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ABSTRACT

This thesis summarizes the high-energy calibration of the Timepix3 Radiation Monitor - a
300 pm thick hybrid silicon pixel detector - through two dedicated test campaigns consisting of
irradiation with hadron beams in the MeV range. The known literature saturation threshold of

600 keV /pixel was experimentally confirmed as Eg,[keV] = [607 £ 25] keV. Assuming
perpendicular irradiation, a linear correlation is found between the expected number of pixels
per hadron and the deposited energy of the particle. A parameter scan has been performed to
further understand the saturation behaviour: the number of energy-saturated pixels from one to
5 pixels and saturation thresholds up to 400 keV /pixel. A 37 order polynomial was used as a
high-energy calibration function to reconstruct the 'missing’ measured energy due to saturation.

This extends the detector’s usability beyond the linear calibration regime, leading to
performance optimization in the radiation field measurements at the CERN accelerator complex.
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Chapter 1

Introduction

The fundamental goal of this thesis is to perform a High-Energy Calibration of the Timepix3
Radiation Monitor [1] in the context of the Radiation to Electronics (R2E) 2] activity at the
European Organisation for Nuclear Research (CERN) [3]. The R2E main objectives are two-
fold: (i) to develop radiation-resistant electronics systems, and (ii) optimize the performance
of the infrastructure in the CERN accelerator complex [4]. To achieve this, the huge radiation
levels generated from particle beams are constantly under monitoring [5-7|, and new detector
technologies are investigated [1, §|.

The new Timepix3 Radiation Monitor has been developed as a suitable candidate for numerous
applications within the complex scenarios accross the CERN accelerator complex [9-11], owing
to its enhanced capabilities compared to the existing monitoring technologies [12, 13]. A
characterization of the response of the Timepix3 sensor in the high-energy regime (MeV range) is
necessary, since saturation occurs above up to an energy of 600 keV /pixel [1, 14]. Therefore, the
main aim of this work is to extend the known (linear) calibration regime to even higher energies.

To achieve this, two test campaigns have been conducted at Centro Nacional de Acceleradores
(CNA) [15] in Sevilla, Spain, by irradiating the Timepix3 with hadron beams in the MeV range.
The difference between the two includes altering the applied bias voltage to obtain different
depletion volumes - partial in the first case, and full in the other; comparing the two detector
configurations is another objective of this work. The amount of energy deposited and the
corresponding cluster area formed are examined to determine the spatial spread per amount of
charge in both cases. This is essential for differentiating the saturation per cluster among them.

At the final stage, the high-energy calibration is performed. A previously developed algorithm is
applied to the data, and the expected deposited energy is distributed: equally (version one); as a
ratio of the measured values (version two). A third version involving a third-order polynomial [14]
parameters is applied (version three). A parameter scan is done with the count of uncalibrated
pixels and thresholds, and the expected deposited energy as a function of the measured deposited
energy is displayed.



In chapter 2, the thesis begins by providing a theoretical foundation on the interaction of charged
hadrons with matter, described by the Bethe-Bloch equation. Subsequently, in chapter 3, a
thorough description of the Timepix3 Radiation Monitor is provided, outlining its construction
and operational principle. Chapter 4 describes the experimental set-up in the two test campaigns
conducted at CNA. The data analysis results are shown in chapter 5, starting with the determi-
nation of the saturation threshold. Lastly, in chapter 6, a summary of the results is presented
alongside additional work that can be implemented in the future for the mixed radiation field of
the Large Hadron Collider (LHC).



Chapter 2

Theoretical Background

2.1 Particle Stopping Power

2.1.1 Rationale

All charged particles, such as protons and heavy ions, lose energy mainly due to ionization as
they penetrate a given material [16]. The rate of energy loss of the ionizing radiation per unit
path length traveled is known as the stopping power dF /dx, or Linear Energy Transfer (LET).
When a high-energy charged particle interacts with matter, the corresponding mean kinetic
energy loss due to the Coulomb interaction with the electrons of the medium can be described
by the Bethe-Bloch equation [17].

Here, a classical derivation of the stopping power by Niels Bohr is introduced first. Afterwards,
the quantum mechanical expression derived by Hans Bethe and Felix Bloch is presented [18|.

2.1.2 Bohr’s Classical Derivation

An example collision, taking into consideration that the mass of the incident particle is much
larger than the mass of the electron (M >> m,), with the latter assumed to be at rest since the

interaction time is much lower than the respective orbital motion, is shown in Fig. 2.1.

_;;:_7“7 .
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Figure 2.1. Diagram from Ref. [19], representing the example interaction between an
incident particle and an electron in the material. A cylindrical Gaussian surface is drawn
for the momentum transfer calculation.



Assume a particle with charge ze and velocity ¥, a target electron with charge e, and an impact
parameter b, i.e., the transverse distance between the direction of the particle’s motion and the
center of the target. Eventually, the momentum transfer during the inelastic collision with the
electron can be calculated as:

Apy :/ﬁl-dt:/eﬁL-dt (2.1)

Only the perpendicular component of the electric field E| has an impact since EII cancels out
due to symmetry. Additionally, by using Gauss’ law [18]:

/E-M:Q (2.2)

€o

/EL orbdr = ~< (2.3)
€0

where ¢ is the permittivity of free space and b is called the impact parameter as seen in Fig. 2.1.
Analogously, by comparing Equation 2.1 and 2.3 and rewriting dt as df, the final expression for
the momentum transfer Ap, becomes:

(2.4)

One can also compute the energy that is transferred to the target electron, for an impact
parameter b, by the following relation.

AR — Api 1 2%
2m.  (4meg)?  b2vPm,

(2.5)

Thereafter, let us consider a cylindrical shell with a volume element dV = 27b - db - dx as outlined
in Figure 2.2 and the electron number density n, = N4 - p- Z/A, where p is the mass density of
the material, Z is the atomic number, and A the atomic mass.

Figure 2.2. Diagram from Ref. [19] of the cylindrical shell with an impact parameter b.



Then, the number of electrons in the target at any value of the impact parameter b is:
N, =n,-27b-db-dx (2.6)

Hence, the energy loss by the incident particle due to a path length dx for a distance between b
and b+ db in the material is:

B Arn.z%et  db

—dE(b)=AF -No= — - — -d 2.7
() s (27)
Subsequently, the impact on all electrons in the target needs to be computed. Dividing both
sides by dz and computing the integral over the impact parameters b,,;, and b,,q.:

(2.8)

bmin

dE  Amn.z%et / bmax b Aqn,z2et binax
_8E_ FMer € Ll © p
dx Mev? b b mev?

min

A suitable range includes that b,,;, > A. where \. is the de Broglie wavelength; from the
Heisenberg uncertainty principle, impact parameters below this are irrelevant. To compute this
variable, one has to consider that the minimum distance gives the maximum energy transfer

from Equation 2.5. Therefore, a head-on collision will transfer:

15 5 22%e!
AFE = 5"}/ mevU = 7neb2—ﬁ202 (29)
where v = (1 — 82)7Y2 and 8 = v/c. Finally, by, is defined to be:
2z¢?
bmin = ——— 2.1
yme e (210)

Since by, is the maximum distance to have a minimum effect of ionizing the shell electrons:

2224

AE — I — ’)’neb2—ﬁ202 (211)
ze? 2

bmaz - % : m. I (212)

where [ ~ h < v, > is the effective ionization. Altogether, Bohr’s classical description of energy
loss with distance can be written as:

dE  4dmz?et q (me’yQBQcQ)

e 2.13
dr  m.p?c? 21 ( )

This expression deviates from the quantum mechanical formulation by a factor of 2, which takes
into account the spin of the electrons as well.
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2.1.3 Quantum Mechanical Bethe-Bloch Relation

The bridging between the classical and quantum models has been done by Bethe and Bloch,
providing the following more accurate relation for the mean kinetic energy loss due to the

interaction of particles with matter.

dE Z1 (1. (2me3272 Wy 5(3

where z is the charge of the incident particle, I is the mean excitation energy, K = 47N r2m.c?

(N4: Avogadro’s Number, r.: electron radius, m.: electron mass), 6(37) is the density correction
to ionization energy loss (the distant electrons from the trajectory of the particle have a lower
2mec?f2~2
14+2yme /M+(me /M)
energy transfer (direct head-on collision of the charged particle with an electron).

effect because of the relatively lower electric field), and Wi, = 5 1s the maximum

To summarize, for charged particles, the stopping power is directly proportional to the particle’s
charge squared and inversely proportional to the square of its velocity. Consequently, since alpha

particles have double the charge of protons, their stopping power is relatively higher.

2.1.4 The Bragg Curve

As an incident charged particle interacts with the material and goes through, it loses energy and
deposits it along the way due to the continuous interactions with the existing electrons [18]. The
total stopping power due to electronic and nuclear interactions in Silicon as a function of the
kinetic energies of incident protons is displayed in Fig. 2.3.

SILICON

Stopping Power (MeV cm:/g)

0 Lo L |
2 0 2
10 10 10 10

Energy (MeV)

|— Total Stopping Power

Figure 2.3. The total stopping power dE/dx for protons with different energies, in Silicon.
Data taken from Ref. [20].
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In the energy range relevant for the test campaigns described in Section 4, the charged hadron
primarily loses its energy at a relatively slower rate. However, as it further travels across and
slows down, the rate of energy loss increases until it reaches a maximum immediately before the
particle stops. This notable rise in the energy deposition at the end of the particle’s range is
called the Bragg Peak. However, for very high energies (in the GeV range), the behavior gets
reversed. Due to the reduced interaction time of higher energy protons with the residual electrons
in the material, the stopping power decreases with increasing kinetic energy, which results in a
higher particle range in the material.

The deposited energy for stopping charged particles relative to the distance through the material
can be described by a Bragg curve. Different proton energies are shown in Figure 2.4, as simulated
using the FLUKA Monte Carlo code [21-23], to thoroughly analyze the energy loss rate as they
penetrate through the silicon sensor. To further detail, consider the following example. The
difference in depth for the two beam energies of 2070 keV and 3000 keV is approximately 50 pm.
Nevertheless, for a similar energy difference, the two beam energies of 4997 keV and 6000 keV, the
difference in depth results in around 100 pm. This example confirms that higher-energy particles
penetrate much deeper with less energy loss. Particles in this regime are the so-called Minimum
Ionising Particles (MIPs), and muons represent the most abundant particle species at the CERN
accelerator complex that manage to escape the location where they have been generated.

12 T T T T T
597 keV
613 keV
996 keV
2070 keV
10 M 3000 keV 7
4997 keV
6000 keV
> 8 B
f3
E
> |
2
o 6 b
el
]
‘n
o
&
a 4r
2
0 1 1 1 1 1
0 50 100 150 200 250 300

Depth [um]
Figure 2.4. Deposited energy as a function of depth in Silicon for various proton energies.
In addition, according to the Bethe-Bloch equation, the stopping power at lower energies is
inversely proportional to the square of the velocity, which is why the Bragg Peak takes place just

before the particle’s velocity approaches zero. Hence, before it stops, more energy is deposited

per distance traveled, and therefore, more ionization occurs.
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Chapter 3

Timepix3 Radiation Monitor

The Timepix3 detector technology [12, 13, 24| has a wide range of applications - from medicine
to research, some of which potentially include radiation therapy [25], coloured X-ray imaging [26],
electron microscopy 27|, and radiation characterization in space [28]. A thorough analysis of the
construction and operational principles of the detector relevant to this thesis is provided in the

following sections.

3.1 Technical Background

3.1.1 Detector Construction

The Timepix3 [13| chip has been developed as a next-generation hybrid pixel detector based on
a readout Application-Specific Integrated Circuit (ASIC). It has been developed by the Medipix3
Collaboration [24] at CERN, as a successor to the Timepix [12|. The chip itself used in the
Timepix3 RadiationMonitor was produced by ADVACAM |[29], Prague, Czech Republic.

From a technical perspective, the Timepix3 is a p-in-n Silicon detector, composed of 256 x 256 pixels
with a pixel pitch of , resulting in an active sensor area of 1.98 cm?. The semiconductor sensor
can be of various materials such as Si, GaAs, CdTe, SiC, etc, and of various thicknesses from
100 to 1000 pm. A minimum semiconductor layer thickness of 300 pm is essential for particle
identification [30]; therefore, the silicon layer in the Timepix3 Radiation Monitor is designed to
be at least this thickness. In addition, the connection of the active sensor layer to the ASIC chip
is done through bump-bonding, which gives the Timepix3 properties of a hybrid detector.

3.1.2 Operational Principle

To outline, the Timepix3 Radiation Monitor operates in hole collection mode since the silicon
sensor is p-doped. When ionizing particles interact with the sensor material of the detector,

electron-hole pairs are generated from ionization. The free charge carriers are therefore collected
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through the pixels’ electrodes in the presence of the electric field E caused by the application of
the specific bias voltage Vj;.s. The amount of these collected charge carriers is proportional to
the energy deposited by the incoming radiation in each pixel. A constant current Iy, (called
Krummenacher current) is then applied to discharge the collected charges from the electrodes.

metalization
layer

silicon
[ sensor

sensor bias

" bump
( > < ) bonding
pixel pitch ]

55 pm read-out

* ASIC chip
Timepix3

Figure 3.1. The Timepix3 detector layout as in the partially biased configuration with
the active layer of 250 pm thickness, aluminum metalization layer, and the dead layer. The
sensor is connected to the read-out ASIC chip through bump-bonding. The direction of the
electric field E as well as of the charge collection is further indicated. Figure from Ref. [1]

The signal is processed into Time-over-Threshold (ToT) and Time-of-Arrival (ToA). To illustrate,
the operational principle of the ToT and ToA for each particle hit is shown in Figure 3.2.

Amplifier output Threshold

|
I
I
|
|
r

Offset
Discriminator output

I
Local 640 MHz clock :Ilm"llm
T
Global 40 MHz clock |||:|||||||||||||||
1

Time-of-arrival (ToA)
clock

Time-over-threshold
(ToT) clock

Figure 3.2. The amplifier output curve along with the minimum threshold and operation
of the 40 MHz and 640 MHz clocks for measuring the ToA and ToT signal of each particle
interacting with the detector. Figure from Ref. [1]
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1. The ToT measures the energy deposited by the particle in each pixel and is proportional
to the number of charge carriers that are collected. This charge accumulation causes a
signal that, upon exceeding a predefined threshold, drives a 40 MHz global clock which
measures the time taken from the triggering (which occurs on the first rising edge of the
clock) until it falls below the threshold. This is measured in 25 ns units and stored in 10
bits, therefore, it goes up to 2% = 1024 units.

2. The ToA records the timing of the particle interaction. When the signal exceeds the
threshold, a 640 MHz local clock starts, determining the fast time-of-arrival (fToA) with a
precision of 1.5625ns which is stored in 4 bits and goes up to 2* = 16 units. This clock runs
until the next rising edge of the 40 MHz global clock with a period of 25 ns, at which the
ToA is registered, providing a high-resolution timestamp for the event. The latter is stored
in 18 bits and goes up to 262144 units. If deployed in the Large Hadron Collider, this
nominal clock time of the Timepix3 matches the LHC bunch spacing of 25 ns, for which
primary collision products traveling at the speed of light are expected to be observed with
regular patterns, while secondary products from other sources (e.g. background radiation
from the LHC tunnel) should be more stochastic.

The Timepix3 innovative feature compared to the previous generations (Timepix and Timepix2)
is the ability to provide simultaneous time (ToA) and energy (ToT) information. From the
detector’s dimensions, the total number of pixels is 65536, which are all read independently of
each other. The Timepix3 Radiation Monitor is operated in data-driven mode, to accurately
identify the signal from each particle that interacts with the detector and to further generate the

respective clusters.

3.1.3 Timepix3 Clustering and Capabilities

From the interaction of individual particles with the detector, clusters are created, i.e., multiple

pixels registering a non-zero ToT. The clusters occur:

1. due to particles entering the detector at an angle, causing them to pass through several

adjacent pixels as they traverse the detector plane

2. or the charge carriers generated by the particle’s interaction diffusing and spreading to

neighboring pixels before the pixel electrodes collect them,

or both. Overall, due to its good timing resolution, Timepix3 is able to accurately measure
single-particle hits, given high flux rates (up to 107 particles/cm?s) from the collisions, and
detect the direction of the incoming particles.

15



3.1.4 Detector Bias Settings

For this particular analysis, two test campaigns [31, 32| have been performed with the Timepix3
detector operated at different biasing conditions. The depletion volume thickness W as a function

of the bias voltage Vs is given by the following relation as described in Ref. [33]:

250631
W~ Visas, 2.27
\Voen, 7 (2.27)

where ¢ is the permittivity of free space, eg; is the relative permittivity of Silicon, and Np is.the

donor atom concentration. The numerical values are given in Table 3.1, as theoretically expected
from Eqn. 2.27.

Table 3.1. The applied bias voltage V},;,s along with the depletion thickness W, for both
irradiation campaigns. The second case leads to full depletion.

Test Campaigns [year| | Bias Voltage (Vhias) [V] | Depletion Thickness W [um]
2022 20 250
2025 80 300

16



Chapter 4

Experimental Set-Up

To perform the High-Energy Calibration of the Timepix3 Radiation Monitor, two test campaigns
were conducted at the Centro Nacional de Aceleradores (CNA) in Seville, Spain, which are
presented in detail in the following sections.

4.1 CNA

At the Van der Graaf 3 megavolts (MV) Tandem accelerator at CNA, one can have beams of
mono-energetic hadrons (protons, alphas, and heavier ions) up to 6 MeV /n [15]. This facility is
mainly used for studying and modifying materials by using ion beam analytical techniques and

ion implantation, and characterizing and developing radiation detectors [34].

4.2 Partially Depleted Detector Configuration

The first calibration campaign was carried out in February 2022 with protons in an energy
range of 0.6 — 5 MeV and alpha particles in an energy range of 1 — 5.6 MeV [31]. For this
test campaign, a bias voltage of Vj,.s = 50V leading to a partial depletion volume thickness of
250 pm has been applied. At these energy ranges, the incoming radiation is expected to fully
stop within the depleted layer of the silicon sensor. To outline, when protons are irradiated
perpendicularly towards the detector, they reach the thickness of the active layer at a beam
energy of approximately 5 MeV. If higher energies are used, this may lead to a considerable
energy deposition of the particles in the non-depleted layer of the silicon. If high enough, the
particles can even traverse the entire pixel thickness without stopping. Therefore, the energy
range for protons and alphas used for the calibration is intentionally selected to prevent the
particles from exceeding the respective depleted layer thickness.

Operating the Timepix3 sensor at partial bias voltage results in an increase in charge sharing to
nearby pixels. This occurs as a result of the relatively lower electric field present in the depleted

17



region, which increases the charge collection time. If more time is needed to collect the charges,
then more charge diffusion to neighboring pixels (lateral spread) takes place. As a consequence,
the signal magnitude of the collected charge in the incident pixel(s) is reduced as the energy
deposited gets distributed over a larger area, thus lowering the saturation per cluster. However,
this method is likely to experience more charge recombination due to the slower collection of the
charges by the electrodes, which can cause the electron-hole pairs to neutralize each other before
being measured.

4.3 Fully Depleted Detector Configuration

Another calibration campaign has been performed at the same facility in February 2025, by
irradiating the Timepix3 with mono-energetic proton beams with energy range of 0.6—2.2 MeV [32].
A full depletion was obtained by applying a bias voltage of Vs = 80V theoretically corresponding
to a depletion volume thickness equal to the full sensor thickness (W = D = 300 pm). Likewise,
the incoming radiation is expected to fully stop within the depleted region. To visualize, the
installation of the Timepix3 at the facility is demonstrated in Figure 4.1.

Figure 4.1. Installation of the Timepix3 detector at CNA. [32]

Applying a full bias voltage to the detector results in a higher electric field in the depleted
region compared to the partially biased case, which causes charges to be collected faster by the
electrodes. In other words, the drift velocity is greater since it is directly proportional to the
electric field [35]. Considering the charge recombination, due to the shorter lifetime of the charge

18



carriers - i.e, since they are quickly collected - this process is minimized. Additionally, there is
less charge diffusion to adjacent pixels, which leads to smaller cluster areas and higher energy
deposited in the main incident pixel(s).

4.3.1 Particle Irradiation Energies

A summary table to outline the proton irradiation beam energies used, along with the corre-
sponding portions of the energies that are deposited in the aluminum metalisation layer with
thickness Thr, = 500 nm and the dead layer with thickness Tp;, = 333 nm is provided below. The
energy deposited in the effective layer is then calculated as the difference between the incident

beam energy and the energies lost in these top layers.

Table 4.1. The table indicates the initial proton beam energy, the energy deposited in the
aluminum metalisation layer, the energy deposited in the dead layer, the effective energy
in the active layer, and the corresponding relative total energy loss for the fully biased
detector configuration. [32]

Ebeam Edep,Al Edep,DL Edep,eff AFE
[MeV] |keV] [keV] [MeV] [%]

0.593 32 19 0.542 8.6
0.644 30 18 0.595 7.6
0.694 29 17 0.647 6.7
0.743 28 17 0.698 6.0
0.794 27 16 0.751 54
0.846 26 15 0.805 4.9
0.943 24 14 0.904 4.1
0.993 23 14 0.956 3.8
1.092 22 13 1.0567 3.2
1.192 21 12 1.159 2.8
1.294 20 12 1.262 24
1.393 19 11 1.363 2.2
1.494 18 11 1.465 1.9
1.594 17 10 1.566 1.7
1.687 17 10 1.660 1.6
1.798 16 9 1.773 14
1.893 15 9 1.868 1.3
1.998 15 9 1.974 1.2
2.099 14 8 2076 1.1
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4.3.2 Energy Calibration

Similarly to the partially biased case, the cluster-level energy calibration for converting the ToT
into Fgep has been executed assuming there are no saturation effects. Correspondingly, the mean
values of the cluster ToTs as a function of deposited energies in the active layer are plotted and
the following equation is obtained.

2500 62
B Interpolated data points i
protons
M
2000 " —50
o Bty g
— -
=} T
S | - |
L = 1500 T —37 —
Ea ¥ 1"
) ® ] =
8~ I 1 B
= = =
o 2 1000 P —25
T
G — - ]
g
= I ]
500 — —12
I Pixel fit: i
ToT=Egep- (572 £ 36) [20 ns/MeV] i
+ N +(56.2 + 3.5) [25 ns/pixel] ||

8o 05 1o 15 20 28
FLUKA Simulated
Effective deposited energy/cluster [MeV]

Figure 4.2. Timepix3 Radiation Monitor calibration for converting the measured ToT to
deposited energy in fully biased configuration. [32]

25
T0T eq(Eaep) = Eaep - [572 £ 80 (0rg7) = 36 (05) £ 36 (050)] { ns}

MeV
25ns
pixel

+ N - [56.2 + 3.5 (05;) £ 1.0 (070r) + 0.4 (05)] {

4.4 Particle Range in Matter

To determine the particle’s range within a material [36], integration through the rate of energy

loss from the initial energy E until it stops can be evaluated as:

E dE
R:/o dE/dx (42)

A graph of the proton and alpha particle range in Silicon along with the stopping power, as

functions of their corresponding kinetic energy, is provided in Figure 4.3.
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Figure 4.3. The range and stopping power of alpha particles and protons in the Silicon
sensor of the Timepix3 as a function of their kinetic energy. The horizontal dashed line
indicates the detector’s active layer thickness D = 300 um.

The range for alpha particles is lower than for protons because of their relatively higher mass
and charge. The Timepix3 active Silicon layer thickness boundary shows that the alpha particles
fully stop inside, given the specific beam energies. Moreover, protons just reach this thickness at
a beam energy of around 5 MeV, considering perpendicular irradiation (6; = 90°). For energies
higher than this, they are expected to deposit part of their energy in the non-depleted layer of
the sensor or even exceed it without stopping.
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Chapter 5

Data Analysis Results

5.1 Determination of the Saturation Threshold

The alpha particle data with beam energies as indicated in Ref. [1] at perpendicular irradiation
(0; = 90°) has been analyzed. Alphas have a shorter penetration depth than protons, since they
have a higher ionization power (i.e., the minimum energy that is required to detach the outermost
electron from an atom), which is a result of their relatively higher mass and charge compared to
protons.

As outlined in the previous sections, the relation between pixel ToT and the respective deposited
energy Eqep, behaves linearly up to an energy deposition of 600 keV per pixel (regardless of
detector configuration) and 2 MeV per cluster (for the partially biased case) [1]. For values
above these, saturation is expected to take place, resulting in less measured energy deposition
than expected. Possible causes for saturation include high-energy depositions, which result in a
decrease in the recorded ToT value per pixel.

Hence, to explore these saturation effects, a 2D histogram showcasing the recorded ToT per
cluster (determined as the sum of all ToTs of corresponding pixels in the cluster) versus the
Cluster Height (the maximum measured pixel ToT for each cluster index) has been plotted in
Figure 5.1 Each respective alpha beam energy has been displayed, and a reference line of (x = y)

has been additionally outlined.
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Figure 5.1. The maximum pixel ToT as a function of the total ToT per cluster for different
alpha beam energies.

Eventually, to quantify the saturation threshold, a projection on the y-axis for incident alphas for
the highest beam energies, namely of 5.595 MeV, 7.458 MeV, and 8.405 MeV has been performed,
and a Gaussian function was implemented to fit the data. The corresponding histogram for the
maximum pixel ToT has been obtained, which is shown in Figure 5.2.
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Figure 5.2. A projection on the y-axis for Figure 5.1 and the respective Gaussian fit.
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The peak corresponds to a ToT value of u = 626 ToT [25ns| with a standard deviation of o = 48
ToT [25ns|. Therefore, the saturation threshold determined from the projection on the y-axis of
the ToT per cluster versus the cluster height graph was found to be:

Eaa[keV] = [607 + 25] keV

This matches within uncertainties the expected 600 keV limit from literature [14|, which further
confirms the reliability of the setup.

5.2 Fully Biased Detector Data Analysis

5.2.1 General Sensor Response

Some exploratory analysis has been primarily implemented in order to understand the behavior
of the data when the detector is fully biased. At first, a 1D distribution of the reconstructed
clusters’ area, i.e., the total number of pixels per cluster, is investigated for several incident
beam energies. It is important to mention that only a subset of the total beam energies has
been plotted to have a clearer illustration. Therefore, from Figure 5.3, it is evident that with an
increase in the deposited energy, the cluster area also increases.

Thereafter, the ToT distribution per cluster, i.e., the sum of all pixel ToTs per respective cluster,
has also been plotted for the same beam energies to observe the differences. The result matches
the expectation that higher energy depositions result in larger values of the recorded cluster ToT.
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Figure 5.3. (Left) 1D distribution of the cluster area and (Right) 1D distribution of the
cluster ToT for different proton beam energies.
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To further confirm the consistency of the results, the ToT distribution has been plotted on a pixel
level for a subset of beam energies as shown in Fig. 5.4. The y-axis is shown on a logarithmic
scale to better distinguish the distinct values, and the x-axis can be extended up to 1024 ToT
units since this variable is stored in 10 bits. Once more, as the deposited energy increases, the
ToT value per pixel gets higher.
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Figure 5.4. The ToT distribution per pixel for the distinct proton beam energies.

5.3 Configuration Comparison

5.3.1 Correlation between Cluster ToT and Area

Subsequently, another cluster-level analysis method has been addressed after verifying how the
cluster area, cluster ToT, and pixel ToT operate with regard to changes in the beam energy when
being fully biased. Therefore, a 2D histogram of the total ToT per cluster against the cluster
area has been plotted, taking into consideration every beam energy in Table 4.1. In addition to
this, the respective counts have been normalized by row-wise operations, i.e., dividing each data
point by the maximum value in the corresponding row. This is then visualized in Fig. 5.5 (Left)
for the fully biased configuration.

The same logic has been tested on the partially biased data, considering beam energies up to

2.070 MeV, so as to have the same conditions for an appropriate comparison, as displayed in
Fig. 5.5 (Right).
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Figure 5.5. Comparison of cluster area as a function of ToT per cluster under full (Left)
and partial (Right) bias voltage conditions.

A linear relationship is obtained for both configurations, with the following line equations:

pixels

= (6.46-107%) ———— - 2 + 3.38 ToT[25 Full Bi 5.1

y=( ) oy o 338 ToT(25 ns] - (Full Bias) (5.1
ixel

y = (849 -107%) % -2+ 1.13 ToT[25 ns] (Partial Bias) (5.2)

The slope for the partially biased configuration is higher than for the fully biased one (i.e.,
my, > my). This indicates that the same amount of energy deposited is distributed among more
pixels per cluster for the partially biased case. This is due to the relatively lower electric field E
in the depleted region, which leads to slower charge collection and thus, more charge diffusion to
adjacent pixels. Therefore, larger cluster areas are created, which results in less saturation as the

total charge is shared over more pixels.

Lastly, this analysis provides an alternative method to determine the expected number of pixels
per cluster for a given beam energy, but more importantly, how to determine from the number of
pixels the total ToT per cluster, which could be undermeasured because of saturation per pixel.
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5.4 High-Energy Calibration

This part of the analysis aims to perform a per-pixel high-energy calibration by applying a
previously developed algorithm [14] to the newly obtained proton data, with the detector being
fully depleted as outlined in Section 4.3. It is important to note that the previous study has
claimed that this correction factor at high energies can be applied for any Timepix3 detector.
The procedure is rather straightforward, for which a demonstration of an example cluster would
be extremely useful. In the following figure, a randomly selected cluster created due to irradiation
with protons at 0.993 MeV, along with the corresponding ToT of each pixel element, is displayed.
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Figure 5.6. An example cluster created due to a 0.993 MeV proton along with the ToT
measurement in each pixel.

The information that can be extracted from this is the total number of pixels, the distribution
of the ToT in each pixel, the total measured ToT, and many others. First and foremost, by
knowing the proton beam energy, which in this case is Epeam = 0.993 MeV, the cluster expected
ToT that ideally should be recorded by the detector can be calculated by using Equation 4.1.

ToTex, &~ 1017 [25ns] (5.3)

where N = 8 is the total number of pixels. Therefore, the total ToT expected for this cluster
is about 1017 [251ns]. To confirm if this is the case, all ToTs from the individual pixels within
the cluster were added up to find the total measured ToT. This results in a value of ToT ,cas =
889 [25ns], which is lower than what is expected - indicating that saturation has occurred.
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To apply a correction, the method aims to initially distinguish between pixels that are below
or above a predetermined ToT threshold. For this cluster, if the threshold is assumed at
ToT thres = 150 keV, it results in six pixels with below-threshold ToT (calibrated) and two pixels
with above-threshold ToT (uncalibrated). To showcase, the uncalibrated pixels have yellow
and orange colors in the figure.

After this arrangement, the expected ToT per uncalibrated pixel is determined. To do this, the
total ToT of calibrated pixels was found and subtracted from the theoretical ToT expected Of the

cluster. This is then equally divided among the number of uncalibrated pixels.

el TOTEE — ToT ey
ToTh! = (5.4)

exp
N uncal

A sample calculation with the algorithm applied to the cluster in Figure 5.6 is provided in
Table 5.1.

Table 5.1. Application of the algorithm to an example cluster for determining the expected
ToT per uncalibrated pixel.

Variable Value [25 ns]|

ToTguter 1017
ToTchuster 889
ToTcal 262
ToTrixel 377.5

exp

ToTrixel 338 and 289

meas

Ergo, the algorithm suggests that the expected values should be 377.5 [25 ns| for each uncalibrated
pixel, but the measured values are both below this value.

5.4.1 Algorithm Version 1

Subsequently, the algorithm has been applied to the entire proton data for the fully biased detector.
However, some iterations had to be done with the ToT threshold and the number of uncalibrated
pixels, so as not to make any arbitrary assumption. Different numbers of uncalibrated pixels in
the [1, 5] range and different ToT thresholds between [150,400] ToT have been used. Then the
algorithm was implemented for every pair (all possible combinations), and the measured versus
the expected ToT per uncalibrated pixel has been plotted in Fig. 5.7.
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Figure 5.7. The measured versus the expected ToT per uncalibrated pixel (equal division)
for [1, 5] uncalibrated pixels and [150,400] ToT thresholds for all proton data in fully biased
configuration.

In Ref. [14], an arbitrary ToT s = 150 keV has been used, while Figure 5.7 aims to provide a
broader picture by performing a parameter scan with different values to improve the algorithm.
Nevertheless, this equal distribution of the expected ToT becomes less accurate for Nypcatibrated > 2
This can be confirmed by the horizontal spread of the data. Therefore, equally assigning the
ToT values among Ny,ca requires further consideration.

5.4.2 One Uncalibrated Pixel

For the case of only one uncalibrated pixel (Nynea = 1) in the cluster, no assumptions are

made regarding the distribution of missing energy amongst the uncalibrated clusters. As such,
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a third-order polynomial was fitted to obtain the related parameters. The corresponding plots
of the measured versus expected ToT per uncalibrated pixel for ToT e = 300 [25ns|, and
ToT thres = 350 [25ns|, are shown in Fig. 5.8a and 5.8b, respectively.
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Figure 5.8. The measured versus expected ToT for Ny, = 1 histograms and the

corresponding third-order polynomial corrections.

These correction fit parameters can therefore be used to reconstruct the undermeasured energies
in the case when only one pixel is saturated due to the incoming radiation.

5.4.3 Algorithm Version 2

Another version of the algorithm has been developed - this time, not equal division of the
missing ToT amongst the pixels, but a linear distribution. Thus, the total ToT of calibrated
pixels was subtracted from the cluster’s theoretical ToT expectea and divided among the number
of uncalibrated pixels based on their ToT,,..s ratio. Subsequently, this new version has been
applied to all clusters for all the beam energies. Once more, different numbers of uncalibrated
pixels in the [1,5] range and different ToT thresholds between [150,400] ToT have been used.
The measured versus the expected ToT per uncalibrated pixel has been plotted in Fig. 5.9.
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Figure 5.9. Same as Fig. 5.7, but for a linear distribution of the missing energy.

5.4.4 Algorithm Version 3

Given that saturation occurs at energy depositions above 600 keV per pixel, another version
has also been implemented with a non-linear distribution of the energy per uncalibrated pixel.

The third-order polynomial correction function that has been used was previously determined in

Ref. [14] as:

feorr(z) = —1.019 4+ 1.153 - 2 — 2.302-107* - 22 +9-107% . 2* (5.5)
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This function has been applied to all measured energies per uncalibrated pixel to find the

corresponding expected energies. The respective 2D histograms are shown in Figure 5.10.
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Figure 5.10. Same as Fig. 5.7, but for a non-linear distribution of the missing energy.

Saturation effects are evident, since higher energies are expected than measured. Therefore, this
non-linear distribution is used as high-energy calibration to reconstruct the 'missing’ measured

energies due to saturation, extending the detector’s usability beyond the linear calibration regime.
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Chapter 6

Future Directions

To provide an outlook, the higher energy calibration results can now be used to correct the
measured energy deposition in any scenario where saturation is present. Within the R2E activity
at CERN, there are several planned test campaigns and analyses involving the Timepix3 Radiation
Monitor, of which only two are highlighted here:

1. The Timepix3 detector could be used as a beam characterisation monitor for heavy ions
as part of the HEARTS [8| project, funded by the European Commission. The ion beam
would lead to a signal in the Timepix3 in the very to extremely high energy deposition [37],
leading to a known saturation behaviour called the volcano effect [38|.

2. An on-going measurement that will suffer from saturation effects is a test campaign on
the Quench Protection System (QPS) in the Dispersion Supressor (DS) region around the
ALICE detector [39] (LHC IP2), because of failures of unknown origin that have been
observed in the past during the LHC lead ion (Pb) operation. The LET discrimination
power of the Timepix3 Radiation Monitor [9] could be used to identify heavy ions in the
radiation field.

Outside the R2E activity at CERN, the Timepxi3 technology is used in a wide constellation of
applications, amongst which those that could be impacted by saturation effects could include
radiation monitoring on the International Space Station (ISS) [40], the luminosity measurements
and radiation field characterization [30] in the ATLAS detector [41], and the LHCD [42] Timepix3
telescope used for as VErtex reconstruction LOcator (VELO) [43].
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Chapter 7

Discussion and Conclusion

The radiation environment at the CERN accelerator complex showcases enormous radiation levels,
which have to be continuously monitored and mitigated to ensure the successful performance of
the experiments, detectors, electronic systems, and other existing units. For this purpose, the
Timepix3 Radiation Monitor, a 300 pm hybrid silicon pixel detector based on a readout ASIC, is
being heavily tested for integration into this radiation monitoring arsenal. The detector exhibits
a linear behavior to the incoming radiation up to an energy of 600 keV /pixel. Within the scope
of this thesis, a detailed characterization of the response of the Timepix3 in the high-energy
regime (MeV range) has been presented. Upon successful evaluation, this high-energy calibration
can be applied to the mixed radiation field data at CERN and correct for the missing measured

energy due to saturation.

Two test campaigns have been successfully conducted at Centro Nacional de Acceleradores
(CNA) by irradiating the Timepix3 Radiation Monitor with hadron beams in the MeV range
at perpendicular irradiation. In the first campaign, a bias voltage of Vi;.s = 50V was applied,
resulting in a partial depletion volume thickness of W=250 pm. In the second campaign, the bias
voltage was increased to Vi, = 80V, causing the detector to be fully depleted with a volume
thickness of W=300 pm.

Saturation effects have been identified at high energy depositions, which were observed by the
non-linear response of the relation between maximum pixel ToT as a function of the total ToT
within each respective cluster. Alpha particles are bombarded at the sensor to quantify the
saturation threshold, experimentally determined here at Eg,[keV] = [607 £ 25] keV, which is
within the range of the expected theoretical 600 keV limit.

Furthermore, the general sensor response for the data when the detector was fully biased has
been explored, revealing an increase in the cluster area, cluster ToT, and pixel ToT for the
same bean energies compared to the partially biased setup. There is a linear relationship
between the cluster area as a function of the deposited energy, in both cases. One can determine
the expected number of pixels per cluster for a given ToT signal assuming perpendicular
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irradiation, found to be: y = [(6.46 - 107?) % - + 3.38 ToT[25 ns]] (partial bias) and

y=[(8.49-1073) % -z + 1.13 ToT[25 ns]] (full bias). The variation lies in the slope, i.e.,
my, > my, indicating that the same amount of energy deposited is distributed among more pixels
per cluster for the partially biased case. This is due to the relatively lower E in the depleted
region, which leads to slower charge collection and thus, more charge diffusion to adjacent pixels
(lateral spread). Hence, there is less saturation per cluster as the total charge is shared over a

larger area.

The high-energy calibration has been successfully implemented by applying the algorithm to
the proton irradiation data on the fully biased configuration. For all versions, a parameter scan
was done with the count of uncalibrated pixels and ToT thresholds, and the expected ToT as a
function of the measured ToT per pixel was displayed. Version one, i.e., equal distribution of the
expected ToT among uncalibrated pixels, proved to be less accurate for Nyncalibratea > 2, verified
by the horizontal spread of the data. However, since no assumption is required on how the ToT
should be distributed for the data with only one uncalibrated pixel, a 3" order polynomial was
fitted, and its parameters were obtained.

A second version, with a linear distribution of the expected ToT as a ratio of the measured ToT
among the uncalibrated pixels, is more accurate in comparison to version one, but saturation
at 600 keV /pixel is expected. For this, Version 3 is implemented, which includes applying a 3"
polynomial with previously defined constants [14] to the measured ToT data per uncalibrated
pixel as a non-linear distribution of the energy in order to correct for the missing measured
energy due to saturation.

To conclude, applying these correction algorithms to reconstruct the undermeasured radiation
levels of the Timepix3 Radiation Monitor leads to performance optimization in the radiation

field measurements at the CERN accelerator complex.
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Appendix A

Total ToT versus Cluster Height for protons

For each configuration of the Timepix3 Radiation Monitor, i.e., partially and fully biased, the
proton data at perpendicular irradiation up to 2 MeV are considered, and the total ToT per
cluster vs. the maximum pixel ToT is shown below.
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Figure 7.1. Total ToT per cluster vs Figure 7.2. Total ToT per cluster
the cluster height for proton data, full vs the cluster height for proton data,
bias. partial bias.
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Appendix B

Angular Scan for 6 MeV protons

An angular scan from 15° to 45° with 6 MeV protons is performed for the partially biased
configuration, and the total ToT per cluster is plotted against the maximum pixel ToT.
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Figure 7.3. Total ToT per cluster vs. cluster height for 6 MeV protons at different angles.
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Appendix C

Analysis on the Time-of-Arrival

The 1D distributions of the ToA per pixel have been plotted to observe the differences in this

regard between partially and fully biased configurations. This has been applied to both 1 MeV and

2 MeV proton beam energies, as shown in Figure 7.4 (Left) and Figure 7.4 (Right), respectively.
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Figure 7.4. The ToA distribution per pixel to highlight the differences of the detector at
partial and full bias voltage for (Left) 1 MeV and (Right) 2 MeV proton data.

One can infer that the maximum ToA is lower for the fully biased detector than for the partially

biased one. Nevertheless, further analysis is aimed to be conducted to more accurately investigate

the measurements on this variable.
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