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Introduction

In the framework of high energy physics there are two major approaches to research at ac-
celerator facilities: the energy frontier, which aims to directly produce new physics events
through direct or indirect detection of new particles; the intensity frontier, which aims to de-
tect deviations from the theoretical values of physics quantities, such as branching ratios, due
to beyond SM physics.

One of the most promising sectors to detect physics beyond Standard Model at the intensity
frontier is CLFV (Charged Lepton Flavour Violation)[1} 2, 3.

The most stringent limit in this sector, and also the strongest bound on any forbidden particle
decay, to date was set by the MEG collaboration on the u™ — e*~ decay at Paul Scherrer
Institut (PSI), which produces the most intense low energy muon beam (> 108 u/s): B(u™ —
ety) < 4.2 x 10713 (90% CL)[4].

Since 2013 the MEG collaboration have undertaken a major detector upgrade to increase the
above sensitivity up to 5x107[5]. In order to do so, among the others, it is important to
measure the rate of stopped muons 2+ with high precision.

In this thesis I present the design, simulation and tests of two new fast beam monitoring
tools based on plastic scintillator coupled to silicon photomultipliers (SiPMs) able to measure
the most intense continuous muon beam in the world (up to 10%4:/5s). The simulations are based
on GEANT4. A custom code have been written to include the response of the photosensors and
the full electronics chain, up to the waveform digitizer, with a frequency up to 5 GSample/s.
The reconstructed algorithms are based on the waveform analysis and are the same used for the
real data. The first proof-of-principle as obtained during dedicated beam tests of both detectors
working in the final conditions will be described, showing that expected performances can be

achieved. The use of SiPMs lets the detector work in high magnetic field (here up to 1.25 T)
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without loss in performances:

« SciFi[5, 16, [7]: a scintillating fiber grid coupled at each end to a SiPM. It is a quasi non-
invasive beam monitor and lets measure, online, beam shapes and beam rate higher
than 10® u/s. It is able to perform particle ID through energy deposit, if the particles
to be monitored aren’t minimum ionizing particles, or through Time Of Flight (TOF)

measurements. SciFi is directly mounted along the beam line and it works in vacuum;

+ MatriX: a scintillating crystal matrix coupled to SiPMs. It is a destructive beam monitor,
designed to measure shapes and rates of narrower beams than the previous detector: in
fact it will be used at the center of the MEGII magnet. It is able to perform particle ID

either through energy deposit or TOF.

The typical exposure time is of the order of a few seconds.

In every experiment it is also important to monitor the status of the detectors and to have
a data-driven check on the performances of the detector and a data-driven analysis near the
signal region. In MEGII there are many ways to calibrate and monitor the apparatus. An
important calibration source is the Charge EXchange reaction (CEX) p(7~, 7°)n[5] used to
calibrate the Liquid Xenon calorimeter: the 7° decays in two photons which are monochro-
matic in the rest frame of the 7° but not in the laboratory frame, where energies are uniformly
distributed between 54.9 and 82.9 MeV. Cutting on the angle between the two photons in the
laboratory frame it is possible to tag the two photons and then measure events with energies
near the MEGII signal region (~52.8 MeV).
For this calibration method it is necessary to change from a muon beam to a pion beam, opti-
mized with its dedicated target, a Liquid Hydrogen one. The Liquid Hydrogen target is used to
calibrate the MEGII Liquid Xenon calorimeter through the CEX reaction. Another part of my
work consisted in evaluating the performances of the new Liquid Hydrogen target via detailed
Monte Carlo simulation based on GEANT4.

The analysis of the simulations output is always performed using the ROOT toolkit routines

for minimization[8]].



Chapter 1

The MEGII Experiment

The MEGII experiment aims to detect the decay ™ — e*+, which is forbidden in the Standard
Model (massless neutrinos) of particle physics. In the following chapter I will briefly introduce
the theoretical framework of Charged Lepton Flavour Violation (CLFV) and the experimental

set-up of the MEGII experiment.

1.1 The Standard Model

The Standard Model of particle physics (SM) is the most accurate and predictive theory to
date, in the frame of particle interactions. It is a gauge theory based on the group SU(3)c x
SU(2 ). x U(1)y [9]: the group SU(2);, xU(1)y describes the electroweak interaction; the group
SU(3)¢ describes the strong interactions.

The theory is composed of 25 elementary fields:

+ 12 fermions: these are the components of matter and are divided in leptons and quarks.
The leptons interact only through electroweak interaction, and are divided in charged
leptons (e, 1, 7) and neutral leptons (v, v,,, v/-). The quarks interact through electroweak
and strong interactions and are divided in up quarks (u, ¢, t), and down quarks (d, s, b).

All of them are assumed to be massless.

« 12 bosons: these are the mediators of the interactions. They are: 7, Z, W=, the mediators

of the electroweak interaction; the 8 gluons (¢g) mediators of the strong interactions. All



of them are assumed to be massless as well.

« Higgs: it is a scalar weak isospin doublet field responsible for the non-zero masses of

the electroweak bosons and of the charged fermions.

Fig. [1.1]shows a list of the SM particles.
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Figure 1.1: Standard Model particles.

The Lagrangian of the theory can be written as the sum of three contributions:

Lsvr = Lyauge + Liiggs + Ly ukawa

Lyauge = Fo, F™ + itpy" D) + | D, H|?

Liriges = W*HTH — N(HTH)?

Ly ukawa = 9t ;0 n H L + gngi7RﬁTUj7L + 92 D; gRH'D; 1, + h.c.

(1.1)

The gauge term describes the free fermion and boson fields, their interactions and the

coupling with the Higgs field. F;, is the gauge -field strength tensor, defined as:

Ff, = DGy — DGy — cfaaG)Gy) (1.2)

where (7}, are the gauge vector fields, and [, are the structure constants of the group.

D,, is the covariant derivative:



A . T L
D,=0,+ zgngM + zg?Au +i9'Qy B, (1.3)
where \* are the generators of SU(3) (a = 1, 8, Gell-Mann matrices), 7¢ are the generators
of SU(2) (a = 1, 3, Pauli matrices), gs, g, ¢’ are the coupling of strong, weak and electromag-

netic interactions. )y is the weak hypercharge, defined similarly to the Gell-Mann-Nishijima

formula:

Qy =2(Q —T3) (1.4)

with @ the electric charge and 75 the third component of weak isospin.

The Higgs term describes the Higgs potential with y?> > 0. It has infinite degenerate
minima corresponding to a non-zero vacuum expectation value equal to \/m This term
introduces the spontaneous symmetry breaking that causes the mix between B* and TW%*
into A* and Z°, and the mass terms of the gauge bosons[[10].

The Yukawa term connects the left-handed (weak isospin doublet) and right-handed com-

ponent (weak isospin scalar) of the fermions through the Higgs doublet, giving them mass.

1.1.1 Muon decay

The Lagrangian that describes the dynamics of a muon is[11]]:

L,= ey pA,+
S W+ R
— /92 + 9/2 (ﬂL’YV( _ % + Sin29w> ur, + ﬂRy”sz’nQQWuR> Zl(,)'f-

— = H

(1.5)

From top to bottom, each line represents the: electromagnetic interaction, the charged
current interaction, the neutral current interaction and the Yukawa interaction.
Fig. [1.2|shows the tree level Feynman diagram of the muon decay.

The muon decay time is:

7, = 2.1969811(22) us[12] (1.6)

Tab. [1.1| shows the decay channels and the respective branching ratios.
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Figure 1.2: Tree level diagram of muon decay process.

Decay channel Branching Ratio CL

P = e ey, ~ 100%
W= e v,y (6.040.5) 107 3(for E., >40 MeV)
po = e vye et (3.4 +£04)107°

W = eV, < 1.2% 90%
ut — ety <4.210713 90%
p- —eete” <1.010712 90%
o= e 2y <7.2107H1 90%

Table 1.1: Muon decay channels and their branching ratios[[12].
1.2 Charged Lepton Flavour Violation

1.2.1 Neutrino oscillations

Charged Lepton Flavour Violation is strictly forbidden in the SM with massless neutrinos. But
a decay such as ;1 — e7y could be possible through neutrino oscillations: Fig[1.3|shows one of
the Feynman diagram contributing to the process.
The presence of massive neutrinos leads to the following expression of the branching ratio:
B(p—ey) = 332% | Z U:iUeji@l%fj i ~107%° — 107 (1.7)
ij=1,2,3
where U;; is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix[13] 14] and Amfj is

the difference between the squared masses of the i-th and j-th generation neutrinos.



The expected value for this process inside the extended SM with massive neutrinos frame-

work is about forty orders of magnitude smaller than the sensitivity of present-day experiments[[15].

7 (q)

W (g+k)

u (p) e (p—gq)

Figure 1.3: Feynman diagram contributing to j1 — ey process through neutrino oscillations.

1.2.2 Beyond Standard Model Physics

Even if the SM is a successful theory in terms of description of particles interactions, it is
commonly intended to be a low energy approximation of a more general theory capable of

explaining some of the major issues of the theory and experimental hints of new physics [9]:

« naturalness and hierarchy problem: the Higgs mechanism gives an elegant solution to
the problem of the gauge bosons masses, but it needs an "unnatural” fine tuning ~ O34

of the Higgs mass, if considering a cutoff constant A ~ M pjgcr;

+ dark matter and dark energy: from cosmological measurements it is known that only the
5% of the universe is composed of ordinary matter, which is described by the SM. The
27 % is composed of Dark Matter and the remaining 68% is composed of Dark Energy,

whose components and nature are unknown;

« matter-antimatter asymmetry: CP violation in weak interactions cannot explain the ab-

sence of anti-matter in the observable universe;

origin of neutrino masses.

A candidate that could fix the naturalness problem and provide a Dark Matter candidate is

supersymmetry (SUSY), which introduces a new gauge symmetry in which all the elementary



particles have their own supersymmetric partners: the theory predicts the existence of a SUSY
bosonic particle for each SM fermionic particle and a SUSY fermionic partner for each SM
bosonic particle.

In the frame of Great Unification Theories (GUT), the coupling of the SM interactions unify in
a unique coupling constant, corresponding to a unique gauge group containing the SM group.
Possible candidates for the GUT group could be SU(5) or SO(10).

SUSY and SUSY GUT theories predict CLFV: they become possible because, even if at
Planck, or GUT, scale the slepton (leptons SUSY-partners) mass matrix is diagonal in the
flavour space, radiative correction may introduce non-null off-diagonal elements at the elec-
troweak scale depending on the SUSY-partners mass scale.

Fig. [1.4/shows an the predicted B(x — e7) as a function of the right-handed slepton mass for

different values of tanf and the gaugino mass M[11]].
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Figure 1.4: Predicted ratios for the u* — et~y decay in the SU(5) SUSY GUT theory evaluated by
Kuno and Okada in [11]. The branching ratios are evaluated as a function of the right-handed

slepton mass at different tan3 and gaugino mass M values.

1.3 Process fenomenology

The search for the y — et decay is an important instrument in order to provide a clear
experimental evidence of new physics and to identify the scale of physics beyond SM if dis-

covered: as briefly exposed above, to make the decay possible, it is necessary to introduce new
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particles and interactions in the model, and the value of the branching ratio depends on the
scale of new physics, making it possible to test scales up to 10° TeV with a sensitivity of 1071
on this process.

But the signature of this process, and the backgrounds themselves, does not depend on the
model: it is a two-body decay where a positron and a photon are produced back to back (the
pt is at rest), with energy equal to half of the muon mass (m,,/2 =52.8 MeV).

In order to distinguish the signal process from the background, it is necessary to measure
the photon energy £, the positron momentum p.+, their relative angle ©,+., and timing ¢.+,
with the highest precisions. So, the number of expected signals for a given ratio B depends
on the stopping muon rate 2+, the measurement time 7', the solid angle {2 subtended by the
photon and positron detectors, the efficiencies of these detectors (¢, €.+) and the efficiency of

the selection criteria €,:
Nig = Ryt X T x QX B X €y X €+ X € (1.8)

The background can be distinguished in physical, due to the Radiative Muon Decay (RMD)
no— e+1/ez7ufy, and accidental, due to the coincidence between a Michel decay and a high
energy photon coming from RMD, annihilation in-flight (AIF) or bremsstrahlung from Michel

positrons. In the next paragraph the main characteristics of the backgrounds will be discussed.

1.3.1 Physical background

The background caused by the RMD process is due to events with high energy photons and
low energy neutrinos, where the positron and the photon are emitted back to back. As already
stated, the RMD branching ratios for E., > 40 MeV is (6.0 & 0.5) 10~®, which is not negligible
with respect to the expected branching ratios of the signal process.

Fig. shows the RMD differential branching ratio as a function of the photon energy and
branching ratios in terms of energy resolution as calculated in [11]]. The variables used are
defined as follows:

2B+ 2F

x ., y=—2, z=m— O, (1.9)
my my,

with .+ is the energy of the emitted positron. The branching ratios are evaluated with

respect to the FWHM of  and y, = and Jy, imposing that the resolution on z satisfies 6z <

7
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Figure 1.5: RMD branching ratio dependence as evaluated in [11].

The contribution in MEGII is expected to be smaller than 1014,

1.3.2 Accidental background

The major contribution to the background is composed of accidental background. The number

of accidental events depends on the resolutions and on the stopping rate as follows:
Nace X Ry X AE? X Aper X AOZ, X Atery X T (1.10)

where A indicates the resolution on the measured quantity. As it can be seen, the depen-
dence on the stopping rate is quadratic, while the physic background is linear in the stopping
rate. During the MEG physics run, the beam rate could not be used at its maximum intensity
because of the high accidental background that would have been produced and because the
drift chambers could not have sustained such a high stopping rate. An important consequence
of the MEGII sensitivity goal and upgrade is that the beam intensity will be maintained at a
value higher by a factor two, from 3 107 to 7 10 7 pu/s, with respect to the MEG configuration[5].
This needs an improvement of the general performances of the apparatus, upgrading the MEG

detectors or even substituting them.



1.4 Experimental apparatus

The MEG apparatus was installed in the ITE5 beam line at Paul Scherrer Institut (PSI), in
Switzerland, and the data-taking has been completed in 2013. In the last years many up-
grades where performed in order to increase the sensitivity reached by MEG collaboration by
an order of magnitude. An important ingredient is the muon beam intensity, which will be
higher during the data-taking than in MEG: the PSI accelerator complex and the details about
the IIE5 beam line will be discussed in the next chapter.

All the MEG detectors underwent upgrades, and in the following paragraphs the major changes
and the expected resolutions will be exposed.

Fig. [1.6| shows the MEGII apparatus.

Liquid xenon photon detector

tres LX
COBRA AL rerean (LXe)
superc?ucﬂng magnet H"A e T

AR,

Pixelated timing counter
(pTC)

Muon stopping target

Cylindrical drift chamber
Radiative decay counter (CDCH)
(RDC)

Figure 1.6: 3D schematic view of MEGII signal event.

The apparatus consists of: a Liquid Xenon calorimeter(LXe), to measure the energy, the di-
rection and the time of flight of the photon; a positron spectrometer composed of a Cylindrical
Drift CHamber (CDCH) and a superconducting solenoid named COBRA (COnstant Bending
RAdius) to track the positron and measure its momentum; a pixelated Timing Counter (pTC),
to both measure the positron time of flight and improve the track reconstruction performed by

the spectrometer. Another important detector is the Radiative Decay Counter (RDC), which



was not present in MEG and that will be used to identify the low-energy positrons from RMD

with high energy photons, to reduce the accidental background.

1.4.1 The target

In order to make easier the measurement and the reconstruction of the events, the muons are
stopped in a thin target.

The upgraded target is a 140 um thick polyethylene disc tilted by 15 deg w.r.t. the beam di-
rection. The old MEG target was tilted by a higher angle, 22 deg, and was thicker, a 205
pm polyethylene-polyester film: this changes will reduce positron multiple scattering and the

amount of AIF and bremsstrahlung photons inside the acceptance of the apparatus.

1.4.2 The Liquid Xenon calorimeter

The LXe calorimeter has been upgraded to improve the resolution and fix some of the major
issues of the old version[5, [16]]. It is a 900 ¢ C-shaped tank 38.5 cm deep, corresponding to ~ 14
radiation lengths (X, = 2.7 cm), in order to completely contain the showers originating from
the photon passage through Liquid Xenon.

The scintillation process is possible thanks to the recombination and formation of the excited
Xe3, which is followed by ionisation. This dimer does not exist at ground state, letting the
calorimeter be transparent to the scintillation light.

The light is collected by 4092 Multi-Pixel Photon Counters (MPPC, see Fig. on the
inner face and 668 2-inch PMTs on the other sides. In the previous version of the detector, the
inner face was covered of the same PMTs on the other sides, and this caused one of the major
issues of the calorimeter: due to the lack of coverage and to the higher photon density and
the disuniformity on the inner face, there was a non-negligible difference in the resolutions
between energy measurements on gammas interacting directly in front of a PMT or in the
dead space among PMTs. Each MPPC consists of four 6 x 6 mm? sensors connected in series
to reduce the effective capacitance of the total element and increase the timing accuracy.

Fig. [1.8)shows a view of the old and new versions of the calorimeter. Fig. [1.9/and[1.10]show

the difference in resolution between the old and new version of the LXe calorimeter in terms

10



of position reconstruction and energy resolution at different interaction depths.

Ceramic

Quartz window (~0.5 mm)

15 mm

12 mm -'Mppc 2.5mm

Figure 1.7: Custom MPPCs used in the MEGII LXe calorimeter. On the left the picture of a MPPC.
On the right the schematic view of a MPPC.

Figure 1.8: In the top panels the inner face view of the old (left) and new (right) version of the
calorimeter. In the bottom panels an example of scintillation light collection as detected by the old

(left) or new (right) version of the calorimeter.
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1.4.3 The Cylindrical Drift Chamber

MEGII uses a cylindrical shaped single volume drift chamber that will substitute the old drift
chamber[5] [17]. The wires are positioned, in a stereo configuration for longitudinal hit local-
ization, inside a volume filled with a 90/10 % He-Isobutane gas mixture. The total radiation
length is 1.5 10~% X, allowing for a single hit resolution below 120 zzm, a momentum resolu-
tion of 130 KeV/c and angular resolutions ~ 5.5 mrad in the azimuthal angle and ~ 4 mrad in
the polar angle.

The solenoidal magnetic field produced by the COBRA superconducting magnet, varies
from 1.27 T at the center to 0.49 T at either ends. The gradient is designed to guarantee a
bending radius of positrons weakly depending on the polar angle. It is also designed to re-
move quickly spiralling positrons sweeping them outside the spectrometer to reduce the track

density inside the tracking volume.

1.4.4 The Pixelated Timing Counter

The new pixelated Timing Counter[18] consists of 512 elements composed of a plastic scintil-
lating tile (100 x40 x 5mm?® or 100 x50 x 5mm? sized, depending on the longitudinal position
in the pTC) coupled with multiple SiPMs. Each tile has a time resolution of ~ 75 ps, but the
actual resolution depends on the number of tiles hit by the positron after is passage. The res-
olution improves with a factor 1/v/Ny;;, where the number of hit Ny, is estimated, and also

experimentally confirmed, to be ~ 9. Fig. shows a single tile and the complete detector.

R~ A /
L

(a) Single pTC tile (b) Downstream side of pTC inside COBRA

Figure 1.11: pTC view.
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1.4.5 The Radiative Decay Counter

The Radiative Decay Counter is a new detector devoted to the revelation of low energy RMD
positrons in order to tag high energy gammas in the LXe as potential accidental background
events. This is possible thanks to the COBRA magnet field, that swipes away from the tracking
area the low energy positrons, that are confined at smaller radius and that can be then revealed
at the downstream end of the apparatus. Fig. shows the detection of an RMD event with
the RDC.

It is expected to detect ~ 42% of the RMD + background and to improve the sensitivity on the

ut — ety search of a 15 % factor.

~ detector

COBRA magnet

’IIIII/IIII/IIIIII/I/I/IIIIIIIIII/II////////////////Illlllllllllllllllllllllllllllllllll.
7 A

~ (RMD)",

. (RMD) RDC
1" beam > : R
e iche
\//‘\
/A AN _\_ o+sp(r(rtromut(u‘

Figure 1.12: Schematic view of the detection of RMD with the RDC.

It consists of 12 plastic scintillators coupled to MPPCs, devoted to timing measurements,
and 76 LYSO crystals[[19] coupled to one MPPC, used for calorimetry measurements. Fig.

shows a schematic view of the elements.

,1 ~22cm

e+

Figure 1.13: Schematic view of the RDC. The horizontal long plates in front are the plastic scin-

tillator bars, and the cubes behind are the LYSO crystals.
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1.4.6 The Trigger and DAQ systems

The MEGII upgrade leads to an increase in the total read out channel of a factor 3 and a muon
stopping rate increase of a factor 2. The requirement for an efficient offline pile-up reconstruc-
tion and rejection is the availability of full waveform information. The DAQ system has to pro-
vide state-of-the-art time and charge resolution and a sampling speed in the GSPS range[55].

In the following paragraphs TDAQ system of the MEGII experiment will be introduced.

DAQ

The new system integrates the basic trigger and DAQ (TDAQ) functionalities onto the same
electronics board, the WaveDREAM Board (WDB). Fig. shows a schematics and a picture
of the WDB.

[r——

P ..2x8channels ...

(a) WDB simplified schematics (b) WDB picture

Figure 1.14: WDB view.

It contains 16 channels with variable gain amplification (0.5 to 100) and flexible shaping
through a programmable pole-zero cancellation: pole-zero values go from 0 (off) to 7 (max-
imum) a.u.. Two DRS4 chips[20] are connected to two 8-channel ADCs, which are read out
by a Field-Programmable Gate Array (FPGA) that performs complex trigger algorithm (sum
of the input channels, threshold cuts, etc.). When a trigger occurs, the DRS4 chip is stopped
and the internal analogue memory is digitized through the same ADCs previously used for
the trigger.

The WDBs can supply up to 240 V per channel through the signal cables. This is possible

through an ultra-low noise bias voltage generator based on a Greinacher multiplier.
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Trigger

The trigger is based on a real time reconstruction algorithm that rely on the fast response de-

tectors: LXe for y observables and pTC for et observables. The FPGA in the WDB performs the

reconstruction of decay products observables, such as momenta, relative timing and direction,

through logic equations.

1.4.7 Expected sensitivity

Tab. collects the resolutions and efficiencies foreseen for MEGII compared to the MEG

performances.

MEG MEGII

Resolutions

6F,+ [keV] 380 130

00,+ [mrad] 9.4 5.3

0o+ [mrad] 8.7 3.7

0Ze+/0Yye+ [mm] 2.4/1.2 1.6/0.7

SE, (w>2cm/w < 2cm) [%] 24/1.7 1.1/1.0

O~/ 0V /0w, [mm] 5/5/6  2.6/2.2/5

Otet~ [ps] 122 84
Efficiencies [%]

Trigger ~99 ~99

Photon 63 69

et (tracking x matching) 30 70

Table 1.2: Comparison between MEGII and MEG performances.

In order to estimate the sensitivity a detailed MC simulation of the beam and detectors

based on Geant4[21] [22] [23]] was implemented. The output of the MC events are converted

into simulated electronic signals, based on data collected with prototypes or final detectors.

Pile-up is included. The expected sensitivity is shown in Fig.
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Assuming 20 weeks of DAQ time per year, it is possible to achieve a 6 10~!* sensitivity in 3

—— 30 Discovery

years.
= .
o = R T R ' —
T Lo T .......... ........... - i
= 90% €L MEG 2011 5o Discovery
' : ; i M
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Figure 1.15: Expected sensitivity and discovery potential of MEGII as a function of the DAQ time

compared with the bounds set by MEG[4].
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Chapter 2

The IIE5 beam line

The MEGII experiment was conceived in order to measure the rare decay mode ut — et. It
is trivial to say that in order to do so a high intensity muon beam is needed.

In the next chapter I will describe the Proton Accelerator Complex at PSI (see Fig. [2.1),
the muon production mechanism and the characteristics of the beams delivered in the IIE5

experimental area.

Proton Accelerator Complex geutronSSp?Jllation
Paul-Scherrer-Institute ource SIN :
Switzerland /.' ‘;-.._\? N

25m
Cockeroft-Walton E1 B
870 keV Target E
{ d =40 mm
:
1 )
= ]
\ - : l Target M
P Ay Ring ) .. &
BN { A ¥ Cyclotron d,. & mm (
Injector Il A L 590 MeV |
™ 72 MeV s
Isotope L
Production <

Figure 2.1: Overview of the PSI high intensity accelerator complex.
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2.1 Proton beam at PSI

The PSI high intensity proton accelerator delivers a beam with 590 MeV kinetic energy and
presently 1.4 MW average beam power[24]. The acceleration chain is performed starting
from an Electron Cyclotron Resonance ion source (ECR), where Hydrogen is ionized. The so-
obtained protons are firstly accelerated by a Cockcroft-Walton pre-accelerator and transported
to a first isochronous cyclotron: the Injector II. The last step of the acceleration is performed at
the principal machine: the RING cyclotron (see Fig. [2.1). The beam is produced in continuous
wave (CW) mode at a frequency of 50.6 MHz.

The high intensity proton beam is used to produce pion and muon beam by interaction
with two graphite targets that are realized as rotating wheels. Muons are produced through

pion decay: the production mechanism will be described in details in the following paragraphs.

Only a fraction of the proton beam is used for muon and pion production, the remaining
beam, roughly 1 MW, is then used to produce neutrons in a spallation target in the Swiss

Spallation Neutron Source (SINQ) facility.

2.1.1 The Sector Cyclotron

A cyclotron is a machine that accelerates particles, confined in its volume through a magnetic
field, with alternate electric fields. The electric field must be in phase with the rotation period
of the beam. The period is defined by the inverse of the cyclotron resonance frequency:

w qB
fcyc =

(2.1)

om 2mym
where B is the magnetic field and ¢, m and 7 are the charge, the mass and the Lorentz

factor of the particle.

In case of relativistic particles, the frequency of the electric field must vary with the cyclotron

frequency. Anyway, it is possible to maintain fixed the rotation period by introducing a gradi-

ent in the magnetic field, so that when the particle gains energy and the radius of its trajectory

increases, the ratio of the magnetic field and the particle Lorentz factor, locally, has to remain

constant: B must be proportional to .
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The use of a single magnet limits the energies that can be reached, because higher energies
means higher radius or fields, hitting a feasibility limit in terms of technology and cost. A
sector cyclotron is realized modularly, involving the combination of sector shaped magnets
and RF resonators forming a ring: this characteristic allows to reach energies up to 1 GeV. The

radius increment per turn is:

an__n v .
dny (72 — 1) me? '

where U;/mc? is the energy gain per turn over the rest energy and R is the orbit radius.
Thus obtaining a large turn separation is increasingly difficult with higher beam energy, while
a large extraction radius is desirable. It is important to achieve the highest possible energy
gain per turn, to limit the number of turns before extraction: in practice the performance of
high intensity cyclotrons is limited by extraction losses. At the extraction of RING the loss
is kept at a 10~ level. Fig. shows a schematic view of the PSI RING and the radial beam

profile as obtained through calculations (OPAL) and measurements.

sector r T

magnet i 2 T 1 T T
< N 10 1180 !’3@3 1184 ,}_’%1%37 1188
: N~ ) SN e o
o > AN £ extraction N L Yl - ) s :

channel

3'rd harmonic
resonator

Arbitrary unit
=]
o

injection
channel

accelerating —measure
resonator e O pAL

4380 4390 4400 4410 4420 4430 4440

r (mm)

(a) Schematic top view of the PSIRING cy-  (b) Radial extraction profile with indicated numbers at
clotron extraction. The density is minimized at the location of
the extraction electrode. The red dotted line is obtained

with the tracking code OPAL.

Figure 2.2: The PSI RING view.
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2.1.2 Beam parameters

In its complex, the proton acceleration facility consists of three acceleration stages. After the
passage through the second target (E), which is 40 mm thick, there is a significant increase in
emittance which results in an unavoidable loss at collimators after the target. Tab. [2.1| collects

the selected beam parameters along the accelerator chain, while Fig. [2.3| shows the optics of

the transfer line containing the targets[24].

lpearm [mA]  Ej [MeV]  [Sve, [umrad] rel. loss
at p-source 25 0.06 0.13
transfer to Inj II 10 0.87 1.3
extraction to Inj II 2.2 72 2.5 <1074
transfer to RING =~ 2.2 72 2.5 ~21073
extraction RING 2.2 590 7.5 ~210*
transfer to SINQ 1.5 572 42 0.3

Table 2.1: Proton beam parameters at PSI along the acceleration chain.

100

[9,]
o

beam width [mm]
o
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72 mAfem’

5mm Ta rggt 40mm Target
76 mA/om |

selected
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!
SINQ Targgt
45 pNom?

0 20 40

Figure 2.3: Horizontal and vertical beam envelopes in the transfer line from RING cyclotron to

SINQ. The two meson production targets and the SINQ spallation target are indicated with current

densities. Selected collimators are shown.
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2.2 TargetE

As already mentioned, along the transport line between RING and SINQ, there are two meson
production targets: the target M and the target E. Target M feeds two lower intensity meson
beam lines: a high resolution pion beam (IIM1) and a beam dedicated to muon spin-resonance
measurements (IIM3). Target E provides five high intensity meson beam-lines: IIE1 to IIE5.
The MEGII experiment is positioned inside the IIE5 area.

Both target M and E are rotating wheels of polycrystalline graphite cooled by thermal
radiation. Tab. collects some parameters for the two targets. Fig. shows the two

targets.

Meson Production Target M E
Mean Diameter [mm)] 320 450
Target Length [mm)] 52 40
Target Width [mm] 20 6
Graphite Densty [g/cm?] 1.8 1.8
Proton Beam Losses [%] 1.6 18
Power Deposition [kW/mA] 24 30

Irradiation Damage Rate [dpa/Ah] 0.11 0.1
Operating Temperature [K] 1100 1700
Rotational Speed [Turns/s] 1 1

Table 2.2: Some parameters for the meson production targets.

The rotation is crucial in the case of target E, because of the high energy deposit: each
proton releases ~ 15 MeV of energy inside target E, leading to a power deposition ~ 66 kW
when the proton current is at its maximum level (2.2 mA). The rotational motion allows to
distribute the power over the whole target.

The proton beam impinges on the target E with parameters[25]:
e 0, =0.75 mm

« 0y =125 mm
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o [, =22mA

(a) Picture of the target M. (b) Picture of the target
E. The arrow indicates
the direction of the pro-

ton beam.

Figure 2.4: Meson production targets.

The interaction between the protons and the nuclei in the target produces a huge amount
of charged pions: a fraction of these pions are delivered along beam lines in the experimental
areas; another part of these pions decays in muons. Depending on the initial energy and
production vertex, the pions can decay outside the target or inside the target.

The pions that decay outside the target are both positively and negatively charged and
produce the so-called cloud muons. The pions that decay inside the target are mostly posi-
tive, because of the high negative pion capture cross-section. When a pion decays inside the
target, only muons produced near the surfaces can escape, because of their low initial ener-
gies (4 MeV): the so-called surface muons. Fig. shows the two possible muon production
mechanisms.

As already mentioned above, the radio-frequency period (equal to the proton bunch spac-
ing) is >~ 20 ns. The pion decay time at rest is ~ 26 ns. Thus the resulting muon beam is
almost continuous. This feature is very important for the MEGII experiment: considering a
pulsed beam with the same mean beam rate as of the IIE5 line, the instantaneous rate would
be higher, leading to a higher number of accidental background events for the same number

of signal events.
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surface muons
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Figure 2.5: Muon production at PSL

Tab. collects the parameters for the backward and for the side faces of target E[25]
for positive muons below the two-body decay momentum value (29.8 MeV). The coordinate
system is the same as in Fig. Parameters relative to the forward face are equal to the ones
relative to the backward face with the exception of the muon flux, which is reduced to 1.2 1010

wutis.

Backward face Side faces

Trms = 1.6 mm Zrms = 10.9 mm
xl . =668 mrad 2l . =678 mrad
Yrms = 7.3 mm Yrms = 7.9 mm

Yrms = 677 mrad Y. =678 mrad
pt/p=1210"°  u*/p=8310°

I+=1810"p"/s I,+=1210" puf/s

Table 2.3: Positive muons parameters depending on production surface with momentum below

29.8 MeV.

During fall 2019, an upgraded version target E was built and tested in order to increase the

muon rate at production. Further details are discussed in the following paragraph.
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2.2.1 Target E: upgrade

In order to increase the sensitivity on rare decay channels, it is mandatory to increase the
intensity of particle beams. In the case of meson factories it can be done increasing the power
of the primary beams or optimizing production targets and beam lines. The first possibility
is not trivial to pursue when the primary beam powers are already in the MW-regime, as in
the case of proton beam at PSI. For this reason a study on the optimization of the target E was
performed, resulting in the production and test of a new target prototype in fall 2019[25].
The studies involved alternative materials performances and geometry optimization.

In terms of materials, it is important to study the pion yield and the relative muon yield.

The relative muon yield scales as:

Irel N 2.
o nos <_dx)7r+ (d_E> o (Z/A)x x p (2.3)
dx +
I

Fig. 2.6/ shows the ;1™ and 7 yield as a function of the target material Z.
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Figure 2.6: The relative muon yield and absolute pion yield at a proton energy of 585 MeV as
a function of atomic number Z. Liquid densities are assumed for elements that are gaseous at

normal temperature and pressure.

Due to the atomic number dependence of the relative muon yield, low Z materials are
favoured. In terms of muon yield, Beryllium would be better than Carbon, but it is disfavoured
in terms of safety reasons: due to high evaporation a Beryllium target would have to be bigger
than a Carbon one in terms of radius, by a factor 10[26]]. Carbon was chosen to build the new

target.
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In terms of geometry, different shapes were taken into account. Fig. [2.7]shows the different

shapes considered and Tab. [2.4]collects the relative intensity with respect to the standard target

. o
W N )

Figure 2.7: Different geometries studied. From left to right: grooved, trapezoidal, fork and rotated

slab targets. The red line marks the proton beam.

Geometry Sideways Backwards Forwards

Grooved 1.02 1.00 0.97
Trapezoid 1.15 0.98 0.79
Fork 1.45 1.14 0.79
Rotated slab 1.28 1.40 1.63

Table 2.4: Relative muon beam intensity with respect to the standard target E, for different

target geometries (see Fig. .

The rotated slab target yield is the best overall enhancement and a mechanically simple
solution. Fig. shows the relative u rate of the rotated slab target at different rotation
angles.

The tested configuration is shown in Fig. the selected angle is 8 deg, with a relative rate
enhancement roughly equal in all three directions. The measurements were performed using

the vacuum prototype of the SciFi detector (see Ch. [3) confirming the expected performances.

26



3—
r = Sideways
25'_ —— Backwards
r ~ Forwards
Qo L
© [
[a ) ol
+ L
= L
° L
= r
E1.5_—
[ -
o r
™
05' I I I P IR I BT B
~ 5 10 15 20 25 30 35 40 45

Target Rotation Angle [degree]

Figure 2.8: Enhancement factors in the three directions studied as a function of the rotation angle

of the slab target. The length of the slab is fixed at 150 mm.

Protons

(a) Schematic of the slanted target. (b) Picture of the target prototype.

Figure 2.9: Slanted target prototype.
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2.3 1IE5 beam line and MEG beam transport system

The IIE5 beam line is a 165 deg backwards-oriented, windowless, high-acceptance (150 msr),
low-momentum (< 120 MeV/c), dual-port 7, u* or e™ channel. For the MEGII experiment
the beam line is tuned at 28 MeV/c with a momentum bite of 5-7 % FWHM, depending on the
opening of the momentum selecting slits placed in the front-part of the channel.

Fig. shows a schematic of the IIE5 beam line.

—
o W,

Proton Beam

Figure 2.10: Schematic of the I1E5 beam line and the MEG beam transport system.

A low momentum muon beam is a suitable choice for MEGII, because of the strong depen-

dence of the range straggling on the particle momentum[27]:

AR = ay/(0.09)2 + (3.58p,+ /p,)? % p3 (2.4)

where AR is the range straggling, p,+ is the muon momentum and a is a constant depend-
ing on the stopping material.

In order to keep under control the range it is much more convenient to reduce the momentum
rather than the momentum bite.

A quadrupole and sextupole channel connects the production target E to the IIE5 area.
The AST 41 dipole allows to deviate two experimental ports just by switching its polarity[28]:
channel Z and channel U. The MEGII experiment is connected to port Z.

Quadrupole triplet-I provides an optimal high transmission through the Wien-filter, that
produces a +200 keV potential across the 19 cm gap of the electrodes. The mass separation

is equivalent to an angular separation of +88 mrad between muons and positrons and of -
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25 mrad between muons and pions. The combination of the Wien-filter with the quadrupole
triplet II and a collimator system (11 X of Pb equivalent) determines a separation quality
between muons and positrons beams of 8.1 0, corresponding to a 12 cm physical separation
at the collimator system[29]. Fig. shows the separation quality measured during the 2015

Pre-Engineering Run.

Separator Scan at 28 MeV/c
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ST R R * B« - |
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Separator Current Amps

Figure 2.11: Measurement of the separation quality with the Wien-filter during the 2015 Pre-

Engineering Run.

The beam is then delivered inside the superconducting COBRA magnet by the Beam Trans-
port Solenoid (BTS).

Fig. shows the measured muon spectrum at the collimator. Each point was obtained
by optimising the whole beam line for the corresponding central momentum and measuring
the full beam-spot intensity.

In the TTE5 beam line the maximum muon beam rate is 1.5 10® y*/s.

2.3.1 The Beam Transport Solenoid

The BTS is a 2.8 m long iron-free superconducting solenoid, with a 38 cm warm-bore aperture,
coupling directly to the beam line vacuum. Fig. shows a picture of the BTS.

The maximum reachable magnetic field inside the BTS is 0.54 T at a current of 300 A.
Three iron-free correction dipole magnets are used to compensate for a radial asymmetry in
the fringe field caused by the interaction of the stray field from the large aperture, iron-free

COBRA magnet with an iron component of the hall-floor foundations.
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Figure 2.12: TIE5 muon spectrum at collimator. The fitting curve is a p>> power function, folded
with a gaussian momentum resolution corresponding to the momentum bite and a constant cloud

muon contribution.

Figure 2.13: A picture of the Beam Transport Solenoid (BTS) coupled to the beam line.

A Mylar®degrader system is placed at the central focus of the BTS in order to minimise

multiple Coulomb scattering.
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2.3.2 Auxiliary particle beams

In order to measure the = — e’ process branching ratio is very important to calibrate
and monitor the apparatus status. In order to do so, two more particle beams are needed
besides the muon beam: a quasi-monochromatic positron beam of 53 MeV/c (Ug:im ~ 250
keV/c, I+ ~ 107 e*/s) to calibrate the spectrometer through Mott scattering[[5] and a stopped
negative pion beam of 70.5 MeV/c (azi‘im/pw— ~ 3.5%, I- ~ 1.710° 77 /s) for charge exchange
7~ p — 7°n (CEX) and radiative capture 7~p — yn (RC) photons, used to calibrate the LXe
calorimeter and check the full apparatus (see Ch. 5).

In the next paragraphs two new beam monitors will be introduced: a Scintillating Fiber grid
(SciFi, see Ch. [3) and a matrix of scintillating elements (MatriX, see Ch. E[) These two detectors
are designed to measure the beams between the BTS and COBRA (SciFi) and at COBRA center.

Fig. shows the positions of SciFi and MatriX along the IIE5 beam line.

Degrader
System in

IEEEERERRR RN
ERERRRES T |

SciFi position during MatriX position during
measurements measurements
(a) SciFi position. (b) MatriX position.

Figure 2.14: Position along the I1E5 beam line of the two new beam monitors.
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Chapter 3

Diagnostic tools: SciFi

As already mentioned in Ch. (1} it is important to measure the beam rate and the beam shape in
the I1E5 line with high precision and over the data taking period (Eq. Eq.[1.10). Two online
beam monitors are foreseen in the MEGII experiment: an ultra-thin CsI(Tl) luminophore foil
beam monitor[5] and a quasi non-invasive, high rate beam monitoring tool based on scintil-

lating fibers (SciFi[6]]).

Figure 3.1: SciFi (Scintillating Fibers) detector view.

The SciFi detector is designed to measure the beam size between the BTS and COBRA
(Fig. , where the beam is wider (4™ beam 0, , ~ 20 mm). In the following chapter I will
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be referring to SciFi measurements at collimator, because up to date the tests of the detector

along the I1E5 beam line were made majorly at collimator.

Schematic TES Channel & MEG Beam Transport System
nES Channel " L it R

Proton Beam
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COBRA
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Collimator
System

Steering
Magnet

IEREREREREREE I |

SciFi position during
measurements

Figure 3.2: SciFi position along the beam line.

In the next chapter I will be introducing the SciFi detector (Fig. and its Monte Carlo

simulation implementation with the Geant4 toolkit[21] 22| 23]].
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3.1 Basic principle: brief introduction

SciFi is a beam monitor detector based on scintillating fibers coupled to silicon photomulti-
pliers (SiPMs). When a charged particle passes through a scintillator it deposits energy due
to ionization[30} 31]] (Fig. [3.3). The energy gained by the electrons in the scintillator is then
emitted as low energy photons (typically in the visible spectrum), distributed uniformly in

solid angle[32]].
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Figure 3.3: Mean energy loss in liquid hydrogen, gaseous helium, carbon, aluminum, iron, tin and

lead. Radiative effects are not included[12].

Of course there wouldn’t be any possibility to detect this light without shifting the energy
levels of the scintillator’s components: otherwise light would be reabsorbed by the atoms (or
molecules) and energy would only be dissipated without any possibility of detection. Scintilla-
tors are classified according to the type of mechanism that let’s the scintillator be transparent

to scintillation light. The types of scintillator that will be considered are two:

« inorganic scintillators: the scintillator is doped with an element (activator) which aim
is to introduce non homogeneities. The scintillator material is transparent to the light

emitted by the activator[30} 31]].
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« organic scintillators: the scintillator is an organic molecule that, after electrons excita-

tion, changes state with radiationless transitions and then emits light[30} 31]].

The SciFi detector is composed of organic scintillator fibers (Saint-Gobain BCF-12[33]]) with
a square section. At each end of the fibers there is an S13360-1350CS Hamamatsu[34] SiPM
coupled through optical grease (Saint Gobain BC-631[35]). In the next section, the details on
the characteristics of the scintillating material and on the SiPM’s working principle will be
exposed.

Actually there are two SciFi prototypes: one with fibers 0.25 mm wide; one with fibers
0.5 mm wide. Assuming that the mean energy deposit in BCF-12 is almost the same as the
one in Carbon, it is possible to estimate the number of photons at each end of the fibers, after
the passage of the charged particle. The estimation is done considering minimum ionizing
positrons, that are the particles with the lowest energy deposit among the particles considered
in the simulation.

The number of scintillation photons produced is:

dE
Ny, = <—> % Az X Yiep_1a ~ 2.2 MeV/em x 0.25mm X 8 Photons/KeV ~ 400  (3.1)

dz

Where <%> is the mean energy loss for minimum ionizing particles trough BCF-12, eval-

uated using carbon and hydrogen energy losses [36], and Ypcr_12 is the scintillation yield of
BCF-12[33].
The trapping efficiency of BCF-12 squared fibers is €4, = 7.3 %[33]].

The number of outgoing photons is therefore:

Nph X Etrap

~ 15 3.2
) (52

Nph,out -

The value doubles if we consider 0.5 mm wide fibers.

Due to the small amount of photons arriving at the SiPM, the trigger is designed to accept
only coincidence signals between SiPMs at the end of the same fiber. In the next sections of
this chapter the performances of the current setup of SciFi and the information that can be

obtained by coincidence between fibers will be discussed.
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3.2 Single element: crystal fiber simulation

3.2.1 Single Element description

SciFi is a scintillating fibers grid composed of two layers of 21 5 mm spaced fibers each. The
fibers are produced by Saint Gobain Crystal[33] and are coupled to SiPM at each end.

The minimum requests for the properties of the fibers are: high scintillation yield, low
decay time, emission spectrum fitting the absorption spectrum of the photosensor, here the
SiPM (this point will be discussed in the following section). The information about the specific
fiber models considered is collected in Tab. they are the fastest models that Saint Gobain

produce and all of them were implemented in the simulation.

Scintillating fibers properties

_ Emission | Emission Decay No. of photons
Fiber 1/e Length [m]
Color | Peak [nm] | Time [ns] per MeV
BCF-10 blue 432 2.7 2.2 ~ 8000
BCF-12 blue 435 3.2 2.7 ~ 8000
BCF-20 | green 492 2.7 >3.5 ~ 8000

Table 3.1: Saint Gobain scintillating specific fibers properties[33]].

It is possible to obtain the models in Tab. 3.1 with a circular or square section: in order to
obtain a more uniform response, only square section fibers were considered.

The fibers have a double cladding in order to improve the transport properties: the prop-
erties common to all three types of fiber are collected in Tab.

In order to consider the saturation of the fibers due to the Birks effect[30]], the value mea-
sured by Z. Jian-Fu et al.[37] for BC-408[38] has been used. In fact a measurement of this
constant in literature for the Saint Gobain BCF fibers seems to be not available. The value

used is:

mg
kn=11.0——"—
B MeVcem?2

The same value has been used for the simulation of the MatriX detector as well in Ch. [4

(3.3)
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Multi-clad Fibers Properties

Core material Polystyrene
Core refractive index 1.60
Density 1.05 g/cm®
No. of H atoms
4.82 x10%?
per cm? (core)
No. of C atoms
4.85 x10*
per cm? (core)
Radiation length 42 cm
First cladding
Acrylic
material
First cladding
1.49

refractive index

First cladding 4% of fiber size

thickness

Second cladding q y
uor-acrylic

material

Second cladding Lo

refractive index

Second cladding
2% of fiber size
thickness
Cladding material PMMA (C5HsO5)
Cladding material density 1.2 g/cm?
Trapping efficiency 7.3%

Table 3.2: Saint Gobain scintillating common fibers properties[33].

The emission spectra of the scintillating fibers considered are collected in Fig. In
order to include the emission spectra in the simulation a webapp named WebPlotDigitizer[39]]

has been used to convert the images extracted from the datasheet of the fibers in a list of
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coordinates. The emission spectra extracted this way and used in the simulation are collected

in Fig.
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Figure 3.4: Emission spectra of the considered fibers[33]].
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Figure 3.5: Emission spectra of the considered fibers[33] extracted from the images in Fig.
3.4[39].

38



In the next paragraphs the first sanity checks on the simulation and the transport properties

of the fibers will be discussed.

3.2.2 Sanity checks

In order to verify the correct functioning of the fiber modeling, simulations with the following

specifications have been run:

the fiber is hit perpendicularly at its center by primary particles;
« fiber sizes: 0.25 mm, 0.50 mm, 1.00 mm;

fiber materials: BCF-10, BCF-12, BCF-20;

primary particles: 2.2 and 52.8 MeV kinetic energy e, 70.5 MeV/c momentum 7, 28

MeV/c momentum pt.

Fig. collects the energy deposit mean dependence on primary particle 5y and mean
deviation due to multiple scattering dependence on primary particle momentum, as extracted
from simulations.

The mean energy deposit is the arithmetic mean of the ratio between the energy deposit

and the track length inside the fiber. Each sample is 10® events long.
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Mean energy deposit per unit length in SciFi fibers, 0.25 mm Mean squared deviation, 0.25 mm
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Figure 3.6: Sanity checks for fibers modeling. The left panels collect the mean energy deposit
per unit length at different 3~y. The right panels collect the mean squared deviation of primary
particles through fibers at different momenta. From top to bottom the panels refer to fibers with

the following widths: 0.25 mm, 0.50 mm and 1.00 mm.
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3.2.3 Escaping photons fraction

Geant4 allows to treat the surfaces of volumes as non-polished. It is possible in fact to model
a surface as not perfectly smooth but with stochastic impurities. The GLISUR model has been
used, which allows to represent ground surfaces changing locally the orientation of an inter-
face when an optical photon hits it. This model is parameterized through a variable whose
name is polish: when polish is less than one, the surface is not polished. The values used in my

simulation where measured by A. Papa[40].

+ 0.985 between the core and the first cladding;
+ 0.98 between the first and the second cladding;

« 0.5 between the second cladding and the outside volume (vacuum).

Fig. collects the number of photons escaping the fiber through the end surfaces as a
function of the fiber length. The primary particles used for these simulations are 2.2 MeV
initial kinetic energy positrons. Each sample is 10 events long.

In each sample the emitted photon number distribution has been fitted with a Landau. Than
the arithmetic mean of the ratio between the number of escaping photons and the total number
of photons emitted was calculated. At the end the value obtained and the most probable value
of the fitted Landau were multiplied. Fig. [3.7|collects only the results of the BCF-10 simulations:
the results of the BCF-12 and BCF-20 fibers are collected in Ap.

The light output dependence on the fiber length has been fitted with the sum of two ex-
ponentials if the fiber was polished. If the fiber was non-polished, the fitting function was the
sum of three exponentials. This exponential model actually is an easy phenomenological de-
scription of more complicated and hard to describe processes. Light propagates inside a fiber
primarily via total internal reflection at the core-cladding, or cladding-cladding, interface. The
main processes involved in light loss are: impurities at the interfaces, roughness, non-perfect
fusion at the core-cladding interface and absorption inside the fiber core (Rayleigh scattering,

chemical impurities and/or radiation induced traps).
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Figure 3.7: Light output of BCF-10 fibers as a function of fiber length. In blue the values, divided
by a factor 3, related to the polished version of the fibers, while in red the values related to the
non-polished version of the fibers. The blue fitting function is the sum of two exponentials. The

red fitting function is the sum of three exponentials.
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As already mentioned, these processes can be modeled using a number of absorption
lengths: the higher one is expected to be of the order of the bulk absorption length, while
the lower ones depend on the amount of light promptly emitted towards the ends of the fiber.

In the simulation presented here only surfaces imperfections and bulk absorption are con-

sidered.

3.3 SiPM

A Silicon Photomultiplier (SiPM) is a solid-state photon sensor with the capability of detecting
single photon[41]]. The performances of the SiPMs are comparable to the photomultiplier tubes
ones, with the advantage of insensitivity to high intensity magnetic fields, compact sizes, low
operation voltage and good timing performance. SiPMs are used as photon sensors in the
MEGII experiment pTC, LXe calorimeter, SciFi beam monitor, (MatriX) and DS RDC. In the next
paragraphs the working principle and the signal modeling implementation in my simulation

will be discussed.

3.3.1 Basic introduction and working principle

SiPMs consist of a matrix of typically (O(1000) independent micro-cells (pixels) wich are con-
nected in parallel[42]. Each pixel is formed out of a photodiode (APD, avalanche photodiode)
and a quench resistor in series. The photodiode is operated a few volts above the breakdown
voltage so that when a photon is absorbed in the depletion region an electrical breakdown
occurs: the primary charge carriers (photoelectrons) are amplified (through Geiger discharge)
with a high gain (G~ 10°). Then the charge flows through the quenching resistor, restoring

the initial condition. The output signal is proportional to the number of activated pixels.
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APD physics

An APD is a diode that exploits high bias voltages in order to obtain high output signals
following photoelectric events. This is possible due to the presence of a p-n junction and of

an external reverse-bias voltage Vj;,s. Fig. shows the typical p*-p-n construction of an

APD [43].

A Direction of electric field
E <

=
-
X

Figure 3.8: Typical p*-p-n construction of an APD[43]. In order from top to bottom: electric field
profile in an APD due to p-n junction and reverse-bias voltage; APD scheme; photon flux vs depth

scheme.

When a photon, incident on the p™ side, has an energy higher than the band gap energy
E¢ of the semiconductor used to manufacture the APD (typically silicon with E¢ = 1.1 eV), an
intrinsic photoelectric effect can occur, producing electron-hole e-h pairs. The characteristic
depth of photon absorption depends on the type of the semiconductor and the wavelength of

the light. Photon flux as a function of the depth z is:

@(}\’ Z) _ @(}\’ O)e—a(matem'al,/\)z (34)

where ) is the wavelength of the photon and « is the absorption coefficient, whose inverse
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0 is the penetration depth. o depends on the material and on A. Fig. [3.9| shows the absorption

dependence on wavelength for different semiconductors[[43]].
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Figure 3.9: Absorption coefficient, c, as a function of wavelength of incident light (bottom ab-

scissa) or energy (top abscissa)[43].

a decreases as the wavelength increases, so that, for lower energies the penetration depth
is higher. In the visible spectrum § varies from 0.08 m (400 nm) to 3 zm (600 nm) (Fig. 3.9).

If an e-h pair is produced in a heavily doped p* region where the electric field is weak,
the pair is likely to recombine non radiatively (thorough phonon “emission”). If an e-h pair is
produced close to or in the depletion region: here the electric field is strong enough to separate
the pair and make the electron move toward the n region and the hole move towards the p*
region. Due to lack of free charge carriers, in the depletion region the e-h is not likely to
recombine, producing an electrical signal in the circuit containing the detector. The photon

was detected.
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The quantum efficiency, 7(\), is defined as the ratio of the number of photo-generated e-h
pairs per unit time, n._, that produce an electrical signal, to the number of incident photons
on a photo-sensitive surface per unit time, 7).

Ne—h

n(A) = "~ (3.5)

Depending on Vj,,s, there is the possibility for the e-h pairs to trigger an avalanche: de-
pending on the strength of the electric field in the depletion region, the electron or the hole
can gain enough energy to produce other e-h pairs in the depletion region. This leads to an
amplification of the output signal: the APD output current /4pp is related to the single e-h

pair output current /,;, through the following equation:

Iapp = M - I, (3.6)

where M is the APD gain. Fig. shows the gain M as a function of the bias voltage Vj;,s.

log(M)

. M=l + linear region Geiger region

(no gain) i

>

ViR VBias

Figure 3.10: APD gain M as a function of Vy;qs[43].

There are three distinct regions in Fig. In the "no gain” region, M = 1 and the APD

operates as a photodiode.
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In the linear region, log(M) is linearly proportional to V};,s: here the charge carriers gain
enough energy to ionize a lattice atom. The avalanche eventually ceases and the output signal
gives information about the number of photons revealed.

In the Geiger region, the avalanche doesn’t stop, it is self-sustained. In a steady state, the
number of newly created pairs is equal to the number of pairs collected at the electrodes. To
extinguish the avalanche it is necessary to reduce Vj,;,; to at least V},. (the breakdown voltage).
This way any information about the number of impinging photons is lost, the only information
obtained is whether a photon was detected or not.

A SiPM is a matrix of APDs in parallel, all operating in Geiger mode: the output signal is

then proportional to the number of fired pixels.

Electrical model and dynamic range

Due to its characteristics, a SiPM has a dynamic range whose upper limit is the total number
of pixels. In fact, after a discharge, a pixel can’t immediately reveal a photon. An electrical
model for SiPM was produced by F. Corsi et al.[44] as shown in Fig. [3.11][41]].

The SiPM is modeled by parallel connection of a firing pixel with the other inactive pixels.
Each pixel is modeled by series connection of a switch and a quench resistor (R,). Due to the
small distance between the quench resistor and the diode, the parasitic capacitance between
them (Cq) is not negligible. C,,; is the pixel capacitance, Cj is the parasitic capacitance be-
tween the bias distribution lines on the SiPM surface to the silicon substrate. R, is the diode
resistance. R, is the readout resistor, to convert the output current to voltage signals. Rp;4s
and Cy;,s represent the biasing circuit and have typical values of 10 k(2 and 100 nF.

In Fig. the inactive pixels are represented by a single inactive pixel with a quench
resistance R, ,, = R/(N —1), a parasitic capacitance C,, , = (N —1)-C, and a pixel capacitance
Cpuin = (N — 1) - Cpyy, where N is the total number of pixels in the SiPM.

In Tab. [3.3|are collected the typical values of the electrical model components[45]].

When a photon is absorbed, a photoelectron is emitted in the depletion region. In the
electrical model this correspond to closing the switch S in the firing pixel. When the switch
is closed, the voltage at node X V. is Vj;,s, the voltage at the output is 0 and the current

through R; jumps to (Vyias - Vir)/ 4. The charge stored in C),; discharged with a time constant
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Figure 3.11: Equivalent circuit of a SiPM[41].

C(p;zcl C1q CS Cbias Rd Rq Rbias Rs N
83.88 fF | 5fF | 35pF | 100 nF | 1 k(2 | 150 k2 | 10 k2 | 50 2 | 1600

Table 3.3: Typical values of electrical model components for the Hamamatsu MPPC S13360
series[34]][45].

7, ~ Ry (Cpu + C,), causing V,. and 1, to drop. When I, goes below a few pA, the avalanche
in the pixel quenches and S opens. Then, restoring V};,s at the X node needs a higher amount
of time: for this process the time constant is R, - (Cp,; + C;), which is two orders of magnitude
larger than 7, (Tab. [3.3). The output voltage will have a tail depending on the pixel recovery
time and on R, - C as well.

As a reference, Fig. shows the simulation based on this model by H. Chen [41]: they
are base on the components of an S13360 3 X 3 mm? sensor size, 50 um pixel pitch MPPC from
Hamamatsu[[45] (values in Tab. 3.3).

The SiPMs used in SciFi are from the same series simulated in Fig. S13360, but a
different model: 1.3 X 1.3 mm?, 50 um pixel pitch MPPC with a silicon resin window.

The typical recovery time for a pixel, based on the electrical model, is ~ 13 ns. In the
simulation a rejection window 20 ns long to emulate this effect has been considered.

The dependence of the number of pixels fired on the number of photons (here assumed to
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Figure 3.12: SiPM response from simulation using the SiPM electrical model[41]].

be arriving homogeneously and simultaneously at the surface of the SiPM) is[41]]:

_ Nphoton®PDE

Nyived = Npiger - (1 —€ Npizet ) (3.7)
where Nyjycq is the number of fired pixels, N5 is the total number of pixels composing
the SiPM, Nppot0n is the number of photon to be revealed and cppg is the photon detection
efficiency of the sensor. In Eq. eppr is assumed to be the same for all the arriving photons,

but actually it depends on the photon wavelength.
In SciFi this saturation effect is completely negligible: the number of photons reveled by
each of the SiPMs at the end of the fibers, is ~ 10, while the total number of pixel in an S13360-
50CS Hamamatsu SiPM is 667. This effect won’t be negligible for the MatriX detector, which

collects higher amounts of light, and that will be described in the next chapter.
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Dark noise events

A pixel can be activated even following the e-h pair production due to thermal processes: in
fact, for an APD in Geiger mode, it is sufficient a single e-h pair to trigger the avalanche. Of
course a single photon event can’t be distinguished by this kind of processes, which is known
as dark noise.

The rate for these events to happen depends on the SiPM model and on the operating
temperature. The dark noise rate for an S13360-1350CS Hamamatsu SiPM is in the order of
90 kHz[34]]. In the simulation, this effect has been implemented on a SiPM to SiPM basis: this

will be discussed in detail in the following paragraphs.
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3.3.2 Implementation specs

To simulate the SciFi detector, the program has been split into two different parts: one is
implemented using the Geant4 toolkit and simulates the physics of the detector; one is a macro
that processes the Geant4 level output in order to simulate the signals waveforms as they
would be detected by the WaveDream boards[[5].

Fig. shows the Geant4 level flowchart of SciFi.
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Figure 3.13: Flowchart of the Geant4 level simulation of SciFi detector.

The first think that the code does is to extract randomly the time of the next dark noise

event for each of the SiPM in the detector (in the complete detector they are 84) by sampling
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an exponential distribution function, with a decay constant which is equal to 90 kHz (the mean
dark noise rate for S13360-1350CS Hamamatsu SiPM[34]). Actually the dark noise events are
generated at the beginning of the next events, so that the first event generated is always a
signal one.

Then the first primary particle (1", et or 77) is generated: in single fiber simulations the
particles are always generated at the center of the fiber, along the z axis (Fig. [3.14); in complete
detector simulation the beam is distributed in space sampling a bidimensional Gaussian whose

width and position can be changed from command line.

Figure 3.14: Single fiber simulation event: e+, along z axis, passing through the fiber at its center.

If scintillation occurs and a photon reaches the surface of a SiPM, it is checked whether it is
detected or not. This of course depends on the photon energy and on the SiPM ¢ ppg: Fig.
shows the PDE of an $13360-1350CS Hamamatsu SiPM, in red, as a function of the wavelength
of the photon[34]. It is actually the product of the quantum efficiency and of a term which
takes into account the effective detection area of the single pixel, named fill factor: it is the

ratio between the effective area and total area of the single pixel. The PDE of the S13360-
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1350CS SiPM completely contains the emission spectrum of the BCF fibers (see Fig. and
3.15)).

Using WebPlotDigitizer[39] the PDE has been extracted to use it into the simulation: when
a photon arrives on the SiPM surface, it is found the most close point in wavelength on the
extracted PDE. Then a number between 0 and 1 is extracted sampling a uniform distribution: if
the number extracted this way is lower than the PDE value, the information about the photon
are saved (such as the pixel fired, the channel and the time of absorption). Whether the photon

is detected or not, it is killed in the following step.
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Figure 3.15: Photon detection efficiency as a function of incoming photons of an S13360-1350CS
Hamamatsu SiPM. On the left the PDE as shown in [34]. On the right the PDE as extracted using
WebPlotDigitizer[39].

In the simulation the SiPM is composed of two volumes: the pixel volume, which is a unique
box made of Silicon; the window, which in the CS models is made of a ceramic material (silicon
resin) but in the simulation is an empty space with a refractive index equal to 1.41. Only the
optical properties of the window has been introduced, because of their role for the transport
of the photons.

In Tab. [3.4] the sizes of the SiPM are collected, while Fig. and [3.17] show respectively

the SiPM dimensional outlines as reported in [34] and the simulated sensor.
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Pixel volume
SiPM height [mm] | SiPM width[mm)] Window height [mm]
height [mm]
1.5 1.3 1.0 0.5

Table 3.4: SiPM sensor size[34].
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Figure 3.16: Dimensional outlines of an S13360-1350CS Hamamatsu SiPM|[34].
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Figure 3.17: Simulated S13360-1350CS Hamamatsu SiPM.
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After checking on each scintillation photon detection the event ends and all the informa-
tion collected is saved in the output tree. If the number of events is less than the one requested
the cycle restarts, but from the second event on there is an additional step: before the scintil-
lation photons arrive on the SiPM surface it is checked whether there is a dark noise event or
not. If yes, it is saved as it would be done for a detected photon and the next dark noise event
time within the same SiPM is extracted. Then the cycle is restarted until the next dark noise
event happens after the current primary event. If not the primary event starts.

There is a global variable in the simulation that takes into account the amount of time
passed starting from the first event: it is named GunTime. In fact at each event the time of
the next one is extracted sampling an exponential distribution with a slope equal to the beam
rate, which can be set from command line.

Fig. shows the distribution of the hit of the photons on a 50 um pitch SiPM. The
photons are produced after the passage of a 28 MeV/c momentum muon through a 250 ym

sized fiber.

Hit of photons on 50 um SiPM

x10

y, [mm]

— Fiber profile | '

06 04 02 0 0.2 0.4 0.6
X, [mm]

Figure 3.18: Photons hit on 50 um pitch SiPM. The red square represents the size of the fiber with

respect to the SiPM active area.
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3.3.3 Signal simulation

Single photoelectron waveform

The waveform coming from a single pixel firing in the SiPM is shaped basing on data. Fig.
shows the waveform of a single photo-electron as measured by a WDB with Pole Zero
Cancellation (PZC, varies from 0 to 7, see Ch. 5: the possible values to be used in the
final version are 4 or 5. The time division is 10 ns wide. The amplitude division is 30 mV
high. The WebPlotDigitizer[39] has been used to extract the points from the image. Then the
signal has been fitted with an exponential folded with a Gaussian. It is not trivial to compare
the parameters obtained through the fit with the expected rising and falling time for a SiPM
signal due to the presence of PZC. The fine tuning of the MC simulations was expected to be
done during the MEGII beam tuning pre-eng 2020 originally planned for June and currently
shifted to September due to COVID-19 pandemic. The ideal thing, in order to obtain a good
agreement between the detector response and the simulation, would have been using a sum
of single photo-electron signals (dark noise events) at different PZC values to be fitted with
an effective function. This should have been followed by a study of linearity in response with
higher photo-electron number events: using 3’Sr for example. In this thesis a focus on the
detector simulation itself has been given, the Geant4 level, instead of on the electric response

side, and at this level it is not needed a fine tuning on the signal shaping: the waveform used

is shown in Fig

Figure 3.19: Single photo-electron waveform measured through WDB with PZC 5.
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In order to avoid the pedestal on the left of Fig. the fit has been performed only around

the peak, where the noise effect is negligible. The fitting function is:

f(l‘) =A (C(.CL’ — Tpos, Trises Ugaus) -C (-T — Tpos

TriseT fall
(Trise + 7—fall

) ) Ugaus)) + Offset (38)

with 7, the rising time, 74, the falling time, 04,5 the gaussian width, A a multiplicative

constant and z,,s a positioning value. The C function is defined as:

C(z,a,b) = bV/27 exp ( i f) (erf(

202 «a

ar — b?
+1
ab\/§> )

(3.9)

Tab. [3.5|and Fig. show the results of the fit. The fit is performed without errors on the

signal points.

Trise [DS] Tfall [ns] O gaus [ns]
1.58 £+ 0.07 0.57 £0.03 0.50 + 0.03

A [mV] Tpos [NS] of fset [mV]
-69.4 + 0.6 2.76 + 0.04 25+14

Table 3.5: Fitting parameters.

Signal example
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Figure 3.20: Single photo-electron signal fit. The parameters are collected in Tab.
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e [n5] tait [0] Ogous [1s]
1.58 0.57 0.50

A [mV] Tpos [15] of fset [mV]
2.07 1.5 0

Table 3.6: Parameters used in the simulation.

The parameters used in the simulations are collected in Tab.

A smearing effect on the single photo-electron waveforms has been introduced: the effect
of electric noise has not been considered but the amplitude of the waveforms was sampled
using data taken during PSI Summer Program 2019. First photo-electron signal amplitude
spectrum was measured using Dark Noise events with PZC 0 value, assuming that the effect
would be the same with higher PZC values. The SiPM used is a S13360-50PE Hamamatsu[34].
Fig. shows the data, on the right panel, fitted with a skew Gaussian: the tail on the left is an
exponential function (7 = (1.64+0.4)10~* a.u.) connected to a Gaussian (o0 = (5.98+0.12)1073

a.u.) analytically. The data are scaled so that the mode of the distribution is 1.

Waveform + smearing Amplitude distribution
- . H
S 1.2 2 1 Enties 10000
= r — True waveform :E Mean 0.9959
) = [
© o L StdDev  0.03713
= P
= 1 @ L
a | aQ
E I 208
S L
- o
0.8 ° I
0.6
0.6 i ’d 1‘
L 0.4
04 I fr \1
0.2] 0'27 ;la
L 1 1 Huu-P*JHHHHHH\lH Ll
0 10 8.8 0.85 0.9 095 1.06 11 115 1.2
Time, [ns] Amplitude, [a.u.]

Figure 3.21: Single photo-electron amplitude distribution: on the left the measured distribution
fitted with a skew Gaussian; on the left a comparison among the true waveform and the sampled
ones.

On the left panel there are 10* waveforms with amplitude sampled through the fitted func-
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tion: the sampling is performed through the GetRandom() method of TF1 ROOT objects[8]].

Channel waveform

After the Geant4 simulation ends, the output file contains information about the whole event
and about the single detected photons, but the macro that elaborates the signals uses only the
information about the single photons detected. The macro is written in C++ and it includes
libraries from the toolkit ROOT[8]. The first step is to order temporary the arrival time of
the photons on the SiPM surface. Due to the structure of the Geant4 simulation, the output is
already partially ordered: the single photons information stored during an event is stored in
vectors that are filled on a temporal basis hierarchy, so that the first photons revealed are the
first to be stored. This means that it isn’t necessary to order all the events at once, but instead
it is possible to order the information about a smaller group of events. The routine that orders

the output is structured as follows:

1. the information about photons coming from the first 100 events is stored and ordered,;

2. the first half of the ordered events is stored in a new file, while the remaining data are

saved in a buffer;

3. the data stored in the buffer are merged with the next 100 events information and or-

dered;

4. the second and third steps are repeated until the file ends.

Of course the number of events in these "packages” may vary according to the beam rate:
the typical amount of time needed for the photons to arrive is of the order of 10 ns. In order
to obtain long enough packages it is necessary to cover a period of time that’s longer than
the typical arrival time of photons. This way, considering packages containing 100 events, the

ordering works up to rates of the order of:

=10"Hz (3.10)

As will be discussed much more in detail later, this rate is actually more than two orders of

magnitude higher than the maximum rate registered on a single fiber: at the collimator in the
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ITES5 line, the beam has a o ~ 20 mm which means that there are almost 2 orders of magnitude
between the beam rate and the hit rate on the central fibers. The highest beam rate is the one
of the positron beam with completely opened slits and it is of the order of 10° Hz. Specific
tests on the output confirm that using this algorithm produces a temporary ordered output.

Then the information about the photons are divided by channels (SiPMs) and all the pho-
tons detected by a SiPM fired in a 20 ns window are rejected (see Fig. (b)): this allows to
create single channel waveforms as they would be measured with an oscilloscope.

In fact the last step is to form the signals and save their characteristics. At the beginning of
the routine two vectors are created: signal and signalT. The first one represents the amplitude
of the signal at a given moment. The second one represents the time. They have the same
size and each signal element is related to the signalT element with the same position index:
signalT.at(i) is the time at which the amplitude is signal.at(i).

In the beginning, the two vectors are filled: signalT corresponds to a time window 200
ns long divided in 0.1 ns bites; signal is filled with zeros. It is possible to set a threshold
in amplitude in order to select the waveforms to be saved: the default value is 0.5 a.u. (1
corresponds to the maximum of a single photoelectron signal). The threshold is checked only
at the central values of signal and signalT: these are the values at the center of the considered
time window. The threshold is checked at the central value of signal instead of the first one
for debugging reasons: this way, if there is any error in the output, it is also possible to check
the previous event.

The routine is structured as follows:
1. the next photon arrival is read from file;
2. the time window slides at 0.1 ns bites:

(a) signal.at(0) and signalT.at(0) are erased;

(b) the sum of the signals amplitude in the next point to be added is calculated based

on the previous photons arrival times. This value is named Amplitude;

(c) Amplitude is added to the bottom of signal and the next temporal step is added to

the bottom of signalT;
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(d) if the central value of signal is higher than the threshold, basic information about
the signal are saved in the output: amplitude, time at which the signal passes over
the threshold. Other information about the corresponding event is saved for de-

bugging reasons, such as the number of the event;

(e) steps from (a) to (c) are repeated until the next element to be added in signalT is

greater than the arrival time of the next photon.

3. the arrival time of the photon is saved in a buffer and will be used to evaluate the signals

in the next cycles;

4. after 400 steps, the arrival time is erased from the buffer: this choice is made to reduce
the amount of memory to be used by the macro. As shown in the previous paragraph,

40 ns it’s enough to consider the pixel to be turned off.

The cycle is repeated until the end of the file and the waveforms are processed separately
for each channel.

Fig. shows an example of waveform.

Signal example: 2.2 MeV e+

(o2}

Amplitude, [a.u.]
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Figure 3.22: Example of waveform obtained with the simulation. This waveform follows the

passage of a 2.2 MeV positron through a BCF-10 fiber.
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3.4 Single fiber rate reconstruction

The saturation caused by a high rate of primary particles passing through a fiber has been
evaluated: the saturation arises because of the dead time after the coincidence between the
SiPMs at the end of the same fiber. Simulations have been run at different beam rates, using
a perfectly centered monochromatic 2.2 MeV kinetic energy positron beam along the axis of
the fiber. Each run is 10° events long with the Dark Noise events turned off.

Knowing the dead time window length and the fibers rate, it is possible to evaluate a cor-
rection factor to obtain a better estimation of the number of primary particles passing through
the fibers per unit time.

The expected measured rate is:
Re?ﬂp = Rreal €Xp (_Rreal X AT'deozd) (3.11)

Fig. shows the effect of the dead time on the rate of a single fiber.
It is possible to correct this effect. The easiest thing that can be done is to evaluate the values

of the following succession:

Ap+1 = Rmeas €exp (_an X AT‘dead)

with R,,..s the rate measured on a single fiber and ag = R,,..s- The aim is to obtain a
value that satisfies eq. the algorithm is stopped when the difference between a,,; and
ay, is lower than 107°. Fig. shows the effect of this correction on the measured rate. The
error associated to each point was evaluated calculating the correction factor a hundred times
through the same algorithm, sampling a Gaussian with mean equal to the measured rate and
width equal to the error associated to the measurement (Poisson).

There is a discrepancy between the “real” value and the corrected one for rates higher than 10°
particles/s. Considering a symmetric gaussian beam with a 20 mm o, the fraction of particles
passing through the central fibers is ~ 0.5 % each. This means that using this correction
algorithm will provide good estimation of the “real” rate up to beam rates on the order of a
few 108 particles/s. This algorithm is quite simple, and there are routines more precise than

this one, but for the aim of this work this is enough. Actually in the next sections beam rates
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higher than 107 particles/s will not be simulated, which means that the rate estimation will be

good without using the algorithm above.

Expected events fraction vs rate on single fiber
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Figure 3.23: Comparison between expected and simulated dependence of the single fiber rate on
the real beam rate. In the top panel there is the dependence of the measured rate fraction on the
real one as extracted from MC simulations in blue, to be compared with the red plot that is the
expectation evaluated with eq. In the bottom panel there is the ratio between the point of the

plots above.
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reconstructed events fraction
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Figure 3.24: Single fiber rate measured corrected.
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3.5 Complete detector

To simulate the complete detector 42 20 cm long fibers have been placed, using alternatively
BCF-10 or BCF-12, 0.25 mm, or 0.50 mm , wide composing a grid: the fibers labelled from 0
to 20 compose the back layer, where the fibers are positioned along the x axis, the horizontal
direction, giving information about the vertical component of the beam; the fibers labelled
from 21 to 41 compose the front layer, where the fibers are positioned along the y axis, the
vertical direction, giving information about the horizontal component of the beam. The fibers
are 5 mm spaced and the two layers are 5 mm spaced too. Fig. shows the simulated SciFi

detector while muon hits a fiber.

Figure 3.25: Complete SciFi detector simulation view. The event shown is a muon depositing

energy in a front layer.

At the ends of each fiber a S13360-50CS SiPM is placed, directly in contact with the fiber.
The original project involved the use of BCF-10 fibers 0.25 mm wide. Currently the fibers used
at PSI are BCF-12 and there are two detector versions: an in-air version that uses 0.25 mm wide
fibers and an in-vacuum version that uses 0.50 mm wide fibers. In the next paragraph a differ-
ence in terms of signal amplitude spectrum will be shown, but at this level it is not possible

to prefer a configuration to another: the scintillation properties are similar between BCF-10
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and BCF-12, the attenuation lengths is negligible at this lengths (20 cm) and the difference in
emission decay time is negligible as well.

More in detail, in this section it will be discussed:

« the performances of the detector while using coincidences between the SiPMs on the

same fibers;
« the reconstruction algorithm;

« the information that can be obtained on the correlation between the transverse axes,

using the coincidences between the two layers of fibers.

3.5.1 Spectra

In order to compare different configurations of SciFi, simulations have been run varying the
beam type and the fibers characteristics. Tab. [3.7|collects the conditions used for these simula-
tions, while Fig. and[3.27|show the amplitude spectra after imposing coincidence between
SiPMs at the ends of the same fiber. Here and in the simulations of the next paragraphs, the
dead time is set to be 20 ns and the coincidence window is 20 ns long, starting from the first
SiPM with the output over threshold. The threshold for the coincidences is 1.5 a.u. (photo-

electrons): this is to avoid coincidences due to afterpulses or dark noise.

Beam characteristics
Particle Initial kinetic energy Beam width [mm)]
(momentum) [MeV]
et 52.8 20
ut 3.7 (28) 20
T 16.8 (70.5) 8
Fibers material Fibers width
BCF-10 BCF-12 0.25 mm 0.50 mm

Table 3.7: Configurations considered in SciFi simulations. The results are collected in Fig. [3.26

and
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Figure 3.26: Amplitude spectra obtained with BCF-10 fibers.
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Figure 3.27: Amplitude spectra obtained with BCF-12 fibers.
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The most probable values of the three particle distributions are spaced as expected: a factor
~3-4 between e™ and 7; a factor ~ 10 between e* and u* (see Fig. .
As mentioned above, the spectra obtained with BCF-10 and BCF-12 are quite similar and in
the following paragraph It will be shown that at a reconstruction level they are equivalent.

Comparing the spectra obtained with an 0.25 mm or 0.50 mm wide fiber, there is a clear
difference in the muon spectrum: there is a peak around 300 a.u. in the case of 0.50 mm fibers.
This is due to the particles that hit two fibers during a single event: in the second fiber the
energy deposit is higher because in the Bethe-Bloch plot, the 28 MeV/c momentum muons are
positioned on the left of the minimum. With 0.25 mm fibers this effect is present too, but it is
enhanced using 0.50 mm fibers, where the energy deposit difference is higher and number of
particles passing through two fibers is higher as well.

Fig. shows a comparison between the amplitude spectra of 28 MeV/c momentum
muons passing through two fibers when their width is 0.25 or 0.5 mm. The fibers are BCF-10.

This effect is completely negligible for pions and positrons.
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Figure 3.28: Amplitude spectra obtained with BCF-10 fibers. Here are shown only events where
28 MeV/c momentum muons pass through two fibers. It is possible to see that the signals from the
back layer (fibers 0 to 20) are higher.
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3.5.2 Double channel coincidences

Reconstruction algorithm

The macro that elaborates the response of the detector produces three output files: a ROOT[S]],
and two text file. The ROOT file collects all the information about the waveforms, while the
first text file collects the number of time the SiPMs at the ends of each fibers are in coincidence
(42 entries) and the second text file collects the number of time two fibers are in coincidence
(441 entries). The text files contain the duration of the run too.

In order to extrapolate information about the shape and the rate of the beam, a macro
reads the text file and produces two profiles: a vertical profile, based on the first 21 fibers (back
layer); an horizontal profile, based on the last 21 fibers (front layer). Then the two profiles are
fitted to two Gaussians that share the same integral: the fit is performed contemporary on the
two layers, imposing that the areas of the two Gaussians are the same. From this fit it is not
possible to obtain information about correlation between the two transverse directions of the

beam. The fitting functions are:

A i — i)
file) = ——exp (— %) (3.12)

(2
with A the integral of the two fitting functions, i = 0 or 1 represents the layer, o; the

standard deviation and p; the mean of the i-th direction. The fit is performed minimizing

numerically the sum of the x?-like variable:

(Oi,j - fz‘(%j,ﬂu Ui)>2
Oi,j

where j is an index for fibers on the same layer, O, ; represents the number of hits on the

X = 21:0,12?020 (3.13)

j-th fiber in the layer i and z; ; is the position of the j-th fiber along the i-th direction.

The rate is obtained through the following expression:

A
R p—
fiber corewidth x AT

(3.14)

where AT is the duration of the simulation run.
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Tab. and Fig. show the reconstruction performed on a 28 MeV/c momentum p*
beam, perfectly centered along the axis of the detector and symmetric, with a 20 mm sigma.
The amplitude threshold is 1.5 a.u. (photo-electron) and the fibers are BCF-10.

Tab. and Fig. show the reconstruction performed in the same conditions as above,
but using BCF-12 fibers.

i1, [mm)] o, [mm] i1, [mm] o, [mm]
0.09 £ 0.09 20.22 +0.06 0.01 £ 0.03 20.09 4= 0.06
A [mm] R [p/s] x> ndof
(2.305 + 0.008) 10° | (9.80 % 0.03) 10° 34.8 37

Table 3.8: Fit parameters and rate for beam reconstruction example in Fig. 3.29

fo [mm] 0, [mm] fiy [mm] 0y [mm]
-0.11 & 0.02 20.06 & 0.06 -0.05 & 0.10 20.12 4 0.06
A [mm] R [4/s] X2 ndof
(2.223 4 0.008) 10° | (9.81 % 0.03) 10° 45.2 37

Table 3.9: Fit parameters and rate for beam reconstruction example in Fig. [3.30

The results are compatible and the resolutions too. At this level is not possible to distin-
guish the performances of SciFi using BCF-10 fibers or BCF-12. In terms of shape reconstruc-

tion, the results obtained with positrons and pions are consistent as well.
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Mu037MeV1e7R Beam profile

Fit:

p=(0.094(92), 0.01(3) )
o =(20.22(6) , 20.09(6) )
Rate = 9.80(3) e6 mu/s

Exposition time = 1.0e+05us

(c) Bidimensional view

Figure 3.29: Muon beam reconstruction with SciFi. The beam is 20 mm wide in both directions,
centered along the detector axis. The fibers are BCF-10, 0.25 mm wide. The beam rate is 107 u/s.

The number of events generated is 10°.
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Fit:

u=(-0.11(2) , -0.05(10) )

o =(20.06(6) , 20.12(6) )
Rate = 9.81(3) e6 mu/s
Exposition time = 9.7e+04 us

(c) Bidimensional view

Figure 3.30: Muon beam reconstruction with SciFi. The beam is 20 mm wide in both directions,
centered along the detector axis. The fibers are BCF-12, 0.25 mm wide. The beam rate is 107 u/s.

The number of events generated is 10°.
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Beam rate reconstruction

In order to check if the rate resolution as extracted from the fit is a good estimation, or to
point out if there is some resolution limitation at this level, 10 runs have been simulated using
a 28 MeV/c momentum muon beam. The beam is 20 mm wide, symmetric, perfectly aligned
along the detector axis. The beam rate is 107 u/s and the number of events simulated per run
is 10°. After the simulation the beam is reconstructed and a comparison is made among the
beam rates obtained from each sample. Then the arithmetic mean of the obtained values and
the beam rate extrapolated from the reconstruction when performed on the merging of the
samples, are compared. This procedure is done for 0.25 and 0.50 mm wide fibers, using BCF-10
and BCF-12 as materials.

Fig. shows the results of these simulations, while Fig. shows an example of
merged sample: it is the reconstruction performed on the sample obtained by merging the
0.25 mm wide BCF-10 fibers samples.

Tab. collects a summary of the reconstructed rates extrapolated by arithmetic mean

calculation or fit on the merged samples.

Rate extrapolated
Arithmetic mean
Sample conditions x*/ndof from the merged
of rates [1/s]
samples [11/s]

BCF-10, 0.25 mm

(9.811 £ 0.010) 10° 7.4/9 (9.815 + 0.010) 10°
wide
BCF-10, 0.50 mm ‘
(9.867 & 0.008) 10° 6.4/9 (9.869 =& 0.008) 10°
wide
BCF-12, 0.25 mm
(9.806 £ 0.013) 10° 2.7/9 (9.813 4 0.013) 10°
wide
BCF-12, 0.50 mm
(9.837 4 0.009) 10° 15.9/9 (9.840 4 0.009) 10°

wide

Table 3.10: Comparison between arithmetic mean of beam rate reconstructed from low statis-

tics samples, 108 events, and beam rate reconstructed from high statistics samples, 107 events.
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Rate reconstruction resolution consistency, BCF-10
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Figure 3.31: Comparison between rate reconstruction in different configuration. Each graph repre-
sents the rate reconstruction for a different sample, maintaining fixed the detector configurations.
In the top panel there are the graphs related to BCF-10 fibers. In the bottom panel there are the
graphs related to BCF-12 fibers. Each sample is composed of 10° events and the beam rate is
always 107 yu/s.
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sumMu037MeV1e7 Beam profile

Fit:

u=(-0.01(3), 0.029(31) )
0 =(20.077(25) , 20.040(25) )
Rate = 9.815(10) e6 mu/s
Exposition time = 1.0e+06us

(c) Bidimensional view

Figure 3.32: Muon beam reconstruction with SciFi. The beam is 20 mm wide in both directions,
centered along the detector axis. The fibers are BCF-10, 0.25 mm wide. The beam rate is 107 u/s.

The number of events generated is 10°.
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The results are consistent on equal conditions. It must be underlined that on a theoretic
level 10° events are enough to provide a resolution better than per cent. Anyway the results
are not compatible among the different conditions considered and they are never consistent
with the real value. Tab. collects the beam rate extracted with a 20 mm positron beam
and with an 8 mm pion beam, using 0.25 mm wide BCF-10 fibers. The results are not consis-
tent with the values obtained with the muon beams, nor between them. This suggests that
there is a difference in performances when measuring beam rates, depending on the primary
particle characteristics. In the future it will be needed a data-driven check on the results ob-
tained through the Monte Carlo simulation, and on the beam rate measurement stability and

dependence on the beam specifications.

et beam 7~ beam
Kinetic energy (momentum)
52.8 16.8 (70.5)
[Mev(Mev/c)]
Beam width [mm)] 20 8
Reconstructed beam rate [particle/s] | (9.77 £ 0.03) 10° (9.62 & 0.03) 10°

Table 3.11: Beam rate reconstruction performed on e™ and 7~ beams. Here the characteristics

of the beam and the resulting rate reconstruction.

3.5.3 Double fiber coincidences

As already mentioned, the output files produced at the end of the simulation are three: a
ROOT file containing information about the single waveforms; a text file with the counts of
the coincidences between SiPMs on the same fiber; a text file that contains the counts of the
coincidences between two fibers. The first two outputs have already been discussed. In this
paragraph a brief discussion will be done about the reconstruction algorithm implemented to
extrapolate information about the correlation between the two transverse directions: in fact
the information about rate, sigmas and position of the beam will always be more precise if
obtained through the single layer reconstruction presented in the previous paragraph, but it

is not possible to obtain information about the correlation of the beam from such an analysis.
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Reconstruction algorithm

When the output waveforms coming from SiPMs on the same fiber pass over threshold in a
time window 20 ns long, the amplitude of the two signals, the time at which the coincidence is
activated (activation time) and the corresponding fiber are saved in a TTree[l8] named swaves
("signal waveforms”), which then is written inside the ROOT output file of the simulation. In
order to generate coincidences between the two layers of fibers, a routine reads the swaves
TTree. This TTree is ordered by the activation time variable.

When two consecutive entries in swaves are activated in a time window 12.5 ns long (which
is the actual minimum time window that can be obtained by the WDB system), if the corre-
sponding fibers belong to different layers, the amplitudes, the activation time and an integer
from 0 to 440, indicating the involved fibers, are saved in a TTree named swaves2. After an
event there is a 25 ns long dead time window. Then the text file regarding the coincidences
between fibers is generated.

Unlike the single fiber case, here there is a major background to be considered: the acciden-
tal coincidences. In fact, in order to obtain a bidimensional profile of the beam, it is necessary
to let all the fibers in a layer to be in coincidence with all the fibers in the other layer. This
means that the expected profile is the sum of two bidimensional Gaussians: one is the “real”
one, directly related to the beam shape and containing information about the correlation; one
is an uncorrelated beam, with the same widths of the real beam and a rate that is strictly re-
lated to the number of accidental coincidences between fibers in the two layers.

The rate of accidental coincidences between the two layers is:

Racc = 2Rlayer exp ( - Rlayer X ATcoincidence) (315)

where Ry is the number of events registered per layer in the unit time and AT i cidence
is the length of the coincidence time window (12.5 ns). In first approximation, Ry, can be
obtained by dividing the total number of counts measured with SciFi by the length of the
measurement window and by a factor 2. This is not the beam rate as it would be extracted by a
bidimensional gaussian fit: this is the rate at which there is an accidental coincidence between

two fibers of different layers.
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In order to obtain the "uncorrelated beam rate” R,,,, it is necessary to divide R,.. by the
integral of the uncorrelated Gaussian, when normalized to one, in the "intersections” between
the fibers. In first approximation, the area of these intersections is the square of the core of the
fibers. This integral is performed by the reconstruction algorithm after that the single layer
reconstruction is finished, so that the beam position and the sigmas are already available.

A bidimensional Gaussian can be expressed in the following form:

a1 (z—pz)?  2p(@—pa)(y—py) (y—py)?
_ A 2(1—p2) < 0,2,1 oxoy + o2 >
T,Y) = e z v
/. _
TO0y\/ 1 —p

(3.16)

where ; is the mean value along the i direction, o; is the standard deviation along the i
direction, p is the correlation between the two directions and A is the normalization factor.

The fitting function F' that has been used is the sum of two Gaussians as reported in eq.
feorr and fy,,. In order to make the fit converge without ambiguity, it is performed fixing
some parameters that are known from the single layer analysis. Tab. collects the values

of the fixed parameters and the initial values of the free parameters.

feorr parameters
M corr Og,corr Moy corr Oy,corr
Acorr (free) "’ ' Peorr (free)
(fixed) (free) (fixed) (free)
Asingle X
Mz single Oz, single My, single Oy,single 0
f.cow.
fun parameters
Mg un Oxun oy corr Oy,corr
Aun (fixed) ! ’ pun (fixed)
(fixed) (fixed) (fixed) (fixed)
R,, %
f.C.U}.2 X Mz single Oz single My, single Oy, single 0
AT

Table 3.12: Initial parameters for bidimensional beam reconstruction with SciFi. The parameter

named f.c.w. is the fiber core width. AT is the time window of the measurement.

The parameters labelled with single are obtained from the single layer reconstruction. The
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parameter named f.c.w. is the fiber core width. If | p.op| > 2Apeorr the Ay, parameter is set free
and the fit is repeated. In order to avoid misevaluations while reconstructing low correlations,
A,y is limited upperly by the value in Tab.

Fig. shows an example of beam reconstruction using the algorithm above. The beam is
obtained rotating 60 degrees a beam with the parameters in Tab. The expected correlation
is p = 0.672 and the expected o are 0, = 15.207 and o, = 22.221. The fibers are BCF-10 0.25 mm
wide and the number of events generated is 107. The results are collected in Tab.

The reconstructed beam rate from single layer fit is:
R = (9.816 4 0.010)10°/s
The reconstructed beam rate from bidimensional fit is:
Reorr = (9.729 £ 0.007)10%/5

In order to evaluate properly the uncertainty on p, a macro iterates the estimation sampling
the fixed parameters used in the fit: in fact those parameters are obtained from a previous fit
and so they have an uncertainty and are correlated one each other. At each iteration five
uncorrelated Gaussians are sampled, one for each parameter of the single layer fit, with the
variance obtained through the fit. Then they are mixed using the Cholesky decomposition of
the correlation matrix of the single layer fit.

The values obtained in this way are then used to obtain a distribution of p. The uncertainty
evaluated this way is negligible with respect to the one extrapolated with the fit.

Fig. shows the correlation distribution described above. The standard deviation is 3.1

107°, while the reconstructed value of the correlation is:
Peorr = 0.673 £ 0.007 (3.17)

The uncertainty is two order of magnitude higher than the standard deviation on p
the fit is stable on the estimation of the correlation. The next paragraph will focus on the

reconstruction of p.,,.. in different conditions.
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Beam rate
p [mm] 0, [mm] fy [mm] o, [mm] p
[14/s]
107 0 25 0 10 0

Table 3.13: Beam parameters of the reconstruction example in Fig.

3.33

before rotation.

feorr parameters
Mz corr My, corr
Acorr (free) O, corr ’ Oy,corr
(fixed) (fixed) Peorr (free)
[mm?] (free) [mm)] (free) [mm)]
[mm] [mm)]
(5.13 + -0.04 £+ 14.94 + 21.83 + 0.673 +
0.04 + 0.04
0.04) 10° 0.02 0.08 0.14 0.007
fun parameters
Aun Mz un Oz,un My, corr Ty,corr
(released) (fixed) (fixed) (fixed) (fixed) Pun (fixed)
[mm?] [mm] [mm)] [mm)] [mm]
(1.066 + -0.04 £ 15.214 & 22.22 &
0.04 4 0.04 0
0.006) 10 5 0.02 0.016 0.03
x%/ndof
single layer fit bidimensional fit
42.4/37 365/377

Table 3.14: Fit parameters for beam reconstruction in Fig.

dences between fibers on different layers.

3.33

It is performed using coinci-
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(a) Comparison between fit and histogram.

Mu037MeVl1e7LayerOBeam Profile

Fit:

p = (-0.04(0) , 0.04(0) ) mm
0 =(14.99(9) , 21.89(15) ) mm
Rate = 9.300(4) e6 mu/s
Exposition time = 1.0e+06us

(b) Fitting function profile.

Figure 3.33: Correlated muon beam reconstruction using coincidences between fibers on different
layers. The beam parameters are collected in Tab. The results are collected in Tab. The

number of events generated is 10"
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Figure 3.34: Reconstructed p distribution.
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Fig. and Tab. show the results of the reconstruction performed on a beam with lower

correlation. Tab. shows the expected values. The number of event generated is 10°.

rotation.

The so-obtained parameters are compatible with the expected values.
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Beam rate
po [mm] | o, [mm] | w, [mm] | o, [mm] p
[14/5]
107 0 16.39 0 18.87 0.245
Table 3.15: Beam parameters of the low correlation reconstruction example in Fig. |3.35/before



feorr parameters

Mz corr My, corr
ACOT”" (free) UI,COTT ! O'y,CO’,"T’
(fixed) (fixed) Peorr (free)
[mm?] (free) [mml] (free) [mm)]
[mm] [mm]
(5.13 & -0.04 +
0.03 &= 0.07 159+ 04 179+ 0.4 0.28 £+ 0.03
0.04) 10° 0.03

fun parameters

Haun Oz un My, corr Oy, corr
Aun (fixed)

(fixed) (fixed) (fixed) (fixed) Pun (fixed)

[mm?]
[mm] [mm] [mm] [mm]
(1.334 + 16.482 + -0.04 + 19.04 +
0.03 £ 0.07 0
0.009) 10 4 0.004 0.03 0.07
x*/ndof
single layer fit bidimensional fit
42.4/37 365/377

Table 3.16: Fit parameters for beam reconstruction in Fig. [3.35| It is performed using coinci-

dences between fibers on different layers. The ,,, parameter is kept fixed because it reached

the upper limits during the minimization.

85



Mu037MeV1e7LowCorRpoly
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(a) Comparison between fit and histogram.

Mu037MeV1e7LowCorRBeam Profile

Fit:

u = (0.03(0) , -0.04(0) ) mm
0= (15.9(4) , 17.9(4) ) mm
Rate = 8.249(12) e6 mu/s
Exposition time = 1.0e+05us

(b) Fitting function profile.

Figure 3.35: Low correlation muon beam reconstruction using coincidences between fibers on
different layers. The beam parameters are collected in Tab. The results are collected in Tab.
The number of events generated is 10°.
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Then the same simulations are repeated as in previous paragraph (beams specifications in
Tab. [3.13), using different values for the rotation angle, generating 10° events for each sample.
The results are collected in Fig. All the values are compatible with the expected one.
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Figure 3.36: Reconstructed p.., dependence on the rotation angle.

So it would be possible to measure the beam correlation by using coincidences between

fibers on different layers. Currently this feature is not implemented in the SciFi trigger.
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3.6 First proof of principle

During Summer 2019 I spent two months at PSI laboratories as a summer student. During the
summer program I could participate to the first tests of the SciFi detector. Fig. shows one
of the first measurements performed with the 0.25 mm wide fibers SciFi on the IIE5 muon
beam, while positioned at collimator. The measurement was taken on September the 16'*. The

threshold was set on the second photo-electron and the measurement lasted 10 s.
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Figure 3.37: Beam measurement performed with 0.25 mm wide fibers SciFi on the 11E5 muon

beam at PSI laboratories. data taken on September 16", 2019.
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Chapter 4

Diagnostic tools: MatriX

In Ch. 3|1 introduced a quasi non-invasive beam monitor. In the next chapter I am going to

introduce a destructive beam monitor: MatriX.

o

i) o{i + () o ol o
5 o5 o8 08 (8
o

(a) SiPM matrix (b) The BC-400 scintillating crystals are positioned
inside a plastic mask during the assembly of the de-

tector.

Figure 4.1: MatriX detector view.

It has the capability to measure beam rates and shapes with high precision as SciFi detector,
but the design of this detector suits better the characteristics of the beam at COBRA center
(Fig. , which is narrower than at collimator (4™ beam o, ~ 10 mm), and the available

space at the center of the MEGII apparatus[5]].
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Figure 4.2: MatriX position along the beam line.

In the next sections I will describe in detail the MatriX detector and its Monte Carlo sim-

ulation implementation with the Geant4 toolkit[21} 22} 23]).
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4.1 Basic principles: brief introduction

MatriX is a beam monitor detector based on cubic scintillating crystals coupled to SiPMs. As
in SciFi the SiPM read the scintillation light emitted after the passage of charged particles, but
in this case - at least for the muons - the full energy deposit is exploited. In fact the main
difference between SciFi and MatriX is the amount of energy deposited in each element and
the more efficient way to collect the scintillation light, which for MatriX is higher, implying
high amplitude signals that allow to cut the DN of the SiPM just with a threshold.

Due to the position along the beam line in which MatriX has to be put for the measure-
ments, there is no need to make it a non-invasive detector: SciFi is intended to be used online,
to check the beam position and shape, or even the rate, if it is necessary; MatriX is intended
to be mounted on a support to be directly positioned at the end of the Cockroft-Walton arm in
the IIE5 area used for calibration[5,29], where the MEGII target is positioned. The IIE5 muon
beam energy deposit in MatriX corresponds to the whole initial kinetic energy of the particles
(3.7 MeV, Ch. 2) and the energy deposit for minimum ionising positrons is ~ 0.5 MeV.

The current design of the MatriX detector consists of 81 BC-400 (organic) scintillating
crystals[38] positioned in a 9x9 grid. The elements are spaced 6 mm apart. Each crystal is
coupled to an S13360-1350PE Hamamatsu[34] SiPM through optical grease (Saint-Gobain BC-
631[35]).

Due to its segmented design, MatriX is able to measure eventual correlations between the
two transverse directions of the beam without any particular request on the trigger. In fact
the scalers intrinsically consist of a bidimensional scan of the beam.

In the next section the performances of the current design and possible optimizations that
can be done by substituting the scintillating material or the SiPM model will be discussed:
a possible candidate for the scintillating material could be LYSO[19], an inorganic scintillator
with a high light yield and a high radiation hardness; a possible alternative for the SiPMs could
be the 25 pum pitch model (513360-1325PE Hamamatsu[34]).
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Figure 4.3: MatriX detector project.
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4.2 Single element: single crystal simulations

4.2.1 Single Element description

The MatriX detector consists in 81 elements composed of a plastic scintillating crystal (2x2x2
mm? Saint Gobain BC-400[38]]) coupled to a SiPM (Hamamatsu S13360-13PE[34]) through op-
tical grease (Saint Gobain BC-631[35])). The elements are spaced 6 mm apart.

The minimum requests for the properties of the crystals are: high scintillation yield, fast
decay time, emission spectrum fitting the absorption spectrum of the SiPMs. In the next
paragraphs LYSO crystals, Lutetium based scintillation crystal doped with Cerium, will be
considered[19].

The information about BC-400 and LYSO are collected in Tab.

Scintillating crystals properties

BC-400 LYSO
No. photons per MeV ~ 11000 | ~ 33000
Rise time [ns] 0.9 -
Decay time [ns] 2.4 36
Wavelength of max. emission [ns] 423 420
Light attenuation length [cm] 160 20[146]][47]
No. H atoms per cm? 5.23 -
No. C atoms per cm? 4.74 -
Ratio H:C atoms 1.103 -
No. of electrons per cm? 3.37 -
Density [g/cm?] 1.023 7.1
Refractive index 1.58 1.81

Table 4.1: Saint Gobain scintillating crystals properties|38][19].

The emission spectra of the considered scintillating materials are shown in Fig. The
emission spectra extracted using WebPlotDigitizer[39] are given in Fig.

In the next paragraphs the first sanity checks on the simulation will be discussed .
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Figure 4.4: Emission spectra of the considered crystals|38][19].
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Figure 4.5: Emission spectra of the considered crystals[38][19] extracted from the imaged in Fig.
39].

4.2.2 Sanity checks

Simulations without the SiPM

Before implementing the SiPMs in the single element simulation, simulations have been run
of the only scintillating crystals exposed to a positron beam. In this simulations the depen-

dence of the energy deposit in BC-400 crystals for different initial kinetic energies and different

crystal sizes has been checked.
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Fig. |4.6/shows a typical energy deposit spectrum in a 2x2x2 mm?® BC-400 crystal of a 2.2

MeV positron. It is fitted to a Landau distribution through y? minimization.

Events per 22 KeV

Energy deposit in BC400, 2.0mm, e+ 2.2MeV

H3

Entries
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1000
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0.1428

MC simulation
Fit:

Constant = 7.19e+02(35) MeV™'
MPV = 4.50e-01(2) MaV

& = 3.03e-02(12) MeV

y/ndof = 39/40
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Figure 4.6: 2.2 MeV positron deposit in 2 mm sized cube of BC-400. The fitting function is a Landau

distribution with the following parameter: constant = (4.6 & 0.2) 10> MeV—, MPV = (4.47 + 0.02)
1071 MeV, 0 = (2.80 & 0.11) 10~2 MeV. x/ndof = 81/54.

Simulation in different conditions, varying the sizes of the crystal and the initial kinetic

energy of the positrons have been run. The conditions are summarized in Tab.

Deposit energy sanity check runs conditions

Crystal size [mm]

2 10 20
Initial kinetic energy [MeV]

0.1 0.5 1.0

2.2 28 50

Table 4.2: Sanity checks runs for deposit energy of positrons in BC-400[38].

Fig. [4.7] and [4.8] show a summary of the sanity checks performed this way. The runs are
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collected in Ap. B[, Fig. and
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Figure 4.7: Mean energy deposit of positrons in BC-400[38] vs initial kinetic energy for different

crystal sizes. In red the deposit energy for 28 MeV/c momentum muons.
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Figure 4.8: Mean energy deposit of positrons in BC-400[38] vs the crystal size for different initial

kinetic energies. In red the deposit energy for 28 MeV/c momentum muons.

The energy deposit of positrons is almost constant in the 2 mm sized cube of BC-400[38]:

in fact due to their light mass, positrons become soon minimum ionizing particles.
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Simulation with non active SiPM

The next step was to check for the effect of the SiPM window when in contact with the back
surface of the crystal. To do so an empty volume with a refractive index equal to 1.55[34],
has been added behind the crystal. The surfaces of the crystal are perfectly polished and the

window is centered along the axis of the crystal.
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Figure 4.9: Fraction of photons escaping the crystal through each surface after the passage of a
positron through BC-400[38], at different initial kinetic energies and crystal sizes. The surfaces
are labelled with respect to the upstream side of the element: the frontal surface is the first one to

be hit by the particles; the back surface is the one in contact with the SiPM.

Fig. [4.9| shows the fraction of photons escaping the crystal through each surface after the
passage of a positron through BC-400[38]], at different initial kinetic energies and crystal sizes.

The fraction of photons escaping the crystal from the back surface depends on the crystal size,
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while the other do not. This is due to the presence of a volume with higher refraction index
directly in contact with the crystal: the element is simulated in vacuum, so that the photons
escaping from the back surface are a sum of those that are directly emitted in a direction
that allows them to go out, and those that are reflected inside the crystal until they reach the
window of the SiPM. Most of the photons escaping through the other surfaces are directly
emitted in a direction that allows them to exit without reflections.

This explains why the total amount of photons escaping the crystal decreases when the
size increases: the photons that exit through the back surface, while reflected, must travel

longer distances, increasing the fraction of photons absorbed inside the crystal.
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4.3 SiPM

The SiPMs used to build MatriX are S13360-1350PE from Hamamatsu[34]. The simulation is
implemented as reported in Sec. There is only one difference with respect to the simulation
of the SciFi SiPM: the single element simulation of MatriX already takes into account the
rejection of the photons that would be revealed in a pixel fired in a window of 20 ns, while the
complete detector simulation saves all the information about photons that would be revealed,
as in the SciFi one. There isn’t any difference between the two cases when the rate is low
enough, so that the events don’t actually interfere with each other. But when the rate is high
enough it is preferable to first merge together the events ordering the arrivals of the photons
temporary and then apply the rejection. So this means that the complete detector simulation

is more accurate, but the single element one is faster to be processed this way.

Figure 4.10: Single MatriX element simulation event: e+, along z axis, passing through the crystal
at its center. In red the pixels fired. The photons are not shown in this example to make the figure

cleaner.

This section will refer only to single element simulations, so that the rejection of photons

coming from pixel recovery time, is already implemented in the Geant4 level of the simulation.
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Here, all the primary particles travel along the z axis (Fig/4.10) and the crystal is perfectly

centered and polished.

4.3.1 Implementation specs

As mentioned before the SiPM used in MatriX are of the same series of the SciFi ones. They

differ only in three aspects:

« the window that covers the sensitive area is made of epoxy resin, instead of the silicon
one of the CS models. In the simulation the window is an empty volume with a refractive

index equal to 1.55[34] (see Tab. [4.3);

« the PDE is different (see Fig. and [4.12);
« the sizes are different (see Figl4.13]and and Tab. [4.3).

Except for the aspects mentioned above, the implementation of the SiPMs in MatriX is the
same as for the SciFi ones, and the flowchart is the same as in Fig.
In the next paragraph a comparison between the performances of the 50 pm pitch model

and the performances of the 25 ym pitch one will be given. Their characteristics are collected

in Tab. 4.3l
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Figure 4.11: Photon detection efficiency as a function of incoming photons wavelength of an
§13360-1350PE Hamamatsu SiPM. On the left the PDE as shown in [34]. On the right the PDE
as extracted using WebPlotDigitizer|39].
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| Photon detection efficiency of $13360-1325PE Hamamatsu
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Figure 4.12: Photon detection efficiency as a function of incoming photons wavelength of an
§13360-1325PE Hamamatsu SiPM. On the left the PDE as shown in [34]. On the right the PDE

as extracted using WebPlotDigitizer|39].

SiPM SiPM Pixel volume Window
height [mm] width[mm)] height [mm] height [mm]
0.85 1.3 0.55 0.3
No. of pixel in 50 um pitch model No. of pixel in 25 um pitch model
667 (29x23) 2668 (58 x 46)

Table 4.3: SiPM sensor size and number of pixels[34].
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Figure 4.13: Dimensional outlines of an S13360-1350PE Hamamatsu SiPM[34].
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Figure 4.14: Simulated S13360-1350PE Hamamatsu SiPM.

4.3.2 Spectra separation and LYSO studies

In this paragraph the amplitude spectra of different particles impinging on the current detector
are discussed, followed by the possible optimization coming from the use of LYSO and from
the 25 pum pitch SiPMs.

The response of the single MatriX element is simulated for the following particles:

« eT: the initial kinetic energies considered are 2.2 MeV (endpoint of 3°Sr emission spec-

trum) and 52.8 MeV (endpoint of Michel spectrum);
« p: the initial momentum considered is 28 MeV/c;
« 7 : the initial momentum considered is 70.5 MeV/c;
« «: the initial kinetic energy considered is 4.5 MeV.

All the particles listed above were simulated as a monochromatic beam perfectly aligned
along the beam axis at the center of the element. Later more realistic configurations are given.
In the case of BC-400 only the current size of the crystals is considered: 2x2x2 mm?. In the
case of LYSO the thickness of the crystal is varied while keeping the height and the width

constant at 2 mm, as shown in Tab.
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LYSO crystals thicknesses in single MatriX element simulations [mm]

0.1 0.2 0.3 0.4 0.5

Table 4.4: LYSO crystals thicknesses in single MatriX element simulations.

The thickness of the LYSO crystal has been varied in order to optimise the separation be-
tween stopped p/m.i.p.. A comparison with the equivalent thickness to reproduce the BC-400
element when coupled to SiPMs has been done.

The SiPM considered are S13360-1350PE and S13360-1325PE by Hamamatsu[34]], whose spec-
ifications are collected in paragraph

Fig[4.15|shows a comparison between the scintillation yield of BC-400 and LYSO obtained

collecting all the simulations above together.

# of scintillation photons vs energy deposited inside BC400 and LYSO
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Figure 4.15: comparison between the scintillation yield of BC-400 and LYSO. It is possible to see
the effect of the Birks saturation in BC-400 particularly for the « particles, that deposit a high

amount of energy along a short path.

It is possible to see a high loss in linearity for low 3 particles, like muons and alphas,
through BC-400: at this level is already possible to state that LYSO crystals would improve

the separation between positrons and muons. This is crucial, because the background while
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measuring muon beams, consists of Michel positron from muons decaying inside the elements.

This aspect will be discussed more in detail in the next section.

There is another source of loss in linearity response due to the dynamic range of the SiPMs:

Fig. shows a comparison between the number of pixels fired by particles through BC-400

and LYSO, using 50 or 25 pym pitch SiPMs.
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Figure 4.16: comparison between the number of pixels fired by particles through BC-400 and LYSO.

In the plot above, there are BC-400 and LYSO coupled to 50 um pitch SiPM. In the plot below there

are BC-400 and LYSO coupled to 25 pm pitch SiPM.

It is possible to see that using 25 um pitch SiPM would improve the separation between
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muons and positrons even using BC-400 as scintillating material.

In Fig. and are collected the spectra reported above in number of pixels fired,

divided by crystal material and thickness.
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Figure 4.17: Particles spectra in number of fired pixels for different crystal materials and thick-
nesses using 50 pm pitch SiPMs. The particles considered are: 2.2 and 52.8 MeV initial kinetic

energy positrons; 70.5 MeV/c momentum negative; 28 MeV/c momentum; 4.5 MeV initial kinetic

energy alphas.
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Figure 4.18: Particles spectra in number of fired pixels for different crystal materials and thick-
nesses using 25 um pitch SiPMs. The particles considered are: 2.2 and 52.8 MeV initial kinetic

energy positrons; 70.5 MeV/c momentum negative; 28 MeV/c momentum; 4.5 MeV initial kinetic

energy alphas.

In order to find the thickness of LYSO equivalent to 2 mm BC-400, the most probable values

dependence on the crystal thickness has been fitted. The most probable value is extrapolated

fitting the spectra with a Landau distribution.
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The conversion factor has been evaluated using 2.2 and 52.8 MeV positrons. In the case of 2.2
MeV positrons, the 0.5 mm value was not included and the fitting function is linear, because
the energy deposit is too high with respect to the initial kinetic energy (see Fig: and|4.18).
In the case of 52.8 MeV positron the fitting function is quadratic to consider the saturation

effects.

The fit parameters are collected in Tab.

Fit parameters of the number of pixels fired dependence
on the LYSO thickness
2.2 MeV positrons 52.8 MeV positrons
SiPM pitch
50 25 50 25
[m]
offset 30+ 3 -10 £ 2 19+3 442
linear
coefficient 1446 + 25 906 + 19 1726 + 26 773 + 26
[mm™]
quadratic
coefficient / / -1337 £ 42 214 + 54
[mm 2]
conversion
factor (LYSO
thickness / | 934 51072 | 9.05+510"2 | 938 51072 | 8.95+ 5102
BC-400
thickness)

Table 4.5: Parameters used to evaluate the conversion factor between LYSO and BC-400 thick-

nesses.in the last row the conversion factors.

The conversion factor between LYSO and BC-400 thickness, collected in Tab. 4.5 has been
evaluated inverting the fit functions and calculated the LYSO thickness corresponding to the

most probable value of the positron spectra in number of pixels fired (see Fig. and [4.18).
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The error on the conversion factor is evaluated using the covariance matrices in Ap.

The results are summarized in Fig. and
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Figure 4.19: Number of pixels fired vs LYSO crystals thickness using 50 um pitch SiPMs. In the
plot above the fitting function is linear, while in the plot below it is quadratic. Using the BC-400
most probable value of the number of pixels fired the conversion factor to obtain the equivalent
LYSO thickness has been evaluated. In this case the value obtained is 0.0934 £ 0.0005 for the 2.2
MeV positrons (above), and 0.0938 £ 0.0005 for the 52.8 MeV positrons (below). The two values are

consistent
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2.2 MeV positron BC400 to LYSO conversion, 25PE
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Figure 4.20: Number of pixels fired vs LYSO crystals thickness using 25 um pitch SiPMs. In the
plot above the fitting function is linear, while in the plot below it is quadratic. Using the BC-400
most probable value of the number of pixels fired the conversion factor to obtain the equivalent
LYSO thickness has been evaluated. In this case the value obtained is 0.0905 £ 0.0005 for the 2.2
MeV positrons (above), and 0.0895 £ 0.0005 for the 52.8 MeV positrons (below). The two values are

consistent

Using the conversions factors above the mean value of the LYSO equivalent thickness

LYSOgq 1) would be:
q,

LYSOeqtn = < conversion factor > x 2mm = 9.181072 x 2mm ~ 180 um
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This value is not related to the energy deposit itself but rather to the number of pixels fired:
in fact, the range of 28 MeV/c momentum muons in LYSO is ~ 270 pm (see Fig. [4.21).
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Figure 4.21: Range of 28 MeV/c momentum p* in LYSO.

Taking into account this information, the best thickness for LYSO crystals in order to sepa-
rate at best muons and Michel positrons in energy deposit would be ~ 300 ;zm. But using such
a thickness with 50 ym pitch SiPMs would reduce the performances of the detector, hitting on
the saturation effect. The possibilities to take into account for the final version of the detector

are:

+ 200 pum LYSO crystals coupled to 50 um pitch SiPMs: this would lead to high energy
deposit directly inside the SiPMs and evaluations on radiation damage would be neces-

sary;

+ 300 um LYSO crystals coupled to 25 um pitch SiPMs: this would be the optimal condition

and the light output would not compromise the SiPMs performances.

In any case the plots shown above do not take into account the time arrival distribution
of the photons on the SiPMs: due to its scintillation process, LYSO has a high emission decay
time and this effect has to be taken into account when evaluating the actual performances of
the detector. Fig. shows an example of muon signal in LYSO: the LYSO is 250 pm thick,

the size of the samples currently present at PSI, and the SiPM model is 25PE.
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LYSO signal example, 25PE SiPM
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Figure 4.22: Signal of a muon passing through LYSO.

During my thesis work I did not deepen on this topic, but surely it will need further studies.
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4.4 Complete detector

To simulate the complete detector 81 BC-400 2 mm sized crystals coupled to SiPMs have been
placed, as in Fig. The back surfaces of the SiPMs are in contact with the PCB: a 4 mm high
silicon cylinder, with a 6 cm radius. Fig. shows the simulated MatriX detector.

(a) Naked view. (b) Mask view.

Figure 4.23: Complete MatriX detector simulation view.

In this section only the S13360-1350PE Hamamatsu SiPMs[34] are simulated, because this
is the model currently used for the prototype at PSI. Furthermore, as shown in Fig. in the
current prototype the crystals are held in place by a plastic mask: in the simulation there is
the possibility to add a polyethylene mask. It has the same radius as the PCB but is as high
as the single element: 2 mm (crystal) + 0.85 mm (SiPM). The holes on the mask are 2.01 mm
sized squares: making the holes slightly bigger then the crystals allows to avoid transmission
problems with photons at the interface between the crystals and the mask. In fact the mask
absorbs the optical photons escaping the crystal, but they are actually refracted or reflected as
they would be in air: the mask does not fit perfectly the element, there is always air between
a crystal and the mask.

Fig. shows the complete detector simulation with the mask.

As already mentioned in the previous sections, the simulation of the complete detector

does not include the rejection of photons arriving on an already fired pixel: it is implemented

in the macro that elaborates the SiPMs output signals.
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In this section the major aspects emerging from the simulations are discussed:
« the effects of the mask on the measurements;
« the reconstruction algorithm;

« the expected time needed to perform rate measurements under per cent resolution.

In any case these considerations have to be taken as preliminary: for further details and to

evaluate the resolution limits of the apparatus, a tuning with beam data is needed.

4.4.1 Spectra

Before discussing the reconstruction algorithm, is important to point out the response of the
detector to the different particle beams considered.
In order to do so two variables have been introduced to separate the different contributions to

the amplitude spectra, particularly in the muon one:

« time event: it is the time elapsed between the start of the event and the moment the first

photon in the waveform is revealed;
« track length: it is the track length of the primary particle inside the BC-400 crystal.

Through time event it is possible to separate the amplitudes related to the primary particles
from their decay products. In the case of the IIE5 line at PSI, it is necessary only for muons:
they are the only particles that have a sufficiently low energy to make them stop inside the
crystals, and then decay.

Through track lengthit is possible to separate Michel positrons coming from muon decay inside
the crystals or inside other components of the detector: mask, if present, or the PCB.

Monochromatic gaussian beams with no divergence, centered along the detector axis are
simulated. Fig. shows the spectra of the different particle beams considered. Tab.
shows the width (standard deviations) and energies of the beam used for these simulations.
All the beams are perfectly symmetric (same standard deviations in the two directions) and all

the simulations are performed with the mask applied to the detector.

Figl4.24) will be discussed in detail.
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Figure 4.24: From left to right, from top to bottom: muon beam time event vs amplitude, with the

cut time event < 2.4 ns; muon beam track length vs amplitude; muon beam time event histogram;

different particle beams amplitude spectra comparison. The beam characteristics are collected in

Tab.

Initial kinetic energy
Particle Beam width [mm)]
(momentum) [MeV]
et 52.8 20
ut 3.7 (28) 20
T 16.8 (70.5) 8

Table 4.6: Beam characteristics used in the simulations to evaluate MatriX response.

The time event structures in the upper-left plot is related to the steps been used in the

macro: the signals are generated in steps 0.1 ns long.

Comparing the upper-left plot with the downer-left plot shows the characteristic time

of the primary particles signals and of the secondary particles signals arrival: the fit in the

downer-left plot is performed with an exponential function. The decay time obtained is not

compatible with the muon decay time (2.197034(21) us[12]), but it is actually strongly depen-
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dent on the fit window and it is not trivial to take into account all the effects involved. For the
purpose of my work this is not something crucial, and this aspect will not be discussed. It is

important to point out that the decay constant extrapolated with the fit is of the same order

of magnitude of muon decay time.

The track length plot lets clearly individuate the different components of the muon spectra.

Track length vs amplitude

Primary track length, [mm)]

10°

10

600
E Amplitude, [a.u.]

Figure 4.25: Muon beam track length vs amplitude plot.

Fig. shows a detail of this plot:

area A: this is the peak of the primary particles fully passing through the crystals. In the

case of muons they are the particles that stop inside the crystals;

« area B: these are the particles that enter the crystal and that are scattered out of the

crystals;

« area C: these are the particles that are scattered by the mask inside the crystals. These

events lead to an overestimate on the rate measurement.

« area D: these are the Michel positrons coming from the muons stopped inside the crys-
tals. In fact they have the same track length as the stopped primaries, because track

length takes into account only the tracks of the primary particles;
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« area E: these are the Michel positrons coming from the muons stopped inside the mask.

In fact for these events the track length is zero: there is no energy deposit of the primary

particles inside the crystals.

The downer-right plot in Fig. shows a comparison between the pure muon spectra

and the Michel positrons contributions.

Amplitude spectrum
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Figure 4.26: 3.7 MeV (28 MeV/c) muon spectrum compared to 52.8 MeV positron spectrum and
16.8 MeV (70.5 MeV/c) pion spectrum.

Fig[4.26] shows a detail of this plot:

black histogram: 52.8 MeV positrons;
brown histogram: 16.8 MeV pion spectrum;

purple histogram: complete muon spectrum. The low energy region, whose population
is composed by Michel positrons, is covered by the blue histogram, which is actually the

same histogram at low energy values;

blue histogram: Michel positron spectrum coming from muon decay on MatriX detector.
It is actually a part of the complete muon spectrum in the previous point and it is the

sum of the green histogram and the red histogram;
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« green histogram: Michel positron coming from muon decay inside scintillating crystals.
It has a broad peak at ~ 100 a.u.: the muon range inside BC-400 is ~ 1.1 mm (see Fig.
4.25)), so that the average path of the positrons inside the crystal is ~ 1 mm, and the peak

is positioned at values lower than the 52.8 MeV positron peak;

« red histogram: Michel positrons coming from muon decay inside the mask. In this case
the positrons are produced outside the crystals, causing them to pass through the crys-

tals. It is important to notice that the peak corresponds to the 52.8 MeV positron peak.

There is a good degree of separation between Michel positrons and muons, but the presence
of the mask worsens the performances of the detector: in fact, depending on the threshold used

to separate the signals, there can be contamination with the Michel positrons.

4.4.2 Beam reconstruction: symmetrical beam

Reconstruction algorithm

The macro that elaborates the response of the detector produces two output files: a ROOT
file[8], and a text file. The ROOT file collects the information about the waveforms, while the
text file collects the number of time the output of each channel of MatriX is above the chosen
threshold. It is possible to do so processing directly the ROOT file instead of the Geant4 level
output.
The text file contains the duration of the run too.

In order to extrapolate the information about the shape and the rate of the beam, a macro
reads the text file producing a bidimensional histogram and fitting it with a bidimensional

Gaussian. The fitting function is:

2 e piz) (y— 2
A _2(1i - <(I;Héa;) ~2p( gzg(y #y)+(y ;;y) )
f(xa y) = e . © v y

(4.2)
2no,00/1 — p?

where:
« 1; is the mean value along the i-th direction;
« 0; is the standard deviation along the i-th direction;
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« pis the correlation between the two directions;
« A is the normalization factor.

While for the reconstruction of beam using SciFi the bidimensional fit is performed fix-
ing parameters extrapolated from previous analysis (see Ch. [3), in the case of MatriX all the
parameters in eq. [4.2|are free to vary.

Using A and the exposure time it is possible to calculate the beam rate:

A
= 4.
R (crys. size)? AT (43)

Fig. shows an example of beam reconstruction using the output of the MatriX simu-
lation.
The beam to be reconstructed in this case is 20 mm wide in both directions, and centered along
the detector axis. The beam rate is 107 z1/s. The number of events simulated is 107. A 300 a.u.

threshold in amplitude has been used.

Tab. collects the results of the fit.

1 [mm] 0, [mm] 1y [mm] 0, [mm]
-0.03 £+ 0.03 20.12 £ 0.05 -0.06 + 0.03 19.98 + 0.04
A [mm?] p x> ndof
(3.672 £ 0.007) 107 -0.003 4+ 0.002 60.6 75

Table 4.7: Fit parameters for beam reconstruction example in Fig. 4.27

The reconstructed beam rate is:

R = (1.000 £ 0.008)10711/s
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(a) comparison between fit and histogram.

mergelooseMu037MeV1e7HighStatNoMaskRBeam Profile

Fit:
1 = (-0.031(32) , -0.060(31) ) mm
0 = (20.122(46) , 19.979(45) ) mm
Rate = 9.996(80) e6 mu/s
Exposition time = 9.2e+05 ps

(b) Fitting function profile.

Figure 4.27: Muon beam reconstruction without the mask. The beam is 20 mm wide in both
directions, centered along the detector axis. In this case the beam rate is 10° j1/s. The threshold

chosen in this case is 300 a.u..
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Rate reconstruction dependence on number of generated events

The first aim of MatriX is to provide fast rate measurements with uncertainties below the
percent level. This capability has been evaluated dividing a sample of 107 52.8 MeV positrons
events in smaller samples, in order to find the resolution as a function of the generated events,
or better as a function of the number of particles arrived on the detector. It must be underlined
that this quantity is different from the number of particles passing through the crystals, so that
even a particle that does not interact with the MatriX elements is considered as an event.

Fig. shows the uncertainty dependence on the number of generated events.
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Figure 4.28: Rate reconstruction resolution as a function of number of events generated. The fitting
function in the plot below is proportional to 1// N. The threshold is constant for all the samples:
20 a.u..
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107 events are sufficient to obtain a resolution on rate reconstruction better than percent.
The muon beams at PSI have a rate of the order of 10%, so a few seconds are more than enough
to reach such a resolution.

In the next paragraphs all the simulated beam rates will be 107 particles/s.

Effect of mask on rate measurements

On summer 2019 we built the first complete MatriX prototype. It is shown in Figl4.1] The final
version of MatriX will have the crystals fixed on the SiPMs using the optical cement (BC-600
from Saint Gobain[48]). Currently the crystals are maintained in position only by the plastic
mask, and they are coupled to the SiPMs through optical grease[35]. In order to evaluate
the effect of the mask on the beam measurements, simulations of MatriX measuring different

beams in different conditions have been run: they are collected in Tab.

Initial kinetic energy
Particle Beam width [mm]
(momentum) [MeV]

et 52.8 20 8
wt 3.7 (28) 20 10
™ 16.8 (70.5) 8

Table 4.8: Beam characteristics used in the simulations to evaluate MatriX response.

The positron beam and the muon beam have been ran with two different widths: the 20
mm width is the typical width of the beam at the collimator, while 8-10 mm is the typical width
of the beam at COBRA center. During summer 2019 I could only participate to measurements
at collimator, so I started with simulations “at collimator”, but as already mentioned MatriX is
designed to measure beams at COBRA center, while measurements at collimator and after the
BTS will be performed with SciFi.

All of the simulations have been run with a plastic mask, without a mask and with an
aluminum mask. In order to compare the beam reconstruction in the different conditions a
focus has been posed only on the rate reconstruction: the size measurements where always

consistent with the expected values.
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Using the variables time event and track length the primary particles signals are separated from
dark noise events, secondary particles events and afterpulses. From now on these spectra are

referred as "pure”. Fig. shows the pure muon spectrum as an example.

Pure muon spectrum
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3 0t Entries 780632
10 F Mean 517.3
2 - Std Dev 67.52
e L [
% 10° =
3 =
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10 !
II
|
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Amplitude, [a.u]

Figure 4.29: Pure muon spectrum measured without mask. The number of events generated is 10"

Pure spectra are used in order to evaluate the fraction of events lost at different thresholds:
a cumulative function of the pure spectra has been built and the beam rate has been evaluated
with different thresholds at 5 % bites in fraction of events lost.

To analyse the differences among the considered mask configurations, three quantities
have been evaluated as a function of the lost events fraction, that from now on I will refer to

as “cut fraction”:

1. rate loss vs cut fraction: the rate loss is defined as 1 — %“‘l, where R,.. is the recon-
structed rate, while R,y is the rate used in the simulations. Here the dependence is
expected to be linear, so that if the threshold is such as to cut 5% of the primary particles

event, the same value is expected to be lost in rate reconstruction;

2. rate reconstruction corrected vs cut fraction: rate reconstruction corrected is defined as

RT’SC
Rycqi(1—cut fraction)”

Here the graph is expected to be constant;
3. relative resolution on rate reconstruction vs cut fraction.
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Fig. shows an example: it represents the rate reconstruction done on a 20 mm muon

beam with a polyethylene mask on MatriX. The simulation is composed of 107 events.

Rate loss fraction vs cut fraction
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Figure 4.30: Rate reconstruction of a muon beam. A polyethylene mask is mounted on MatriX.

The sample is composed of 107 events.

There is an overestimation of the rate by a ~ 7% factor: this overestimation is caused by the
muons scattered by the mask on the scintillating crystals. This effect results in an increase of
the efficient area of the single element that depends on the momentum of the beam particles.
Fig. and show the rate reconstruction performed on a 20 mm positrons beam and

on a 8 mm pion beam. The first sample is composed of 10 events, while the second one is
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composed of 10° events.

There is an overestimation by a 5% factor reconstructing the positron beam, while the re-

construction is compatible with 1 reconstructing the pion beam, but this could be due to the

low statistics.
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Figure 4.31: Rate reconstruction of a positron beam. A polyethylene mask is mounted on MatriX.

The sample is composed of 107 events.
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Rate loss fraction vs cut fraction
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Figure 4.32: Rate reconstruction of a pion beam. A polyethylene mask is mounted on MatriX. The

sample is composed of 10° events.
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This effect can be avoided by removing the mask. Fig. |4.33] |4.34| and |4.35| show the rate

reconstruction performed on the same simulations removing the mask. In these cases the re-
construction is compatible with the real value: there is no cross-talk effect among the elements

up to this level. In any case the effect, if present, is lower than the requested resolution (< 1%).
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Figure 4.33: Rate reconstruction of a muon beam. The detector is without mask. The sample is

composed of 107 events.
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Figure 4.34: Rate reconstruction of a positron beam. The detector is without mask. The sample is

composed of 107 events.
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Rate loss fraction vs cut fraction
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Figure 4.35: Rate reconstruction of a positron beam. The detector is without mask. The sample is

composed of 10° events.
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The rate reconstruction is consistent using muon and positron beams at COBRA center
(10 and 8 mm wide): the reconstruction plot are collected in Ap. [D] Given the considerations
above, there is no actual gain using a mask on MatriX, and the effect vary with the beam
type: unless it’s needed for mechanical configuration, the final version of the detector will be

without any mask.

4.4.3 Beam reconstruction: skew beam

By design, MatriX is able to measure the correlation between the x and y direction of the beams.
Fig. shows an example of beam reconstruction performed in presence of correlation.
Correlation has been introduced by sampling two uncorrelated gaussian distributions: one
with a 15 mm sigma, the other with a 25 mm sigma. Then they are mixed applying a rotation
of 45 deg. The number of events simulated is 10°.

The expected sigmas and correlation factor are collected in Tab.

0, [mm] o, [mm] p

20.62 20.62 -0.471

Table 4.9: Expected parameters for the correlated beam in Fig. [4.36

Tab. [4.10] collects the results of the fit.

i1, [mm)] o, [mm] 1, [mm] o, [mm]
-0.16 = 0.11 20.42 4+ 0.16 0.06 £ 0.11 20.68 +0.16
A [mm?] P X2 ndof
(4.04 £+ 0.03) 106 -0.473 £ 0.006 65.7 75

Table 4.10: Fit parameters for correlated beam reconstruction example in Fig. 4.36

The reconstructed rate is:

R = (1.01 £0.03)10"u/s

The fit results are compatible with the expected values.
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(a) comparison between fit and histogram.
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Fit:
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(b) Fitting function profile.

Figure 4.36: Correlated muon beam reconstruction without the mask. The beam widths and cor-
relation are collected in Tab. centered along the detector axis. In this case the beam rate is 10

w/s. The threshold chosen is 300 a.u..
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4.5 Degradation of the crystals

In the sections above, only simulations of a "perfect” detector are reported: even in the single
element simulations, the crystals were perfectly aligned with the SiPMs, the elements were
perfectly positioned and the surfaces of the crystals were perfectly polished. Actually, MatriX
is composed of 81 independent detector that have to be calibrated and inter-calibrated.

Three effects that could introduce a loss in performances are considered:

« ground: this effect consists in introducing non-polished surfaces. This is done through

the GLISUR model for the optical modeling of surfaces in Geant4[21] 22, [23]];

« shift: this effect consists in a displacement of the crystal with respect to the center of

the SiPMs;
« tilt: it consists in an angle between the crystal and the SiPM.

In the next paragraph, a preliminary study on these degrading effects is shown: firstly on

the single element; secondly on the complete detector.

4.5.1 Single element simulation

The three effects listed above in the single element simulations have been introduced sepa-
rately. Fig. shows the spectrum of a monochromatic, perfectly aligned along the axis of
the SiPM, 28 MeV/c momentum muon beam. Fig. shows the same simulations but with a
52.8 MeV kinetic energy positron beam. In the case of the ground effect, the percentage values
represent the polish variable of the GLISUR model[21] 22} 23]).

When the crystals are tilted an empty space arises between the crystal and the SiPM: this
space is filled with optical grease[35]. It is described as an empty space with a refractive index

1.465.

131



Amplitude spectrum at different shifts Amplitude spectrum at different angles Amplitude spectrum at ground values

3} — shift 100 um fl\“m ﬂ ﬂ]]1 — Ground 98 ground L] ’JU‘ ﬂl"\,

| shitt 300 pmT ij J ] A -— Angle 100 mrad JILM H[ A —— Ground 94 ground p
BB : SIEOR I

A AN RN i

$00" 420 440 460 480 500 520 54 400420 440 460 480 500 820

— Reference " — Reference

2
8

3
8

— Angle 25 mrad ‘ f

Counts per 2 a.u.

Counts per 2 a.u
3
8
o
HE
—
Counts per 2 a.u

3 3
T
—
=

«

3
g
e

2
3

—
o

_

gl

560 580 600 £00" 420 440 460 480 500 520 540 560 580 600 560 580 600
Amplitude, [a.u] Amplitude, [a.u.] Amplitude, [a.u.]

Amplitude mode vs shift Amplitude mode vs angle Amplitude mode vs ground percentage

\ S0

300
shift, [um]

/

Amplitude, [a.u]
Amplitude, [a.u]
Amplitude, [a.u]

Y

|
5 100 150 200 250

700 E 100
Angle, [mrad] Ground, (%]

Figure 4.37: Effect of degrading conditions on the MatriX elements. The beam is a 28 MeV/c

momentum muon one, monochromatic, perfectly aligned along the SiPM axis.
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Figure 4.38: Effect of degrading conditions on the MatriX elements. The beam is a 52.8 MeV kinetic

energy positron one, monochromatic, perfectly aligned along the SiPM axis.
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4.5.2 Complete detector simulation

To evaluate the effects of degradation on the complete detector, simulations with mixed degra-

dation effects have been run using:

21 perfect elements;

+ 20 elements with just one type of degradation. The values used for the effects are: 100

pm shifts, all in the same direction; 25 mrad tilts; 98% ground;
+ 20 elements with two types of degradation, rotating among the three shown above;

« 20 elements with all three types of effects.

Fig. the comparison between the amplitude distribution by channel of the "degraded”
MatriX and the same amplitude distribution scaled channel by channel by a factor equal to
the mode: this way all the channels share the same mode equal to 1. The number of generated

events is 10°, and the beam is 20 mm wide. The beam rate is 107 y/s.

Channel vs signal amplitude Channel vs signal amplitude with intercalibration

10*
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| | It 1 ! | I
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Figure 4.39: Comparison of the amplitude spectra by channel measured by the "degraded” MatriX
and the same spectra inter-calibrated by scaling channel by channel by a factor equal to the

channel amplitude mode.

133



Even if it is possible to distinguish the channels clearly because of the different positions
of the muon peak, it is clear that a fine tuning on the positioning of the crystals or on their
performances is not needed. It must be underlined that the conditions used represent a situa-
tion extreme and more similar to the current configuration: a tilt of 25 mrad is ~ 1 deg, quite
big. Moreover the crystals are produced together and the polishing is expected to be almost
the same for all the crystals.

It is sufficient to use one threshold for all the channels in order to obtain a good measure-
ment of the beam properties. Fig. shows the reconstruction using a 300 a.u. threshold.

Tab. [4.11] collects the results of the fit.

i1, [mm)] o, [mm] 1, [mm] o, [mm]
-0.10 = 0.10 20.28 +0.14 -0.02 £0.10 19.98 4+ 0.14
A [mm?] P X2 ndof
(4.02 £ 0.02) 106 0.025 £ 0.007 60.7 75

Table 4.11: Fit parameters for beam reconstruction with "degraded” MatriX example in Fig.

4

The reconstructed rate is:

R = (1.00 £ 0.02)10 /s
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(a) comparison between fit and histogram.
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(b) Fitting function profile.

Figure 4.40: Beam measured with “degraded” MatriX. MatriX is without mask. The beam is 20
mm wide in both direction, centered along the detector axis. The beam rate is 1 0" 11/s. The threshold

is 300 a.u.
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4.6 First proof of principle

During summer 2019 I spent two months at PSI laboratories as a summer student. During the
summer program I could participate to the first tests of the MatriX detector. Fig. shows
the first measurement with MatriX on the IIE5 muon beam, while positioned at collimator.

8" Due to the absence of a trigger for the

The measurement was taken on September the 1
MatriX detector, we used the scalers measured by the WDBs: the rates at which each connected
channel passes over threshold. The beam profile and rate turned out to be consistent with what

measured by another independent detector.
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Figure 4.41: First beam measurement performed with MatriX prototype on the I1E5 muon beam

at PSI laboratories. data taken on September 18", 2019.
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Chapter 5

Calibration tool: Liquid Hydrogen

target

There are many methods and instruments developed for calibrating the MEGII apparatus. Sev-
eral are dedicated to the LXe calorimeter. One crucial thing to be done, to check the functioning
and the performances of a detector, is to have a data-driven check on the performances of the
detector and a data-driven analysis near the signal region. In the case of the LXe calorimeter,
an important calibration method is the Charge EXchange reaction (CEX) p(7~, 7%)n[5]: the 7°
decays in two vy with energies uniformly distributed between 54.9 and 82.8 MeV. Cutting on
the angle between the two photons it is possible to select energies near the signal region (~

52.8 MeV).

In the following sections the basic principles involved will be briefly exposed as well as
the first considerations arising from a simple Monte Carlo simulation of the apparatus. The
first aim of this chapter is to point out the preferable sizing of the new liquid Hydrogen (LH2)
target cell, in order to keep the stopping fraction of 7~ over an 80% level. The performances
of a possible CH2 substitute will also be discussed.

Fig. 5.1/ shows the new LH2 target cell design.
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Figure 5.1: New LH2 target cell.

5.1 Basic principles: the charge exchange reaction

The CEX reaction is a useful process, which takes a very important role in the MEGII experi-
ment. Pions are produced by the protons impinging on the target E (see Ch. [2). The pions are
collected along the ITE5 beam line setting a momentum of 70.5 MeV/c with a ~ 3% HWHM.
Then the 7~ are captured by protons at rest. When the pion is at rest, there are two possible

capture reactions:
e CEX:m™ +p—7'+n

« Radiative Capture (RC): 7~ + p — v + n (used for LXe calibration in the high energy
region, £, ~129 MeV)

The relative probability for these two process to happen is called Panofsky ratio, and its

value is[49]:
L(r= +p—7°+n)

P =
I'(m=+p—=v+n)

= 1.533 £ 0.021 (5.1)

Considering the proton and the pion to be at rest, after CEX reaction, the boost of the 7m0 is

B0 ~0.2. Then the 7° decays in two : in the 7 center of mass system (CM) the energy of the
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two 7 is monochromatic and equal to m,0/2 = 67.5 MeV, and they are produced back to back
uniformly distributed in the solid angle. In the laboratory system (LAB), the energies of the
two photons are uniformly distributed between a minimum (F,,;,) and a maximum energy

(Emaz):

m o

Erin=" 5 (1 = Bro) =54.9MeV (5.2)
Epvaw = 7m2“° (14 Br0) = 82.9MeV (5.3)

Cutting on the relative angle A©.,, between the two photons, it is possible to select photons

in the near-signal region: cutting A©.,, < 5 deg results in an energy bite AE/E < 1%[50].

5.2 The new LH2 target cell

With respect to the old version of the LH2 target, the new one consists in a thicker stainless
steel wall and in the use of stainless steel window for the front panel of the cell.

The old version consisted in a stainless steel cylinder, with 0.25 mm thick walls, with a 175 ym
mylar window in the upstream direction (front window), using degraders placed before of the
target.

The new walls are 0.5 mm thick, and the mylar window is substituted with a stainless steel
window playing the role of degrader as well. In the following paragraphs The results obtained
simulating the target with different sizes are shown. The specifications of the current project

version are collected in Tab.

cell front window | entrance window
length [mm)] inner radius [mm)]
thickness [mm] thickness [mm)]
69.5 24.5 0.5 0.5

Table 5.1: New LH2 target cell sizes.

The simulation is Geant4 based and the materials used are taken from the Geant4 material
database[51]].
Fig. [5.2| shows the simulated LH2 target.
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Figure 5.2: Simulated LHZ target cell view.

5.2.1 Interacting pion fraction

The fraction of pions captured in hydrogen dependence on the cell inner radius are evaluated,
maintaining fixed the other values reported in Tab. The pion beam used is generated along
the target axis, with no divergence and a sigma equal to 8 mm. The energy of the generated 7~
is 70.5 MeV. Fig. |5.3| shows the results of the simulation. Each point is evaluated using samples

of 10° events.

Interacting pion percentage vs target inner radius
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Figure 5.3: Fraction of pions captured in hydrogen vs the cell inner radius. The error on each point
is negligible and can not be appreciated by the plot. The red circle indicates the configuration of
the current project. The blue circle indicates a possible alternative. Using a 30 mm inner radius

cell would lead to a 89 % capture fraction, near the value of the plateau on the left.
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The highlighted values represent the current project configuration (red, see Tab. and a
possible alternative (blue). The first configuration leads to a fraction equal to 81.12 + 0.12 %,

while the second one would lead to a fraction equal to 88.65 + 0.10 %.

5.2.2 Pion range and thickness of the windows

In order to calibrate the LXe calorimeter, another detector is necessary: both of the v coming
from 7° decay have to be measured, in order to identify the near-signal region (54.9 MeV).
The experimental set-up consists of the LH2 target, the LXe calorimeter and an Nal tagging
detector: combining the measurements of the Nal tagging detector and of the LXe calorimeter,
it is possible to measure the angle between the two . Further details are summarized in [50].

It is important to know the position of the decay vertex in order to reconstruct the trajec-
tories of the two ~. Fig. |5.4/shows the range of the 7~ beam inside the target as obtained from
simulation. The set-up is the same resumed in Tab. [5.1|and the number of generated events is

10°. The front of the cell is positioned at 0 mm, while the back is at 70 mm.

Pion interaction depth
2400 H

E -
Entries 81115
E ion: -
< 2200 Capture fraction: 81.12 +- 0.12% Mean 57.64
S StdDev  3.775
5 2000 HWHM: 3.2 mm
@2 1800}
c -
g =
8 16001
1400F f
1200F f
1000 {
800F r 1
600F , \
400F f \
200F f
ok N I,
0 10 20 30 40 50

60 70
Depth, [mm)]

Figure 5.4: Range of 70.5 MeV/c momentum ©~ inside the LH2 target. The stainless steel entrance

window is 0.5 mm thick. The stainless steel front panel of the LH2 target cell is 0.5 mm thick.

Fig. shows the range distribution of the 7~ beam in different configurations: varying
the thickness of the entrance window (1.0 or 2.0 mm), and varying the front plate thickness
(1.0 or 2.0 mm). As expected, the distribution remains the same for the same total stainless

steel thickness, the only change is the number of events registered: more material results in a
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higher Multiple Scattering deviation, meaning that it is preferable to increase the amount of
material in a region near to the LH2. In fact, the increase of thickness of the entrance window
leads to a decrease in the capture fraction.

Moreover it is preferable to make the two  pass through the minimum amount of matter.
This means that a configuration in which the peak of the range distribution is far from the
rear part of the cell, where the cell is soldered to a 3.5 cm radius 5 cm thick copper cylinder, is
preferable.

The best configuration, fixing the inner radius of the cell at 24.5 mm, would be with a 0.5

mm thick entrance window and a 1.0 mm thick front panel.

Pion interaction depth, entrance window thickness 1.00 mm Pion interaction depth, entrance window thickness 2.00 mm
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Figure 5.5: Pion range distribution in different set-up. The inner radius of the cell is 24.5 mm and

the number of generated events is 10° in each sample.

Fig. [5.6| shows the range distribution using the specifications in Tab.
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Pion interaction depth, front thickness 1.00 mm, cell radius 30.00 mm
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Figure 5.6: Pion range distribution using Tab.|5.2 set-up. The number of generated events is 10°.

cell front window | entrance window
length [mm] inner radius [mm]
thickness [mm)] thickness [mm]
69.5 29.5 1.0 0.5

Table 5.2: New LH2 target cell sizes.

In conclusion, the best configuration would be the one in Tab. it is the configuration
with the higher capture fraction, the decay vertex is far from the rear of the cell and the peak
of the distribution is well localized (HWHM = 3.2 mm). Of course further simulations and
measurements are needed to confirm this statement. A precautionary measure in this sense
would be to produce two cells with 0.5 mm walls and entrance windows: one with a 24.5
mm radius and one with 29.5 mm radius. Than an 0.5 mm thick stainless steel panel could
be designed to fit the front part of the cell, in order to increase the amount of stainless steel

before the LH2 target if needed.

5.2.3 CH2 version

A simulation substituting the whole target with a 16.5 mm thick, 25 mm radius polyethylene
cylinder has been run. The beam has the same specifications as in the previous paragraphs.
The material used is taken from the Geant4 material database[51]]. The Fig. |5.7|shows the range

inside the CH2 target for the captured pions.
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Pion capture in CH2 target
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Figure 5.7: Pion range distribution using inside CH2. The number of generated events is 10*.

There is a high gain in terms of vertex position resolution (0.34 mm, an order of magni-
tude smaller) and in terms of measurement feasibility: it only necessitates a support, but no
cryogenic circuit is needed. The only drawback is a drop in pion capture rate by a factor ~
3-4: the capture fraction is 23.6 £+ 0.4%. This would currently translate in longer data-taking
period used for calibrations. While during pre-eng runs and commissioning periods there are
not stringent requirements on the DAQ, during physics runs short and fast calibration method

solutions are preferred.
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Conclusions

The work presented in this thesis is focused on the design, construction, test of two new beam
monitoring devices that will be used for the MEGII experiment, SciFi and MatriX, including
their detailed MC simulation implementation for a full understanding of the involved processes
and possible optimization. Furthermore the design of the new Liquid Hydrogen target has
been studied, supported by dedicated MC simulations. The main results, regarding the beam

monitors, can be summarised as follows:

1. the SciFi detector has been successfully tested and used extensively along all the PSI
beam line. The beam characteristics and rate turned out to be consistent at the level of

few percentages with a reference one;

2. the MatriX detector has been assembled and tested for the first time in IIE5. The mea-

surements have been performed at the collimator and at the COBRA center;

3. some upgrades from hardware side (the WaveDream) will be implemented for the pre-

eng 2020, allowing for an higher current and online rate information;

4. MC simulations suggest that correlation measurements can be performed by SciFi using
coincidences between fibers on different layers and that a MatriX version without a mask
is preferable. For both the detectors, a resolution better than percent is expected to be
achievable in a few seconds of beam time and mouns and Michel positrons are expected
to be well separated. A data-driven tuning and validation of the simulations is necessary
in order to check, and eventually improve, the reliability of the signal waveform shaping

and the resulting amplitude spectra estimation;

5. apossible alternative for the MatriX detector components could be the use of 25 ym pitch
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SiPMs[34], in order to avoid the non-linearity induced by SiPM saturation. Further stud-
ies are needed in order to evaluate the use of LYSO[19] crystals instead of BC-400[38]].

Regarding the new Liquid Hydrogen target, the project sizes fit the requested perfor-
mances: based on the MC simulation, a capture fraction above 80 % can be achieved using
a target radius of 29.5 mm for an 89 % capture ratio.

Two major considerations arise:

1. it could be preferable to increase the material budget along the pions path in order to
both shift the interaction vertex away from the rear of the target and increase the capture
fraction. Adding a 0.5 mm thick stainless steel panel in front of the target, the peak
position would be at 3 cm from the rear of the target and the capture ratio would be 90%

using a 29.5 mm inner radius target;

2. a possible alternative, that can be considered in special cases, such as pre-eng periods,
could be a polyethylene target, leading to an increase in vertex depth resolution from 3
mm (LH2) to 0.3 mm but decreasing the capture ratio to 24 %, extending the measure-

ment duration by a factor 4.
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Appendix A

Fibers light output
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Figure A.1: Light output of BCF-12 fibers as a function of fiber length. In blue the values related
to the polished version of the fibers, while in red the values related to the non-polished version of
the fibers. The blue fitting function is the sum of two exponentials. The red fitting function is the

sum of three exponentials.
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Figure A.2: Light output of BCF-20 fibers as a function of fiber length. In blue the values related
to the polished version of the fibers, while in red the values related to the non-polished version of

the fibers. The blue fitting function is the sum of two exponentials. The red fitting function is the

sum of three exponentials.
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Appendix B

MatriX sanity checks
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HO
E 180 E Entries 1000 3 E Entries 1000
z E Mean 0.0976 & 400 Mean 0.4323
3 "0 StdDev 0.01188 3 L Std Dev  0.04705
% o % =E
“ oz E w0
100 250 ;
s 200 ;
80 f 150 i
40 E 100 E
20 E st
9, 0.01 0.02 0.03 0.04 0.05 0.06 0.07 o.08 0.09 Al 0 0.08 o1 015 [ [LZ_S‘ 03 0. g o. 0.45 .5
Edep, [MeV] Edep, [MeV]
Energy deposit in BC400, 2.0mm, e+ 1.0MeV Energy deposit in BC400, 2.0mm, e+ 2.2MeV
2 . F : Entries 1000 3 F : Entries 1000
x50 Mean 06288 Rl H Mean 0.5311
T L StdDev  0.1519 g F H StdDev  0.1428
& & oL ; i
2 wf £ = ]
g N 3 C MC simulation
a f 9 oo Fit:
L E k Constant = 7.19e+02(35) MeV™"
0 a0 MPV = 4.508-01(2) MgV
r £ © =3.03-02(12) MeV
= u indof = 39/40
20 60— %/ndol
L anF
ol : "
: e [ "
9, o1 [ [I.Z; 04 o5 ) 07 08 0.8 9 02 04 ) 08 12 14 16 1.8
Edep, [MeV] Edop, [MeV]
Energy deposit in BC400, 2.0mm, e+ 28.0MeV Energy deposit in BC400, 2.0mm, e+ 50.0MeV
i}
3 a0 | Eniries 1000 % o T Enwles 1000
E Mean 0525 E Mean 0.5338
¥ ek |StdDev 02401 8 sk StdDev 0.2894
- 180 E : E
2 E WC simulation £ 1ep WG
o 140 Fit: d a0 Fit:
120F Constant = 1.13e+03(59) MeV™ E Constant = 1.20e+03(56) MeV™"
E MPV = 4.216-01(2) MeV 120 MPV = 4.226-01(2) MeV
100F o =2.59e-02(11) MeV 100 o = 2.44e-02(8) MeV
ok x/ndof = 30/42 ok indof = 35/47
60F t & f
a0 f b E
20 f \ 2F "
0 0.5 15 O 0.5 15 2.

25 5
Edep, (MeV] Edep. [MeV]

Figure B.1: Energy deposit in a 2x 2x 2 mm® BC-400 crystal[38] from positrons at different initial

kinetic energies. In order from top to bottom, from left to right: 0.1, 0.5, 1, 2.2, 28 and 50 MeV.

150



Energy deposit in BC400, 10.0mm, e+ 0.1MeV Energy deposit in BC400, 10.0mm, e+ 0.5MeV
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Figure B.2: Energy deposit in a 10x 10x 10 mm?® BC-400 crystal|38] from positrons at different
initial kinetic energies. In order from top to bottom, from left to right: 0.1, 0.5, 1, 2.2, 28 and 50
MeV.
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Energy deposit in BC400, 20.0mm, e+ 0.1MeV Energy deposit in BC400, 20.0mm, e+ 0.5MeV
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Figure B.3: Energy deposit in a 20x 20x 20 mm® BC-400 crystal|38] from positrons at different
initial kinetic energies. In order from top to bottom, from left to right: 0.1, 0.5, 1, 2.2, 28 and 50
MeV.
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Appendix C

Covariance Matrices of the parameters
obtained by fitting number of pixels
fired in a SiPM coupled to LYSO crystals

2.2 MeV positrons through LYSO coupled to 50 m pitch SiPM
offset coefficient
offset 10 -76
coefficient -76 6.4 102

Table C.1: Covariance matrix of the fit reported in Fig/4.19

2.2 MeV positrons through LYSO coupled to 25 um pitch SiPM
offset coefficient
offset 5.0 -41
coefficient -41 3.6 102

Table C.2: Covariance matrix of the fit reported in Fig}4.20

153



52.8 MeV positrons through LYSO coupled to 50 ym pitch SiPM

quadratic
offset linear coeflicient
coeflicient
offset 10 -78 1.2 102
linear coeflicient -78 6.8 102 -1.1 103
quadratic
1.2 102 -1.110° 1.8 103
coeflicient
Table C.3: Covariance matrix of the fit reported in Figl4.19

52.8 MeV positrons through LYSO coupled to 25 ym pitch SiPM

quadratic
offset linear coefficient
coefficient
offset 5.0 -60 1.2 102
linear coeflicient -60 6.7 102 -1.4 103
quadratic
1.2 102 -1.4 103 2.9 103
coefficient
Table C.4: Covariance matrix of the fit reported in Fig}4.20
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Appendix D

Rate reconstruction at COBRA center

Rate loss fraction vs cut fraction
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Figure D.1: Rate reconstruction of a 10 mm muon beam. A polyethylene mask is mounted on

MatriX. The sample is composed of 10° events.
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Figure D.2: Rate reconstruction of an 8 mm positron beam. A polyethylene mask is mounted on

MatriX. The sample is composed of 10° events.
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Figure D.3: Rate reconstruction of a 10 mm muon beam. The detector is without mask. The sample

is composed of 10° events.
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Figure D.4: Rate reconstruction of an 8 mm positron beam. The detector is without mask. The

sample is composed of 10° events.
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