2/iC4H;¢ mixtures.

Since the addition of isobutane to the Ar/CO2 90/10 mixture had modest results,
the opposite approach was tried. Some COgy was added to the reference mixture
Ar/iC4H1p 95/5 in order to check if the straightness of the Ar/CO3 gain curves, and
so the good energy resolution, could be tranferred to it. The test was successful in
producing a gas mixture with a maximum gain as high as Ar/iC4H;p 95/5 at only
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~ 25 V higher voltages, but with notably more straight gain curve and enhanced
energy resolution: 21.3% at 450 V, G ~ 6 x 103.

4.5 Signal induction. The Ramo’s Theorem.

How the drifting charges induce electronic signals in the detector electrodes is de-
scribed by the Ramo’s Theorem|[167], which stands for the charge induced in a
particular electrode, numbered n, by a charge ¢q to depend only on the electric field
created by the n-electrode itself and the trajectory follow by ¢. If ¥, (7) is the
weighted potential, what means the potential induced by the n-electrode with volt-
age V,, while the rest of the electrodes are grounded and the charge ¢ is not present,
the current induced in the n-electrode is

dr(t)

ind _ 9 = . _ 9
(0 = L9 () - = 0

Ey, (7(1)) (-0(t) (4.32)

where E,, (7(t)) is the weighted field associated to the n-electrode with voltage V;,'5
and 7(t) is the trajectory followed by ¢. Pay attention to the fact that 7(¢) will be
determined by the real electric field, instead of E,,. Note also that the sign of the
induced current depends on the sign of ¢ but on the relative orientation of ¥ and
En as well.

In particular, for an infinitely long strip of width w and charges moving in the
s direction of the avalanche’s advance, perpendicular to the strip, it is obtained:
, 4quw ds
09 (1) = ———5 4.33
stmp( ) 7T[482(t) +w2] dt ( )
Equation (4.32) is the key in order to compute or simulate the electronic signals.
However a corollary regarding the total induce charge is more often invoked in lab

'5The weighted potential and fields are often defined specifying V;, = 1, thus V;, disappears from
the equations.
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reasonings. To compute the total induced charge we must integrate (4.32) along the
¢’s trajectory. Since E,, (7(t)) is a conservative field

Qi) = [ ) dt = - ) — v (5 (434)

the results depends only on the initial and final positions of ¢. If avalanche’s charges
are created in pairs ¢ and —gq in the same initial point, that makes vanish the initial
position dependence when both contributions are summed. Regarding the v, ('), if
the charges finally arrive to any electrode of the system, then by definition ), = 0,
if the electrode is different that our n-electrode (pixel or strip), and ¢, = V,, if
the charge is caught by it. Therefore the charge induced in a electrode is equal to
the number of charges collected by it. That justifies the simple picture one often
has in mind, but stands for the total induced charge after an undefined transitory
time. The only thing that can be actually said for electrodes which do not collect
net charge (for instance, a mesh being crossed by primary electrons in absence of
amplification) is that the induced current will be strictly bipolar, i.e. the negative
an positive areas of the pulse will be equal.

Most of the electron-ion pairs are created in the last stages of the avalanche near
the anode. That induces a fast rise in the signal due to the electrons, that is followed
by a slower pulse produced by the drift of the ions along the amplification gap in
the opposite sense (so inducing charge with the same polarity). Figure 4.32 contains
a micromegas pulse taken with a fast current amplifier and shows the mentioned
pulse structure for a single electron avalanche. The signal comes from the anode
of a 100 um gap micromegas working with He/iC4Hi9 90/10, a combination that
allows a very high gain near 107[164]. The first fast rise, due to the electrons, had a
distribution with mean around 3 ns and ¢ = 770 ps. The slower signal presents two
peaks that are attributed to the presence of two kind of ions, from He and iC4H;y,
with different mobilities.
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Figure 4.32: Single electron pulse caught with a fast current preamplifier. From [164].
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Many aspects of the performance that makes micromegas interesting for particle
physics were shown in the previous chapter, and the principles that allow them as
well. These operational principles can be put to the test because usually detector
and target are the same entity: the experiment’s sensitive volume. Therefore the
gas choice and its conditions are often strongly constrained by the physics case.
Besides new requirements and features can be demanded by rare event searches,
depending on the experiment type. Thus rare event searches sometimes force TPCs
and micromegas to the frontier of their conventional operation.

Some of the milestones demanded by rare event searches with TPCs are main
aspects of the R&D program inside T-REX and are the subject of this chapter.
The LENA and close collaborators have already published several papers describing
the status of these research lines and other Ph. D. works by LFNA researchers
deeply study them, therefore here the challenges will be just addressed and we will
only remark some general keys and cite the suitable references. As an exception,
the last section 5.5 describes a work performed with the aim of adapting a last
generation electronics, specifically designed for a rare event searches experiment
with micromegas, for the T-REX researchers.

For rare event searches high trigger rate capabilities would probably be not
relevant, however high efficiency is, for sure, essential. Moreover the detector has
usually to fulfil the requirements of both a tracker and a calorimeter. Larger TPC’s
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are needed to increase the target mass and/or the detection efficiency, what entails
difficulties for the readout construction, longer drift distances, etc. Increasing the
gas pressure can be a smart alternative, however the feasibility of the drift and the
amplification stages must be proven (section 5.1).

The definition of a TPC’s fiducial volume, i.e. a virtual volume fully contained
inside the TPC active volume without physical borders, can be essential to avoid
radioactivity from the innermost TPC’s surfaces. That includes the cathode and
the readout plane, hence the reconstruction of the absolute drift coordinate, the tg,
is required. It will be explain (section 5.2) that this new feature may imply the
operation with pure noble gases in absence of quencher.

Beyond the operation of the micromegas, higher pressure, longer drift distances
and the lack of a quencher make the detector more susceptible to attachment due to
gas impurities. The quality of gas becomes the first goal, an unavoidable requirement
to explore the actual micromegas’ possibilities. Moreover, the high cost of xenon
requires gas recovering or recirculation. Before the detector, the supporting gas
system requires our attention. The T-REX works started adapting the HELLAZ set-
up at CEA /Saclay. Later a dedicated set-up was built in Zaragoza, implementing the
learnt lessons. Both set-ups are described in the articles that will be cited, including
consecutive upgrades of Zaragoza’s lab. Here only their effects will be shown shortly
in section 5.2 to illustrate also how to detect and deal with attachment when it is
present in the data.

Specially for 550v decay searches, the energy resolution is capital. The Penning
effect is a via to improve the essential limitations in energy resolution that were
analysed in section 4.4.2.2, it is presented in section 5.3.

Finally, the TPC has to fulfil radiopurity requirements as all the low-background
detectors. That entails restrictions in the detector materials that directly affect
to very common materials, as stainless steel, and some common techniques, like
soldering. We will focus in section 5.4 in the core of the TPC, the micromegas.

5.1 Behaviour at high pressure.

Microbulk micromegas do not seem to suffer from practical limitations when in-
creasing the pressure, as it is shown by figure 5.1 up to 10 bar using Ar/iC4Hig
99/1. The gain curves|169] were taken at Zaragoza’s set-up using a microbulk mi-
cromegas prototype like the one described as classic type (number 1) in section 4.3
and photographed in figure 4.22. The same is true for the rest of the results showed
in this chapter.

The gain series were taken with a low energy source, ®"Co 6.4 keV X-rays, and
reaching the maximum achievable gain was not intended. The microbulk was not
forced up to the breakdown limit. Nevertheless, a gain over 10 was demonstrated
for all the pressures and considered enough for illustration purposes.
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Figure 5.1: Gain curves as a function of pressure for Ar/iC4Hy¢ 99/1[169].

The energy resolution degrades with pressure. At the same conditions for
Ar/iC4Hip 95/5 from (12.9 +0.3)% FWHM at 1.00 bar to (17.1 £ 0.4)% at 4.09
bar[18]. However the effect saturates and (17.2 + 0.4)% is obtained at 10.20 bar.

The results at high energy, using 5.5 MeV 24! Am a[161] are even more encour-
aging. The kind of spectrum that is obtained (see figure 5.2 left) shows a tail that
denotes small ionization losses on the cathode or source autoabsorption. These ef-
fects may be modelled by the convolution of a negative Landau function with the
more fundamental gaussian distribution from which the energy resolution is esti-
mated. A simple gaussian fit gives ~ 2% FWHM while the deconvoluted gaussian
yields a value under 1% FWHM (figure 5.2 left) for Ar/iC4Hio 98/2 at 4 bar.

Both limits, at high and low energy, are compatible using the square root rule
for interpolating the resolution (expression (4.31)). The measurements have been
reproduced for Xe-TMA (trimethylamine) mixtures at several intermediate energies
of tens of keV in [170]. The interpolation suggests resolution ~ 1% around the
136 el Qpp value ~ 2460 keV.

The recombination of electron-ion pairs is an effect that increases with the den-
sity of the media. In order to assure the energy references taken for the interpolation
to be correct, an immediate comparison (exactly at the same conditions during the
same data-taking run, see details in [161]) of the gain deduced from the 24'Am X-
rays (figure 5.2 right) and a-particles gain was carried out. For all the couple of
points compared in figure 5.3 Q = Go/Gxray > 0.96 was obtained.

!Xenon is, in principle, better for energy resolution than argon, because of its lower W-value.
Values for xenon plus quencher are given in [170]. The case of pure xenon is the subject of the
following section 5.2.
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Figure 5.2: 2! Am spectra[161] in Ar/iC4Hyg 98/2. Left: 5.5 MeV 2! Am « at 4 bar, a
simple fit yields 1.8% FWMH and 0.7% FWHM is the deconvoluted value (see the text).
Right: low energy 26.4 keV ~ and 13.9, 17.7 and 21.0 keV X-rays; in addition 3.0 and 6.1
keV fluorescences from the chamber, taken at 2 bar.
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Figure 5.3: Gain curves for both « (circles, see figure 5.2 left) and ~ (crosses, 17.7 keV
peak in figure 5.2 rigth), for Ar/iC4H1g 95/5 at 2-4 bar[161].

An interesting fact is that when the isobutane concentration is increased from
2% to 5%, the energy resolution for o becomes slightly worse 0.9% (2.0%) FWHM
from the convoluted (simple) fit. It could be understood from the discussion of
section 4.4.1.1 that the optimum gas mixture and amplification gap should be var-
ied with pressure and lower isobutane concentrations are more suitable for higher
pressures. That points to a new research line and enables expectations for further
improvements.
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5.2 Use of pure noble gases.

There are several mechanisms proposed to reconstruct the absolute position of the
event in the drift direction. A cathode that were sensitive to the ions arrival would
work by time difference with the electrons arrival to the anode. However that solu-
tion has to deal with the challenge of ion drift and positive ion detection, probably
in a big and pressurized chamber. A granulated readout can recognize the diffu-
sion effects and make a rough estimation of the drifted distance, nevertheless this
solution could be conflicting with excellent topological capabilities for the detector.
If both ¢y and topology are required the detection of the primary scintillation light
seems the most feasible strategy. That solution implies not only the installation of
photo-sensors in the chamber?, but also the necessity of the gas to be transparent
to UV light, which entails the use of pure noble gases, otherwise the quencher would
quench the primary photons.

The series of measurements|161| plotted in figure 5.4 show that micromegas are
able to work reliably at modest but practical gain in pure xenon. Using ?*!Am «
the maximum achievable gain was always higher than 180 and almost independent
on pressure, at least up to 4 bar.

103

102

Absolute gain
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Figure 5.4: Gain curves for pure xenon at pressures 2—4 bar[161]. The maxima correspond
to the last point after which instabilities begun.

If events with lower charge density are used higher gains are possible, in the
work [171] gains of 4 x 10? up to 5 bar for 22.1 19°Cd X-rays are shown. At higher
pressures the maximum achievable gain starts decreasing exponentially with pres-
sure, however 2 x 102 is still reached at 10 bar. In [171] a microbulk prototype very

2The micromegas itself can act as photosensor if any inner surface of the chamber is photosen-
sitive (like the micromegas’ mesh). Depositions of Csl, for example, generate photoelectrons that
can be drifted to the micromegas[164, 18, 19].
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similar to ours was used, nevertheless with smaller mesh holes, only 25 um . The
dimensions of the micromegas avalanche cell could be relevant here, since the divi-
sion of the amplification process in isolate regions may prevent the photon-feedback
(the geometric quench, see section 4.4.1.2). Tt could be the key to explain the fact
that micromegas (only microbulk has been tried as far as we know) seems to be the
only MPGD able to reasonably maintain the gain in pure xenon when pressure is
increased, yielding the highest gain for pressure higher than 5 bar[171].

The energy resolution is worse than with quencher. Nevertheless the values are
still affected by attachment (see figure 5.5). The very slow drift velocity of electrons
in xenon makes attachment the main handicap. It was found that, for the a-particles
measurements, recording the preamplifier pulses was a useful practice for detecting
the attachment effects and performing some estimations.
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Figure 5.5: Risetime vs amplitude plots and energy spectra of 2! Am « for pure xenon
in up: Saclay’s set-up at 2 bar with Eg.;;; = 480 V/cm[161] and down: Zaragoza’s set-
up at 4 bar with Eg,;r; = 300 V/ecm[155]. Note the drift field is lower in the second case
(specially the reduced field £/ P) while the maximum drift distance has been doubled from
3 to 6 cm. However, the upper spectrum has been obtained applying the constraint 1800 <
risetime < 2000 ns and in the downer the whole pulses distribution is fitted.

The key is the risetime and amplitude correlation observed for the pulses, spe-
cially when the gas conditions were not the best|161]|. The explanation is that the
a tracks are very straight, with lengths of ~ 2 cm/bar in xenon, and a big part
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of the ionization is concentrated at the end (an experimental track reconstructed
from a micromegas measurement can be seen in figure 5.12 of sect 5.5). Thus the
mean drifted distance is strongly dependent on cos(¢), the angle between the «-
particles’ track and the drift field. The same applies for the risetime, related with
the projection of the track on the axis. If the drift distance represents a disad-
vantage for the electron, because of a relevant probability of being attached, then
the shorter pulses (more horizontal tracks) will show smaller amplitudes. A com-
parison between figure 5.5 left, up and down, shows the improvement in energy
resolution achieved in the Zaragoza’s set-up[155] and explains it from the point of
view of the risetime-amplification plot. The most recent description of the set-up
and operational procedure is done in [170].

Off-line analysis of the preamplifier pulses acquired with an oscilloscope brings
the possibility to estimate the energy resolution® by selecting a slice in the risetime-
amplitude plot (see figure 5.5 up and right). However the estimation is still rough
and pessimistic, since the Zaragoza’s set-up improved the estimation from Saclay
data even without risetime selection. However, the 2.5% FWHM obtained at 4 bar
still decreases to 1.8% FWHM if a risetime selection is applied, therefore attachment
still affects these results.

5.3 Penning mixtures.

In Peening miztures the quencher gas, B, has an ionization potential lower than the
main gas, A, excitation potential. That enables the Penning transfer:

A*B — AB+e” (5.1)

where the metastable state A* finally contributes to one electron release. That
process increases the ionization yield and, moreover, reduces the sterile pathways
what produces the decrease of the Fano factor. Therefore both F' and W are smaller
for the reduction of the gain fluctuations in

FWHM =235 %(F +Q) (5.2)

The process also affects G, the avalanche fluctuations, as the transfer also works
during the multiplication process|172]; however one of the most remarkable merits

3The 2*' Am source became a very useful tool for some quantitative analysis. Simulations are
used characterize the o’-particles’ track length. They show that straggling is really small and
length is practically inversely proportional with pressure. Then, under the assumption of straight
tracks characterized by ¢, the drift velocity can be deduced from the maximum risetime and the
electron’s meanlife from a linear fit of the risetime-amplitude distribution. See details and examples
in [18]. The coincidence of independent detection of the a-particles and the X-rays allows to know
the absolute position of the X-ray interaction in the chamber (see [19]).
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is that the Penning effect improves the primary statistics of the ionization process,
hence it is useful for all the gaseous proportional counters®*.

It seems that the Penning effect is highly dependent on the gas pressure and
the mixture composition (not only on the gases ionization and excitation potentials
but also on the molecular structure) and the quencher proportion. The optimum
proportion is usually of few % of quencher. Inside T-REX the Xe-TMA mixtures
were studied finding the optimum TMA proportion to be around 2%[170]. Besides
the benefit on the gain and energy resolution (see figure 5.6) is very notable compared
with pure xenon.
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Figure 5.6: Energy resolution vs pressure for 22.1 keV X-rays, data for pure Xe from
[171] and Xe-TMA[170].

The addition of any quencher is, in principle, conflicting with the measurement
of tg since the primary scintillation light would be extinguished. However it may be
expected that the quencher molecules could be excited too, thus a wavelength shift
will happen, but light could be still detected[174].

5.4 Radiopurity.

Besides their advantage in geometrical accuracy and operation stability, the great
potential of microbulk micromegas for rare event searches relies in the fact that the

“There is another trendy technique to surpass the limitations of expression (5.2), this time
improving the fluctuations during the amplification process. The electroluminescence (EL)[173]
relies in the acceleration of the primary electrons, but by electric fields weaker than with MPGD,
so as the electron is able to excite the gas molecules but do not ionizes the media, the secondary
light is register by a photosensor. Therefore EL is a simple multiplication process instead of a
geometric progression, what means that the avanlanche fluctuations, b, in equation (4.31) is not
included in the G of (5.2). The EL stage of a TPC can be complemented with a micromegas, that
would receive the primary electrons after EL, for tracking purposes.
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raw materials used for their manufacturing are included in the group of the most
radiopure: copper and kapton (double copper clad polyamide laminate Sheldahl
G2300). However the intrinsic radiopurity of the final micromegas is not, in prin-
ciple, guaranteed since several chemical baths are used for the kapton etching and
adhesive (epoxy, Isola DE156) is needed to glue the micromegas foil to a mechanical
support. It must be noticed that the manufacturing process has not been thought
with the goal of minimizing the radioactive impurities. Moreover, if a readout lay-
out is needed, additional Kapton-Cu layers can be glued to avoid conventional PCB
technology, that is known to be too radioactive, what requires further epoxy and
new processes to print the circuit. Therefore the LEFNA, in collaboration with R.
de Oliveira from the CERN MPGD’s Workshop, undertook a series of measure-
ments with the aim of confirming the final intrinsic radiopurity of microbulks using
a p-type germanium detector in the Canfranc Underground Laboratory (LSC)[175].

The measured samples included the microbulk raw materials (Cu-Kapton-Cu
and Cu-Kapton structures), and two elaborated (up to different level) structures
coming from CAST microbulk detectors (see section 8.2). The first one (figure
5.7 left) is a complete microbulk with a 2D readout, which requires two additional
epoxy-Kapton-Cu layers. The second sample (figure 5.7 rigth) consists of the 2D
readout layout of a classical CAST micromegas whose mesh-pillars structure has
been removed. That readout was built from the same basic Cu-Kapton-Cu structure
of posterior microbulks. The measurement of the microbulk raw foils checks whether
these structures mantain the radiopurity of the isolated kapton and copper; the
old 2D-readout should reflect the contribution from the basic processes for circuit
printing of strips, vias, etc; the complete microbulk adds epoxy (though the old
2D-readout can obtain residual epoxy) and the results of a more aggressive kapton
etching process. The measurements are summarized in table 5.1.

5 um mesh (copper)

5umpixels (copper) 0 0= - - - - - - 5 um mesh (copper)
30-50 um (epoxy) 50 pm pillars (vacrel)
) T 5 um X strips (copper)

5 um X strips (copper) H H 0 um (kapto
30-50 um (epoxy) : : H H 5 um Y strips (copper)

5 um Y strips (copper)
30-50 um (epoxy)

[ [e——

100 um (epoxy)

Detector support

Figure 5.7: Sketch of the two CAST micromegas from which the samples (squared) were
taken. Left: CAST microbulk with 2D-readout. Right: CAST classic with 2D-Readout.

The potential of microbulk micromegas is better appreciated if compared with
the values of a light readout used by the XENON 100 experiment that is composed
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sample 2321, 23577 23877 10 60C
Kapton-Cu foil <4.6*  <3.1* <108 <7.7 <1.6*
Cu-Kapton-Cu foil <4.6* <3.1* <108 <7.7 <1.6*
Old 2D-readout 46+1.6 <6.2 <40.3 <46.5 < 3.1*
CAST microbulk <9.3 <13.9 26+ 14 57 + 25 <3.1%*
Hamamatsu R8520-06[176] | 28 £+ 10 - <372 1700 £ 310 93 £ 16

Table 5.1: Radioactivity levels in yBg/cm?.*Level obtained from the minimum detectable
activity of the detector.

by an array of PMTs[176]. XENONT100 is currently the most sensitive Dark Matter
experiment, apart from other merits, because of a carefully selection of materials
that includes the development of these particular low-background PMTs. The mi-
cromegas’ activity is specially lower for 4°K and %°Co.

Regarding our series of measurements, the only relevant increase of activity
(despite being compatible with zero at 20) is registered for the complete microbulk,
specially in the “°K. This facts points to the epoxy and/or the chemical baths (KOH
is used during the etching process) as the origin of its radioactivity and, therefore,
a potential improvement by optimization of the manufacturing process. A direct
exploration of the practical limit of the micromegas background due to its intrinsic
radiopurity has been carried out for an equivalent CAST microbulk by means of
underground data taking with special shielding configurations and is summarized in
section 10.3.

5.5 Electronics. T2Kelectronics library.

The last strategy for decreasing the background is the development of discrimination
criteria based on the detector’s topological capabilities, the main argument for a
gaseous TPC. The readout potential must be enhanced by the use of state of the
art electronics. One goal of this work has been the acquisition of experience with
last generation electronics for TPCs and the development of tools that make them
available for the test-bench activities of T-REX.

5.5.1 T2K electronics set-up.

We focused on the electronics developed by the CEA /Saclay for a rare event search
experiment using micromegas: T2K[177]. The electronics core is the AFTER
ASIC[178], which is continuously recording every channel in a buffer with capac-
ity for 512 samples with 12 bit precision at 100 MHz maximum sampling rate. Each
channel has been pre-amplified and shaped, being the faster peaking time 100 ns,
and with an also tunable gain. The basic T2K electronics unity is able to read 1728
channels which are delivered via optical link.
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The basic unity of the electronics set-up is a light set of at least 2 cards (244
channels) and up to 7 cards (1728 channels), quite compact and robust (see figure
5.8), which needs a low voltage DC power supply. An intermediate commercial Data
Concentrator Card is required to finally send the data to the PC via Ethernet.
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Figure 5.8: T2K electronics set-up sketch for reading a micromegas: the electronics unit
is composed by a mother board (FEM) plus from 1 to 6 front-end cards (FECs). The
trigger is produced by pre-amplification and shaping of the mesh signal, which must exceed
the discriminator threshold. The logic signal may need of a level adaptation stage before
be given to the Data Concentration Card (DCC) which triggers the DAQ pause and data
transfer.

The electronics must be provided with a logic TTL signal as external trigger.
One advantage of micromegas is that the mesh signal is a suitable trigger signal
because, since it is induced by the whole event charge, it is relatively intense and
common to every event. Essentially the typical analogic electronic chain plus a
discriminator will be needed (see figure 5.8 sketch).

5.5.2 T2K electronics library.

T2Kelectronics library is the software tool developed to handle the data acquired
with the T2K DAQ. It is written in C++ and makes use of ROOT classes (as
customary in the LFNA, see RESTSoft chapter 6). It has four essential components:
a low level class, T2Kreader (based on a program by David Attie from CEA /Saclay),
which directly deals with the binary output files of the T2K DAQ, absorbs the
T2K data format and can load in memory the recorded pulses and provide fast
visualization; a general holder class, T2KrawFEvent, to handle and store the data
already as a ROOT TObject; the method to write T2KrawEvents ROOT trees from
T2K binary files and a practical description of the set-up.

The set-up description distinguishes between the electronics’ configuration and
the detector’s architecture. T2Kreader requires the electronics structure which is
read, number of cards, channels, etc. The auxiliary class T2Kconfig is able to deduce
it from a simple configuration text file, together with other parameters which can be
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useful for other methods. An associated class, ReadoutDecoding, provides a model
to implement the relationship between the electronic channels and their physical
meaning for a particular detector and cabling (the decoding task). Several readout-
decodings, corresponding to real set-ups, have been written and can be taken as
templates.

T2KrawEvent is thought to be versatile and powerful, therefore simple in struc-
ture but relying on advanced objects; it is basically a collection of a variable number
of ROOT histograms that hold the recorded pulses plus the event time. Every his-
togram is assigned a channel number, to address its origin, and two more optional
numbers to describe the physical position of the signal, generally called row and
column. T2KrawFEvent can absorb the decoding result, but there is the alternative
to use its pointer to a ReadoutDecoding object too. Therefore T2KrawFvent, when
used by other methods, can provide the physical position of every signal either be-
cause a previous decoding process result was already recorded on it or directly by
making it on-line. The variable size of T2KrawFvent, which is independent on the
electronics configuration, allows off-line data selection methods.

The main method that produces the T2KrawEvent can optionally perform a
selection by threshold and the decoding during the format data transformation pro-
cess. It also reads the DAQ time stamp and reconstructs the relative time. It is an
especial case in the T2Ktools class, which is not conceived as a C++ class, but more
exactly as a set of functions to handle T2KrawEvents using, if necessary, Readout-
Decoding and T2Kconfig. 1t includes very basic functions together with elaborate
analysis and drawing methods; they are the basis for the programs which are writ-
ten for practical use. Figure 5.9 contains representations of events recorded with a
CAST micromegas detector using T2K electronics. They (and the rest of figures in
this section) has been generated with T2Ktools methods and have the purpose to
demonstrate the detector, the electronics and the software possibilities.

5.5.3 TPC event reconstruction.

A full event reconstruction® method can only work with a pixelized readout. The
microbulk micromegas in figure 5.10 left was specially designed for this purpose to
fit Zaragoza’s lab high pressure chamber (see section 6.2.7.2 and [169]). It has got
an active area with 12 x 12 pixels in 10 x 10 cm?, what was a world record at its
time (Summer 2009) doubling CAST microbulks size.

Its performance is remarkable because it supposed a milestone in scaling-up po-
tential of microbulks. The resolution obtained using a non collimated ®>Fe source
was 12.6% FWHM, only slightly worse than the usual microbulk prototypes of al-
most 15 times smaller size (see section 4.4.3, in particular figures 4.22 and 4.23).
Spectra like the one in figure 5.10 right, which has been taken from the mesh pulses,

SHere, for event reconstruction it is understood just the deduction of its three-dimensional
structure, no physical interpretation is done.
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show that the increase of the electrodes capacity was not limiting the detector
threshold and resolution.

It is also noticeable the way other auxiliary detector aspects were developed at
the same time. For these measurements a new feedthrough design by J. P. Mols
from CEA /Saclay (figure 5.11), based in a SAMTEC high density connector[179)], it
was used to extract the signals from the high pressure vessel. The signals are driven
by plane and flexible cables called limandes.
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Figure 5.10: Left: Microbulk micromegas with pixels readout. Right: 3°Fe spectrum
taken with this micromegas, collimating the source at its center. Energy resolution is 11.9%
FWHM and the energy threshold is below 0.5 keV.

The feedthrough leak tightness was tested at vacuum and high pressure obtaining
no deviations from previous tests with the same vessel. Anyway the chamber with
the feedthrough could operate perfectly with a 6 cm drift distance using pure argon
at drift fields lower than 50 V/cm, as the following event reconstructions will show.
Later versions of these feedthrough are currently extensively used in the NEXT-1-
MM prototype.

Figure 5.11: Left: the feedthrough, a SAMTEC connector[179] integrated in a CF60
outlet, with limandes. Right: the feedthrough installed in the high pressure chamber and
connection to the pixelized microbulk.

The reconstruction algorithm written for the third dimension is very simple.
The pulse is sampled around its maximum position with a period which should be
related with the electronics peaking time; then, when a significant time extension of
the signal is found (i.e., basically when the pulse’s width is longer than the shaping
time) a secondary charge core, or 3D-pixel, is added to the event representation (see
figures 5.12 and 5.13). A more advanced idea for the reconstruction could rely in a
deconvolution of the signal using the electronics shaper typical respounse, following
the inverse operation of that explained in section 6.4.
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5.5.4 Outlook.

Today T2K electronics are used in Zaragoza labs to read CAST detectors, the
NEXT-1-MM prototype (see figure 5.15) and a prototype for high sensitivity radon
detection and soon new T-REX prototypes for Dark Matter. Besides the CAST
acquisition upgrade expected for 2013 is based on T2K electronics.

The T2Kelectronics library was conceived as a BETA version (see figure 5.14),
with absolutely general assumptions and only a basic functionality, however it pro-
duced a set of simple demonstration programs which are still intensively used by
the former set-ups operators. It was thought as an outline for future more formal
and specialized versions.
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Figure 5.14: Sketch of the classes involved in the T2Kelectronics library. There are
at least three levels of data evolution, from the binary output to the reconstructed event
(TRestPhysEvent class, see section 7.3) through the raw event. See section 7.3 to relate
T2Kelectronics librare with RESTSoft package via the Tr2kManager class. Dashed lines
represent the information flow via some practical programs based in T2Kelectronics library.

That process has started thanks to the work by younger researchers with the
establishment of stable particular versions for data management of CAST detectors,
the possibility to emulate CAST classic DAQ (see section 10.4) and the development
of new analysis based in T2KrawEvent for CAST and NEXT-MM. Furthermore see
section 7.3 for a connection with RESTSoft libraries.

A specially useful achieved goal has been setting up a combined DAQ which uses
T2Kelectronics for reading the detector segmented anode and an oscilloscope[180]°

50scilloscope libraries by J. Galan and J. A. Garcia, who also provide a on-line DAQ GUIL
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for the acquisition of the mesh pulse and the configuration of the common trigger.
This relatively portable set-up is quite versatile thanks to the adaptability of the
oscilloscope for any kind of signal and because the DAQ inherits from the oscil-
loscope the capability of naturally configuring complex trigger criteria, including
coincidences between different signals.
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Monte Carlo-based simulations are powerful tools on the hands of the experimen-
talist. Two are the typical situations where a simulation is required: the planning
of a new experiment or the analysis of an existing result. In the first case, a virtual
realization of the experiment can be done, what allows to evaluate the probable
quality of the result, perhaps to modify the set-up design and, finally, to decide if it
is worth to be materialized. In other cases, when a real result needs to be confirmed
or requires better understanding, the simulation provides the perfectly controlled
environment where the cause-effect chain is registered.
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6.1 RESTSoft.

The TREX activities need an associated software framework which must include
both simulations and the management of data for later analysis. It works some-
times as a support for ongoing R&D experimental lines; but other research lines are
started, and largely continued, purely as simulations, and so completely developed
inside this framework.

The RESTSoft (Software for Rare Event Searches with TPCs) architecture and
philosophy was firstly drawn by Igor G. Irastorza and the ulterior developments,
mainly by Francisco J. Iguaz and A.T., have tried to keep its affinity with the
original plan. RESTSoft is written in C++, therefore it is conceived by means
of objects (C++ classes), and uses ROOT[181] classes as immediate analysis tool
(maths functions, arrays, graphs, fitting, etc) and for serialization (objects storage
and management).

It is not thought to be a very big and complete program but a collection of
classes as tools for the users to write their own programs. This conception sets
requirements for the RESTSoft classes: they must have a very concrete purpose
and they must be prepared to work in a modular way. This means that a program
based on RESTSoft should be written as a sequence of classes which acts one after
the other, each one performing some transformation in the data or producing a
result at certain level. In order to become a really useful packet, the classes need to
interchange information efficiently and must be as versatile as possible.

Therefore the RESTSoft users are expected to have basic skills in C++ program-
ming, however their task should be made easier. The RESTSoft classes functionality
must be clearly exposed, i.e. they should contain methods with a very descriptive
and unambiguous purpose as “add diffusion effects to this event” or “the resolution
of the micromegas will be 14% FWHM at 5.9 keV”. Even if the class contains some
complex algorithm, the code must be readable thanks to interface functions for in-
put, output or configuration (Setter and Getter methods). In addition, it should
provide different ways to be used, trying to anticipate likely situations or future
development needs. This can increase notably the work and is one of the main dif-
ferences between writing a single program and preparing a library, but it will allow
the RESTSoft users to do only high level programming.

We could need different codes to work together with RESTSoft libraries: an
external program, other libraries out of RESTSoft or simply to import or export
data in a different formats. This is actually what happens in most cases: we use
a common simulation application, a database, a previously developed method or
we could need to communicate with a real acquisition. The relationship between
RESTSoft and some codes is, in fact, so repeated that suggests to develop stable
piece of code. Pure RESTSoft code must be well distinguished from external codes,
which do not have to follow the RESTSoft scheme; so specially devoted classes must
act as bridges between RESTSoft and external codes. They must contain the keys
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to deal with the external code (format, configuration, etc) but also methods for the
RESTSoft user not to have to go down from the high level programming. All the
pure RESTSoft classes are named as TRestX, while for bridge classes the convention
is just TX.

In the last years RESTSoft libraries have been evolving in parallel with the
proliferation of programs which answered to particular research necessities. The
paradigmatic case is a simulation chain plus following analysis, which starts with a
Monte Carlo simulation that is carried out using an external application. Some of
these programs have been equipped with user interface methods (as configuration
files) that have allowed external users (who do not need to now how RESTSoft
classes work) to deal with them. This way RESTSoft has been intensely used. The
best way to describe these simulation chains, and RESTSoft itself, may be to show
some examples in which simulations were used up to different levels of the chain, so
they will be inserted in the description along the next sections.

6.2 The RESTSoft GEANT4 application.

There are very tested programs for Monte Carlo simulation of interactions of parti-
cles with matter. RESTSoft does not intend to substitute them but to use them and
complete them for our particular needs. GEANT/ [182, 183] is a general purpose
simulation tool-kit for particles and radiation widely used in High Energy Physics,
for instance for the simulation of LHC detectors. However it has the aim of extend-
ing its application to other fields, specially towards the low energy (below 10 MeV)
Physics. In fact, it has absorbed other tested codes which were previously well ap-
preciated for specialized simulations. GEANT4 itgelf shares the same philosophy as
RESTSoft, it is a collection of classes one have to assemble to build an application
that will perform some concrete simulation. Most of the classes we will describe in
the following sections inherit from GEANT4 prototypes.

For RESTSoft, a GEANT4 application for the simulation of gaseous TPCs was
built in closed collaboration with F.J. Iguaz. There was much previous experience in
the LENA with GEANT4 simulations for Rare Event Searches, directly the work by
Susana Cebrian|[143|, Maria Martinez[144| and others, which was a starting point.
The main difference with previous simulations, mainly about solid state detectors,
was the amount and nature of the information to extract, as the new goal was a
simulation of a detector with topological capabilities.

6.2.1 Basic description of a simulated event in a TPC.

The information we are concerned about in a simulated event which is held in a
TPC is a basic description of the energy deposition path by ionizing particles. This
path is built step by step, each one generated from the previous one. For each step
we are given a new position and state (energy, momentum, etc) of the particle and,
perhaps, an energy loss during its travel. We assimilate these steps into hits, each
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one defined by a position and an amount of energy deposited in the gas; though there
is a subtle difference between both concepts. When energy is lost by the particle,
the GEANT1 step provides also the physical process which caused it. In the case of
energy deposited in ionization by a charged particle, we cannot assume that all the
energy was deposited exactly in that place we are going to allocate for our hit; the
GEANT4 program considers the material the simulated particle is passing by as a
continuous, and it calculates the likely energy loss due to that process according to
its cross section tables or formulas.

This is the reason why simulating in detail gaseous detectors was more difficult,
since very thin absorbers are worse described and much more unpredictable (see
section 3.1.3); but GEANT4 has improved a lot in this sense in its last releases
(always newer than 9.2 patch 01 version). Of course, the amount of energy loss is
not always the same for the same step length and it can be even zero if the step
is short enough. Therefore the choice of the step length is important, it should be
long enough for having a realistic (and not too slow) simulation and, on the other
hand, it is directly related with the simulation quality.

It may be a convenient cross-check to have a look to the passing of MIPs through
the simulated TPC at this point. 1 MeV electrons (y =~ 3) are launched so as to cross
chambers (like those of figure 6.1 left in a 3 cm height chamber) of several heights
filled with argon with 2.3% isobutane at 1.4 bar. The resulting energy spectra are
plotted in figure 6.2, scaled to the 3 cm height chamber (dE/dxz x 3cm) for better
comparison. Only the 6 cm chamber spectrum fits well to a Landau distribution;
for the 3 cm an irregular structure is already evident (compare with plots in [116]
page 19) and for 0.5 cm thickness we have something near a discrete distribution
reflecting the possibility of 1, 2, 3 or n clusters along the path. For 6 and 3 cm the
most probable value is proportional to the chamber height (= 6.5 keV /cm) but the
same is not true for the mean value which is 19.83 keV (6 cm), 10.74 keV (3 cm)
and 3.25 keV (0.5 cm).

In GEANT4 the step length is naturally related with an energy cut-off|184].
Every particle has a mean free path for each physical process and material, particles
with shorter mean free path than the maximum step length have few possibilities to
produce any visible effect at the desired degree of detail of the simulation; therefore
it is not worth to devote computation time to simulate them and the simulation just
assumes all their energy was deposited right there. That cut plays the role for a hit
as the cut-off in the restricted energy loss stopping power (see section 3.1.4) for the
chamber dimensions or readout pitch. The same stands for secondary particles, so it
is important to be sure that the energy cut in a material is below the threshold of a
physical process which is relevant for our simulation purposes, otherwise it would be
inhibited. For example, we must be sure the step length is related with an energy
lower than 3.2 keV in argon if we want to have argon K-fluorescence in order to
reproduce escape peaks in our simulated spectra (see section 3.2.1.1).
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Figure 6.1: Left: Simulated tracks for 1 MeV electrons. Right: 6 keV electrons.
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Figure 6.2: Simulated energy spectra produced by 1 MeV electrons. The Spectra are
normalized (dE/ dz x 3cm). The 6 cm histogram is fitted to a Landau.

In the geometry defined for the detector simulation a volume called target is
defined, it is part of the conversion volume of the TPC and works as the sensitive
volume of the simulation, i.e. the interactions which are produced inside it are regis-
tered as a collection of hits: the track. The step length inside the target is limited to
a maximum that is independent on the general one, which can be regulated via the
application configuration file. It has been found that for a TPC with gas at pressure
less than 10 atm, a step limitation around tens of microns, which is appropriate for
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current micromegas granularity, gives sometimes steps with no energy loss and also
steps that were interrupted by a relatively high deposition of energy (in this case
the GEANT4 algorithm forces the pause of the simulation and the generation of an
early step).

The mechanism is illustrated in the following plots which have been obtained
from a simulation of 3-10% 6 keV photons (like those of figure 6.1, right) in argon at
1 bar with the step delimiter set to 50 ym , where we focus in the first step recorded
by the GEANT4 application. In figure 6.3 the first step’s length (more exactly the
distance to the starting point of the electrons from the first hit position) is plotted.
It can be seen that many of the steps, ~ 1/3, have exactly the maximum length
set. That happens when the StepLimiter process pauses the simulation and refresh
the particle status. After taking into account multiple soft scattering processes,
it delivers a variable amount of energy deposited into the gas, which is usable for
primary charge generation (a process which is out of the scope of the GEANT4
simulation).
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Figure 6.3: Step lengths distribution for the first step of 6 keV electrons.

Other times the step is prematurely finished by a physical process, which can be
just the same MSC (multiple scattering) when the accumulated energy deposition
rises the energy cut or, in ~ 10% of cases, LowEnergylonization if a deep electron
(with binding energy higher than the energy cut) has been released or a knock-on
collision occurred with production of a d-ray with energy higher than the energy cut-
off. Thus a distribution of lengths appears below the step limitation peak, which
is flat as corresponds for processes that have a mean free path long compared with
the maximum step length. A kind of duplication of the distribution can also be
detected on the right, like a pile-up spectrum, and this is basically what it is. Since
the electron is allowed to experiment no interaction after one maximum step length
and, in that case, no hit is registered by the program, what is actually plotted is
the distance from the second hit.
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In figure 6.4 the energy loss along the first step is plotted. The histograms with
non filled area correspond to the energy deposited in the gas, that is to say, the
energy that is assigned to the hit. We distinguish between normal steps and steps
whose end was suddenly caused by the ionization process. The former cannot exceed
the energy cut, which for our conditions is slightly higher than 200 eV, and the energy
loss is equal to the energy deposition. For the second, the absorbed energy can be
higher than the energy cut and lower than the energy loss if secondary particles
(with initial energies higher than the energy cut-off) are generated. The L-edges
of argon at 250 and 310 eV (above the energy cut-off) are clearly visible in that
distribution (another peak at 3.2 keV, K-edge, is out of range). The second part of
the distribution, caused by the presence of the L-edges, ends necessary at 510 eV
since that is the sum of the energy cut-off and the most energetic absorption line.
Both distributions are described (with exception of the atomic edges) by Gaussian
statistics, as the sum of many independent energy depositions.
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Figure 6.4: Energy loss along the first step of 6 keV electron tracks.

The difference between the energy loss and the deposited energy is the energy
invested to secondary particles, which is represented by the solid area histogram. It
can be fluorescence photons and Auger electrons (see section 3.2.1.1) related with
the atomic bound or J-electrons (see section 3.1.4). If we had chosen the energy
cut-off higher than the binding energies, the related secondary particles would not
have been simulated with consequent acceleration of the simulation. These are ac-
cumulated in peaks while the d-electrons should draw a continuous distribution,
however the distribution we see is not directly the §-rays energy production distri-
bution, that can be the sum of several secondary particles. Ignoring this last detail,
a completely different distribution is expected here, according to section 3.1, the
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Coulomb scattering one (see equation 3.1), however AFE is still not much higher
than the binding energies. The solid line, which is a fit with shape ~ 1/E?® is not
able to reproduce such a long tail for a wider range than plotted in figure 6.4 and
gives x = 1.59 instead of the expected 2. The distribution fits much better to a
Landau tail (dotted curve).

To sum up: the way the track is developed in the simulation is similar to the
real case, in which discrete clusters are generated; however we should keep in mind
the subtle difference existing between actual clusters and the hits of the simulated
ionization track, due to the fact that ionization is a treated (most of times) as a
continuous process. In contrast, when a photon is simulated there is no ambiguity
to decide where a conversion into an electron by photoelectric effect or where it was
supposed to suffer a Compton scattering.

The basic description of the track inside the target, as a collection of hits with
positions and energy depositions, is completed with the physical process that de-
fined the new step (recorded following a numerical code) and the trackID, which
numerates the concrete particle which caused the hit. The trackID can be useful,
e.g. to distinguish between the primary ionizing particle track and secondary ones.

6.2.2 Physical processes.

The Physical processes which can happen during a GEANT4 simulation are defined
in its PhysicsList class for each particle. The RESTSoft GEANT4 application’s
PhysicsList started from previous lists developed for simulations of the Dark Matter
experiment ANAIS|[43], which are described in [143, 144], themselves based on the
Underground Physics advanced example of GEANTA4.

Only relevant processes for low energy Physics are included (using the low energy
versions of GEANT4 process and models). For electrons, in particular, the ionization
and multiple scattering presented in the previous section plus Bremsstrahlung and
annihilation for positrons. For X-rays and 7’s, all those presented in section 3.2.1;
but optical photons are not considered since it is (still) not intended to simulate an
optical readout. A special case is the Radioactive Decay process that can generate
the natural decay of isotopes.

In summary, the simulation is simple from the point of view of the amount of rel-
evant particles and processes involved, but it must be detailed, therefore secondary
processes as fluorescence, PIXE and d-rays are activated with energy threshold re-
lated with the step length as was already discussed in the previous section.

6.2.3 Geometry.

For a simulation of a particular detector its geometry has to be implemented. Nev-
ertheless all the simulations have some common features and many times only some
dimensions and materials arrangements are enough in order to essentially reproduce
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the situation. A configuration file is available and the application is able to interpret
it and build automatically a simple but versatile geometry.

Basically the general geometry can be described as a set of cylindrical layers,
in onion-like scheme, plus two levels to define the electrodes (see figure 6.5). The
target is, of course, contained in a gas volume which corresponds to the conversion
volume of the TPC. The target is defined as the volume that is projected onto the
micromegas’ surface (which is supposed to be at the bottom of the chamber) up to
a certain level, usually that of the cathode position. The fact of distinguishing the
target from the gas and conversion volume (volume between the electrodes, mesh
and cathode) allow to consider realistic dead zones in our chamber. The simplest
geometry is defined just by three parameters: the chamber’s height and radius, and
the micromegas mesh radius.

Sensitive volume
(target)

Figure 6.5: Sketch of the onion-like geometry of the general RESTSoft GEANT4 appli-
cation. The optional shielding layers are not drawn for clarity.

The following layers are defined by their thickness and are build so as to per-
fectly adjust to the immediate inner layer. The first one may represent the chamber
structure and could be important in case the chamber would contribute with flu-
orescences. For the same reason, the micromegas mesh itself is represented as a
thin layer of copper (in case of a microbulk) or stainless steel (if a bulk) and the
readout behind with copper-kapton layers. The outer layer can be used to add a
basic shielding in case we would like to study the effect of an external source.

The gas inside the chamber is, by default, pure xenon or a mixture of argon and
isobutane. The mixture proportion and the gas pressure can be set through the con-
figuration file too. In the geometry class of the program, mMDetectorConstruction,
there is a simple method to properly define the mixture of gases (whose proportions
are given in volume), which can be generalized easily to other kind of gases.
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6.2.4 Event generation.

The eventGenerator class determines the initial conditions of the event to simulate:
the number, nature, position and state (the initial vertex) of the particles that
will originate an event that may be registered in the TPC. This class contains a
collection of functions, some of them to set the position of the vertex and others to
take care of the particles’ initial states, which are combined. These functions can
make reference to geometrical parameters, therefore the generator class has access to
the geometry builder, mMDetectorConstruction class, and the user-developer must
be aware that a contradiction could be produced when the geometry is modified.
The evenGenerator uses an auxiliary class, ProbGen, which generates some useful
distributions, as isotropic directions, or homogeneous positions in simple geometrical
volumes.

This way methods to simulate some radioactive source commonly used in the
lab, or some kinds of radiation fluxes or the result of key decays have been written
(®5Fe, 199Cd, general S-decays electron spectra, cosmic muons, etc.). The class is
also able to interpret a Decay0[185] generated file for double beta simulations. The
most typical uses can be chosen and configured through the configuration file.

As usual, the time is used as a seed for the Random Numbers Generator
(GEANT4 make use of CLHEP libraries|[186]). However simulations are often per-
formed as parallel processes which are sent to a cluster queue, and it is not rare
that some of the programs are accepted, and start running, at the same time. To
assure independent simulations an index can be given as argument to the RESTSoft
GEANT4 application to be combined with the time in order to produce the seed.
Thus a script can send simulation tasks with different arguments to the cluster’s
queue in order to produce independent events.

6.2.5 Simulation control.

Our main goals are to save events which deposited energy in the sensitive volume
inside a predefined energy range of interest (Rol), but also to evaluate the probability
of such an event happenning. Apart from that, we could also need to reconstruct
the trigger rate (probability of events which deposit energy in the sensitive volume
above a threshold). In principle, at the time we are going to launch the simulation,
these probabilities are completely unknown.

There are basically two types of conditions in order to decide if a simulation has
been completed. The limitation of the number of stories to simulate is the usual
one when there is a high probability to have a count (an event registered inside the
Rol) per simulated story, what we call TIMFE end condition. This is usually the
case when we are directly simulating the signal, for example, if we are simulating a
calibration. In contrast, if there is no previous indication about the ratio of stories
needed to have a count, as it happens typically when investigating the influence of
any factor on a background, one would ask for a minimum acceptable amount of
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counts before finishing the simulation. That is called STATISTICS end condition.
By means of its configuration file both end conditions can be established and the
application is able to execute the most restrictive one. The DataOut class is in
charge to apply this criteria and reports the general progress of the simulation.

However, many times the simulation is not finished by none of the previous
conditions. During very long simulations it happens frequently that any external
cause stops the program: a surprising shut down, an unexpected error or simply that
our time is finished in a cluster queue. In consequence, DataOul must save in disk
the selected events as they are produced, with all the information necessary for the
partial simulation to be absolutely operational. The point is basically to save every
time the simulated number of stories. The most robust manner to do it is to save
together with each event the number of stories that were simulated between it and
the previously saved event. This way the total amount of stories can be recovered
at any time with absolute precision, even it the final number is very large.

During the course of long simulations checking their correct development is also
necessary. The application has an adjustable verbosity level and can print partial
information every time a story is simulated, an event is saved or just periodically
(or it can be even more detailed for debugging purposes). Every (also adjustable)
stories period, a picture of the simulation partial result is saved in the form of a
spectrum with the energies deposited by the events in the sensitive volume. The
last bin accumulates the events which deposited energy over the maximum defined
for the spectrum, which allows to reconstruct the trigger rate.

When very few events are saved in the course of a simulation, our strategy
of saving the number of simulated stories together with the saved event can fail.
Even a simulation with no saved event is giving relevant information about the
rareness of such an event. Because of that reason, every stories period the number
of these periods which have been completed is saved in the same text file and, if
necessary, it would allow to recover the statistics with the precision of the stories
period. In contrast to the individual event data recording, the spectrum routine is
not implemented in DataQOut but in the main, since it does not need to follow the
simulation evolution and just works periodically and at the end of the simulation.

The range of interest (Rol) is defined in the configuration file by a lower and an
upper limit. The simulation can be interrupted if there is no possibility to produce
an event in the Rol, i.e. if the energy already deposited in the sensitive volume is
over the upper limit or the remained available energy is not enough to reach the
lower limit. This way the simulation is accelerated. That is specially siutable for
the simulation of double beta decay, where there is a narrow Rol in a relatively
high energy region. The same example is good to illustrate the following possibility:
counts out of Rol can still be interesting in order to reconstruct the context. However
the space needed in disk would be used for uninteresting events (which usually are
many more than the interesting ones). In the configuration file a proportion of these
events can be defined to be saved by chance, that is called the Russian roulette.
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Figure 6.6: Elemental sketch of the RESTSoft GEANT4 application. G4RunManager is
the GEANT4 class that coordinates the rest of them. The configuration options loaded by
the TPCManager are available at any point of the program. Together with TPCManager,
ProbGen, TPCHits and DataOut are the only classes that do not inherit from a GEANT4
prototype.

6.2.6 Information management. Study of cases.

The GEANT4 SteppingAction class gives the opportunity to write code that will
be executed every time a new step of the Monte Carlo has been produced. It is
at this level where most of the decisions about information management are taken.
SteppingAction works in close collaboration with the TPCHits class, which holds the
event information. It does not only contain the event description information, as it
was explained in the section 6.2.1, but auxiliary information about the course of the
event simulation. For instance, the total amount of energy deposited in and out of
the target, relevant information about previous steps (as the initial vertex), and some
number of flags that the user-developer can define. Combining this information and
configuration settings, the program decides, for example, if to abort the event. Step
by step, hit by hit, SteppingAction is gathering the event description and TPCHits
holds it.

Once the event simulation finishes, DataOut (see previous section) examines the
TPCHits content and decides if it will be saved in disk, before resetting the class.
In the case of an event generated by radioactive decay (or natural radioactivity
simulation of detector materials) the game between the triangle SteppingAction,
TPCHits and DataOut is more complicated because, in GEANT4, all the radioactive
chain is simulated as a single event. The consecutive decays can be separated by
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seconds or years and then (if producing a count in the target) they must be recorded
as separate events. At the same time, it must be registered that they have been
originated by the same primary decay and save at which level of the chain (the name
of the father) this happened.

Beyond the basic description as a hits collection (explained in section 6.2.1) and
the vertex that originated the event (number, state and nature of initial particles),
less obvious information can be relevant for a deeper understanding of the cause-
effect relationships which drove to the result of the simulation. This information is
usually related with what happens out of the target volume, however all the hits
produced in the whole geometry cannot be systematically saved. The interesting
cases must be classified in advance and recognized on-line by SteppingAction with
the help of the information recorded in TPCHits. The idea is to put a label in the
event that would mean something so complex as: “this event happened in the TPC
because an incoming photon suffered a photoelectric in that part of the shielding
and the resultant electron produced intense bremsstrahlung”. These labels, together
with a brief description, allow to try a study of cases, which many times eloquently
resumes our understanding of the Physics that dominates in the detector.

4{ RESTSoft GEANT4 Event }

Initial .+ position
* p particles
particle type m . «type
Energy .
direction * particle type
« volume
* energy
* process
. *» position
§ P « track |ID
- energy deposit ”
gy dep « auxiliar int
* Physical process ”
« auxiliar double

track ID 7

Figure 6.7: RESTSoft GEANT4 event model.

In analogy with the hit, that is used to describe the point-like energy depositions
inside the sensitive volume which draw the track in the TPC; the interaction is
defined to describe the highlights that happened in, or around, the sensitive volume,
before or after the energy deposition on it, and drew the cause-effect chain which
may explain the presence of the count in the spectrum. An interaction is described
by the following fields: number codes for the particle, the place (a defined volume
in the simulation) and the physical process of the step more closely related with the
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interaction and the kinetic energy of the particle. The circumstances which define
an interaction can be more complex than simply a special step; an interaction type
label will simplify notably the off-line analysis. Two more auxiliary fields are still
available, and their meaning can be differently defined for each interaction type.

Enabling this tool needs a considerable effort and skill by the user-developer.
It has been far developed for the NEXT and CAST simulations and the current
appearance of the general SteppingAction class is that of a template for building a
new study of cases or labelling rule. Many of the types are quite general, in particular
the ones which define the three common ways an event is produced inside a TPC in
low energy physics: a photon produces a photoelectric in the gas (type 5), a photon
suffers Compton scattering in the gas (type 6) and an electron directly bursts in the

gas (type 1).

6.2.7 Direct applications of the RESTSoft GEANT4 application.
CAST micromegas quantum efficiency and HPXeTPC spec-
trum.

The RESTSoft GEANT4 application is the perfect example of an external program
related with RESTSoft. In order to extract all the information the simulation gath-
ered an interface (what we called bridge class) between its output and the RESTSoft
classes has to be used. The GEANT4 application has been the origin of most of the
simulation works done inside TREX; besides, it has shown enough versatility and
the capacity to produce results independently. In many cases dealing just with the
information we described in the former subsection, spectra and probabilities, can
be enough. Researchers that may be not interested in complex simulations can take
advantage of the GEANT4 application alone and deal just with simple objects like
spectra saved as texts files. In this subsection two examples of use of the RESTSoft
GEANT4 application, which have physical meaning by themselves, are showed.

6.2.7.1 CAST micromegas quantum efficiency.

The efficiency of the detector is the probability of an event, in the case of CAST (see
section 8), an X-ray coming from the magnet’s bore, being registered and positively
identified. The most fundamental aspect of the efficiency is the probability of an
X-ray interacting in the detector, it is called quantum efficiency because involves
the cross section of the X-ray with the gas atoms.

Moreover, the probability of the photon surviving from the cold-bore to the
detector gas must be evaluated. In the case of the CAST sunrise micromegas docking
place there is a trip longer than one meter and a half which is irrelevant, because
the pipe is under vacuum. However the photon has to cross three windows that
separate different volumes, and they compromise the quantum efficiency. Two of
these windows are reinforced with metal grids, called strong-back, because they
separate regions with different pressures: the cold window between the cold-bore
(which in CAST phases II and III contained “*He and 3He) and the vacuum pipe,
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and the drift window between the vacuum pipe and the detector gas, which is in
overpressure (just for increasing the quantum efficiency). X-ray are blocked by
the strong-back bars, so that introduces a geometrical loss for the efficiency. In
addition there is the probability of the photon being absorbed or dispersed in the
window material. The drift window is an aluminized mylar foil of 5 ym thickness
(plus negligible aluminium thickness), the cold-bore window is 14 ym polypropylene
thickness and the differential window, which is placed in the middle and has no
strong-back, adds 4 pm extra of polypropylene.

Finally the detector geometry and the gas conditions, basically the gas mixture
(Ar with 2.3% iC4H1¢) and pressure (1350 mbar) are essential; but it regards also
the definition of the sensitive volume. The latter concerns to border effects and the
probability of secondary photons escaping the detector. They are important because
events that deposited less than the photon initial energy will not be accounted for
positive detections.

Using the GEANT4 geometry model for the CAST micromegas detector exposed
in section 9.1.1 with addition of the two windows of the vacuum system with the
help of the RESTSoft GEANT4 application we can calculate the CAST micromegas’
quantum efficiency. A general method from application’s Fvent Generator class is
used to launch the photons in perpendicular direction to the micromegas plane
(as they would come if originated by solar axions) homogeneously scanning the
cold-bore area with random energies between 0.5 and 10 keV. Imposing that the
event deposited energy in the gas is the same as the photon initial energy, a graph
proportional to the quantum efficiency is obtained directly from the spectrum output
of the simulation.

In figure 6.8 right several curves show the simulation step by step. First, a
calculation of the chamber’s conversion volume efficiency. This curve is almost
coincident with the one we can just calculate from NIST cross sections database[138]
for the argon using the gap length and gas pressure (see the introduction of section
3.2.1). The only notable difference can be detected above 3.2 keV, where the K-layer
of argon is placed. The difference is reflecting the probability of a secondary 3.2 keV
photon from argon fluorescence escaping the chamber (see section 3.2.1.1).

It can be observed how Quantum Physics limits the efficiency at high energies.
Only replacing the gas, increasing its pressure or upgrading the chamber size could
improve it. The rest of the curves are obtained by consecutive addition of the drift
window and the other two. In the figure 6.8 left we have the contour map obtained
for the complete simulation, showing the shadows of both superposed strong-backs.
However, similarity between curves at high energies is telling us that the strong-backs
do not represent a big disadvantage. We see now how the windows accumulated
thickness is the factor which limits the efficiency at low energies.

This way the GEANT4 application alone, just by drawing the output spectrum,
has been able to produce one estimation that is capital for the CAST experiment.
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Figure 6.8: Left: readout projection of the interaction position where the shadows of
the two consecutive windows grids (strong-back) are superposed. Right: “step by step”
simulated quantum efficiency and comparison with NIST XCOM database[138].

6.2.7.2 Reproduction of one spectrum in the HPXeTPC.

Another example is the planning of a test in the Zaragoza’s high pressure test
chamber. This vessel is designed for high pressure, leak-tight and low out-gassing,
since it was thought to test pure noble gases[107] (HPXeTPC, high pressure xenon
TPC). The idea is to measure energy resolution for medium energy gammas (higher
than the usual 6 keV from ®>Fe or 22 keV from '%°Cd) in pure xenon at high pressure
in order to do a more feasible extrapolation to the double beta decay Q value at 2448
keV. A limitation for that is the efficiency of the chamber whose conversion volume
of 6 cm maximum drift distance is defined by rings of 8 cm inner diameter, while
the size of the micromegas prototypes installed there is usually only 3 cm diameter.
These dimensions can be used in the REST GEANT4 application to simulate such
a chamber filled with pure xenon at 4 bar (see figure 6.9).

To obtain the graphic in figure 6.10 a mono-energetic isotropic point-like source
placed on the top of the conversion volume (see figure 6.9) has been simulated for
energies between 10 and 100 keV. Like in the former example, the output spectrum
is enough to define the efficiency. The green solid line in the plot corresponds to
the calculation one easily would do (see section 3.2.1) from NIST cross sections
database[138] considering the photoelectric probability, v trajectories orthogonal to
the read-out/cathode planes and the maximum drift distance. The simulation will
also take into account the solid angle and the electrons finite path range .

In addition, from the simulation we distinguish the detection efficiency (possibil-
ity of interacting in the sensible volume limited by the micromegas surface) and the
photo-peak efficiency (possibility of deposition of the whole energy in the sensitive
volume, so contributing to the photo-peak and having a really useful event). At low
energies both efficiencies are almost coincident since the photoelectric cross section
is by far dominant compared with Compton (see figure 3.14 right). On the contrary,
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Figure 6.9: Sketch of the HPXeTPC (left) and its model in the RESTSoft GEANT4 ap-
plication (right). Few ~’s trajectories are drawn in green and some photo-electric and
Compton effects can be recognized, with induced electrons paths drawn in red. The sen-

sitive volume for efficiency calculation is the one between the mesh and the cathode and
delimited with the dashed line.

100 A
<
<
[72]
o
o
o
o
=
=
fim|
10 1
+ Photopeak efficiency +
X Detection efficiency +
=—Fast calculation from NIST (XCOM) + "
0 10 20 30 40 50 60 70 80 90 100

Initial energy (ke'V)

Figure 6.10: Detection efficiency for ~y-rays in the particular set-up drawn in figure 6.9.

a big difference appears when energies reach the K-edge of Xe and we start having
the possibility of a secondary photon carrying a part of the global energy. The
difference between the detection and the photo-peak efficiencies can be interpreted,
almost directly, as the probability of having a count in a scape peak; because the
electrons path projected range &~ 1mm (see figure 3.4, keeping in mind that P = 4

bar and ranges in xenon &~ 1/2 of ranges in argon), still small compared with the
micromegas radius.
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Once the experiment is finally carried out (measurements by Diana C.
Herrera[107]) using the 60 kev (59.54 keV) y-rays from an 2! Am source, the simula-
tion is required again to properly interpret the experimental spectrum (black line in
figure 6.11). That is necessary to choose the most suitable fit function that will be
used to extract the energy resolution. The situation in the chamber is rather com-
plex as, apart from the 60 keV ~’s, we could find: escape peaks shifted at ~30 keV
(Xe Ka), ~33 keV (Xe Kb) and ~3.5 keV (Xe L); their corresponding fluorescence
peaks and the 26.3 keV line from the 24! Am source.
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Figure 6.11: Experimental versus simulated 24! Am ~-rays spectrum in Xe at 4 bar.

Looking again at figure 6.10, the efficiency at ~25 keV is still comparable with
the efficiencies at 60 keV, while the intensity of the 26 keV line of the 24! Am source
is 15 times lower. Therefore, in first approximation, its contribution to the total
spectrum is negligible. From the simulated spectrum (blue line in figure 6.11), where
only 59.54 keV gammas were launched, the relative weights of each contribution are
easily identified since the energy resolution is ideal.

The mean free path for all the involved photons is large compared with the
sensitive volume, with the exception of the 3 keV one. Thus all the escape peaks
are relevant, with the exception of the 60 — 3 keV peak and the 60 keV peak can
be considered as a single peak for the fit. The same is not true for the fluorescence
peaks which, to appear in the spectrum, need a primary interaction to happen out
of the sensitive volume and the fluorescence photon to be captured by the narrow
gas column over the micromegas. That is very unlikely in practice. So, to fit the
large escape peak, two contributions are needed in 30 (60 — 30) and 27 (60 — 33)
keV (escape peaks), but not in 33 keV (fluorescence peak).
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The ideal spectrum directly obtained from the Monte Carlo can be convoluted
to emulate the detector energy resolution and check if simulation certainly gives the
relative weights for all these pieces of the fit. This is done to build the red line in
figure 6.11, using a energy resolution depending on the energy as usual with the
inverse of the square root. For a direct comparison the noise can be modelled with
the addition of an exponential decay (green line). The energy resolutions used to
convolute the peaks are 12% at 27 keV and 9% at 60 keV, which extrapolates to
1.4% at the QQgp value, a result surely limited by the noise.

6.3 The RESTSoft TPC simulation chain and Event
Model.

The simulation of the physical processes that affect the ionization path in a gaseous
chamber was the first motivation for RESTSolft, since they are not considered in
general purpose codes. It includes the generation of primary charges, the diffusion
and, eventually, the attachment along their drift to the mesh. It can be useful, in
addition, some transformation to reproduce some limitations in time and spatial
resolution simulating realistic readouts, as a kind of ideal pixelization. Thege trans-
formations can be operated one after the other in clearly separated steps and by
specialized classes which make up the RESTSoft TPC Simulation Chain. This is
the modular philosophy that was advanced in the introduction to RESTSoft (section
6.1).

A transformations chain works better if is complemented with a versatile Event
Model. The event model is the definition of the information which describes the
event and is susceptible to be saved in disk for later manipulation or analysis. But
furthermore, the event model is the way this selected information can change from
one stage of the simulation to the other, the way we manage it and the relation
between the different classes that hold it.

It was thought that the simplest, and so the most powerful, way to implement
this would be to define a very basic class to be the object of all the methods involved
in the TPC simulation chain, i.e. being input and output at the same time. This idea
entails that such a class must be the most general and simplest possible description
of a TPC event: a 3D charge distribution as a collection of hits. It will be shown
how this description is suitable at the different stages of the TPC simulation chain.
It is implemented in the class named TRestPhysFvent that contains fNHits hits,
which are described in three TArrayD (double precision ROOT array class), for
the hits position and one TArrayl (integer ROOT array) for the hits charge as
multiplicity of the elementary charge; the total charge of the events is saved as well.
The four arrays are easily and efficiently re-dimensioned if fNHits is changed thanks
to the usage of the ROOT classes. The TRestPhysFEvent class itself inherits from the
TObject ROOT class, what means that it can be automatically serialized in ROOT
trees and then saved as ROOT files.
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6.3.1 Primary charge generation and bridge classes

Monte Carlo simulations usually give results in terms of energy depositions, however
the transportation processes in the gas involve the electrons released by this energy
which finally start the amplification in the micromegas. The generation of the pri-
mary charge requires an interpretation of the information obtained from the Monte
Carlo program X, therefore the process is dependent on the origin of the data. A
bridge class, TX, should be on charge of dealing with the Monte Carlo simulation
output. Whatever the format it uses, it must be translated into data which follows
RESTSoft conventions. That means that it should be rewritten as T'RestPhysEvents
or as another event class which must inherit from TRestPhysEvent (i.e. which at
least contains a TRestPhysFvent). Finally TX has to generate the primary charges
from the Monte Carlo available information so as to fill the charge array of the
TRestPhysEvent.

The process by which the energy is translated into charge is, on the contrary,
common. The translation into charge of an energy deposition is implemented in
the TRestCharge class, the first stage of the TPC simulation chain. A database
on W-values (the mean energy to free an ion electron pair, see section 4.1.1) is
needed; T'RestCharge creates a table whose values are taken from [115] and is able
to calculate W for mixtures using a weighted sum rule (4.2). Since the primary
generation charge process is not Poissonian (see section 4.1.2), in order to give a
charge to the hit with energy deposition F, a Gaussian distribution with mean E /W
and width

o= (E/W)-F (6.1)

being F' the Fano factor, is used to generate the amount of elementary charges of
the hit (which can be zero).

6.3.2 Importation of a GEANT4 simulation.

The information per event described in sections 6.2.1 and 6.2.6 (see figure 6.7)
is encrypted in binary files. When this event description is compared with the
TRestPhysEvent definition a natural affinity is discovered because both make use of
a collection of hits. But there are also differences since the GEANT4 description of
the hit is more complex (energy process, track ID) and there is also an event’s global
description (the predefined interactions and types), information about the event
origin and control parameters to recover statistics. A new event class is defined,
TRestG4FEvent, which contains a TRestPhysEvent that will be used to hold the
charge distribution, and the rest of information extracted from the Monte Carlo.

The main method of the TGeant) bridge-class is able to load from the bi-
nary outputs the information concerning one event and generate the associated
TRestG4event. The positions of the GEANT4 hits are directly converted into those
of the TRestPhysFEvents hits. The energy deposition is used to generate primary
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charges only if the responsible physical process is ionization or multiple scattering.
Equally, the track ID can be used if only the main particle track is considered (or
to apply another similar criteria). The total amount of primary charge is summed
during the process and recorded. Case study’s labelling and the initial vertex in-
formation are just pasted as new fields that make the elementary TRestPhysEvent
evolve to a TRestG4Fvent. This way, apart from the size fNHits, the TRestG4Event
has fNInts and a set of associated arrays of the same size to hold the interactions’
description that was explained in section 6.2.6. The TRestG4FEvent is ready to be
saved in a ROOT tree, for analysis that needs the whole GEANT4 information, or to
continue to the following stage of the TPC simulation, since it contains a complete
TRestPhysFvent.

TGeant can translate a binary output file in a ROOT file containing a tree of
TRestG4FEvents and write reports concerning statistics during the process. Different
output files can be combined if they correspond to parallel simulations. Once the in-
formation is written in this way, ROOT becomes a powerful tool to explore it and im-
mediately produce plots. In addition, there exists a little version of TGeant which
is written as a ROOT macro, called Out2REST.C, that has almost all the function-
ality of TGeant/ and is thought to be used even where the RESTSoft libraries have
not been compiled (it needs only the TRestG4Event and TRestPhysEvent classes).
It is useful when no more simulations stages are needed (as in the previous section
examples), but more often it is used just for data format transformation before mov-
ing the data (together with statistics reports) from a cluster. That is convenient
because, thanks to ROOT compression, even thought the ROOT files contains more
information, they weight approximately one half than the binary ones. This macro
also contains tools for typical fast analysis, as output spectra drawings, compilation
and basic treatment (convolution for realistic energy resolution and energy calibra-
tion). Another set of macros, which work on the TRestG4Event tree, has been
developed for fast analysis and are frequently used.

6.3.3 Simulation of drift effects and attachment.

If an event is written as a TRestPhysEvent (or any upgrade of this class) it is ready
to be drifted by the TRestDrift class. This class treats electrons individually to
emulate the plausible effects of the drift from the z position of the hit to the mesh
level. Individual electron’s paths are not simulated step by step, what would slow
dramatically the data transformation. In fact, we are not interested in the path itself,
but only in the final accumulated effect and, since the number of primary electrons
is relatively hight (227 electrons in average for a typical *°Fe X-ray in argon), the
end of each electron independent story is just derived from the statistical description
of the phenomenology, based in mean values and deviations.

The electric drift field is assumed by the drift algorithm to go in direction z,
orthogonal to the micromegas mesh plane, which is expected to be at z = 0, and so
the drifted distance is equal to the initial z of the electron, d = zg. TRestPhysEvent
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has its own methods to perform a translation or a rotation of the event that can
be used in order to adapt it to the T'RestDrift assumptions. The final z, 2y, for all
the electrons will, of course, be the mesh level and, after the drift, this coordinate
should be expressed as a time. However TRestDrift just adds the diffusion deviation
A, because of practical reasons (see section 6.3.5):

Zf = 29 + Gauss <U[\/3> (6.2)

where Gauss(x) is a value obtained from a Gaussian distribution centered in zero
with ¢ = x and oy is the longitudinal diffusion coefficient (see section 4.2.2). For
the transversal deviation:

Ar = Gauss (ot\/@ ; (6.3)
xf = 20+ Arcos ¢, Yy =yo + Arsing (6.4)

where oy is the transversal diffusion coefficient and ¢ is randomly generated between
[0, 27].

Similarly, if the attachment is considered, the definition of the electron mean
free path in the gas (4.13), Aattach, is directly applied to compute:

Pittach = 1 — eiA.d (65)

being A = 1/Aattach the attachment coefficient and Phtiacn the probability of the
electron being attached along its drift path.

The coefficients used in these formulas can be loaded from the RESTSoft Gas
Data Base, a collection of files with tables describing drift properties for customary
or interesting gases. These files are product of MAGBOLTZ[150] calculations. Val-
ues for the drift velocity, the longitudinal and transversal diffusion coefficient, the
Townsend coefficient and attachment coefficient are available for a range of electric
drift field between 10? and 10° V/cm (the magnetic field is not considered). There
is the TMagbolzGas bridge class designed to manage these data. It reads the data
tables from a MAGBOLTZ ouput text file and load them as ROOT graphs (gas
feature vs electric drift field). Using TMagboltzGas constructors together with the
RESTSoft Gas Data Base users can load drift properties of pure gases, binary or
ternary mixtures at different pressures as an interactive object. The TRestDrift class
can adopt a TMagboltzGas as the drift gas definition (only an electric field is needed
to choose all the gas drift properties). The parameters to be used by TRestDrift
can be later modified or completely put by hand by means of setter methods.

The TRestDrift main method takes the T'RestPhysEvent part of the event (for
instance the TRestPhysEvent object inside a TRestG4FEvent) and only transforms it
(see figure 6.12). The new TRestPhysEvent has as many hits as the total elementary
charges, because every electron acquires a new final position, and all the new hits
have charge one unit.
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Figure 6.12: Evolution of a 60
keV electron event along the steps
of the RESTSoft TPC simulation
chain. Up: the electron path as
registered by the GEANT4 appli-
cation. All the hits that com-
pose the track do not have to give
rise to clusters, many of them are
just marks to help to visualize the
electron trajectory. The primary
charge distribution is more evi-
dent after the addition of diffusion
displacements (figure in the cen-
ter). For instance, the charge ac-
cumulation at the track end, many
times called blob, is clearly iden-
tified. Even an ideal read-out (1
mm pitch identically for the three
dimensions), could not aspire to
compose an event picture better
than the representation of the fig-
ure at the bottom. The dots are
3D pixels (see section 6.3.5) that
were activated and the boxes have
a size proportional to the pixel
signal. All the drawings were pro-
duced from a TRestPhysEvent.
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6.3.4 Mesh transparency and micromegas amplification.

Although the hits’ final position z after the drift simulation was not explicitly drifted
to the mesh, the electrons are supposed to pass through the micromegas mesh and,
if they survived to the entrance, been amplified, one by one, in an avalanche process:
that is the work done by the TRestMM (MicroMegas) class.

The way that avalanche products are gathered inducing signals in the read-
out depends on the micromegas specific design, X, and should be implemented in
a specific method for a new event container class, TRestDag¢X, which can differ
fundamentally from TRestPhysEvent. However, the main methods for amplification
and mesh transparency are common and therefore TRestMM is a general auxiliary
class. In fact TRestMM can transform a TRestPhysEvent into a second one which
reflects the effects of the micromegas transparency and/or amplification.

The mesh transparency is simulated by direct interpretation of the mesh trans-
parency curve (see section 4.3) as the electron probability passing through the mesh
into the amplification gap. This curve can be defined by the parameters of the
associated fit formula (4.15); the values from figure 4.11 are loaded as default; or
through file, by introducing experimental series that will be fitted. Once the fields
ratio FR = Egpifi/Eamplification 15 given, the probability would be equal to the
unity if FR < F Repg, being F Repnq the FR at which the transparency plateau ends
(defined as the point for which the fit equals to the unity); while if FR > F Re,q it
is evaluated from the fit.

For simulations of the individual avalanches the Polya functions (see section
4.4.2) are implemented. The parameters they need, concerning the average gain
and the relative variance for the individual avalanche, can be given directly or al-
ternatively TRestMM can estimate them from a macroscopic reference, like the
FWHM measured for a peak or a gain curve exponential fit. Another possibility is
calculating them from the Townsend coefficient making use of the Legler-Alkhazov
model (see section 4.4.2); TRestMM can reconstruct the electric field dependence
of these parameters relying on a TMagtbolzGas and produce theoretical gain and
resolution curves as those plotted in figure 6.13 (see section 4.4.2.1).

Alternatively, the avalanche can be simulated with a Gauss distribution for which
some primary electrons can even been collected in groups. This practice would dra-
matically reduce the simulation time consumption. The avalanche must be modelled
with the Polya functions, but the question is when do they produce results that are
essentially different from those obtained with the much “cheaper” Gaussian model.
We tried to illustrate that in figure 6.14 which shows distributions of avalanche
yields summed for several values of N, the number of initial electrons.

The avalanches are obtained from Polya functions using m = 2, relative variance
b = 1/m, which, we can see from figure 6.13 right, is actually an unfavourable
case, i.e. with single avalanche distribution very different from a Gaussian, because
typical values from argon with 2% isobutane lie in the range 2 < m < 3.5. It can
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Figure 6.13: Gain (left) and resolution (rigth) curves obtained by the TRestMM class
using MAGBOLTZ resuls for Ar with 2% isobutano at 1 bar.
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Figure 6.14: Distributions of the sum of /N avalanches yield with single avalanche simu-
lated with a Polya(m = 2, N = 100).

be clearly appreciate how the Central Limit Theorem of Statistics works and the
accumulated avalanches yield distribution approaches to a Gaussian as N grows up.
It could be said that, if the number of primary electrons collected by a pixel (or any
kind or readout segmentation unity) is higher than 20, the expected signal strength
distribution has a Gaussian behavior. The only case it can be worth simulating
the proper Polya distribution is that of a low energy signal which triggers a high
multiplicity event, as can be the passing of MIPs or a directional Dark Matter TPC.

6.3.5 Pixelization.

The last goal of the simulation is often to produce the information that would really
be available, even though in an ideal TPC, in order to make a meaningful analysis.
That would require a full description of the read-out working and electronics (see
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section 6.4 and chapter 9 for an example of such kind of approach) which may have
not being defined at all, or simply be beyond our interest. However, at least restric-
tions in 3D spacial resolution are usually imposed. This position assumes that the
TPC read-out has ideally reacted to the stimulation (the drifted TRestPhysEvent)
and, in addition, the off-line analysis has properly reconstructed the event as a 3D
charge distribution, but with a limited resolution.

The TRestPixel class is often the last link in the RESTSoft TPC simulation chain
and, again, works performing a transformation in the necessary TRestPhysFvent.
A 3D net is built from the definition of a 8D pizel which is delimited by the three
independent dimension resolutions dz, dy and dz. The new hits have the position
of the 3D pixel center and the charge contained inside them.

Because small pixel sizes are frequently used, directly building such a 3D net
would cause memory troubles, the algorithm works with a different philosophy that
is slower but optimizes memory consumption. It starts with the first hit of the input
TRestPhysEvent, it identifies the associated 3D pixel and creates the first hit of the
output TRestPhysFvent. It goes on, hit by hit, gathering the charge for this pixel
until it recognizes a new 3D pixel has been invaded, and then adds a new hit to the
output event. Every time this happens, the algorithm has to check that the new
3D pixel had not already been activated and, in that case, just adds new charges to
it. This method has also the advantage that the chronological order of the pixels
is conserved, what certainly is not the kind of information available in a common
TPC, but can be of interest for some kind of investigations.

The resulting event is once again a TRestPhysFvent, a collection of hits contain-
ing elementary charges, but with regularly restricted 3D positions (see figure 6.12).
The amount of hits has been dramatically reduced, and so the disk space and also
the computing time in later analysis; but the effects of diffusion simulated by each
independent electron are fully reflected.

At this point it must be clear why working with TRestPhysFuvent, or other classes
which inherit from it, is desirable: this way the TPC simulation chain classes can
directly deal with it. Finally, there must be a program where these methods sequen-
tially act on the data; following the RESTSoft event model philosophy data from
different origins can naturally be mixed and compared. The program can load data
from some simulation and complete the data whole transformation directly for its
analysis (see sketch in figure 6.15).

Besides the chain can be implemented so as to generate data tree-like structures,
for instance, from one simulated event a set of drifted events can be produced in
different drift conditions or gases; and each subsequent one, can give rise as well to
a new set where different read-out capabilities are tried (see figure 6.16). In each
step all the original information can be transferred to the later one by using a big
class (always containing a TRestPhysFEvent) or, on the contrary, a different class
can be used for description of each step event with only the relevant information at
this point (perhaps only the T'RestPhysEvent), and one can always browse between
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Figure 6.15: Sketch of a program implementing a serial TPC simulation chain.

the associated events. In the next chapter some examples of these kind of uses are
described.
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Figure 6.16: Sketch of a program implementing a tree-like TPC simulation chain.

6.4 Simulation of electronic signals.

Sometimes the experiment analysis works at lower level than that of reconstructed
events, for instance to apply pulse shape analysis. That forces the simulation to
perform a new step in order to generate the electronic signals induced in the read-out
electrodes. This way a new reconstruction algorithm can be trained with simulated
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low level data, or an already existing analysis can be indistinctly used with both
experimental or simulated data for a direct comparison (see chapter 9).

The number and features of the induced signals will depend on the specific read-
out design and electronic set-up, X. That is the end of the TRestPhysEvent class
domain, which must give place to a specific holder class TRestDagXevent. However,
the basic process is again common: a certain time distribution, which describes the
arrival of the charges to or near the electrode, should generate an electronic signal,
which could be integrated (giving a number) or recorded (producing a pulse).

TPulseShaping is the class which is able to generate an electronic pulse from a
given input intensity time signal, therefore it simulates the work done by a preampli-
fier followed by a time-amplifier, or shaper; i.e. the typical read-out electronic chain.
The class was adapted to RESTSoft from an original program by Javier Galan. It
has two alternative signal generation algorithms: pulse generation by solving the
associated virtual RLC circuit or pulse construction by convolution with the typical
amplifier response function. The former is faster and has the advantage that all
their parameters are real numbers which can be continuously adjusted for fitting,
while the latter is more intuitive and easily predictable and can be assigned to a
generic type of shaper.

6.4.1 Generation of electronic pulses by RLC circuit solving.

This method was already written in the original routine by J. Galan and is deeper
explained in [187|. TPulseShaping deduces the output pulse v(t) by solving the
second order differential equation that describes a virtual RLC circuit:

1 d?v(t)  do(t)
wo  dt? dt

di(t)
at

+wru(t) =R

(6.6)

where i(t) is the incoming intensity pulse, closely related with the distribution of
the time arrivals of charges to the electrode, which is the input to T'PulseShaping.
The algorithm parameter R can be absorbed by the electronics gain, which is a
configuration parameter of TPulseShaping. The other wo and wy come from the
characteristic times of the circuit and determine the pulse shape; the former has a
direct effect on the rise of the pulse, while the second in its fall.

J. Galan composed tables with the values of both frequencies which fit the pulses
produced by ®*Fe X-rays (in principle, point-like events with ideal i(¢)) in a CAST
micromegas detector for the different settings of an ORTEC 474 Timing Amplifier.
These tables are included in TPulseShaping, but they are only valid for the same
electronic chain used during the test: an ORTEC 142B Preamplifier followed by the
previously cited amplifier.
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6.4.2 Generation of electronic pulses by convolution with the re-
sponse function.

The output signal v(t) can be produced from the stimulation signal i(t¢), induced
in the electrodes, from the characteristic response of a generic time amplifier, or
shaper. In this section we follow chapter 6 of [116]. For a linear and causal system:

olt) = /0 w(t — #i(t) dt (6.7)

where w(t) is the delta response of the system, i.e. v(t) = w(t) if i(t) = (¢) the
Dirac function; in other words, it is the response of the shaper to an standard fast
pulse. The delta response is customarily factorized as w(t) = gh(t) with h(t) the
delta response normalized to have height the unity. Thus g is called the sensitivity
of the charge amplifier because, if i(t) is narrow compared with h(t), then

v(t) = g/o h(t —t")i(t') dt’ ~ gh(t)/o i(t)dt' = gh(t) - Q (6.8)

and the peak value of the shaped signal is proportional to the total charge induced
in the electrode.

TPulseShaper allows to define the delta response functions of ideal n-degree
unipolar and bipolar shapers (which are plotted inf figure 6.17):

hami (1) = & <t>ne_r®(t) (6.9)

nrt

(§]

hi(t) = < n—é % " etew (6.10)
NG

where 7 is the shaping time constant, r = n — \/n and O(¢) is the step function so
as to assure the causality of the system. These functions peak at ¢, = n7 (unipolar)

and t, = r7 (bipolar, with n > 1). It can be more convenient to parametrize them

as a function of their peaking time constant (an alternative definition also considered
in TPulseShaper):

ai(t) = () el (6.11)

tp

(1) = ;ﬁ <n - Z) <ti>n_1 -t/ g ¢) (6.12)

The sensitivity, g, coming for the ideal circuits is not presented as it is, in practice,
absorbed by the gain of our virtual shaper.

Regarding the parameters’ settings, ¢, is obviously related with the rise time
of the pulse and is the shorter semi-width of the response function; therefore it is
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Figure 6.17: Left: unipolar (n = 2) and bipolar (n = 4) delta responses. Rigth: unipolar
delta responses for several values of n.

the time reference to compare with the duration of the stimulation signal which, if
comparable to t,, can make the approximation 6.8 not valid and the condition of
charge amplification would be lost, what is called ballistic deficit (see figure 6.18
left). The asymmetry of the pulse is related with n, more Gaussian the peak as
higher the n (see figure 6.17 right).
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Figure 6.18: Examples of i(¢) and v(¢) drawn together after simulating an unipolar shaper
with n =2 (see figure 6.17) with ¢, = 200 a.u. Gaussian distributions are used as the typical
shape of signals induced by point-like clusters after drift diffusion. Left: shaper response
to two gaussian clusters with the same area (charge) equal to 0.5 a.u., but different widths
(o0 = 50 and o0 = 25). The second stimulation pulse is fast enough and the shaper pulse
has the proper height value, while the first one is much shorter due to the ballistic deficit.
Rigth: the same simulated shaper dealing with a more complex event.
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6.4.3 TRestShaper.

TPulseShaping is a relatively low level class, derived from a simple program, with
just the pulses as input and output. It is desirable that it keeps being so simple,
however it is convenient to have a more powerful interface to join the simulation
chain. TRestShaper can control TPulseShaping incorporating more advanced op-
tions (virtual shaper description, noise addition, trigger position, pulse array prepa-
ration, etc.), using T'RestConfig for shaping configuration by file, dealing with holder
classes like TRestPhysEvent or TRestDagXevent, instead of only pulses in arrays,
or with an intermediate preamplifier pulse.
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Figure 6.19: Left: an initial 3D charge distribution (from a drifted TRestPhysEvent),
with a long time structure and the resulting pulse (rigth) using TRestShaper. The drift time
distribution of the primary charges takes only the first 1 us long; TRestShaper configuration
is producing a quite bad signal to noise ratio. With a short shaping time of 50 ns (optimized
for X-rays), the simulated shaper suffers of severe ballistic deficit before that MIP signal,
and only a casual charge accumulation in the center of the event 3D structure (likely a
d-ray) was able to generate a peak.
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7.1 Electron/recoil discrimination with a Dark Matter
TPC (TREX-DM).

Even though the ultimate motivation of a TPC for DM search is the recognition of
the directional signature (see section 1.2.2.2), a chamber operating at no too low
pressure and working as a proportional counter could be a milestone towards the
demonstration of the technique, if it would be able to prove higher discrimination
capabilities with a low energy threshold. That was the first scenario where RESTSoft
was applied, and it can be a representative example of a project based on RESTSoft
libreries. The work is situated inside the Dark Matter section of TREX (TPC’s for
Rare Events Experiments) R&D project([1]).

7.1.1 Project architecture.

The programs used for the primordial Monte Carlo simulation of the two kind of
events that would be faced are different: SRIM (see section 3.1.5) for nuclear recoils
(the signal) and the GEANT4 application (see section 6.2) for the electrons, which
would had been produced by =, (background). The introduction of SRIM requires a
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RESTSoft bridge-class, TSrim (in analogy with T'Geant/, presented in section 6.3.2)
due to F.J. Iguaz, which can configure and launch SRIM and interpret its output.
It contains the already mentioned (see section 3.1.5.1) algorithm for the complex
simulation to construct the complete recoil with their secondary branches (see figure
7.1 left) and finally produces events which are saved as TRestRecoil, an extension
of TRestPhysEvent (as TRestG4FEvent in section 6.3.2).
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Figure 7.1: A 40 keV nuclear recoil in Ar at 1 atm before (left) and after (right) the
diffusion process along 2 cm drift using ¢ = 100 ym cm!/? as transversal and longitudinal
diffusion coefficients.

Since then, the RESTSoft simulation chain (section 7.3) is common up to both
kind of events are ready for analysis (see figure 7.2). The program is not typically
launched in such a linear way, but in a tree-like structure to compare different drift
properties, pixel sizes and chamber heights, as in figure 6.16. The analysis object
(in this preliminary study) is a TResPhysEvent which has been pixelized.

MAGBOLTZ
TMagboltzGas N\

TRestPhysEvent

TRestPhysEvent

Figure 7.2: Sketch of the program. Note how TSrim and TGeant4 make different use of
TRestCharge to produce the TRestPhysEvent needed to start the chamber simulation chain.
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7.1.2 Preliminary discussion of the scenario.

We will study a chamber at atmospheric pressure and a 3-d pixel size of 300 ym
(ideally equal in the three dimensions), that was the pitch in the first CAST mi-
cromegas. In such a chamber the nuclear recoil’s topology information has been
sacrificed (see figures 7.1 right and 7.3), indeed, the absence of any topology can
be considered as the recoil signature. A three dimension gaussian density distri-
bution, product of the diffusion along the drift, must be the expected signal, like
if originated by a point-like event. In contrast, for a -y/electron event we expect
any topology mark or, in the case diffusion and pixelization, or just bad luck, has
washed out, perhaps a deviation in the event size can be detected (see figure 7.4).
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Figure 7.3: The nuclear recoil of figure 7.1 as it would be seen by our ideal read-out.
There would be three axis views, but them all are practically like the one on the left.
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Figure 7.4: Ideal read-out views for a 12 keV electron event, that is the electron equivalent
energy for a 40 keV recoil.
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The size-energy correlation is an obvious possibility to distinguish recoils from
electrons, though the quenching of the primary charge generation of recoils' makes
the recoils face less energetic (and so shorter) electron tracks. Because of the chaotic
path of the low energy electrons (see figure 6.1 right), the definition of the size can
strongly influence its performance as discriminators. For instance, the ranges of
3.4 have a wide distribution, in addition skewed to lower values. A closely related
observable implemented for a pixelized event, the longest distance between pixels,
Rpaz, is studied in the figure 7.5 left. It looks like 1-dimension observables are
giving an incomplete description of the size; the 3-d multiplicity (the number or
active 3-d pixels) has a narrower distribution well separated from zero (figure 7.5
right) and a lineal dependency with energy for both kind of events (figure 7.6).
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Figure 7.5: Distributions of the longest segment, 12,,,, and the event volume, 3-d multi-
plicity, computed for 12 keV electrons without simulation of diffusion.

iy
o]

3d - multiplicity
5 2 5

-
o
L

oo
L

nuc. recoil

0 5 10 15 20 25 30 35 40
Eee (keV)

Figure 7.6: Linear behavior of the event volume calculated as the 3-d multiplicity. To
show it clearer the pixel used for the recoils has been reduced from 300 to 50 pm side.

!The issue has already been studied inside RESTSoft in section 3.1.5.1.
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The o, obtained from a fit of the partial charge distribution is a natural mea-
surement of the size for a small diffused event; moreover the quality of the fit is
significant as the similarity degree with a gaussian shape, and then a measurement
of the topology residue. Figure 7.7 shows the mean values of o, as a function of
the drifted distance root squared for a pair of series of recoils and electrons with
equivalent energies. The series follows a a linear dependency with slope similar to o
(the used diffusion coefficient), that is the minimum size allowed by diffusion, except
when the finite size of the event path becomes no negligible.
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Figure 7.7: Event size, as o, as function of the drifted distance for 12 keV electrons
(triangles) and 40 keV recoils (circles). The recoils tendency line has been obtained by
fitting the recoils mean values for distributions before pixelization (crosses). From the fit
o = 96.5 pm cm'/? results as slope (o = 100 gm cm?/2 was used).

We found that, for a given diffusion coefficient and an electron typical size (that is
to say, for an energy), there is a limit for the chamber height since recoils charge
distributions, after drifting that distance, get a size that is not smaller than electrons
Rpaz- We surely could still distinguish attending to the fit quality; however if one
tries to define the condition for the topology to be washed out as the drift distance
that produces a mean diffusion comparable to the event size:

o\ dmaz = Rmax (71)

what we found to be essentially the same condition above.

Looking how both tendency lines still keep rather separated during a long way,
one immediately would think in the possibility of an absolute z measurement so as
to apply a size discrimination criterion dependent on the drift distance. Unfortu-
nately it seems there is a fundamental conflict between such a measurement and
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the extremely good diffusion properties needed, because absolute z measurement
approaches use to be related with primary light detection, what usually rejects the
use of quenching additives; besides high gain is needed for DM searches low energy
threshold, while high intensity signal is required for primary light detection.

The points in the plot of figure 7.7 are just the mean values; the electrons
distributions extend deep down to the recoils line. The situation is more clearly
showed in figure 7.8, where the event drift distance has been selected randomly inside
a 10 cm height chamber. The recoils signal zone is well defined as the limitation
for the chamber height, almost independent of the energy once the mean diffusion
distance associated with it is higher than the electron path length.
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Figure 7.8: Discrimination plot for the observable o, for a 10 cm height chamber using
o = 100 um cm'/2. Recoils are presented in red and electrons in black. The Y axis is the
energy measurement as the number of primary charges, auxiliary energy equivalent axis
are drawn for both kind of events.

7.1.3 Preliminary results.

From simulations like the one in figure 7.8, the discrimination capabilities of the
chamber as a function of the event energy is calculated by applying a size cut
with the size defined as the smallest o obtained from the three dimensions fits.
The discrimination power is expressed as 1 — rejection being rejection the ratio of
«v/electron events rejected by the size-cut. Therefore the discrimination power is the
probability of a 7/electron event invading the zone defined for the nuclear recoils.
The simulations were carried out for two different chambers:
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e A CAST-like chamber (see section 8.2), with 300 um pixel side and 3 cm
height, working at atmospheric pressure with the CAST gas slightly modified
to improve diffusion properties: Ar/iC4H19/CF4 90/5/5%, which, according to
MAGBOLTZ, gives 268.8 and 136.2 um cm/2 as transversal and longitudinal
diffusion o’s for drift fields at 700 V/cm. The goal of this simulation is to
check the possibilities of a chamber of straight forward construction.

e The previous scenario is modified for a bit more ambitious DM experiment:
the chamber height is enhanced to 10 cm, but we use a really good gas with
o = 100 pm cm/2 for both directions. This value is not completely unrealistic
(see figure 7.11).

The resulting plot (figure 7.9) shows how the good diffusion is capital, allowing
to improve the background rejection even with a more than 3 times taller chamber
for the second mixture.
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Figure 7.9: ~y/electron events rejection via size cut with the cambers explained in the text:
circles for a 3 cm height chamber filled with Ar/iC4H;¢/CF4 90/5/5% and triangles for
another with 10 cm an and ideal 0 = 100 um ecm!/2. 10~ is the statistics limit for each
group of electron events simulated.

7.1.4 A second discussion and optimization.

The previous result motivates a search of a real optimized mixture, the obvious
election is Ar with addition of CF4. We try to maximize the Ar mass which can
contribute with acceptable background rejection with independently on the detec-
tor area. The consideration due in 7.1 can be useful here to define the chamber
discrimination height, hgisc, as
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Baise(Eee) = <R”)2 (7.2)

g

which is explicitly defined for every pair of energy equivalent recoils and -y/electrons.
Its meaning sounds quite ambiguous as the height behind which most of the back-
ground events are positively rejected. Looking at figures 7.7 and 7.10 looks like using
the minimum o is too restrictive and Ryqz = 5 X Omininum surely too permissive.
However the use of a factor in the event topology typical size (there is a factor 25
between the two mentioned possible definitions of hg;s.!) does not have influence for
optimization purposes. We will focus in the 40 keV recoils, E.. = 12 keV, to study
hgise being the amount of CFy4 our free parameter.

First, the RESTSoft program 7.2 is used again to characterize R4, as a function
of the mixture. Remembering the Bethe-Bloch equation 3.5, the range is expected
to inversely depend on Z:

0 rdp\ ! 1
Roaz ~ / dr = / () dE < = (7.3)
path Ey dx A

what is confirmed by the simulation after analysis (see figure 7.10) using Z.¢r =
182z + 42(1 — x) being x the Ar fraction in the mixture. The fit is:

1
eff

Ronaz ~ 42.069—— — 0.3256 (7.4)

Then the addition of CF4 has a negative effect since higher its concentration, shorter
the electron track.
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Figure 7.10: R4, for 12 keV electrons in Ar-CF, mixtures as function of the effective Z.
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The RESTSoft gas database can be explored (with the help of T'MagboltzGas
class) to produce the figure 7.11. Because op is always higher than oy, it is tried to
be minimized as the main limitation due to diffusion. Then the o,,;, series in the
plot is the minimum o7 achievable by tunning the electric drift field Ey, which is
always a reasonable value, between 300 and 430 V/cm for low CF4 concentrations
(with exception of pure Ar), 620 V/cm for 20% of CF4, around 900 V/cm near 30%
and 1275 V/cm are needed to achieve these values between 40% and 50%. The o,,in
serie can be fitted with a parabola in the range 50-90 % of Ar:

Omin[pm] ~ 86622 — 9.71x + 381.7 (7.5)
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Figure 7.11: Diffusion o’s for Ar-CF; mixtures with electric field 700 V/cm. The min-

imum o,,;, 18 the minimum achievable o with a tunable electric field and it is fitted to
(7.5).

Now we can draw hgis.(12 keV) as a function of z, the CFy4 ratio (figure 7.12
left) which basically maximizes the Ryqz 0min ratio. In order to choose the better
gas we must look for a maximum in the expression:

Myet = x - hyise (7.6)

that is proportional to the Ar mass achievable under our condition for good back-
ground rejection. Figure 7.12 right shows that it maximizes around Ar/CF4 70/30.

A gas mixture very close to the optimum, Ar/CFy 75/25, was used for a new simu-
lated discrimination run in a chamber of 10 cm height for a direct comparison with
the results of figure 7.9. As expected, the circles serie in figure 7.13 lies between
both former results, not as good as the ideal mixture but notably better than the
CAST-like chamber. The result is tried to be improved by applying event shape
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Figure 7.12: Left: chamber discrimination height build from R,,,,, and o,,in ratio. Right:
The active mass figure of merit.

based cuts and not only size based (the chamber is still far from our hgs.. The
additional cuts are limits for the goodness of the three gaussian fits and the disper-
sion in the three sigma values. The effect of its application, after the size cuts, is
plotted in figure 7.13 as the triangles serie. The conditions for shape allow sensible
discrimination power at very low energies, when the electron track is still too short
to be rejected by size; besides the shape discrimination power increases with energy.
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Figure 7.13: ~/electron events rejection for a 10 cm height chamber filled with Ar/CF,
75/25 at atmospheric pressure using an electric drift field that minimizesor. Circles: dis-
crimination power only by size cut (biggest gauss from the fits); triangles: additional event
shape cuts. 1079 is the statistics limit for each group of electron events simulated.

The feasibility of such a mixture was checked experimentally, a little addition of a
2% of iC4H1¢ improves the energy resolution and allows more lower values of HV s
(see section 4.4). The gain and energy resolution, even tough a bulk micromegas
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was used, were found to be almost equivalent of those of usual Ar-iC4Hy¢ mixtures
(see figure 7.14 and compare with plots in section 4.4).
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Figure 7.14: Performance of Ar/CF4/iC4H;g 73/25/2 in a bulk micromegas. Left: gain
curve, with Fq;iry = 800 V/em. The highest voltage point corresponds to the highest
achievable stable gain. Right: resolution at optimum operational point: Eq.s, = 600 V/cm
and HV esn = 580 V (Amplification gap is 128 um ).

7.1.5 Outlook.

The work summarized in this section represents just an starting point that shows
optimistic prospects of electron/nueclear recoil discrimination at atmospheric pres-
sure. The analysis is just outlined, and shows many common view points with the,
much further developed, CAST analysis (see section 8.3) since essentially both se-
lect point-like events. The current goal of TREX-DM (motivated by the results
summarized in chapter 10) is the commissioning of an enlarged CAST-like chamber
(with a strips read-out very similar to CAST’s, described in section 8.2) using T2K
electronics (see section 5.5) for a real TPC performance in order to try some up-
graded version of CAST analysis. The associated simulations (a mixture between
CAST RESTSoft program and the version described in this section) are ongoing?.
However, there is a fundamental difference between both analysis because for CAST
X-rays are, by definition, not rejected. CAST analysis must be somehow (experi-
mentally or with simulations) proved to be efficient for nuclear recoil events. The
fully three dimensional observables, as the mentioned event volume, has not been
systematically studied yet, and such study could conclude if a truly pixel read-out
is required. An study following the same approach as this section has been recently
published|188].

2J.G. Garza and F.J. Iguaz.
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7.2 Background of a 0vr HPGXe TPC (NEXT).

According to the HPGXe TPC Physic case discussed in section 1.2.1, only three
processes are relevant for the background: the 2614.5 keV ~ from the 2°8T1 decay,
the 2447.9 keV ~ from the 2!Bi and the two simultaneous v (1173 and 1332 keV)
emitted in the %°Co B-decay. RESTSoft has been used by the LENA to develop and
train topological algorithms for the discrimination of these events from the true 550v
signal for the NEXT experiment. Once any version of the algorithms is operative it
can be applied to simulations to study the nature and weight of the contributions
of the background sources for different experiment set-up possibilities. The study
is done over events simulated with the RESTSoft GEANT4 application in Xe at 10
bar using Decay0 for event generation (see section 6.2) as pixelized events, after the
transformation by the RESTSoft TPC simulation chain (see section 7.3), assuming
absolute z recognition capabilities. Here only a draft will be presented to show of
the use of RESTSoft for high level analysis on events with topology?.

7.2.1 Topological discrimination algorithm.

The topological signature of the 330v signal that of one event with one unique track
presenting two denser ionization clouds, called blobs, in both track ends. Every
algorithm must start with the event reconstruction and the recognition of these
three aspects, which can be evaluated. The algorithm draws the event track (which
should be the addition of two electron paths with a common vertex) following the
denser ionization trajectory, as a set of segments and points that join the activated
pixels. It finally finds the track ends, which should be associated with a charge
accumulation point. Then, the track line, its length and the blobs coordinates are
extracted (see figure 7.15).
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Figure 7.15: Left: A S80v event as is simulated by GEANT4, drawn as a set of energy
deposition hits. Right: a 580v event reconstructed by the algorithm (only one of the three
projection is showed).

3An extensive exposition of the pioneering work by F.J Iguaz can be found in [18], which has
been continued by L. Segui and G. Luzoén in [19].
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The event description delivered by the algorithm can be inexact even for true
BB0v events, because of physical accidents (bremsstrahlung secondary clusters, J-
rays and irregular electron paths producing fake blobs). Evaluating the quality of
the reconstruction is an essential first step, which means a discrimination criteria by
itself and, moreover, it is favour of a proper definition of the rest of discrimination
criteria. The performance of any applicable cut is evaluated by the figure of merit
f = eVF, where ¢ is the cut efficiency (when applied to signal events) and F' is the
achieved background reduction factor. The cuts often have several parameters whose
values have strong influence in . Many times they depend also on the read-out and
gas diffusion features and must be adjusted by patient trial and error process. The
F depends also of the kind and source of background. The basic cuts defined are:

e Goodness of track: as explained above, this cut looks for a compromise
between efficiency and becoming more selective with the shape of the event in
order avoid the kind of accidents that permits the background events to fake
the BB0v signature. When that happens, background events tend to be more
complex and worse described by the reconstruction algorithm. The evaluation
of the goodness relies in the covering figure, that is the ratio of the total charge
of the event respect the charge contained in the track (the charge accumulated
by the pixels directly joined by the reconstructed trajectory and those pixels
whose centers are closer than a given distance).

e Fiducial cut: The definition of a fiducial volume prevents background from
inner surfaces contaminations. It needs the sacrifice of an active volume near
the TPC cavity limits. The events with any deposit of charge closer than a
given distance to the walls are cut.

e Mono-track cut: A segment, longer than a given value, between active pixels
which does not pass through an active pixels make consider the event as con-
taining more than one cluster. Ideally only mono-cluster events are expected.
However simulations show that only 59% (80v are real mono-cluster events
due to bremsstrahlung losses. Secondary clusters can be tolerated depending
on its relative weight and proximity to the main track in order to optimize f.

e Blobs cut: The reconstruction algorithm delivers always two blob candidates.
For background events at least one candidate is expected not to be a true
blob. Alternative definitions of the goodness of the blob (mostly based in the
density of the charge around their coordinates and their geometrical shape)
can be used and combined to reject the event (see figure7.16).

7.2.2 Examples of background simulations.

The figure 7.16 right shows the background induced by a combination of 2614.5 keV
2087 and 2447.9 keV 2Bi v simulated as external environmental radiation over
the TPC. The 2'Bi photo-peak is reduced mainly thanks to the blobs cut while
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for 330v events and 20Tl events. Right: Effect of application of the cuts on a simulated
background generated by a composition of 2°°Tl and '*Bi decays near the TPC (simulation
and analysis performed by L. Segui).

for 20871 the reduction is stronger because the range of interest (Rol) is situated
between the 2°8T1 photo-peak and Compton edge (see figure 7.16 right), what make
a complex event needed to produce a count inside, therefore all the cuts are more
active, somehow revealing these cases. These source of background can be simulated
as a function of the shielding thickness covering the TPC, but then the impurities
of 208T1, 214Bi and %°Co in the shielding material themselves must be simulated as
well. The figure 7.17 show the simulation of superficial impurities in the interior of
the TPC. These kind of simulation allow to define the experiment tolerance for the
radioactivity of the materials.
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Figure 7.17: Left: GEANT4 view of a simulation of 2°®TI decays on the read-out plane of
the TPC. Right: Final background levels from these kind of simulation for 2°®TI contami-
nation on several inner surfaces of the detector as the function of the activity.
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Another kind of analysis one can do with RESTSoft if the Casuistics of the
background events (see section 6.2.6, trying to elaborate a portrait of the background
nature for every case. A case recognition pattern has been implemented in the £
version of the RESTSoft GEANT4 application to mark the these interesting cases:
1) Compton + photo-electric, no escape ; 2) double Compton, one escape 7; 3)
previously to interaction in the sensitive volume, there was a Compton in the TPC
vessel (these event might be vetoed with an active veto); 4) single photo-electric
event in the sensitive volume + energy radiated by bremsstrahlung to the vessel
(these event might be vetoed with an active veto). The tab 7.1 contains the story
description of the background induced by external 2Tl ~ flux for two different
set-ups.

Physic case H only 3 cm vessel ‘ 5 cm vessel 4+ 5 cm shielding

1 68% 67%
2 12% 9%
3 14% 18%
4 5% 3%

Table 7.1: Casuistic analysis for an external 2°®Tl ~ flux induced background in the
HPGXe TPC with two different configurations of stainless steel vessel and lead shielding.
The flags are explained in the test.

Note how the case 1, in principle a double cluster event, is dominating the
background: that suggests that mono-cluster cut should increase its rejection power;
however that can be not so easy as events so intriguing as the one of figure 7.18 occur.
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Figure 7.18: A 29Tl ~ producing a Compton cluster followed by a photo-electric inter-
action with radiation of energy by bremsstrahlung in that manner the whole deposition is
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Even when the secondary events (flag 3) are slightly increased with the shielding,
most of the events surviving the cuts are still due to v which are able to reach intact
the TPC gas, therefore (unless a serious material contamination) increasing the
shielding thickness is still favorable. The performance of an hypothetical active
vessel is still low (according to the small percentage of event with flags 3 and 4.

7.3 Importation of real events into the RESTSoft frame-
work.

A continuation of the method described in section 5.5.3 naturally leads to an event
described as a T'RestPhysEvent (see section ). We just need to interpret the temporal
axis in length units on basis of the gas drift speed. If expressing the amplitude in
terms of energy or primary charge is wanted too, using the electronics amplifier and
micromegas gains will be also needed. In the previous chapter we made an effort to
show that means to join the RESTSoft core, therefore the new experimental data
will be ready for the analysis routines written for abstract TPC events and surely
trained with simulated data. This is a last advantage from using a general and
abstract event holder class.
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Figure 7.19: Signals on the left, induced by an ! Am 5.5 MeV « are interpreted as a
TRestPhysEvent which is drawn in the plot on the right. Back solid dots represent the pixel
position and the red boxes are proportinonal to the hit energy.

For a better connection with RESTSoft it has been written the bridge-class
Tt2kManager. In contrast to T2Ktools (section 5.5.2 this is a proper C++ class that
is thought for the advanced RESTSoft user to access comfortably the T2Klibrary
main functionality. In principle a RESTSoft user should be able to compose a
program that imports data from acquisition original format and reconstructs it as
TRestPhysEvents without worrying about how the data was taken or T2Klibrary
works, as it has been done to produce figure 7.19.
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8.1 The CAST experiment.

The CAST experiment (CERN Axion Solar Telescope) is the most sensitive axion
helioscope (see section 1.2.3.2) up to now. CAST takes advantage of an LHC decom-
missioned prototype dipole magnet to implement the helioscope axion-into-photon
conversion volume (see figure 8.1). The magnet is able to maintain a 8.80 T trans-
verse magnetic field along its 9.26 m length inside its two bores, 14.52 cm? each one.
The helioscope points the Sun twice per day, about 1.5 hours during the sunrise and
the sunset. Therefore, each one of the four X-ray detectors placed at the magnet
ends can look for axions during 1.5 hours per day, while taking tracking data. The
rest of the time is devoted to define their background, stopping only for calibrations.

8.1.1 The CAST axion search program and the need for low back-
ground detectors.

During its first data-taking campaigns, 2002-2004, CAST operated with empty mag-
net bores (CAST Phase I). The limit for the axion-to-photon coupling constant was
improved more than one order of magnitude respect to the previous searches with
crystals and about a factor 6 with respect to Tokyo Helioscope[189] (see figure 8.2).
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Figure 8.1: Picture of the CAST helioscope, a materialization of the principle rep-
resented in figure 1.9. Detectors are installed at both magnet ends, two face the sun
during sunrise (in the photo on the right) and the other two at sunset (on the left).
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Figure 8.2: CAST exclusion plot for axions. The Vacuum phase or Phase I (2003—
2004), yields a more restrictive limit for the coupling constant at lower axion masses).
The *He Phase II (2005-2006), also in black, presents some spikes due to the discrete
changes of cold-bore pressure. A partial result of the 3 He Phase IT (2007-2011) ob-
tained mainly from the 2008 data is plotted too. The red dashed line represents final
3He results expectation; the measurements were finished in 2011 reaching a pressure
which made CAST sensitive to 1.18 eV axions (still pending on final analysis).
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In order to extend the exclusion line to higher masses, up to the limit of hot
dark matter (HDM) abundance in the universe around 1 eV, the magnet had to be
filled with gas (see section 1.2.3.2), that mass coverage period was named CAST
Phase II. *He was first used up to 2006[190], when the magnet pressure reached the
condensation point of “He at the magnet operation temperature of 1.8 K. The use of
the expensive He entailed am upgrade of the experiment which is described in [187].
The goal was finally achieved in the fall of the 2011 data-taking campaign[192]; the
2008 campaign published results had already yielded the most restrictive experimen-
tal limit to the axion-to-photon coupling constant in the sub-eV axion mass scale,
crossing for the first time the KSVZ axion model line[191] (see figure 8.2).

The limit which can be obtained for the coupling constant g (so the discov-
ery potential of the experiment) depends on the helioscope parameters (see section
1.2.3.2), the magnetic field intensity B, the coherence length L, the magnet bore
area A, the exposition time ¢, the detectors efficiency € and background level b:

c1/4

-1 1/271/2 41/4 1/8

(8.1)
The first group of terms, related with the magnet properties, has the greatest weight
in the discovery potential. However, since CAST relies on the LHC magnet, they are
fixed in practice (until a new experiment is proposed[193]). Increasing the exposure
time is expensive and affects only with the 1/8 power. Even though the last group,
regarding the detectors performance, has a soft influence, it represents the easiest
way to enhance the helioscope results.

Only the CCD detector [194] has remained in one sunrise bore during all this
time; the rest of detectors, all them gaseous chambers, have been replaced and
upgraded. At the end of the *He phase, the general shutdown of the experiment
was used to perform an important upgrade of the detectors[198] (see also section
8.2.1.2). The impact of those and posterior upgrades (see figure 8.3) on CAST
results has motivated that the *He covered region has been revisited five years later
with 2012 micromegas detectors (section 8.2.1.3) and the same is planed for the
CAST Phase I (see figure 8.4).

8.2 The CAST micromegas detectors.

The evolution of the CAST micromegas detectors run parallel to micromegas devel-
opments. CAST has likely been the most exigent test-bench for new micromegas
techniques and, at the same time, the experiment which more, and more immedi-
ately, has benefited from micromegas achievements. The continuous advancement
on detectors performance due to detector design, readout patterns and new man-
ufacturing techniques often had as a consequence the background decrease as they
enhance the discrimination capabilities. The improvement of the background has
also been accelerated by means of set-up upgrades (replacements of radioactive
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Figure 8.3: CAST micromegas background levels along time. The points correspond to
detectors mounted in CAST and taking data. There can be detected three main milestones:
the improvement of the strips signals in 2004, the installation of the first light shielding and
the introduction of bulk and microbulk technologies in 2007 (then a continuous decrease)
and the sunset upgrade to a heavy shielding in 2012 (sunset values with square markers
and error bars). The last five points correspond to average values for Summer 2012. The
difference between the two pairs of sunset values are due to the installation of a preliminary
cosmic veto, and they point to a potential new sharp decrease.
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Figure 8.4: Left: Expectation for the 2012 exclusion plot from simulated runs assuming
present detectors background levels, the KSVZ axion model line should be excluded at the
revisited mass range thanks to the detectors improvement. Right: Expectations for a new
9 month data-taking campaign in vacuum using 2012 detectors background levels. Monte
Carlo calculations and plots produced by J. A. Garcfa.
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materials, shielding, etc.), acquisition upgrades and new analysis developments. Be-
sides, CAST requires high efficiency during long periods of data-taking; stability
and reliability are indispensable characteristics as well.

Perhaps the most eloquent sign of the performance and reliability of the early
CAST micromegas is the replacement of the original TPC detector[195] with two
micromegas at the sunset side! in the 2007 general upgrade. The TPC was a multi-
wire chamber intended to provide a reference based on a robust and conventional
technology in front of the novelty of the sunrise detectors. By 2007 it can be said that
micromegas technology had became mature enough so as to replace the conventional
TPC. Since it was responsibility of the Zaragoza group, the TPC detector pioneered
the introduction of low background techniques as the installation of a shielding and
the realization of background studies based on Monte Carlo simulations[196], which
were lately extended to the other detectors[197]%.

In this section the evolution of CAST micromegas detectors will be briefly re-
viewed, which will be useful to finally describe present CAST micromegas. The
more recent results will advance some of the conclusions obtained from the studies
reported in the following chapters

8.2.1 The CAST micromegas detectors evolution.

The CAST micromegas (see figure 8.5) have an active area of 36 cm? for the last

designs, that was 45 cm? for the early ones, which comfortably covers the magnet

cold-bore area of 14.55 cm?2. Thus it allows to avoid border effects. The readout

is two dimensional with X and Y strips (< 0.5 mm pitch) printed in copper on a
Kapton foil which is glued on a Plexiglass base, the raquette.

Detector PCB Board supporting
MICROMEGAS active area and

Tothe electronics readout cards. ; X
magnet pipe >

P

Drift
Window

Ve 4

e . ‘
Interface pipe SH
to magnet 4
bore vacuum <= chamber

Figure 8.5: Left: Detail of the active area of a CAST micromegas (microbulk, ca. 2009).
Middle: sketch of detector and connection to the magnet’s cold-bore. Right: mounted
detector with Gassiplex cards.

The rest of the chamber structure, with exception of the cathode, is made as well
out of Plexiglass. The chamber has 2.5 (first designs) or 3 cm height (after 2007),

! Customary CAST notation: SSMM as sunset micromegas and SRMM as sunrise micromegas.
2The last example is the work summarized in chapter 9



164 Chapter 8. The CAST experiment and its detectors.

whose ratio with the electrodes size allows to work without field shaper. On the
top, the metallic cathode has a window for the connection with the magnet’s bore,
closed only with 4 um of polypropylene (first designs) or 4 um of mylar (after 2007).
That foil has a deposition of aluminium in its inner side to assure the homogeneity
of the drift potential along its surface. The window is glued to a metallic grid,
the strong-back, in order to reinforce it because of the pressure difference between
the chamber and the vacuum pipes. It is as thin as possible so as to improve the
X-rays transmission. The chamber gas in an Ar/iC4H;¢ mixture (between 2% and
5% 1C4H1¢ depending on the period) and is continuously renewed (2 1/h flow).

The strips signals are amplified and integrated with a Front-end Gassiplex
card[199] controlled by a CAEN sequencer (V 551B) with two CRAM (V550) mod-
ules in a VME crate[200]. With such electronics a 10 bit value is available for
each strip. Since the 2004 campaign the mesh pulse, always used as a trigger
signal, is also recorded with a VME digitizing board, the MATACQ (MATrix for
ACQuisition)[201] 12 bits dynamic range, at 1 GHz sampling frequency and an
acquisition window of 2.5 us per event. The acquired signals are described in sec-
tion 8.3, see figure 8.15.

8.2.1.1 Early micromegas detectors (2003—-2006).

The first micromegas detector, used during the 2003 campaign, was a classic one
(see section 2.2), but already built by a second generation technique as the pillars
were attached to the mesh. Both mesh and pillars were produced by etching of a
Kapton-Copper foil, what produces a 50 um gap. That gap is the most suitable
for CAST gas conditions, which were Ar with 5% iC4H1o at atmospheric pressure.
Unfortunately the etching technique was not completely mastered then, and some
residual copper on the Kapton pillars produced cross-talk between the strips, what
severely affected its topological capabilities. The energy resolution was also affected
being 16% FWHM from mesh pulses while 30% for the strips. At the beginning
only the strips signals were read, up to the moment when an early version of the
MATACQ board was installed. In fact, pulse shape analysis (PSA) was the main
issue for discrimination during the rest of the campaign averaging a final background
of 1.4 x107*keV~tem =2 s from 2 to 8 keV.

The 2004 campaign micromegas’ pillars were made of Kevlar and attached to
the readout. An independently built electro-formed nickel mesh was tensed over a
100 pm amplification gap. The improvement of the strips signals (both energy reso-
lutions were better than 20% FWHM) was complemented with the installation of the
definitive MATACQ board (described above). These advances and the progress in
analysis routines, with the possibility of combining mesh and strips information, led
to near a factor 3 suppression of the background level: 5 x10™°keV ™t cm™2s71(2-8
keV). It must be kept in mind that those detectors worked without shielding; the
final background spectra were dominated by a prominent copper peak (see figure
8.6). A complete description of CAST Phase I detectors is done in [205].
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Figure 8.6: Evolution of CAST micromegas background spectra since 2007. The plotted
spectra correspond to the following situations: First test of sunrise shielding (before and
after installation) done using a classic micromegas. Background spectrum obtained in the
same set-up during the Summer 2012. Improvements on detector signals and analysis allow
to identify three peaks which are the main contribution to the background. The effect is
more intense at low energies and the enhancement of the 8 keV copper fluorescence peak
is an indication of improvement of software efficiency (see next section 8.3). Finally the
Summer 2012 background spectrum registered in the sunset detector 1 after the application
of the cosmic veto (see section 8.2.1.3).

8.2.1.2 The 2007 upgrade. New technologies and shielding (2008-2012).

As it was advanced, during the 2007 general upgrade of the experiment, the TPC
detector was replaced in the sunset side with two new micromegas detectors; three of
the four CAST detectors have been micromegas since then. However the micromegas
group strategy was not conservative at all, more on the contrary up to four different
strategies were undertaken in order to produce a significant step towards higher
efficiency and lower background|[198]:

e The new types of micromegas, both bulk and microbulk, were introduced in
CAST. Even though the quality of the classic detectors was already very good,
the robustness of the micromegas took a qualitative step which allowed the
use of higher gains and so better performance. The detector readout was
re-designed, as it is described with more detail in a dedicated subsection 8.2.2.

e The isobutane proportion of the chamber gas was decreased to so simplify the
operation of the system to comply with the CERN’s safety rules, since then
they were 2.3% iC4H1g in the sunrise and 2% in the sunset. Moreover the
pressure was increased up to 1.4 bar to improve the quantum efficiency. This
possibility is a direct consequence of the previous item, since the robustness
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of the new micromegas allows the operation at high pressure (see section 5.1).
The adaptation to the use of 3He included the installation of a thicker window
with strong-back between the magnet’s bore and the detector’s line and also
an additional window to produce a differential pumping, which prevents the
leak of the chamber gas to the magnet’s bore. Today the loss of efficiency is
mainly due to the windows transparency (see section 6.2.7.1).

e The sunrise docking place was lengthened so as to hold a X-ray optical tele-
scope, i.e. a focusing device that can concentrate the signal in a detection area
about 100 times smaller, therefore decreasing the relevant background rate by
the same factor. The device was finally not installed because of its low effi-
ciency, but the sunrise detector remains mounted after a 1.5 m length stainless
steel pipe that connects it with the magnet bore. That powerful technique to
improve the signal to background ratio is complementary with the rest of the
strategies and has never been refused. Rather on the contrary, a new X-ray
telescope is planned to be built for the 2013 upgrade.

e The installation of a shielding (figure 8.7). The sunrise shielding is a sort of
compilation of shielding techniques against almost all the potential external
background sources, even though the final design was strongly constrained by
the available space that is shared with the CCD detector and its X-ray tele-
scope. A main 2.5 cm thick layer of archaeological lead is shielded as well
by an inner 5 mm thick layer of copper. An external polyethylene shielding
was planned to moderate neutrons and a 1 mm thick layer of cadmium was
thought as a neutrons absorber and so situated between the polyethylene and
the lead. The first three layers were specifically built and enclosed in a cylin-
drical plexiglass box which, moreover, is flushed with nitrogen to avoid radon
emanations. In the sunset side, both detectors shared a shielding composed of
a common copper Faraday cage and a lead layer built of 5 cm thick bricks of
clean lead. Because of set-up constrains and the use of standard lead bricks,
the resulting shielding is not tight in some directions. Polyethylene bricks
completed the shielding.

Aiming to evaluate separately the impacts of the shielding and the detectors
evolution in the accumulated improvement, a direct comparison of the background
taken by exactly the same detector before and after the installation of the sunrise
shielding yielded a factor of 3 reduction[198]; while the global improvement with
respect to 2006 is higher than a factor of 4. Besides, during the following campaigns
the background levels went on decreasing down to another factor of 2 (see figures
8.3 and 8.6). This continuous improvement is related with the consolidation of the
microbulk manufacturing technique and also with the development of the Multi-
variable analysis (MVA) discrimination routines for CAST (see section 8.3). To
sum up: a factor of 3 reduction purely due to the shielding and near another 3
thanks to the use of better detectors together with more sophisticated analysis was
obtained during 2006-2011.
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Figure 8.7: CAST micromegas shielding installation in 2007. Left: sunrise shielding
just one step before being closed over the micromegas detector. The main opening for
connection to magnet cold-bore is clearly visible, leaving place for installation of a X-ray
telescope. The shielding was partially completed with a polyethylene layer as it can be
seen in the (right) photo of the sunset side.

When comparing sunrise and sunset it looks like the sunset thicker shielding
in some directions was somehow compensated by the much better closure of the
sunrise, and the final results were quite similar: typical background values are 5-
7x10 % keV~em 25!, We are always referring to the customary CAST range
of interest (Rol): 2-7 keV. The typical final background spectra during this period
showed the copper peak together with another shorter, but wider, peak around 6
keV, that is smaller in the sunset.

Regarding the new types of micromegas, the several bulk micromegas in
operation in CAST yielded background levels almost as good as contempo-
rary microbulks®: about 8x10 6keV ™! cm~2s !while 7x10 % keV~!em~2s for
microbulks[187] in 2008. It was reliability the criterion that finally made CAST
opt for microbulks, since it seems that vibrations on CAST platform produced a
slow deterioration of the bulks®.

8.2.1.3 The 2012 sunset upgrade.

The last significant upgrade was carried out in 2012, before the Summer data-taking,
and affected only the sunset detectors which where replaced and the shielding com-
pletely changed. The upgrade design obeyed two premises (largely discussed in the
next chapters): the main contribution to the background was due to environmen-
tal v flux and the 6 keV peak was a steel fluorescence originated in the vacuum
pipes and the cathode. Therefore the goals were to increase the lead thickness and
the shielding closure, avoid the steel fluorescence and improve the detector intrinsic

3However, it is very likely that bulk micromegas intrinsic radioactivity would has been a limi-
tation for present CAST background levels and expectations.

4These days of very intense tests with the new detectors carried out in the own experiment are
carefully related in [187].
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radiopurity, otherwise the achievable improvement could be limited.

The copper innermost layer of the shielding was upgraded from 0.5 cm to 1 cm
thickness, attenuating the natural v from the lead (with energies between 72 and
87 keV) by a factor higher than 103. The polyethylene was removed to leave space
available to extend the lead layer (now non archaeological) up to 10 cm thickness.
Moreover many lead bricks were machined to assure better tightness than in the
previous design, especially in the region where the electronics are plugged (the ra-
quette’s outlet) and around the connection to the magnet’s cold-bore. This last
unavoidable weak point has been minimized by inserting a 18 cm long pipe (see fig-
ure 8.8 left), which is also shielded with lead. Thus the detector is protected inside
a deeper cavity (see figure 8.8 right).

The pipe and its interior surface are critical because the radiation originated
there can freely access the detector via the X-ray window. Hence, all the stainless
steel near the detector has been replaced with copper to prevent 5-7 keV X-ray
fluorescences and improve the detector intrinsic radiopurity. That concerns the
cathode, the gas connections to the chamber and the pipe itself. The latter is made
out of copper and has 2 cm thickness. Near the detectors the pipe is reinforced with
a 2 cm thick copper box which fits to the lead external shielding. In addition the pipe
interior surface is covered by a Teflon coating to suppress the copper fluorescence.

The most spectacular effect of the upgrade was the disappearance of the 6 keV
peak that has led to the level of 1.7-2.3x10 % keV ™! em™2s71(2-7 keV), that is to
say, another reduction factor about 3 with respect to the SRMM value and about
4.5 with respect the previous SSMM. However it is thought (see chapter 10) that
the potential of this new set-up, in terms of radiopurity and external ~+ screening,
should allow further reduction.

For the Summer 2012 data-taking a cosmic muon veto was installed over the sun-
set (see figure 8.9). The time difference between the veto signal and the micromegas
trigger is recorded and used to reject cosmic coincident events in off-line analysis.
The veto was implemented using an available plastic scintillator which was mounted
far from an optimum position because of incompatibilities between the scintillator
dimensions and the present set-up.

The Monte Carlo computed geometrical coverage of the detectors by the veto is
only 44% while the analysis of Summer data yields a 25% background reduction in
both detectors in the 2-7 keV range (see figure 11.4), again the veto reduction is
higher in the copper peak. Therefore the present best background level achieved in
CAST by micromegas detectors is 1.3-1.7x10 9 keV "t cm 257 1(2-7 keV).
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Figure 8.8: Left: early step during sunset 2012 installation. The auto-shielded copper pipe
with an inner Teflon coating is visible in the left (Jura) bore; in the right bore (Airport) the
detector installation using Teflon and Delrin screws, nuts and gaskets, the new copper gas
connections and top piece of the new inner copper shielding which fits the pipe. Right:
later step during shielding mounting process showing the careful design to adjust copper
shielding to detectors (closing as much as possible every outlet), Faraday cage and lead
layer. Note that not only detectors but also the pipe are shielded, thus the detectors’ cavity
can only be accessed thorough a long, strongly shielded and radiopure pipe.

Figure 8.9: 2012 sunset final in-
stallation (see the Faraday cages
backs with the electronic connec-
tions) showing the cosmic muon
veto (plastic scintillator) over the
shielding. The veto is mounted in
50° because of space availability
with present vacuum system.
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Figure 8.10: Background before and after the application of the cosmic veto.
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8.2.2 The CAST micromegas readouts.

We are going to pay now special attention to the different readout designs used in
CAST micromegas along the years. Apart from the crosstalk problem exposed in
section 8.2.1.1, there was a fundamental difference between X and Y signals in early
CAST micromegas detectors due to their readout design (see figure 8.11 left). One
direction strips were directly drawn on the anode plane with 350 ym pitch, while
for the orthogonal signals a series of unconnected pads had been provided. The
pads were connected to the strips in a lower level by means of vias which consist
of cylindrical holes filled with metal. Though the pads were wider than the surface
strips to compensate the amount of surface charge collection, in practice pads signals
had worse quality.

y
¥

Figure 8.11: Left: classical CAST readout composed of strips and pads with vias (2002).
Middle: pixel-like readout composed with three layers (2007). Right: pixel-like readout
with only two layers (2009).

The experience from data analysis led to the idea that an anode pattern as
homogeneous as possible would decrease the dispersion of the signal features by
minimization of the dependency on the position of the signal generation process.
Besides, a symmetric readout, with no significant difference between X and Y signal,
would be useful for discrimination purposes. That concept came true with the
2007 detectors readout design (see figure 8.11 middle), which is essentially a pixel
readout later reduced to a strips readout by means of two lower planes of orthogonal
tracks. The pixels are connected to the tracks diagonally, that allows to conserve
the compactness of the pixels but spacing the strips pitch. Thus, using a 550 pm
pitch, the number of the lines was reduced to 106 covering the 36 cm? active area.

In microbulks the readout homogeneity goal is gone further as the mesh pattern
is aligned with the anode layout. Every pixel was complemented with a kind of
window with 3 x 3 holes with 30-40 um diameter and 100 um pitch (see figure
8.12 right). Taking this precaution the electrons crossing the mesh always find a
perfectly defined anode below. The price to pay is a limited mesh transparency (see
section 4.3 and figure 4.8), nevertheless CAST chambers work always in optimum
gas conditions, so this should not be a practical limitation. In the bulk version the
anode design was the same as it is shown in figure 8.13.
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Figure 8.12: Left and middle: back and anode plane microscope views of 2007 pixel-
like micromegas. Right: mesh pattern of the microbulk version with holes distribution
correlated with pixels positions.

Figure 8.13: Left: bulk version with the stainless steel oven mesh over the same readout of
figure 8.12 left and middle. The green vacrel pillars that catch the mesh are clearly visible.
Right: detail at microscope of the oven mesh, showing one pillar on the pixelized readout.

The manufacturing process of such a pixelized-2D readout plus an amplification
stage, all in one, was a milestone in the microbulk micromegas developments. It
meant a demonstration of the state of the art in photo-lithography and kapton
etching techniques (see figure 8.14).

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

= —— —— —— —— — 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

e

Vias construction

B ae T = 0 er of Cu-coated kapton

Photochemical production of mesh holes

= —_— Kapton etching / Cleaning

Figure 8.14: Sketch of a pixel-like three layers readout CAST microbulk manufac-
turation process. It is described in detail in [105].
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In later CAST microbulks the three readout conductive layers (anode, pixels-
strips X and strips Y) were reduced to only two by connecting half of the pixels in
the anode layer itself by means of a narrow copper segment (see figure 8.11 right).
Thus the manufacturing process is safer. Moreover the readout material has been
reduced, so the potentially radiactive epoxy between layers and, particularly, one
layer of copper which would contribute to the 8 keV peak.

As it was already explained in section 5.4, CAST micromegas readouts were
used to study the radioactivity of micromegas planes by means of underground ger-
manium spectroscopy[175]. The measurement of a complete 2007 CAST microbulk
confirmed the new technique to produce complex but radiopure readouts.

8.3 The CAST data analysis.

The signal to background discrimination capabilities of the micromegas detectors
represent their main advantage compared with solid state detectors, like the CCD.
Maybe the most significant fact about this is that the CAST micromegas trigger rate
is about 1 count/s, due mostly to cosmic muons which cannot be screened, while
the final background, after off-line analysis, is of the order of fews counts/hour.

The discrimination is based on gathering the most useful and complete informa-
tion from the event, that is determined by the drift in the chamber, the readout char-
acteristics and the electronics response. All these aspects have evolved throughout
CAST history, together with analysis routines. In CAST, the topological selection
of the events means to find point-like events, since the photo-electron path induced
by the X-ray with less than 7 keV is not long enough to generate a recognizable
track after diffusion effects®. In these circumstances the key is wise definition of the
parameters used for the event description that allows an precise detection of the de-
viations from the ideal targeted event. Minimizing the deviations certainly observed
in X-ray events will be important to define an efficient criteria, that depends on the
detector’s performance (on its SNR, stability and homogeneity). The 6 keV events
from a 5°Fe source (and sometimes the 3 keV events from the argon escape peak)
are used as a standard for X-rays (axions) events.

The calibrations are taken daily and the definition of a X-ray signal is updated
to incorporate any systematic effect that could affect the response of the detectors.
At the same time, environmental parameters like the gas pressure, the flow, the
temperature, are continuously monitored.

The off-line analysis can clearly be divided into two steps (though they are often
confused): the raw-data analysis (section 8.3.1) and the background discrimination
(section 8.3.2). The former involves the reduction of the raw-data, i.e. the mesh
pulse shape and the two strips map (see figure 8.15), into a collection of simple

5Note the parallelism with the case studied in section 7.1. This is a situation like the one shown
in figures 7.7 and 7.8 where, because of the CAST detectors actual diffusion coefficients, the
events are still not distinguishable from nuclear recoils.
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numbers which describe the event. The latter uses the already digested information
to select the true X-ray events and reject the rest of the background.

baseline

amplitude

___________________ im

! ! strlp #

Figure 8.15: CAST raw-data (directly from acquisition on-line viewer screen-shot) from
a 95Fe calibration with a visual indication of the most important parameters determined by
the CAST low level analysis. Left: mesh pulse. Right: one of the two strips axis.

There is no official CAST analysis package, but several alternative codes in
constant evolution. However the data has generally been treated by two different
analysis whose results are contrasted and, at present degree of development reached
by analysis routines, found to be statistically compatible, only with the exception
of some eventual systematic effects. Therefore, explaining in detail the CAST data-
analysis is out of the scope of this thesis (other Ph. D. works have been devoted to
CAST micromegas data analysis[202, 187, 203, 204]). We will just comment on the
aspects that will be useful for the next chapters discussion; that includes a general
view of the CAST analysis status.

8.3.1 CAST raw-data analysis.

In this section the low level analysis of CAST micromegas signals will be briefly
commented. At this point, the mesh pulse and the two sets of strips signals are
treated separately.

8.3.1.1 Mesh pulse analysis.

In the analysis of the mesh pulse the determination of the baseline is crucial as
it affects the rest of the pulse parameters (see figure 8.15 left). The noise in the
mesh signal has an effect on the rest of the parameters fundamentally from the
uncertainty in the baseline determination. Depending on the analysis version some
arithmetical smoothing or a Fourier treatment of the signal is performed. As the
mesh pulse contains all the available temporal information, it is needed to record
at least a time period as long as the maximum drift time to assure all the likely
simultaneous interactions in the chamber to be registered, that is about 1-1.5 us .
Therefore about 1 us of MATACQ card buffer is still available to record the baseline
of each pulse.
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The shaping time of the mesh signal amplifier must be selected regarding the
compromise of being fast enough to be sensitive to the pulse shape while giving a
good energy measurement. The typical pulse widths are of the order of 150-300 ns.
In any case the time scale is given by the requirement of recording the maximum drift
time. The temporal pulse parameters are computed by means of defining relative
references respect with the pulse maximum. For instance therisetime is the time
the pulse needed to rise from z% to (1 — )% of its maximum. In practice a longer
range gives more resolution but is less robust against noise, therefore the criteria
should be flexible and dependent on the SNR. The number and precise definitions
of the observables vary with the analysis version, here [187] is followed and these
are the definitions of the basic observables for the mesh pulse:

e Pulse baseline: Baseline voltage offset calculated with the first 100 pulse data
points.

e Pulse center: Time at which the pulse reaches the maximum value.

o Pulse amplitude: The value at the pulse center after subtracting the pulse
baseline value.

o Pulse integral: The pulse area enclosed between the starting pulse time and
the ending pulse time. The starting and ending pulse times are defined when
the pulse reaches 15% of the amplitude value to the left and the right of the
pulse center.

o Pulse mean center: The addition of time values between the pulse starting
time and the pulse ending time weighted with the pulse amplitude at the
given times and normalized with the pulse integral.

o Pulse risetime: Time length between the starting pulse time and the time at
which the pulse reaches 85% of the pulse amplitude.

e Pulse width: Time length between the points where the pulse reaches 50% of
the pulse amplitude.

8.3.1.2 Strips signals analysis.

The strips analysis is carried out in three steps. First it must be decided which
strips are fired one by one. In order to do that, a previous analysis is needed: the
characterization of each strip pedestal. The pedestal is understood as not only the
mean value in absence of signal for the strip, but also its typical variance. So a few
samples (of the order of few thousand of events) are required to obtain the mean
value and the standard deviation, o. One special run should be taken, in absence of
the radioactive source and using an internal fast trigger rate; however, in practice, it
is observed that using the calibration run itself leads just to a small overestimation
of the pedestals.
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Once an amplitude has been determined for every strip the analysis continues
searching for clusters, i.e. accumulation of fired strips related with compact ioniza-
tion deposits (see figure 8.15 right). There can be accidentally no fired strips in the
middle of a cluster, or isolated ones yielding high values. Therefore just the defini-
tion of a cluster is a complex task. In principle, only one interaction contained in
the chamber is acceptable, however events with more than one cluster per axis could
be considered as mono-cluster events if their relative or absolute weight (as the sum
of the amplitudes of all the strips in the cluster) is very unbalanced. In that case
one cluster could be considered as a fake cluster, due to an statistical fluctuation,
crosstalk, etc. (see figure 8.16).
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In general the criterion must be flexible enough to be adapted to the detector
performance; it could be stricter with very good detectors working at high gain, but
it may need to be relaxed for noisy detectors or those presenting any geometrical
defect.

The last step, with the clusters already identified, is to proceed with the de-
scription of the clusters themselves. Quoting again [187] the cluster’s parameters
are defined from their strips values ¢, = ¢; — p;, with ¢; the strip raw value and p;
the mean pedestal, as:

e Cluster charge (¢ =7, ¢)d : addition of the strips charge that define the
cluster. Proportional to the number of electrons that generated the cluster,
and to the ionization energy deposited by the originating process.

e Cluster position (p=1/¢->,i-¢;): dtrip value weighted with the charge
measured in each strip. This parameter describes the mean cluster position.

o Cluster multiplicity: describes the cluster size in terms of the number of strips
that have been activated inside the cluster.

o Cluster sigma (02 =1/¢-> ;6 (i— ,u)2> : describes the cluster size weighted
with the charge detected in each strip.
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A 3
o Cluster skew (7 =1/¢-> ¢ (%) ) describes the cluster asymmetry in
terms of the third standardized moment. Skew values closer to zero mean a

more symmetric cluster.

The selection of the events will start with analysed data where every event is
described as a simple collection of parameters. Those modelled events are stored in
light ROOT trees that allow an easy exploration and manipulation.

8.3.2 CAST background discrimination.

Although several versions of the selection analysis exist, there can be classified re-
garding two basic aspects of the discrimination algorithms: the way the discrim-
ination criteria are applied and the way the energy dependence of the events is
treated.

8.3.2.1 Regarding the application of the discrimination criteria.

The common idea relies on the definition of n observables from the descriptive pa-
rameters of the analysed data. Then to study their distribution from the calibration
data in order to define an acceptance volume in the n-dimensional observables space,
which will include the events that are most likely to be X-rays. The acceptance vol-
ume is built as big as needed to assure an estimated confidence for a true X-ray
event to be found inside, that is denominated the analysis software efficiency, esoft;
nevertheless the probability for any kind of background event to be rejected is, in
principle, unknown. The performance of a discrimination criteria is evaluated ac-
cording to the ratio, egof/ \/5, where b is the resulting background level, which can
be quantified only empirically after the application of the criteria.

The more straightforward implementation of the criteria is the Sequential Cri-
teria Analysis (SCA) first used by Theopisti Dafni[202| in the analysis of the first
CAST micromegas’ data, and with Thomas Papaevangelou as the main supporter
of later developments®. For each observable a tolerance range is defined from its
distribution in calibration data (see figure 8.17). That defines an upper limit and
a lower limit and a related software efficiency. The observable distribution can be
considered to be gaussian and then the limits can be deduced from a fit as multiples
of the standard deviation, but, in principle, the election is completely free. Then
the several defined criteria are applied sequentially, as corresponds to independent
observables, and the final software efficiency can be calculated only after the end of
the sequence.

If correlation between parameters needs to be taken into account, combina-
tion of observables, as those related with the pulse shape (risetime/width, ampli-
tude/integral. . .) or mesh and strips balance (mesh amplitude/strips total charge),

For a recent reference see [203].
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Figure 8.17: Examples of observables distributions which are practically gaussian (left:
pulse width), not symmetric (center: partial cluster multiplicity) or strongly correlated
(right: pulse amplitude vs pulse integral, with a detail showing the kind of event that escape
to the general tendency). Distributions obtained from a *>Fe calibration with M17 detector
working with HV pegp = 315 V.

can be directly used (see figure 8.18). However the expected ratio value can be
reproduced by accident, so it is preferable to define a two dimensional criteria as an
acceptance area drawn in the plane defined by the couple of observables. Again that
area can be freely defined, and the present trend on SCA goes towards the definition
of complex two dimensional criteria, often even as drawn by hand contours.
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In the Multivariate Analysis (MVA) a unique criteria is implemented in the
n observables-dimensional space, dealing equally with all the observables. The MVA
was introduced in CAST by Kostas Kousouris and reached its present development
under the work of Javier Galan (which is carefully described in [187]). The theory
is based in the definition of an n-dimensional generalized standard deviation from
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the average X-ray event based on the mean values, u;, and standard deviations,
o, obtained for every observable individual distribution and the correlation matrix,
Vij, calculated between them. An event is represented as n x; values for the n
observables, and placed in the space as

Xi= (@i — ) (8.2)
0
what places the X-ray standard event in the origin of the space. Note that 8.2 is
already taking into account the significant deviation observed for each observable,
but also that it is assuming the observable distribution to be symmetric. The
method goes further defining ¢, the significant deviation in units of the generalized
n-dimensional standard deviation

7 1o 1
qg=X"p'X; pij = ——Vij (8.3)
i0j
as the distance to the origin but measured according to the metric p;;. In theory,

if the observables distribution were strictly gaussian, the X-ray event probability
density function (pdf) could be written

- 1 1
- - —§¢Z(X)
F(X) = RERE (8.4)

and the MVA software efficiency could be expected to be 68% if the selection criteria
was ¢ < 1, 95% if ¢ < 2, etc. However, in practice it is preferred to determine
empirically the software efficiency using the calibration data when applying the gy,
value that will be used to define the background rejection criterion.

It is remarkable that, if we focus only in one observable, its limits on the MVA
criteria are not clearly defined, as it depends on the rest of observables values. It is
needed to go to the n-dimensional space to be able to draw the acceptance volume
frontier defined when ¢ = q7, . That is an n-ellipsoid, but whose axis are rotated
respect to those of the framework as consequence of the existing correlations between
the observables. When changing ¢y, therefore expanding or contracting the ellipsoid,
in order to tune the software efficiency, we must be aware that we are extending the
limits for each observable equally in both senses and at the same ratio (respect to
their standard deviation) for every of them, assuming that all the distributions are
symmetric and have the same pdf type.

Previously to the definition of the correlation matrix, some basic discrimination
criteria are applied to make a preliminary selection of the more representative X-
ray events. That is done applying a rough SCA. Even when the matrix reflects
the correlation relationships, those more important are convenient to be included
explicitly as any combination of basic observables. If desired one observable can be
remarked by reformulating it so as to have a narrower pdf, for instance by using
some power of it.
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Finally a comparison between both analysis types will be commented. The
main advantage of the SCA is the simplicity of the selection process and a clear
definition of each independent selection criterion. The effect of each acceptance
range can be quantified and adjusted (even by hand) depending on the particular
case. The result is a robust analysis tool the user feels reasonably confident with.
The generic mathematical formulation of the MVA makes easier the systematic
study of observable combinations. The price to pay might be a less intuitive process
to deal with, which can drive to some effects that will be commented just below.
The different sets of observables that can be formed from the basic ones (that were
defined in the previous section) were systematically numbered with an ID according
to a rule explained in [187]. Not only the favourite one, but several sets of observables
must be used every time to check that the result is not strongly dependent on the
choice.

Since in the n-dimensional distance a combination of positions of several observ-
ables can compensate an important deviation in others, it can happen that events
that show obvious deviations from a particular point of view are globally accepted
(see figure 8.19). That is more likely to happen if the number of observables is high
and, specially, if very similar observables are included, making the MVA deal with
redundant information, an effect that is known as statistical noise. Whereas, in
SCA, the addition of a new criterion can never produce the acceptance of an event
otherwise rejected.

X2

. SCA
MVA

X1

Figure 8.19: Sketch of the different ways the acceptance volume is defined in both
types analysis for a couple of observables. It is graphically clear why MVA system-
atically yields higher rejection capabilities, but lower software efficiency; and also
how some, in principle, unexpected regions of the observables space can be accepted.

It has been shown[187] that the final background was not improved with the
inclusion of new observables, once the number of them in the combination is 6-8
(at least with the typical observables defined for CAST micromegas, see previous
section). It is generally accepted that a basic efficient set of observables must include
at least:
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e A pulse time characteristic, which is a signature of the time amplifier (then
disturbed by no point-like events), as its risetime or width.

e A pulse shape observable, which can show pulse deformations, like the ratios
risetime /width or amplitude/integral.

e An observable related with the cluster size: as the strips multiplicity or any
other definition of cluster size.

e A balance between both strips axis projections of the cluster.

e A balance between energy measurements through the mesh and the strips
signals.

The observables related with the cluster shape are not very useful due to the SNR
with present electronics and by the fact that they are highly affected by the diffusion
during the drift. When using such a combination of observables both kind of analysis
give similar results.

The analysis efficiency for events different than X-rays is unknown. In back-
ground spectra, spetially in the most recent ones in figure 8.6, show how the dis-
crimination process enhances peaks which can be attributed to fluorescences. This
fact is an eloquent proof of a satisfactory behaviour of the analysis. On the other
hand, it means that an important part of the background events is composed of true
X-ray events which cannot be rejected by analytical methods.

8.3.2.2 Regarding the treatment of the energy dependence.

Another relevant issue regards the observable’s pdf dependence with energy. An
% Fe source is used for calibrations (see figure 8.20), that gives a strong 6 keV peak
inside the CAST Rol, though near the high energy extreme (see the expected axion’s
spectrum in figure 1.8), and also a scape peak at 3 keV (see section 3.2.1.1) about
20 times smaller. The baseline approach is to use only 6 keV events in order to
define the discrimination criteria and later to use the 3 keV to estimate the software
efficiency at lower energies. That yields a software efficiency that decreases with
energy, a systematic effect that should be corrected. There have been proposed
several strategies to face the problem.

There are two basic approaches: to avoid the energy dependence or to model it so
as to correct it. To apply the first approach it is preferable to select observables with
a soft energy dependence. In principle the risetime, for example, is a characteristic
of the time amplifier which must be independent of the amplitude. Nevertheless
that is only approximate if the detector has very good SNR. The only practical way
is to use the escape peak to define the discrimination criteria. The 6 keV and 3 keV
peaks must be mixed (in fact 3 keV events must be weighted to have a statistically
relevant presence) in order to gather a group of representative X-ray events in the 3—
6 keV energy range. Although there have always been doubts about the convenience
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Figure 8.20:  Fe calibration spectrum taken with a CAST detector (M17).

of using the escape peak as a standard, because some effects can produce apparent
3 keV events which are not good ones, recent studies (see section 9.5) show that,
after strict mono-cluster selection, the peak is composed almost exclusively by real
X-ray events. That solution gets its primary purpose, the efficiency is actually
constant in Rol (at least from 3 to 6 keV), however there is an obvious objection:
the discrimination criteria are not optimized neither at 6 nor at 3 keV.

Ideally one can try to model the energy dependence that should be followed by
the good observables’ pdf and use the two peaks to adjust it, what would introduce
a continuous energy dependence in the discrimination criteria. That approach was
introduced by K. Kousouris for the MVA and so will be exposed in terms of ¢y,
but it could refer to any limit in units of o applied in the SCA. The hypothesis is
that the observables pdf is similar to that of the energy measurement itself, that is
to say, the dispersion is basically statistical and limited by the number of primary
charges. Being qr.(Ep) the reference value obtained from the correlation matrix at
the calibration peak energy Fy = 6keV, qr, seen as a function of the energy, could
be defined as follows

qL(E) = <EO>‘1 qr.(Eo) (8.5)

The exponential factor a should be expected to be% in analogy with the degradation
of the energy resolution with energy (see section 4.4.2.2), but it is left free so as to
adjust a desired software efficiency at 3 keV. In practice a usually needs to be
higher than the unity to yield an efficiency at 3 keV comparable to 6 keV. The
homogeneity of MVA allows to naturally implement the energy dependence, however
new symmetries are assumed by the model: the factor a is the same for every
observable, the mean values have no energy dependence and the correction affects
in the same ratio to all the directions. The possibility of intrusion of background
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events in the accepted volume increases. For instance, if an observable has an energy
dependence that makes the mean value to be lower (as it is the case of clusters strips
multiplicity), (8.5) will drive to the extension of the acceptance volume to higher
values of the multiplicity”. The approach of the energy correction of the observables’
pdf, as it has been formulated here, works reasonably provided the detector shows

good performance®.

An intermediate approach could be the subdivision of the CAST Rol in two
sub-ranges: a high energy range, where the discrimination criteria is defined with
the 6 keV peak and a low energy range which would have the 3 keV peak as the
reference. That solution has never been applied systematically because it would
involve longer calibration runs in order to increment the escape peak statistics. It
has the objection of producing an artificial frontier around 4.5 keV.

The progress in this issue should be boosted thanks to the recent installation at
CERN of a new CAST micromegas test-bench to calibrate the detectors at different
energies|203| (see more details in section 11.2).

8.4 Towards a better understanding of CAST back-
ground.

The transformation experimented by the sunrise spectrum between 2007 and 2012
(see the comparison in the figure 8.6) shows how the improvement in data analysis
can help to have a more accurate picture of the background nature, in this case
with a clear signature of a background dominated by fluorescence peaks. However,
those will always be indirect hints that have to be interpreted. Our idea about a
useful picture of the background must be based in a set of unequivocal cause-effect
relationships, so the different contributions to the background can be evaluated.
That allows to think in specific strategies.

The 2007 shielding aimed at a long list of potential background sources at the
same time: external v flux®, neutrons, radon emanations. Though its efficacy was
proven, several years later the specific importance of their contributions were still
unknown. In contrast, the 2012 shielding were designed following well defined guide-
lines (section 8.2.1.3), the minimum required lead thickness was fixed to 10 cm while
special cautions against Rn and neutrons were not considered. In order to get a
justified intuition of the direction to follow, studies beyond the immediate CAST
environment must be undertaken.

The next block of three chapters is a summary of the a research program which,

"This kind of cases are studied by means of simulations in section 9.5.

8The main objections indicated here seem not to be essential and could be considered in a future
analysis upgrade.

9That was the main motivation for the shielding, inspired by the old TPC background depen-
dence on its relative position to the dirty concrete wall in the CAST area. However such a position
sensitivity had not been observed in the old micromegas detectors.
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with the aim of improving the CAST detectors background, started in 2009 from
the intuition that some environmental factors could have been limiting the final
micromegas background. The (still not finished) program consists in two research
lines which are independent, but complementary. The first one, the implementation
of a Monte Carlo simulation of the CAST micromegas detectors (chapter 9) detailed
enough so as to predict background levels after CAST analysis discrimination. And
a second one, the construction of a set-up able to hold a CAST micromegas detector
reproducing CAST conditions and to modify them so as to carry out specific tests
(chapter 10). The simulations have the advantage of defining an unequivocal cause-
effect relationship, but the impossibility of proving an undoubted plausibility. Many
times, even if the cause-effect was perfectly described in the simulation, the cause
itself is not known with the needed accuracy to yield precise predictions. On the
other hand, with a test-bench one can directly influence the cause-effect channel,
even if neither the cause nor the effect are previously known. If the detector properly
works and the results are reproducible, the result is definitive. However many times
the result is not easy to be interpreted. Therefore both lines have evolved in parallel
though the results in each have influenced the development of the other.
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9.1 Simulation model description.

This chapter describes the simulation for the understanding of the background of
present CAST micromegas detectors. The simulation relies on RESTSoft, indeed
some of RESTSoft present features were developed for it. Therefore most of the
simulations stages are just particular usages of the classes described in chapter 6.
The GEANTH4 program, that is the first stage describing the interaction of the radi-
ation with the materials, is a particular version of the general RESTSoft GEANT4
application including a more detailed description of the micromegas chamber, the
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geometry of the CAST sunrise set-up (see section 9.1.1) and a specific study of cases
(see sections 6.2.6 and 9.2.3).

The main novelty of these simulations was the aim of taking into account the
discrimination capabilities of CAST micromegas to determine the final background.
Reproducing the electronic signals of the acquisition is the most reliable way to do
it, thus the same analysis routines used with CAST real data could be applied to
the simulated data. Not only the use of the RESTSoft routines for pulse generation,
but also the simulation of the strips readout were needed and a specific event holder
class, TRestDagCASTevent, was implemented.

The process up to TRestDaqCAST event and the present degree of accuracy is
reported in section 9.1.2. After that, an external program translates the data to
the CAST raw data format, and then the common CAST analysis can deal with it
as if it was delivered by the acquisition (the way it was described in the previous
chapter). Doing that has the additional advantage that the simulations can be used
to check the analysis working, a possibility that is shown in section 9.5.

. - Si CAST-like CAST format
REST MC Sim TResTG4Event REST Chamber Sim Daq Event o

= % TRestDag CAST
§ g (CAST) rawData
= Event (binary

file)

\___
TRest
Shaper

Figure 9.1: General sketch of the complete simulation chain. With a specific description
of the sunrise set-up geometry, the usual simulation chain described in chapter 9 is used
to produce TRestPhysEvents which have drifted to the micromegas. Then a new event
holder class, TRestDagCASTevent has been implemented to produce and hold the DAQ-like
data. The sim2raw program yields the data in the proper format. The three levels of data
processing are accesible at every moment: TRestG4Events with the information rescued
from the GEANT4 simulation (see section 6.7), TRestDaqgCASTEvents (see section 9.1.2)
with raw-data as it was generated (not subjected to analysis interpretation) and, finally,
analysed events (see section 8.3.1), that the discrimination routines will consider.

The micromegas plus set-up (geometry plus acquisition) model is used in section
9.2 to compute the contribution of a particular background source, the environmen-
tal v flux generated by natural radioactivity in the CAST area. The simulation of a
~ flux from the simulation of single v evaluates the response of the detector to that
kind of events. Using these data a high level model is constructed which enables to
compose a final background for a given environmental v flux, without necessity of
new simulations.
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The actual CAST area environmental 7 flux is studied in section 9.2.4. It is today
known that the environmental v flux is the dominant contribution to the background
in set-ups with light shielding, up to the point that the simulation results provide
results comparable with the actual sunrise background.

Therefore this kind of simulation is a clue to check also the micromegas plus set-
up model. In fact an experimental cross-check with a radioactive source was carried
out and is exposed in section 9.3. Once well established, the detector model can
be applied to new background sources of increasing interest after the 2012 upgrade
(see section 9.4).

9.1.1 Geometry.

The CAST sunrise set-up (SRMM) was used as the model of the geometry (see
figure 9.2) since it represented the state of the art until Summer 2012, when the
sunset set-up (SSMM) was upgraded. The geometry is reproduced in detail, though
not exactly. Besides the shielding’s layers and their respective thicknesses (which
are sketched in figure 9.3 right), there is special interest in the materials that are
directly exposed to the detector and in the imperfections of the detector’s coverage
by the shielding (like Polyethyene’s shielding asymmetry) or outlets (like the front
outlet of the shielding for the introduction of the vacuum system pipe).

The micromegas is essentially represented by a copper thickness that must con-
tribute to the background fluorescence (see figure 9.4 left). However the structure
of the cathode’s window is precisely reproduced because of its importance for the
detector quantum efficiency (see figure 9.4 right and section 6.2.7.1).

According to the same idea, the sunrise pipe that connects to the magnet’s bore
was reproduced with special precision, implementing all the connections between the
vacuum system and the detector, even low density materials, that affect the coverage
of the chamber’s window. That includes the recently installed front shielding (drawn
in pink in figure 9.2, see a photo in figure 9.44). The detector complete body
(raquette) and Faraday cage as well, as they protect the second shielding’s weak
point: the raquette’s neck.

Finally three virtual surfaces, which are not represented in the pictures, are
present at the three main shielding’s entrances in order to register the passage of
external particles. One is inside the vacuum pipe at shielding’s outermost level,
but there is not any surface covering the complete shielding outlet which is slightly
wider than the pipe diameter; a second one is the cathode’s window itself and the
last one is placed in the raquette’s neck below the lead shielding.
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Figure 9.2: General view of the
complete SRMM as implemented in
GEANT4. Note the pipe to magnet par-
tially shielded, the Faraday cage cov-
ering the detector’s raquette and the
polyethylene blocks.
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Figure 9.3: Left: GEANT4 SRMM geometry, detail of the shielding and pipe connection,
to be compared with figure 8.7 left. Right: sketch of the shielding’s layers.
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Figure 9.4: Left: GEANT4 geometry, detail of the detector. Right: sketch of the mi-
cromegas’ layers.
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9.1.2 Micromegas model.

Event generation and diffusion effects.

As it is shown in figure 9.1, the simulation follows the typical RESTSoft input-
output chain scheme. The usual drift chamber simulation chain (see section 6.3.3)
produces events like the ones represented in figures 9.6 and 9.8 left: charge dis-
tributions to which the diffusion effects have been added. The diffusion has been
simulated according to the data obtained from Magboltz that is represented in figure
9.5, which corresponds to Ar/iC4H1p 98/2 at 1.4 bar and was evaluated at the drift
electric field of 100 V/cm.
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Figure 9.5: Gas properties as stored in the TMagboltzGas object used in the simulations.
The CAST operation point is in the lowest drift field.

Drift and projection to the readout.

The charge distribution is projected into the three axis. The z and y axis
(readout plane) are binned according to the readout pitch (figures 9.6 and 9.8 right)
and the z with a short enough one, 5 ns, after calculation of the arrival time of each
electron to the mesh according to the drift velocity (figures 9.7 and 9.9 left). That
is the information stored in a TRestDaqCASTevent.

Amplification and transparency.

After the projection, the charges are amplified electron by electron. The
avalanches are simulated using a single gaussian distribution (see section 6.3.4) since
with an amount of primary charges around 75-227 and a mean strips multiplicity
about 4-9 the number of avalanches contributing for each strip signal seems, in most
of cases, big enough to justify that approximation (see figure 6.14).
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Figure 9.6: A double 3 keV photon event from a *>Fe calibration. Left: charge distribution
in the chamber, with diffusion effects Right: readout projections with strips noise addition.
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Figure 9.7: Mesh processing for the same event of figure 9.6, a double 3 keV photon. Left:
temporal projection. Center: PA-like pulse. Right: time-amplifier pulse with noise.
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Figure 9.8: Charge distribution in the chamber (left) and readout projections (right), as in
figure 9.6 for a high energy electron track crossing the chamber.
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Figure 9.9: Mesh processing for the same event of for the same event of figure 9.8.



9.1. Simulation model description. 191

The avalanche is designed so as to produce a 12% FWHM peak at 6 keV; since the
Fano factor for argon, F' = 0.2, used in the primary charge generation, already limits
the energy resolution to 7% FWHM, the total process yields AE = /122 + 72 ~ 14%
FWHM at 6 keV as the statistical limit for the micromegas (see figure 9.10 left).
That selection surely overestimates the statistical variance during the amplification
because smaller microbulk prototypes show about 11% total FWHM for *°Fe cal-
ibrations in the same conditions (see section 4.4.3, in particular figures 4.22 and
4.23), a value that was justified regarding the statistics of the avalanche models in
section 4.4.2.2. Therefore the degradation of the resolution must be mainly due to
spacial inhomogeneities of the gain in larger CAST microbulks, which are not taken
into account in these simulations. Regarding the mesh transparency, it is supposed
to be fully transparent, as the CAST detector works inside the plateau.

Noise and electronic signals.

Up to this point the integral of the three signals (charge on x and y and time) is
perfectly proportional. Three independent electronic gains can be configured for the
mesh and the strips. However, for each strip signal an extra contribution is added
to simulate the pedestal noise. These pedestals follow a gaussian distribution whose
standard deviation can be independently defined for each strip.

The amplified charges are summed up as they are produced in the mesh (arrival
time) to draw something similar to the pre-amplifier (PA) pulse (figures 9.7 and 9.9
center). That pulse is shifted, so the absolute z information is lost, to match with a
certain pre-trigger period, as it is configured in the real DAQ to devote some time
to define the pulse baseline.

The case of the strips signals will be discussed with some detail below, but for
the mesh signal it relies on the usage of the TRestShaper class (see section 6.4). The
TRestShaper is given the PA pulse which, after derivation and addition of a certain
level of random noise, produces the input wave for the signal generator algorithm
(figures 9.7 and 9.9 right).

9.1.2.1 Comparison with a real detector and tuning of the model.

The M17 detector, in operation in the LSC (see chapter 10), is chosen as the reference
to compare with the simulated signals. This is a detector with an excellent perfor-
mance. The goal is not the simulation to deliver the exact detector values, because
they depend on the particular detector and settings, but to reproduce the general
tendencies and correlations between observables', i.e. the detector’s behaviour.

Regarding the mesh pulse.

The convolution mode of T'PulseShaper (see section 6.4.2) is used; though it can
give only a discrete number of risetime-width ratios, it was found that the 4-degree

! The observables we will refer to were defined in section 8.3.1.
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Figure 9.10: Contributions to the energy resolution for a 5°Fe spectrum. Left: effects of
the successive chain transformations from the original energy lines, as registered by the
GEANT#4 application, in black; in green the status after the primary charge generation in
the gas and, in red, the spectrum after the avalanche process in the micromegas. Right:
Degradation of the spectrum (the same that was in red on the left) after noise addition
to the mesh pulse and CAST analysis interpretation from the pulse amplitude. Note: the
spectra have been renormalized for an easier comparison.
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Figure 9.11: Comparison with an experimental CAST microbulk (M13) spectrum taken
with a MCA (so reading the mesh pulse amplitude). The relative size of the photo-peak and
the escape peak is a cross-check for the GEANT4 simulation, as it depends on the Physics
and the detector’s geometry.

unipolar delta-response adjusts quite well the M17’s pulses shape as produced with
the settings of the LSC DAQ (see table 9.1 and figure 9.12). The absolute values
are reproduced using a peaking time of ¢, = 250 ns. However the summary table
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9.1 shows that the simulation is underestimating both the individual (regarding
one unique observable) and relative (regarding the ratio or balance between two
observables) variations.
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Figure 9.12: Experimental (left) and simulated (right) distributions for the main pulse
shape parameters from a °°Fe calibration. An ellipse with low eccentricity presents two
observables softly correlated (for point-like events).

The effect of noise.

The most obvious cause of variation of the pulse shape parameters is the noise.
However a increase of the signal to noise ratio (SNR) was checked to have a stronger
effect on the energy resolution degradation than on the variance of the pulse shape
values (that is a good sign for the CAST raw-data analysis robustness). A random
noise amplitude ratio of 12% of the signal for a 6 keV pulse (i.e. a threshold around
0.75 keV, more or less coincident with the experimental one with the M17 at LSC),
which has been used for the table 9.1, is the maximum one that does not produce
an energy resolution worse than the real one. Besides the noise produces an error in
the determination of the baseline level which propagates to both the rise and width
estimations in the same sense (the lower the baseline level, the longer the times)
yielding correlated variations.

The effect of the diffusion.

Another cause of pulse shape variations are the natural variations in the distri-
butions of the arrival time of the charges to the mesh. Those depend mostly on the
diffusion and then on the absolute position of the interaction. That is studied for a
%Fe calibration from the window in figure 9.132.

We see from the plot on the left that most of the interactions are produced near
the window, being 20.07 mm the average drift distance, z, in the 30 mm height

2This is an example of the usefulness of the availability of event descriptions at different pro-
cessing levels.
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Figure 9.13: More distributions and relationships from a %°Fe calibration. Left: exact
risetime as a function of the drifted distance (z as the mean value from a fit to a gaussian
function of the charge distribution) and histogram with the z distribution. Center: rise-
time as calculated by CAST raw-events analysis vs exact risetime. Right: total risetime
distribution obtained with the CAST analysis.

chamber. The ezact risetime, calculated as the difference between the mesh arrival
time of the first and last electrons, goes with «~ 1/, as it is expected by construction.
With 227 primary electrons on average we can relate this risetime with the o from
a gaussian fit of the distribution of the arrival times as ~ 2 x (3 x ¢). From the
value of o; ~ 400 pum /sl/2 taken from figure 9.5 and vgrips ~ 5 cm/ us we have
o < 25 ns (when fitted to a gaussian, the charge distributions of figure 9.7 left yield
o = 15 ns). Therefore, for high z we are at the limit 0 < t,, i.e. o S t,/10,
when the characteristic response function of the amplifier starts being affected by
the temporal duration of the event (see figure 6.18 left).

In figure 9.13 in the middle can be observed how the analysis-deduced risetime
is independent on the physical risetime up to the latter reaches ~ 120ns (o =~
20ns =~ t,,/12), then the distribution becomes moderately growing with z 3. Finally,
because of the accumulation of events at high z and the dependence is soft, the
risetime observable total distribution (i.e. summing up all the calibration events) is
gaussian (figure 9.13 right).

Variations of the electronics response (a possibility).

Even though the paragraph above suggests that drift properties worse than the
assumed by the simulation would have an effect in variations of the observables re-
lated with the pulse shape, that would be again correlated for risetime and width.
Perhaps the only way to justify the non correlated variations would be the assump-
tion that the electronics response is not perfectly stable and the introduction of

3Such a plot cannot be produced experimentally, nevertheless the straight line during most of
the range is essential to assure no z dependence of the software efficiency and should be checked
somehow, e.g. modifying the drift properties or using different energies for calibrations and then
modifying the z distribution (see section 9.5.3, about the new CAST test-bench at CERN).
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variations in the pulse shaping parameters for each pulse generation process. We
note down this as a possibility of future improvements.

However we are going to consider acceptable the comparison done in the sum-
mary table 9.1 and the commented figures reasoning that a too much stable pulse
shaping could produce overestimated rejection capabilities for some background chan-
nels (electron and muon tracks, coincident photons ...) that produce bad pulse
shapes, but the essential (unavoidable by analysis means) background, that composed
of true mono-X ray events, must be well described.

Regarding the strips signals.

Several possibilities have been implemented in TRestDagqCASTevent, that pro-
duces its own contents. The main features to be reproduced are the distribution
of the observables that describe the event size (cluster multiplicity and sigma, see
section 8.3.1), the differences between the x and y lectures, the energy resolution
and some balances.

About the distribution of the charges x and y.

It must be remembered that using just a projection on both axis of the (already
amplified) charges produces identical integrals in z and ys. There can be several
causes that contribute to the differentiation of the lectures of the charges of x and y
azes. The modern CAST microbulks mesh design (see section 8.2.2 and particularly
figure 8.12) suggests an essential origin for a differentiation. The mesh pattern,
composed of isolated holes groups over a pizel is conceived for a particular primary
electron to produce an avalanche confined only on one pixel. According to Ramo’s
theorem (see section 4.5), if the signal is integrated (as the Gassiplex card does
with the strips signals) finally only the electrons physically collected by the pixel
will contribute to its associated signal amplitude. This option was implemented in
TRestDagCASTevent; then, given a final position for a primary charge after the
drift, that is collected only by one strip and the simulated avalanche contributes
only to the signal associated to this strip.

We will try an estimation of the deviation from zero in the charge balance,
B(ch) = (chy —chy)/(chy +chy), due to the effect of the distribution of the primary
charges between the x and y axes. The amount of electrons contributing to a strips
axis from a %°Fe X-ray follows a binomial distribution whose standard deviation is
o = +/np(1 —p) =~ 1/24/227, since n = 227 primary electrons and p =1 —p = 1/2.
Note that the deviation in the difference is given by 2x o = /227, since the deviation
in one axis is followed by exactly the same deviation in the opposite sense in the
other. Therefore the charge balance would be statistically limited to have a standard
deviation about v/227/227 ~ 7%. The experimental deviation for the M17 detector
is 9% (see figure 9.15 and table 9.1).
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About the size of the clusters.

Another differentiation factor between the x and y axes is the noise, which
is added independently to each strip following a gaussian distribution around the
pedestal value. The SNR also determines the analysis multiplicity from the orig-
inal charge distribution projection on the readout axes (see figure 9.14 left). The
multiplicity of the TRestDagCASTevent, the ezact multiplicity, i.e. determined by
means of an ideal threshold, not affected by cross-talk nor other secondary effects,
is a first reference, a kind of upper limit.
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Figure 9.14: Left: exact multiplicities (no threshold, no noise) together with the prob-
ability distributions resulting from the CAST analysis. Center: one-dimensional cluster
size o,. Right: experimental vs simulation multiplicities difference, the simulation slightly
overestimates the difference.

Note that the exact multiplicity distribution is intrinsically asymmetric, as the
final experimental distribution is (see figure 8.17 center). This asymmetry has the
same origin shown for the risetime in figure 9.13 left, so it is due to a drift distance
dependence of the observable; although, in this case, it is noticeable in the total
distribution because the diffusion is more severe in the transversal direction. The
same happens to the cluster size o (see figure 9.14 center). That distribution has the
advantage of being continuous and should be more robust, however, for detectors
yielding low multiplicities, the distribution can be too close to zero, which can be
origin of serious discrimination problems.

In contrast, the multiplicity difference, M, — M, * (see figure 9.14 center) and
the o balance are gaussian distributions, like the charge balance. Note that the SNR
of 1% of the 6 keV signal for every strip, that reproduces the proper multiplicity
values (table 9.1), is already yielding an overestimated charge balance (figure 9.15
left); even though the charges were shared between all the strips. Although the
differentiation about 7% due to the possible distribution of charges between strips
that was explained before has not contributed here, the differentiation is already
high.

4The multiplicity balance does not produce a good pdf because it is built from originally discrete
pdf’s composed of low numbers and then only a few values are repeated all the times.
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Figure 9.15: Left: experiment vs simulation charge balance. The simulated charge dif-
ference is only due to noise addition, however it overrates the reality. Right: partial (only
one axis) and total (both axes summed) strips charge. The improvement is due to noise
compensation (since the electronics statistics were shared).

Decreasing the noise produces a fast increase of the multiplicity and the decrease
of the multiplicity difference. The noise addition seems necessary for reproducing
the strips energy resolution. But the already mentioned SNR of 1% of the 6 keV
is yielding a too good energy resolution final value (compared with the mesh). Ad-
ditionally, it is thought that there can be cross-talk between neighbouring strips.
That possibility has been implemented for adjacent strips with one or more itera-
tions (then affecting to farther strips). Still such a process increases even more the
multiplicity, but keeping the charge and multiplicity balances. Therefore it must
be concluded that the charge balance of CAST microbulks is better than expected,
regarding their energy resolution®.

Thus we are going to accept the noise as the only cause of differentiation between
the lectures of the x and y azes, even though both the distribution of the primary
charges and the cross-talk are well motivated, because in practice that choice pro-
duces the most similar electronic signals and probability distributions of the CAST
micromegas (see figure 9.16 and table 9.1). An increase in the balance tolerance will
entail a strong negative impact on the discrimination capabilities.

Balances between mesh and strips signals.

Finally, a cross correlation is checked also graphically in figure 9.17. The most
interesting thing is the accumulation of events around the region (mesh amplitude,
strips charge) = (8,6) keV, which is present in both plots. The situation is very
similar to that explained in figure 8.17.

5Some ideas to solve this paradox could be the introduction of some electronic attenuation of
the signals or a discrete threshold for the gassiplex card to response combined with cross-talk; or
the usage of a different noise distribution.
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Figure 9.16: Mesh pulse and strips (z) signals for one 6 keV event, simulated with the
settings justified in this section. To be compared with figure 8.15.

Observable Experiment (M17) Simulation
risetime [ns] 95+ 7 100 £4
width [ns] 267 + 15 284 + 10
width /risetime 2.81+0.20 2.85+0.11
B(amplitude,integral) | <1072+£2.0-1072 <1072+ 1.6-102
A(multipliticy) 0.22+1.3 <1072+£1.5
B(oy,0y) 0.027 £0.13 <1072 4£0.20
B(charge,,charge,) <1072 40.09 <1072 40.13
skew =13 ¢; (’%‘)3 <107240.28 <107240.29
B(amplitude,charge) | <10724£25.-1072 <1072+3.1072
B(integral,charge) <10724£15-1072 <1072+4-1072

Table 9.1: Simulation experiment agreement summary table for gaussian pdf’s. Mean
values and standard deviations are given. B(x,y)= (x-y)/(x+y).
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Figure 9.17: Strips and mesh pulse energy lectures during a >>Fe calibration. Experimental
with M17 CAST microbulk (left) and simulation (right).
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9.1.2.2 Analysis tests.

Probably the best cross-check for the simulations is studying the effects of the ap-
plication of CAST discrimination routines on simulated data. Besides, this leads to
the opportunity of testing the physical meaning of the analysis selection.

We are going to pay some attention to a set of simulated events originated from
1460 keV ~, as those of VK. On the left of figure 9.18 the spectrum formed by
the energies deposited in the CAST chamber is represented. These are ideal energy
depositions as delivered by the GEANT4 simulation. The spectrum has a typical
energy decreasing slope with a sharp rise around 6 keV.
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Figure 9.18: Simulated events from 1460 keV ~y. Left: before discrimiation. Right: after
discrimination using the set of observables (see section 8.3.1) with ID 2222 (section 9.2.1).

That shape has a simple explanation which is more easily understood in terms of
the basic TPC event cases that were typified in section 6.2.6 (see table 9.2). More
than 80% of the events are due to fast electrons that cross through the chamber
as MIPs, thus the spectrum peaks about 7 keV, which is the corresponding energy
deposition for a path of 3 cm length (see figure 3.5), i.e. the chamber height. Most
of the electrons are due to interactions of the originally launched « in the cathode
and the readout. The electrons with directions other than vertical produce higher
energy deposits, that produces the tail on the right of the peak; even a double track
peak is rising around 12 keV.

That set of raw events are processed as explained in the previous section after
they are ready for discrimination analysis. Once the selection routines have chosen a
set of final events we can identify them again from the original set of TRestG4Events,
and check their physical origin. The exact energy spectra for the events finally
selected from the 1460 keV ~-induced set is drawn in figure 9.18 right. The shape
has been reduced basically to a set of fluorescence lines (identified as produced
by several set-up materials) over a flat base. When the events produced only by



200 Chapter 9. Simulations of the CAST micromegas background.

Event type ‘ Raw data Final data
photoelectric 5.00% 38.73%
Compton effect 12.98% 48.39%
invading electron | 82.02% 12.88%

Table 9.2: Basic study of cases for events originated by 1460 keV +, before and after the
application of MVA discrimination criteria (Observables set ID 2222).

photoelectric effect are drown it is clear that the analysis made a physical selection
of these kind of events (see also table 9.2). From the initial 1529 photoelectric events
in the raw set inside the range [2-10] keV, 1211 survived the cuts; that makes 79.2%
acceptance for this event type, using MVA (section 8.3.2) configured to assure a
75% software efficiency. See section 9.5for a more detailed study.

Another cross-check is done by comparison of the results using different sets of
observables with MVA. The group of observables sets (27 in total) which are used
customary to analyse experimental data is applied to the same data above. All
these sets are complete in the sense explained in section 8.3.2.1. Moreover, all the
defined observables are included at least in one set. If one observable were failing
in the simulation, the observables sets which contain it would lead to an anomaly
in the final number of events after discrimination. Rather on the contrary, the
final events distribution by all the observables sets is compact as it can be seen
in figure 9.19. That is useful to estimate the systematic error associated to the
election of a particular set. The same process is carried out with a set of events
originated from much lower energy, only 100 keV ~. That has the purpose to check
the same behaviour for events of a different nature, since practically all of them are
fluorescences (see section 9.2.3).
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Figure 9.19: Final amount of events after application of MVA using 27 different sets of
observables.
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9.2 Simulation of the environmental v flux contribution.

In this section the micromegas Monte Carlo model discussed in section 9.1 is used
to study the contribution to CAST sunrise micromegas background by the environ-
mental v flux as consequence of the natural radioactivity of the materials of the
area. The response of the whole set-up (composed of the detector plus its shielding)
to external v is evaluated in sections 9.2.2 and 9.2.3. Then the final calculation
of the predicted final background is conditional upon a given environmental v flux
description. The estimation of the v flux is an important source of uncertainty,
though special measurements and analysis have been dedicated and are explained
in section 9.2.4, before reporting the final results in section 9.2.5.

In principle the environmental v flux is only one of the multiple background
sources. However it was soon clear that it is the main one (at least until 2012 sunset
upgrade), so much as it might be able to produce alone a partial contribution to
the background comparable to the total one. This fact®, and its strong dependency
on the geometry implementation, made this kind of simulations extend in time
and detail level, since entails the validation of the complete micromegas simulation
model. Actually experimental measurements using a y source have been carried out
in the CAST area with the aim of testing the simulations (see section 9.3).

9.2.1 Methodology.

The environmental v flux is simulated by launching + in the GEANT4 application
from a virtual sphere that surrounds the set-up geometry, homogeneously in the
sphere surface and with isotropic directions. Different simulations runs are carried
out for a set of discrete v energies. These energies have been chosen to match the
most intense emission lines from 232Th, 233U and 23U decay chains, completed with
the 511 keV peak, resulting on electron-positron annihilation, and a small set of low
energy lines from 50 to 150 keV.

After the processing and analysis (as explained in section 9.1) of each ~ line,
the resulting high level model consists in a set of probabilities, spectra and related
study of cases as functions of the initial energy of the ~.

e First, the probability of an event originated from an external v of a given
energy to generate a count which contributes to the final background (after
the application of the discrimination criteria) inside the Rol; what we have
called the vulnerability (see section 9.2.3).

e Second, the final spectrum generated from a simulation run for that discrete
energy (also in section 9.2.3).

e Finally, the associated information that completes the picture of the final
events group (see section 9.2.3).

SLately proven experimentally, see next chapter.
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All together represents our description of the nature of the background induced
by environmental v in the range from 50 to 2614 keV. For a given flux description
(always considered as isotropic and homogeneous), the final background is built from
the weighted (using the curve of the vulnerability dependence on energy) combina-
tion of spectra and other features. Contributions from v with energies different than
those characterized must be interpolated or approximated. That is done in section
9.2.5.

An important parameter for this kind of simulation, that is worth to comment,
is the virtual sphere radius which has been set to 37.5 cm (centered in the origin
where micromegas mesh is placed), what covers the complete shielding and Faraday
cage up to the recently installed front shielding (see section 9.1.1). The pipe that
connects the sunrise detector to the magnet bore is almost 1.5 m long, and its
presence is important to understand the sunrise background origin. However that
radius has obviously an strong effect in the GEANT4 computation time’ and a
compromise must be found. With this radius only the first few cm of unshielded
pipe are contributing, but we would be sensitive to its effect in case it were relevant.

A 5°Fe calibration has been simulated as is done in the real set-up (from about
1 m distance from the pipe to the magnet’s bore) in order to irradiate the detector
in the same way. The analysis used is MVA using the observable set with 1D 2222:
width, charge balance, risetime/width, energy balance based on pulse height and
strips charge, cluster size o and clusters size balance; with 75% software efficiency
for the 6 keV peak and using energy correction of the discrimination criteria (see
section 8.3.2.2) so as to achieve 40% software efficiency for the 3 keV peak, as it has
been done for real 2012 data.

9.2.2 The model: vulnerability and spectra.
9.2.2.1 Vulnerability curves.

Our first goal, the vulnerability curve as a function of the initially launched v energy,
is divided into two steps. The first step is the probability of the original single ~
finally producing a count inside the 2-7 keV Rol and inside the projection of the
magnet’s bore area, that is the fiducial area for the analysis. This is named row
vulnerability and depends on the geometry and the detector quantum efficiency.

raw counts in Rol and fiducial area

(9.1)

raw vulnerability = ; e
aunched ~y

Second, the probability of the count to be selected by the discrimination criteria,
acceptance or the inverse of the rejection power; which regards essentially to the
nature of the event.

TActually each energy run is carried out in CERN’s Ixplus facility using hundreds, sometimes
thousands, of computers during one or several days
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final counts

acceptance = (in Rol and fiducial area) (9.2)

raw counts

The obtained raw vulnerability curve is drawn in figure 9.20. The curve presents
two fast falls that are moderated in the middle. Both falls are related with the
probability of the original v to go through two physical walls: the detector’s shielding
and the pipe’s stainless steel thickness. Regarding the shielding, the ~ energy is
always low enough so as the shielding cannot be considered as transparent, however
the mean free path in lead for the 2°8T1 v, Apy(2614 keV) ~ 2 cm, is actually near
the shielding thickness. While the mean free path in iron equals the pipe thickness,
1.6 mm, approximately at the energy of 75 keV.
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Figure 9.20: Raw vulnerability. The fits are drawn to empathize the three distinguishable
ranges which are explained in the text.

Even when the event finally registered in the chamber can be only far related
with the original v, there is a clear tendency the acceptance, plotted in figure 9.21,
that must be related with a change in the dominant event type (see the study of
cases in next section 9.2.3).

There is a decrease of the rejection with energy, that becomes sharper at medium-
low energies. It smooths the energy dependence of the final usable result (see figure
9.22):

fine vulnerability = raw vulnerability X analysis acceptance. (9.3)
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Figure 9.21: Final counts (after discrimination) per trigger (raw event registered in Rol
and magnet’s bore area). There is an exponential (fitted) rise at medium-low energies. Note
that the rejection capabilities are reduced to only by a factor of 3 for low energy v which
are able reach the detector through the shielding.

The fine vulnerability curve is smooth enough to try a fit for extrapolation. That
fit is done in three ranges (see the lines with different colors in figure 9.22), which
are basically the same already detected for the raw vulnerability:

E<170keV: v~ (—=1.15540.28) 107"+ (3.838 £1.0) - 10" ?E
—(2.596 £ 1.0) - 107 E? + (5.964 & 3) - 10710 E* (9.4)

1IT0< E<<90: v

12

(7.066 £1.0) - 10710 + (2.374 + 5) - 107 ¥3F
+(2.075 4+ 0.5) - 107 1°E? (9.5)

E>900keV: v~ (=2.05940.9)-1071% 4 (6.117£1.2) - 107 2E
—(1.115+£0.4) - 10710 E2 (9.6)

9.2.2.2 Spectra.

Fach point in figure 9.22 has an associated final spectrum produced by the CAST
analysis. Only a few characteristic ones are shown in figure 9.23. They are enough
to appreciate that a gradual evolution with the original v energy also applies to the
spectral shapes.

It looks like the copper fluorescence peak at 8 keV is always present, while a
second peak around 6 keV, which clearly rises, is more notable at lower energies.
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Figure 9.22: Fine vulnerability, or probability of an environmental  producing a count
in the final background in Rol and magnet’s bore area. The labels point to the discrete
energies for which the simulation has been performed and the three lines are the fits done
for extrapolation. The bars report only statistical error at one o.

The final relative weight between them will depend on the relative importance of
the low energy ~. Equally, both are enhanced over a flat background level. The
lower the « energy, the relatively lower the flat level with respect to the peaks.

That completes the basic high level model. The progressive changes in the
spectra shape allow to assimilate the contribution of near energies to any spectrum
from the discrete collection. The values plotted in figure 9.22 give the specific
importance of every count in the spectra and the fits (9.4) and the followings can
be used for energies between the simulated ones.

9.2.3 The model: study of cases.

In this section we will discuss a qualitative description of the background. We
will start again from a function of the external « initial energy, to be able to later
reconstruct the complete description from a combination of backgrounds associated
to a given environmental flux. Besides the basic chamber’s study of cases (see section
6.2.6) which divide them into photo-electric, Compton and electrons (see figure 9.24);
a specific case labelling has been defined. The goal is to classify the events regarding
the story which caused the chamber interaction relying on the CAST geometry, many
times as a consequence of a secondary process.
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Figure 9.23: Final spectra obtained by CAST analysis for several of the simulation runs
along the natural radiation energy range.

This extended study of cases is based on the identification of the following situ-

ations:

e Shielding Bremsstrahlung:

an electron producing secondary photons by

bremsstrahlung in the shielding layers (lead or copper).

e Magnet’s bore pipe: any particle crossing the pipe interior at the level of the
end of the lead shielding in direction to the detector. That label considers
the contribution of the external (out of main shielding) piece of the pipe as a
kind of attractor or antenna for -, i.e., v with initial different directions are
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Figure 9.24: Basic cases statistics for events in the CAST Rol, [2-7] keV (left) and for
the wider range [2-10] keV (right) where the copper peak is included. The bars report
statistical error at one o.

scattered by the pipe and go directly towards the detector through it. The
copper front shielding over the external piece of pipe was already installed to
minimize this effect.

e Cathode window: any particle crossing the mylar window and entering into
the chamber.

e Detector raquette’s neck: any particle crossing the plexiglass base (raquette)
entering into the shielding cavity through the outlet for the raquette’s neck
between the micromegas and the gassiplex cards.

The percentage of final events associated to each case is summarized in figure 9.25.
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Figure 9.25: Extended study of cases for events in the CAST Rol, [2-7] keV (left) and
[2-10] keV (right).
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It is not assured that the action that activated one of these flags finally caused the
event registered in the detector, but it is highly probable because of the simplicity of
the simulation started by a single v with very low probabilities to produce a trigger.
In contrast to the basic chamber cases, these labels are not mutually exclusive (pipe
and window are specially related) and not mandatory (events can be caused for none
of these cases).

The graphics in figure 9.24 show that the relative proportions of the basic cases
are near constant during most of the energy range, where photoelectric and Compton
are the most important processes, being the Compton clearly dominant inside the
CAST Rol since most of the photoelectric processes are related with the 8 keV copper
fluorescence. There is a sharp change in the picture that starts around 300 keV, the
photoelectric becoming dominant about 150 keV and finally producing most of the
events. It can be seen in figure 9.26 how the Compton process produces basically a
flat background in the Rol, while the photoelectric is strongly correlated with the
fluorescence lines (see figure 9.27 and 9.18). Therefore a background presenting a
peak signature in Rol must count with a relatively important contribution from low

energy .
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Figure 9.26: Partial final spectra of Compton and electron cases for the £, = 2614 keV
run (see the total spectrum, the first one in figure 9.23). Left: Compton contribution (43.7%
[2-10 keV]). Right: electrons contribution (13.5% [2-10 keV])).

It might be surprising to have a contribution from electrons, moreover almost
constant with energy, passing the discrimination criteria. It can be seen as a border
effect, because most of them are really photo-electrons produced in the cathode
or the readout which burst into the chamber leaving a fraction of their energies.
Besides, a fraction of them are related with true electron tracks which be taken as
an X-ray event®. There are mechanisms that can produce this result, one of them
is suggested by figure 9.26 right when it can be seen that they contribute to the 3
keV fluorescence peak.

8This point is interesting because is highly dependent on the detector and analysis performance
and related with the contribution of cosmic muons. That topic is treated in section 9.5.
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Figure 9.27: Partial final spectra for the £, = 2614 keV run selecting photoelectric
(42.8% [2-10 ke V]) and window (40.1% [2-10 keV]) events. Note the 6 keV peak matches,
while the copper ones have other important contributions.

Regarding just the shape of the electron-induced final spectrum (see figure 9.26
right), it can be said their contribution is almost flat (excluding the 3 keV peak),
but concentrated at low energies (the percentage of electrons contribution is double
in Rol than in the wider range). It must be kept in mind that the energy measured
by the analysis can notably differ from the ideal (GEANT4) deposited energy, being
many times notably lower due to the particularities of the distribution of charges
created by the electron along its track and the amplifier response. Because of that
reason, events up to 15 keV energy deposited in the active volume are considered.

It is in the extended Study of cases picture where we find answers to the ques-
tions regarding figures 9.21 and 9.23. The change in the slope of the plot in figure
9.21, that means an alteration in the behaviour of the rejection capabilities, is
clearly correlated with a replacement in the hierarchy of two contrary cases: the
bremsstrahlung and pipe curves in figure 9.25 cross about 1250 keV. That is related
with the high energy fall in the gross vulnerability (figure 9.20), and the medium
energies semi-plateau which is due to the pipe channel to access the detector.

The bremsstrahlung, as a sort of photons-shower over the detector, reproduces
basically a smaller version of the general background spectrum for high energy
(see figure 9.28), with a strong copper peak; the pipe influence obviously tends to
reinforce the fluorescences, specially those related with the stainless steel around 6
keV (that is more clearly seen in a lower energy ~ induced spectrum, like the one
studied in figure 9.29).
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Figure 9.28: Partial final spectra for the £, = 2614 keV run selecting bremsstrahlung
(32.1% [2-10 keV]) events.
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Figure 9.29: Partial final spectra for the £, = 100 keV run (see the total spectrum in figure
9.23) remarking photoelectric events (63.7% [2-10 keV]) and closely related secondary
Casuistics. Note all the steel fluorescence events come from the window and the external
pipe contribution. While the copper fluorescence has also an important contribution from
the raquette.

Always more than half of the radiation came from the cathode window, what
represents much more than its associated solid angle. This fact is not surprising
as the window directly accessed from the shielding’s outlet for the magnet’s pipe,
which is the most obvious weak point of the shielding and also a weak point of the
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detector’s structure. We see how its proportion rises below 1200 keV fundamentally
because of the increase of the pipe contribution. It should be remarked that this
is a contribution from the external piece of the pipe and the internal diameter of
the pipe is smaller than that of the shielding outlet. Therefore, this contribution
comes from external v which were scattered by the pipe and then directed towards
the detector through the window, despite the front shielding. Furthermore, they
come from the same direction as the expected signal, so having similar distribution
of the interaction positions as in calibrations; that is true for the x-y readout plane
position (magnet’s bore area), but also for the drifted distance, and makes any kind
of discrimination based on z impossible.

Many of the scattered photons interact with the copper readout or have been
produced by steel fluorescences in the 