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“Important thing in science is not so much to obtain new facts
as to discover new ways of thinking about them”
Sir William Bragg

“There is a great deal of difference between an eager man who wants to read a book
and the tired man who wants a book to read”
GK Chesterton

ABSTRACT

Ion beam therapy is a highly precise and selective radiotherapy technique where energetic
beams of heavy charged particles (protons, light ions) are used to treat malignant tumors in
oncology patients. This Thesis is part of the effort to characterize and visualize primary and
secondary radiation in Hadron Therapy procedures with high energy and spatial-resolution,
high sensitivity (quantum counting), precise tracking and enhanced resolving power made
possible by the state-of-the-art hybrid semiconductor pixel detector Timepix. Tasks of this
Thesis included the assembly, operation, evaluation and testing of novel coincident arrays of
several Timepix detectors which were designed for the purposes above. Tests and measurements with proton and carbon ion beams incident on various phantoms were performed at
the hospital-based treatment center HIT in Heidelberg, Germany.
After the measurements, custom-made software tools in C++ and Python were developed in
the frame of this Thesis in order to evaluate multiple geometric and physical parameters from
the signals acquired by the detector arrays. Tasks included pattern recognition algorithms
to resolve and analyze groups of reaction products generated by the primary ion beam in
the irradiated materials by nuclear reactions (e.g. spallation, nuclear fragmentation) and the
configuration and calibration of the Timepix detectors used. With the instrumentation and
techniques developed, it is possible to register the tracks of single particles in 3 dimensions,
which enables reconstructing their origin (vertex) along the primary beam axis. This capability
opens the way to direct and online monitoring of the primary beam interaction within the
target phantom while in addition monitors and validates the treatment procedure. Results
obtained on the generated mixed radiation fields are more complete and precise thanks to the
spectral, spatial and also timing information obtained from ion groups and reaction products.
An important and novel contribution of the developed techniques is the information on the
direction of trajectory of energetic charged-particle radiation made possible by advanced
tracking analysis and pattern recognition algorithms. The work and contribution of this Thesis
are namely proof-of-concept results of prototype arrays of pixel detectors. More extensive
results will be provided by extended analysis of collected data as well as by future dedicated
measurements which are planned.
Key Words: Timepix, Hadron Therapy, Semiconductor Pixel Detectors, Radiation Imaging,
Radiation Spectroscopy, Particle Tracking.

INTRODUCTION

This Thesis is divided into nine chapters and four appendixes. The first three chapters
are an introduction to the physical phenomena and instruments related to the work: The
first chapter presents a description of hadron therapy, its physical and dosimetric aspects,
instrumentation and the motivations to improve the quality of the treatment monitoring;
the second chapter is dedicated to the Timepix detector, its readout electronics and DAQ,
important definitions, operation modes and calibration; hence, as a round-up, the third
chapter contains a summary about previous investigations with Timepix or other devices for
secondary radiation characterization in hadron therapy.
Chapters four to six explain the experimental procedures and techniques used to acquire and
to process information from the measurements: The fourth chapter explains the capabilities
and additional hardware required for coincident DAQ with Timepix detectors, and preliminary
tests of their performance; chapter five describes the experimental setups and measurements
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performed at HIT and chapter six explains the structure and methods of the algorithms
developed for data analysis.
Regarding results, chapter seven validates the techniques and algorithms using test data
from a Van de Graff accelerator; right after, chapter eight contains all the results up to
date about particle yields, spectroscopy, tracking and performance of the detector arrays
for different phantoms and operation modes. Finally, the ninth chapter summarizes general
results from the research and it sets some parameters and suggestions for future investigations
using Timepix hybrid pixel detectors for radiation monitoring in hadron therapy.
The four appendixes at the end of the document are dedicated to: Theoretical aspects
about the interaction of charged particles with matter, hadron therapy development and
the Heidelberg Ion Therapy center, a procedures’ manual for the manipulation of Timepix
detectors and additional work related to X-Ray Imaging at the High Energy Physics’ laboratory
of the Universidad de Los Andes.
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“Sometimes you wake up.
Sometimes the fall kills you.
And sometimes, when you fall, you fly.”
-Neil Gaiman.
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Part I
INTRODUCTION.

1

HADRON THERAPY

1.1

introduction

Hadron Therapy is a relatively new radiotherapy technique where high energy beams of heavy
charged particles (protons, light and heavy ions) are used to treat malignant tumors in medical
patients. The main advantage of this technique in comparison with photon or electron therapy
is the ability to deliver the dose with very high precision thanks to the well-defined range
(small entrance dose with a maximum known as “Bragg Peak”) and small lateral beam spread
of the beam (small angle distribution from multiple Coulomb scattering). While tumor therapy
using protons is well established and thousands of patients have been treated worldwide, the
enhanced biological effectiveness of heavy ions has motivated the development of suitable
facilities and physical/radiobiological studies to characterize this highly sensitive treatment
technique. The interaction of radiotherapeutic ion beams with matter produces energetic
secondary particles and nuclear reaction products which affect the highly localized deposition
of energy. A complete characterization of these processes, including visualization of their
spatial distribution, is highly desired to validate and improve the quality of the treatment.
Physical and technical information in the following sections is based on reviews by SchulzErtner [6], Jakel [16] and Schardt [1].
1.2

characteristics

Therapy with protons and heavy ions stand out from other radiotherapy modalities due to a
desirable energy deposition profile (“Bragg curve”) when a deep-sited tumour is irradiated:
Small energy loss along most of the path and a localized narrow peak right with very high
energy deposition before reaching its end -defined by its initial kinetic energy-. Figure 1 shows
normalized dose deposition profiles for different types of particles used in radiotherapy.

Figure 1: Relative depth-dose profile of different radiotherapy modalities. All profiles are normalized
to the maximum deposition for each type of particle.

For photons, the dose deposition varies according to the dominant mechanism of interaction:
At low energies (∼ keV), the photoelectric effect causes most of the photons to be absorbed and
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the dose decreases exponentially almost from the surface of the patient; for energetic photons
(∼ MeV) the Compton effect causes an initial slow buildup that avoids energy deposition on
the surface and shifts the maximum dose to a deeper section (centimeters, according to their
initial energy). In the case of electrons, rapid absorption occurs, resulting on a very short
finite penetration range that is suitable to treat superficial tumours and spare deeper healthy
tissues.
Neutron and proton beams can be produced from proton accelerators to irradiate patients
too. In the first case, the Linear Energy Transfer (LET) due to nuclear interactions is very high,
which causes high biological damage and hence, low probability for the tumour cells to repair
themselves. Dose profiles of neutrons are similar to those of photons (exponential decrease
along the beam path) but only one third of the photon dose is required to treat the tumours.
For protons, the biological effect is very similar to that of photons, but the energy deposition
is described by a Bragg Curve.
In the case of heavy ions, the energy deposition is also described by a Bragg Curve with
a peak narrower and a biological effectiveness three times higher than those obtained using
protons. Otherwise, unlike protons, a “dose tail” appears after the Bragg peak in this modality
due to secondary fragments resulting from the nuclear reactions between ions and tissues
along their path.
1.3

the physics of heavy ion therapy

Regular deep-seated tumours require ion beam ranges up to 30 centimeters for each treatment.
To accomplish this task, ion beams are accelerated to velocities close to 0.7 times the speed of
light, which implies energies up to 220 MeV/U for protons and helium ions, 430 MeV/U for
carbon and 600 MeV/u for neon. At this energy range, the energy loss of ions is mainly caused
by inelastic collisions with target electrons and it is accurately described by the relativistic
form of the Bethe Bloch Formula:
4πNA ρe4 Zt Z2p
dE
−
=
dx
Ame v2



2me v2
C
δ
2
2
ln[
] − ln[1 − β ] − β −
−
<I>
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(1.1)

Where − dE
dx is the energy loss per path length (also known as “Stopping Power”); NA =
23
6.02x10 mol−1 is Avogadro’s constant; e = 1.602x10−19 C the charge and me = 0.511MeV/c2
mass of an electron; Zp and Zt the atomic numbers of the projectile and absorbing material,
respectively; A the atomic weight and ρ the density of the absorbing material; v is the speed
of the incident particle and β = v/c; < I > is the mean ionization potential of the target
material (∼ 79-80 eV for protons and ∼ 75-78 eV for heavy ions in liquid water) and δ and C
are terms related to the density and shell corrections. A deeper deduction and description of
this Formula can be found in Appendix A, and stopping powers for protons and carbon ions
are shown in Figure 2.
The position of the Bragg Peak is the depth at which ions reach the maximum energy-loss
rate. The condition for the particle velocity at this point, is given by:
2/3

vp ≈ Zp v0

(1.2)

where v0 is the Bohr velocity (v0 = e2 /h). Therefore, the specific energy of a carbon-12 ion
when it reaches the Bragg Peak is close to 350 keV/U.
A heavy charged particle traverses a material almost on a straight line. Therefore, its total
range can be calculated the same as its mean range using the stopping power:
Z

Z0

R = dx =
E

dE 0
(dE 0 /dx)

(1.3)
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Figure 2: Stopping power and range of protons and carbon ions in water according to their initial
kinetic energy. (Taken from Schardt et al. [1])

as the range is inversely dependent on the stopping power, it will vary as A/Z2 for ions
with the same specific energy. This is illustrated for various ions in Figure 3.

Figure 3: Mean range for selected ions in water. (Taken from Schardt et al. [1])

The slowing-down/energy-loss process is statistical in nature for a large number of particles.
For an ion beam, this behavior results on a broadening of the Bragg Peak. As the material that
ions traverse when treating a patient is thick, the energy distribution for the beam can be well
described by the gaussian limit of a Vavilov distribution for energy straggling:
¯ 2
1
(∆E − ∆E)
f(x, ∆E) = √
exp
2πσE
2σ2E

(1.4)

where the standard deviation is:

4

σE = 4πZp Zt e NA (∆x)
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The variance of the range straggling, and hence the broadening of the Bragg Peak, are
related to the energy-loss straggling as:

σ2R

ZE 
=
0

dσE
dx



dE 0
dx

−3

dE 0

(1.6)

√
The ratio between the straggling width σR and the total range R scales as 1/ M. From this
expression is possible to see that the Bragg Peak of a proton beam is wider than that of a
heavier ion with the same mean range (As shown in Figure 4. In practice, this broadening is
even higher due to inhomogeneities in the traversed tissues.

Figure 4: Measured Bragg curves for protons and 12 C ions with the same mean range in water. (Taken
from Schardt et al. [2])

Another interesting feature of therapy with heavy ions regarding that with protons is a
smaller lateral deflection of the beam while it penetrates the absorber. A small spread is
desired to avoid the irradiation of tissues external to the treatment volume, and for ion beams
it is caused mainly by Multiple Coulomb Scattering. The angular distribution for small angles
can be approximated by a Gaussian function with a standard deviation:

θrms
14.1MeV
σθ = √ =
Zp
βpc
2
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d
Lrad
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1 + log10
9



d
Lrad


(1.7)

where p is the total momentum of the particle, d the traversed thickness and Lrad the
radiation length of the material. Absorbers made of heavy elements will have a decreasing
radiation length and, therefore, a bigger angular spread. Furthermore, as the spread is
inversely dependent on the particles’ kinetic energy, a beam of ions with a certain initial
energy will be thinner than another with a smaller value. Figure 5 shows calculated beam
widths for carbon ions and protons with the same mean range (different energies) in a water
phantom located 1 meter away from the accelerator exit.
Even though nuclear reactions do not affect significantly the energy-loss process, their effects
are relevant at large penetration depths. The most frequent reaction types along the stopping
path are peripheral collisions, which can be well described by Serber’s “Abrasion-Ablation
model” [3]. Figure 6 illustrates this process: First, nucleons from the fragmented nuclei are
abraded in what is called a “fireball” while the fragments of projectile and target are barely
affected; in the ablation stage, these fragments evaporate nucleons or nucleon clusters to
de-excite themselves.

1.3 the physics of heavy ion therapy

Figure 5: Calculated beam spread for 12 C ions (258 MeV/U) and protons (150 MeV) with different
energies in a typical treatment beam line setup. A water phantom is placed a meter away
from the beam exit. (Figure from U. Weber, Rhon Klinikum AG)

Figure 6: Illustration of the abrasion-ablation fragmentation model of peripheral collisions according
to Serber [3]. (Adapted from Gunzert-Marx et al. [4])

As the penetration depth increases, so does the amount of lower-Z secondary fragments.
These particles keep moving with velocities similar to that of the primary ions, and their
angular distribution is forward directed but much broader than the lateral spread of heavy
ions due to Mutiple Couloumb Scattering. The main effect of this secondary radiation is
the addition of a dose tail with a maximum range higher than the Bragg Peak position.
Studies of fragmentation phenomena for these processes and different ion species (Schardt
et al. [19]) indicated that shell-structure effects were still visible at high energies and that
a significative number of primary ions was lost by nuclear reactions along the beam path.
Measurements of carbon ions penetrating in water at different energies in Figure 7 evidence
that an increasing Bragg Peak depth implies higher energy straggling, longer dose tails and a
reduced peak-to-entrance dose ratio due to the loss of primary ions.
On the other hand, studies on the contributions of each type of lower-Z fragments (as the
one by Haettner et al. [5] for 12 C seen in Figure 8) showed that Hydrogen and Helium had
longer ranges and were more abundant than heavier fragments. The dose contribution of
charged secondary fragments has been estimated to be close to 10 % of the total dose, which
makes them significant enough to affect the quality of the treatment. Other research about
fragmentation and dosimetry will be analyzed later in Chapter 3.
Regarding neutrons, even though their biological effectiveness is high, previous measurements have reported very small yields that represented less than 1 % of the total dose.
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Figure 7: Measured Bragg curves of 12C ions penetrating a water phantom. (Taken from Schardt et al.
[2])

Figure 8: Buildup of secondary fragments produced by 400 MeV/U 12 C ions stopping in water. (Taken
from Haettner et al. [5])

1.4
1.4.1

instrumentation
Accelerators

Two types of accelerators have been purposed to be used in hadron therapy: Cyclotrons and
synchrotrons. Contrary to the flexibility desired in research accelerators, clinical ones require
to focus on very reliable operation and high beam quality.
Cyclotrons are compact, stable, and they offer regulable beam intensities. Most proton
facilities use cyclotrons with continuous beams, fixed energies (and radiofrequencies) and
their operation is easy, but the energy is only variable through the use of degraders in the
beam line (which affects the beam quality) and they are not suitable to accelerate heavier
particles to energies of hundreds of MeV per nucleon.
Synchrotrons, on the other hand, allow significant and fast energy variations in a pulsed
beam, which is useful to modulate the Bragg Peak position without degrading the beam
quality. They are also more suitable to accelerate ions to high energies. To achieve these
features, an injector and a precise extraction system are required, increasing the complexity

1.5 dose and rbe

of its operation. This type of accelerators have been chosen for all heavy-ion therapy centers
operating or under construction.
1.4.2 Beam delivery systems
A beam delivery system is the technique responsible to transport the particle beam to the
treatment area, distribute it and limit the dose homogeneously to the target volume. Two
systems have been tested and implemented for heavy ion therapy: “Passive beam shaping”
and “Active beam scanning”.
In a passive beam system (Figure 9-left), the depth dose is modulated using degraders
and an additional range shifter. Double-scattering or magnetic wobbling systems are used to
spread the beam over a defined area, one collimator sets the lateral extent of the treatment field
to the target volume and a compensator is designed according to the patient’s morphology.
The disadvantages of this technique are that the planned “Spread Bragg Peak” for the volume
is shifted toward the surface due to the compensator and the amount of material between the
beam exit and the patient increases the amount of secondary radiation.
An active beam delivery system (Figure 9-right) segments the treatment volume in small
elements and uses a focused pencil-like beam to supply the desired dose to each of them.
The initial beam is deflected by 2 magnetic dipoles that adjust the direction and the range is
adapted by changing the energy from the synchrotron. The performance of this method can
be optimized by simultaneous monitoring of the patient movement and dose deposition.

Figure 9: Beam delivery systems. (Left): Passive delivery system; (Right): Active delivery system.
(Adapted from Schulz-Ertner et al. [6])

All these treatments are planned using algorithms (Treatment Planning Systems) that calculate absorbed doses preliminarily. Even though the methods used for transport calculations in
Passive and Active Scanning are different (CT-based or pencil-beam models, respectively),
the dose calculation requires precise energy deposition measurements as input (for different
energy beams and at different stages along the beam path) for each case. This planning process
would be enhanced by real-time monitoring of the beam during the treatment.
1.5

dose and rbe

The biological effect of a particle is linked to its Linear Energy Transfer (LET). The latest
quantity is also related to the stopping power, and so it depends on the projectile charge as Z2p
(Implying higher values for heavy ions). For a parallel beam with particle fluence “F” [cm−2 ]
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passing through one material with mass density “ρ” [g/cm3 ] under the effect of a stopping
power “dE/dx” [keV/µm], the deposited dose is calculated as:
D[Gy] = 1.6 ∗ 10−9 ∗

dE F
∗
dx ρ

(1.8)

Typically, the response of tissues to certain particles is calculated using the such called
“weighting factors”, but this method overestimates the effect in many cases. A more accurate
computation can be obtained using the concept of Relative Biological Effectiveness (RBE),
and weighting the deposited dose with it. The RBE takes into account the radiation quality,
biological end point and dose level of the radiation. This value is defined as the ratio between
the dose due to conventional radiation (γ rays) and the dose of the radiation used for the
treatment (Protons, heavy ions, etc) required to cause the same biological effect:

RBE =

Dref
Dparticle

⇒ DRBE = RBE ∗ D

(1.9)

As protons have a low LET, their RBE can be approximated as constant (RBE=1.1) for the
whole radiation volume (Paganetti et al. [20]). In the case of heavier ions, the LET varies
largely because of the significant production of secondary fragments between sections along
the beam path according to the patient geometry and composition.
1.6

secondary radiation monitoring

The previous sections have exposed the necessity to verify the distribution of the delivered
dose to ensure an accurate treatment planning, and therefore, a well localized irradiation
and a minimized effect for healthy surrounding tissues. Methods developed for this purpose
should provide a fast response to adapt the treatment to any required change in real time. On
the other hand, they should also avoid to interfere in any form with the interaction between
the beam and the patient.
The first feasible radiation monitoring technique was based on Positron Emission Tomography (PET, Enghardt et al. [21]): β+ emitter nuclei resulting from the fragmentation process
(e.g. 11 C) produce positrons that annihilate with electrons in the surrounding tissues, and the
final two completely opposite 511 keV photons are registered with a scan. Unfortunately, the
activation process does not produce a significant yield, and the presence of emitters is linked
to physiological processes in the patient. These disadvantages imply long measurement times,
which are not suitable for the clinical environment.
Other methods were suggested thanks to their high and fast production rate during the
treatment (enhancing real-time monitoring): Prompt Gamma Rays (Min et al. [22], Testa et al.
[23]) or secondary radiation (Dauvergne et al.[24]) detection. The first technique has proved to
be suitable for proton and ion therapy, but the second one only when using ions. As secondary
fragments show a longer range than primary particles, many of them are able to exit the
patient volume. Out of it, energy measurements and particle tracking should allow to monitor
the energy deposition during the treatment.
The Timepix hybrid pixel detector (Seen and referenced later in Chapter 2) allows to
measure energy, time and spatial distribution of particles with fast processing rate, high
spatial (∼ µm) and time resolution (up to a few ∼ ns) and sensibility (Quantum counting, low
background and keV energy resolution). These features, in addition to the compact size of
the whole detector and readout array, suggest Timepix as a suitable candidate to monitor
secondary radiation in a hadron therapy treatment within a clinical environment. The status
of current research on secondary radiation monitoring using different detector arrays, and
previous/parallel research using Timepix with this purpose will be presented in Chapter 3.

2

O N L I N E I N T E G R AT E D R A D I AT I O N C A M E R A : T I M E P I X , U S B R / O
I N T E R FA C E A N D P I X E L M A N D A Q T O O L

The pixel semiconductor Timepix detector of the Medipix family is used to perform the
measurements presented in this work. In this chapter, its main design characteristics, readout
hardware and software, modes of operation and procedures required to extract information
from this type of detectors are presented.
Remark: Details about the instrumentation and physics of particle detection can be found
on text books by Ahmed [25], Leo [26], Tait [27] and Knoll [28]. These sources were consulted
for general information about semiconductor pixel detectors and the interaction of heavy
charged particles with matter (In Appendix A).
2.1

hybrid semiconductor pixel detectors

A semiconductor segmented in a two dimensional array is used to design pixellated semiconductor detectors. The term “pixel” refers to each element of such array, which commonly has
rectangular or squared area with dimensions of micrometers. Pixel semiconductor detectors
are of the hybrid semiconductor detectors’ type, i.e. made of two superimposed layers (Figure
10): One top layer corresponding to the sensitive area, and another layer on bottom connected
with conductive bump bonds which contains highly-integrated readout electronics (preamplifier, amplifier, discriminator, counter and buffer per pixel) and defines the segmentation of
the detector. Signals in each of these pixels are independently analyzed.

Figure 10: Diagram of the configuration of one pixel in a hybrid pixel semiconductor detector. (From
the webpage of the ICD Group, University of Twente)

The sensor layer works as a p-n diode with a reverse bias voltage applied on it. When
ionization due to traversing particles occurs, electrons and holes move in the electric field and
their signal is collected by one or more pixels. The signal is transmitted to the readout layer
through each pixel metal bump, where it is amplified, discriminated, digitalized and then
transmitted to the chip periphery.
Pixel detectors have very small electronic noise due to the reduced size of the pixels. For
an area of 2500 µm2 and a thickness of 300 µm, each pixel has a capacitance of 88 fF and a
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related noise of ∼ 100 e− r.m.s. The amount of leakage current is also very small (∼ nA) for
pixels of this size.
2.2

the medipix pixel detectors

The Medipix detectors [29] were developed by the Medipix Collaboration based at CERN.
These devices were originally developed for position sensitive x-ray detection using a single
photon counting operation mode.
The first device, “Medipix1”, consisted on a silicon sensor bump bonded to a readout chip
with a segmentation of 64x64 pixels (pixel size of 170 µm x 170 µm), working independently
and only for hole recollection. These devices had a discriminator that compared the detected
signal to a preset threshold and if the value was higher, the pixel counter was incremented by
one. This threshold allowed to avoid signals from low energy x-rays and electronic noise from
the electronics, enhancing the signal-to-noise ratio, and hence, the contrast for x-ray imaging.
The next device, “Medipix2” [30], had a segmentation of 256x256 pixels (pixel size of 55
µm x 55 µm) was possible, it worked for holes and electrons as well (increasing the number
of possible materials for the sensitive area). A second discriminator was added to allow for an
“energy window” with upper and lower thresholds where the only registered radiation would
be that within that defined range. USB readout interfaces and software (explained with more
detail in the following sections) were developed for this device.
One of the main advantages of the USB interface was the possibility of back-side pulse
processing. This feature allowed to measure the charge generated by the ionizing particle
-which is proportional to the energy deposited- in the detector, and then, to shape and to
sample it using a fast DAC. The electronics designed with this purpose could also be used
as a trigger pulse generator. On the other hand, particle tracking was also possible using
Medipix2 if the time of the measurement and particle rate were low enough to differentiate
individual traces using pattern recognition techniques.
2.3

timepix

This hybrid semiconductor pixel detectors of the Medipix type (Llopart [31]) consist of
a radiation sensitive semiconductor sensor bump bonded to an ASIC readout chip with
integrated electronics per pixel. The chip is divided into an array of 256 ∗ 256 pixels of
55 µm pitch with full sensor size 14 ∗ 14 mm2 . Hybrid technology allows using sensors
of different materials (Si, GaAs, CdTe) and thickness (300, 700, 1000 µm). Per-pixel pulse
processing electronics provides fast and noise free measurements. The main difference between
Timepix and other Medipix2 devices is that the electronics and logic dedicated for the second
discriminator in the latter were replaced with Time to Digital and Analog to Digital convertors
that enabled direct time and energy measurements through proper calibrations. Pixels can be
independently configured to operate in one of four operation modes (explained in section 2.7).
The Timepix sensor and chipboard are shown in Figure 11.
The periphery of the chip contains the logic for either reading from or writing to the
chip (through Low Voltage Differential Signaling LVDS drivers/receivers), 117 IO Pads, 12
14-bit DACs (Preamp, Ikrum, FBK, GND, Disc, THS, SetDisc, THL, DelayN, ABuffer, LVDStx,
RefLVDStx) and the electronics dedicated to the discrimination and logic of the operation
modes.
The Analog to Digital Converters (DACs) convert the information contained in a analog
signal to its digital form. There are three relevant DACs for the practical use of Timepix: The
Ikrum, FBK and THL. The Ikrum handles the rise time of the signal, and it was set to 1 or 5
for all tests presented in this work. The FBK controls the amplification of the signal: a higher
FBK implies a lower voltage for the signal; this DAC is useful to adjust all the energies of
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Figure 11: A Timepix sensor and detector chipboard.

the incident particles to the count values range of the detector (For example: if the charge
registered due to the incident particles saturate the detector, a higher FBK is necessary until
the maximum count is lower than 11810). The THL DAC controls the energy discriminator
for the low threshold. The relation between the THL and FBK DACs provides the effective
threshold for the measurements. Timepix differs from other Medipix2 devices in the addition
of a single discriminator after the pre-amplifier in the front end of the detector that delivers an
input to a logic unit that is employed in one of three different operation modes: As a simple
counter when the threshold is exceeded, a time to digital converter or as a Wilkinson type
DAC for energy measurements.
In addition to high granularity, wide dynamic range and per pixel threshold, the Timepix
device provides energy and time sensitivity capability per pixel. The detector provides more
complete information (position, energy, time, stopping power) for basically all types of ionizing
particles. Per-pixel threshold is about 4 keV for a 300 µm silicon device. Interaction/arrival
time can be determined with a step of 25 ns. For charged particles, the spatial resolution
can reach, by event-by-event analysis and pattern recognition of the particle track, sub-pixel
resolution down to few µm.
2.4

the integrated usb readout interface

Pixel detectors of the Medipix family can be operated with integrated USB-based readout
interfaces, which provide control, power and DAQ. The basic USB 1.22 interface [32] provides
readout speed up to 4 fps, and the new FITPix [33] model allows to acquire up to 80 fps
and an adjustable high frequency clock to be used as reference for measurements. An USB
interface and its connectors are shown in Figure 12.
2.5

pixelman daq control tool

Detector operation and online visualization of data -incoming from the readout interfaces of
Medipix devices mentioned above- are made using the software package Pixelman (Holy [34],
Turecek [35]) as shown in Figure 13. This software enables to manage data files from previous
acquisitions using a dummy device plugin tool, and its modular architecture also allows to
adapt other custom made plug-ins.
The assembled system serves as an online radiation camera [36] (As seen in Figure 14 ) for
table-top and vacuum operation, portability and configurability of different measurements
and setups.
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Figure 12: USB readout interface for Medipix2 and Timepix devices.

Figure 13: Pixelman software tool displaying a single frame from measurements of heavy ions with
pixels in different operation modes.

Figure 14: Assembled Timepix-USB readout radiation camera. The whole device connects to a PC via a
standard USB cable.

2.5.1

Threshold equalization

The equalization procedure adjusts every pixel’s threshold distribution as close as possible to
the average means of thresholds distributions. This operation is implemented on Pixelman
and should be performed before any measurement with the detector.
The Low Threshold Equalization takes the noise floor as a reference to establish the value
which pixels must stop counting at. To do this adjustment, Pixelman makes two measurements

2.6 some useful terminology

of the lowest and highest correction levels of the 3-bit THL DAC (000 and 111, respectively)
and it minimizes the dispersion, averaging the distributions too (See Figure 15).

Figure 15: Equalization of the low threshold (THL) for a Timepix device. The lowest correction level
distribution is red, the highest correction level distribution is blue, and the averaged and
minimized final distribution is black.

The mean value of the averaged final distribution is established as the reference level for
the THL DAC values. At this level all counts registered for incoming particles of any energy
-but also signals from the electronic noise- are registered. In order to suppress electronic
noise signals, the THL value is shifted to higher or lower values (according to the detector
polarization) where the energy threshold increases. The previous procedure is optimized
by taking the value to a level where a low amount of pixels are still counting without any
external source, and then, using the THL-adjustment tool to perform a manual rise of the
DAC value for only those pixels.
2.6

some useful terminology

2.6.1 For the acquisition process
• Maximum number of counts/saturation: All pixels have a maximum number of counts
defined by their electronics. In a Medipix/Timepix device this value is 11810. When one
pixel reaches this value, its counter stops working until a new measurement is started.
This event is known as saturation, and it is not desired because of the loss or misreading
of information.
• Frame: It is the total reading of the 65536 pixels in a given time and under certain
acquisition conditions. Depending on the necessities of the measurements, frames can
be summed and saved in only one file (Integral mode), or independently (Frame by
Frame).
• Acquisition time: This time corresponds to the total time that the detector shutter is “open”
for counting.
• Clock frequency: This value determines the frequency at which the pixels count, i.e. the
amount of time that each count unit in Arrival Time or TOT mode is equivalent to. A
proper combination of the acquisition time and clock frequency avoids the saturation
effect.
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2.6.2

For the interpretation of data

• Cluster: A group of adjacent pixels -induced by a single particle- measuring a value
different from zero and defining some geometry. A counting pixel is said to be adjacent
to another one if there is not spacing between them in any of the nine possible directions.
• Cluster size: The total number of pixels in a cluster.
• Cluster volume: It is the total sum of all the counts from the pixels of the cluster. In a
calibrated measurement in Time over Threshold mode this value should be equal to the
energy deposited by the particle in the sensitive area of the detector.
• Cluster height: The maximum count in one from all pixels of a cluster. For symmetric
clusters, this value agrees with the count of the central pixel.
• Cluster roundness: A geometric definition to compare the spatial distribution of a cluster
to the area of a circle.
• Overlapping: It is possible that two clusters overlap each other during one acquisition.
This phenomenon is undesirable for pattern recognition procedures and it generates a
loss of information about the physical quantities measured by the clusters.
• Occupancy: This quantity is a measure of the fraction of the total number of pixels that is
counting during one frame. Depending on the purpose of the measurement, this value
should be optimized according to the event rate to avoid the possibility of overlapping
events.
Figure 16 shows some cluster examples from ion measurements and illustrates their
characteristics.

Figure 16: Illustration of some cluster characteristics: Area (A), volume/energy (E) and height (H or
C). The events shown are the result of heavy ion reactions from a Pelletron accelerator.
(Courtesy of Doc.Ing. Carlos Granja, IEAP of the CTU).

2.7 operation modes

2.7

operation modes

Every pixel in a Timepix detector can be set independently to work in one Operation Mode.
Each of these modes uses a different logic to extrapolate the physical variable of interest for a
given measurement.
2.7.1 Particle counting (SC)
Every pixel in Single Counting Mode sums one to its counter when it collects any amount of
charge over its low threshold, working simply as a particle counter. This mode is useful for
applications like X-Ray Imaging, where the intensity of photons after traversing the sample of
interest is measured.
2.7.2 Arrival time (TOA)
Pixels set to Arrival Time Mode behave as a Time to Digital Convertors (TDC): The counter is
incremented from the moment the pixel starts to measure until one signal is detected and the
detector shutter is closed. The time units corresponding to these counts are established from
the frequency dictated by an external reference clock. If no event is detected, the pixel sets its
value to zero. This mode is specially used for identification of coincident events in the same
or different layers of detectors, and hence, for particle tracking.
2.7.3 Time Over Threshold (TOT)
All pixels working in Time over Threshold Mode increment their counter continuously while
the charge indicated by their preamplifier is above threshold. These counts are proportional
to the energy deposited by the particle on the sensitive volume of one pixel, and they can
be calibrated to actual energy values using a surrogate function (as explained later in this
chapter). The total sum of the energy from all pixels in the cluster is equal to the energy loss of
the particle on the detector. Depending on the type and energy of the radiation field, Timepix
can work as a ∆E or Total E detector.
2.7.4 Masked/Off pixels
In case of a very irregular performance or measurement necessities, a pixel can be switched
off either automatically by the DAQ software or by the user. Masked pixels will register no
counts during the measurement time.
Figure 17 shows acquisitions in single counting, arrival time and time over threshold
operation modes for 241Am alpha particles. The color scale varies according to the operation:
In SC only one count is registered when a single particle is detected, in TOA the counts are the
same for all the pixels of a single cluster but they vary from one cluster to the other according
to the time of arrival to the detector, and finally, in TOT the counts from a single cluster vary
from one pixel to the other according to the energy distribution on the silicon layer
2.8

bias voltage and charge sharing

The lateral spreading of charges after the interaction of ionizing particles in the detector is
called “ charged sharing effect” (As explained by Mathieson [37]). It causes a single particle to
generate a cluster of adjacent pixels if the charge counted in those neighbor pixels is higher
than the threshold. This effect is undesired for x-ray imaging because it reduces the spatial
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Figure 17: Illustration of the Single counting (A), Arrival Time (B), and Time Over Threshold (C)
operation modes. The signals are generated by alpha particles from a 241Am source.

resolution of the resulting images, but it turns out to be very useful for particle identification
and tracking.
Heavy charged particles deposit large amounts on energy in a very confined space, producing dense carrier tracks. This deposition is large enough to create a plasma within the detector
sensitive volume because the radius of the column of electron-hole pairs is big compared to
the Debye length:
r
λD =

kT
e2 nc

(2.1)

where  is the silicon permittivity, k the Boltzman constant, T the temperature of operation,
e the elementary charge and nc the carrier concentration (Total number of pairs -which is high
for heavy charged particles- divided by the volume of the column they form). This plasma
state is characterized by a time which is conditioned by the mobilities of electrons and holes in
silicon, proportional to the square of the linear density of charges, and inversely proportional
to the square of the applied electric field. For small electric fields, the plasma time increases
and so does the lateral charge spread.
As charges spread laterally, other effects appear: the erosion effect, which is the removal of
electrons from the borders of the plasma column by the electric field, and the funneling effect,
related to the variable intensity of the electric field inside the plasma. Both effects reduce the
carrier density and affect the charge sharing for small electric fields. The relevance of these
effects and the lateral spread are reduced when the electric field intensity increases. All of
these phenomena were characterized by Campbell [38] and Bouchami [39] to model the charge
sharing effect in silicon pixel devices like Medipix. On the other hand, as the electric field of
the detector is dependent on the applied bias voltage, so is the charge spread. Granja et al.
[40] studied the response of Timepix devices to heavy ions, corroborating the dependence of
cluster sizes and shape on the bias voltage and radiation damaged regions in the sensor.
In practice, high bias voltages (∼ 90 V) are suggested for imaging applications, and low bias
voltages (∼ 20 V) for particle spectroscopy and tracking.
2.9

particle type discrimination

Thanks to the high granularity of Medipix, it is possible to perform a detailed event-by-event
analysis to discriminate and to characterize different particle types arriving to the detector.

2.10 energy calibration per pixel

2.9.1 Photons and electrons
The detection efficiency of photons from 10 to 200 keV in a Medipix device ranges from 0.8
to 10−2 depending on the most probable interaction. Energies below 50 keV are dominated
by the photoelectric effect, and most of the interactions over 100 keV are due to Compton
scattering (Fiederle [41]). Single and double pixel hits appear for all energies, while triple and
quadruple hits only for photon energies higher than 50 keV. The length of tracks increases as
the angle between the photon beam direction and the detector plane is reduced. Energetic
electrons and delta rays show erratic curved tracks.
2.9.2 Muons and pions
Muon and pions can be tracked using Medipix devices: these particles typically produce very
long continuous tracks, characteristic of Minimum Ionizing Particles. Pions of lower energies
produce vertexes accompanied by recoil fragments and delta rays.
2.9.3 Protons
Protons tend to produce a fair amount of charge carriers on the detector depending on their
energy: Low energy (∼ 1 MeV) protons deposit almost all their energy on the detectors and
create round symmetric clusters after charge sharing. As their energy increases, the mean
energy loss on the layer will decrease and the average number of their cluster size will reduce
up to 5 pixels, but still remaining fairly symmetric. Protons with directions parallel to the
detector exhibit broad tracks with increased charge spreading at the end (Bragg deposition).
2.9.4 Neutrons
Medipix devices can be work as neutron detectors using convertor layers right before sensitive
area. Thermal or slow neutrons can be converted to detectable radiation (Protons, alpha
particles and photons) after they interact with elements like 6Li or 10B. Fast neutrons (with
energies higher than hundreds of keV)are detectable using layers of hydrogen-rich materials
as convertors to maximize the energy transfer due to elastic scattering with their nuclei.
2.9.5 Alpha particles and ions
These type of particles show big symmetric round clusters due to their large energy deposition
in a confined area of the detector (Charge sharing effect). Signatures of energetic heavy ions
are also accompanied by proton-induced x-rays and delta rays created in the silicon layer.
2.10

energy calibration per pixel

The response of the 65536 pixels of a Timepix device collecting charge in TOT Mode is not
identical because each pixel possess its own analog circuitry and DACs. Every pixel requires
an energy calibration (As purposed by Jakubek et al. in [42] and [43]) in order to pass from
TOT counts to energy values when a measurement is made.
The calibration procedure uses counts registered in single pixels that are generated by
gamma radiation from radioactive sources or characteristic x-rays from fluorescent materials
(All these photons in the range of a few sets of ten keV, and a threshold over the electronic
noise level ∼ 4 keV). The acquisition process is time-consuming because it requires each pixel
to register at least the energy of a few photons. The distribution of counts from all pixels for
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a certain source is generated, and the peak of characteristic energy identified and fitted by
a Gaussian. Hence, a nonlinear surrogate function (As shown in Figure 18) is fitted to the
peak’s mean values of different sources to define the experimental calibration curve.

Figure 18: TOT values dependence on energy (Modeled by a nonlinear surrogate function).

The calibration function depends on four parameters: Two of them ( a and b) describing the
linear part of the curve, one describing the curvature (c) and one limiting the threshold level
(t). These values are calculated for each pixel using least-squares fits.
To transform TOT counts (Y) to energy values (X in keV) in a calibrated Timepix device, the
inverse form of the surrogate function is used -considering the parameters for each pixel-:

X=

at + Y − b +

p

(b + at − Y)2 + 4ac
2a

(2.2)

This calibration is slightly dependent on the THL and Bias Voltage values, and its performance can be improved by a more precise analysis of the spectral peaks (which are not strictly
Gaussian as shown by Jakubek in [44]).
2.11

the timepix “voxel” array

A “Voxel” array of Timepix layers with common USB interface (See Figure 19) was designed
and tested to work as a 3D detector (Soukup et al. [45]). In this device, additional layers can be
stacked one above the other with a separation of only 1.2 mm. The readout board was thinned
up to 120µm to reduce the amount of undesired material between layers as much as possible.

Figure 19: A Timepix “Voxel” array.

3

R A D I AT I O N D E T E C T I O N I N H A D R O N T H E R A P Y

This chapter summarizes some of the previous procedures and results from secondary
radiation monitoring studies using different types of detectors under the conditions of a
Hadron Therapy beam.
3.1

spectroscopy of secondary ions in hadron therapy

The initial approach to the characterization of secondary radiation in Hadron Therapy was a set
of measurements of the spatial distribution dependence, fragments’ fluence and linear energy
transfer spectra along the beam path, after the interaction of ions with a water-equivalent
PMMA phantom (Matsufuji et al., 2003 [7]). For these tests, a combination of scintillator
detectors (Plastic+BGO) was used in a ∆E - E array to identify the existent species, and gas
proportional counters provided information about the LET and fluence. Results from the
differentiation of species after fragmentation of a 20-Neon beam are shown in the left side
of Figure 20, where all from primary to hydrogen ions are present and well identified. The
right side of Figure 20 shows an example of the measured fluence (by means of two different
detectors) of a fragment from a 20-Ne beam and its comparison with a simulation code; the
results for this and other fragments of different ions were coherent for different detectors but
differed from the simulation, suggesting the need for research new theoretical models in this
energy region. Finally, counts registered for each of the earlier differentiated species from an
ion beam were used to obtain the LET for each of them at different PMMA thicknesses; Figure
21 shows the LET spectra for a 12-C beam, evidencing that even though a significant amount
of light fragments is produced, it delivers only about a 10 per cent of the total dose.

Figure 20: (Left): Two-dimensional scatter plot of the light output of the “∆E” plastic scintillator, and
that of the “E” BGO scintillator for 400 MeV/U of 20Ne beam incident on a 90.0 mmw-eq.
PMMA. (Right): Registered fluence of Z=4 secondary fragments (for a 400 MeV/U 20Ne
beam) using a gas counter compared to the one measured on a solid-state (CR-39) detector
and a simulation code (hibrac). (Taken from Matsufuji et al., 2003 [7])

The same setups for fragmentation studies along the beam path were used to monitor the
distribution of fragments at small lateral angles (0-10 degrees) regarding the beam direction
(Matsufuji et al., 2005 [8]). Figure 22 shows that the number of detected primary and high-Z
fragments falls off rapidly while a significant amount of light (proton and helium) ions
remains as the angle from the beam is increased. This behavior confirmed that Moliere’s
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Figure 21: LET and dose composition for 12-Carbon ions at PMMA thicknesses of 0, 90 and 130 mm.
(Taken from Matsufuji et al., 2003 [7])

multiple scattering model (See Appendix A) describes well the spatial distribution or primary
particles, and it also allowed the development of a model that might be suitable to model the
spatial deflection of secondary fragments in a thick medium.

Figure 22: Angular distribution of fragments resulting from a 290 MeV/U beam interacting with a
150 mm thick PMMA phantom. (Left): Light output of the “∆E − E” telescope at 0 (a) and
4.3 (b) off-axis angles. (Right): Angular distribution of Z=1 to Z=5 fragments. (Taken from
Matsufuji et al., 2005 [8])

A Time-of-Flight technique was used to measure the angular and energy distributions of
secondary fragments at six different depths of a water absorber of variable thickness (Haettner
et al., 2006 [5]). The results confirmed that heavy fragments (B, Be, Li) are limited to a range
from 0 to 5 degrees from the beam, while protons and alpha particles show a broader angular
distribution and dominate the spectrum after the Bragg Peak. Buildup curves for different
species were obtained by integration of their angular distribution from 0 to 10 degrees and
were already shown in Figure 8 from Chapter 1. This test was carried for a 400 MeV/U carbon
beam, but it is comparable to measurements from 100-400 MeV/U due to the slightly variable
cross sections in this energy range.
Further investigation on the fragmentation of a 200 MeV/U carbon ion beam in a 13 mm
water absorber was made (Gunzert-Marx et al., 2008 [4]). Energy measurements -at 0,5,10,20
and 30 degrees from the beam- for charged particles and neutrons were obtained using a
time-of-flight technique, and compared to those predicted by the Monte-Carlo code PHITS.
The energy spectra for neutrons, Z=1 and Z=2 fragments for different angles are shown
in Figures 23, 24 and 25, respectively. These spectra showed a maximum close to half and
decreased exponentially up to the initial value of the heavier projectiles’ energy per nucleon.
For protons and neutrons, the spectra extended to about twice of the energy of the projectile
per nucleon. Figure 26 shows a comparison between the different angular distributions of
these particles. These results agreed with previous experiences and they validated the PHITS
code for neutrons, protons and deuterons, with some deviations for tritium and helium
fragments. Additionally, the neutron yield could be calculated to contribute only 1% of the
total treatment dose.

3.1 spectroscopy of secondary ions in hadron therapy

Figure 23: Neutron energy spectra measured at laboratory angles of 0, 10, 20 and 30 degrees (full
symbols) compared with PHITS simulations (solid lines). (Taken from Gunzert-Marx et al.,
2008 [4])

Figure 24: Energy spectra of secondary protons, deuterons and tritons measured at forward angles
from 0 to 30 degrees. The data are compared with simulations of the Monte-Carlo code
PHITS (solid lines). (Taken from Gunzert-Marx et al., 2008 [4])

Measurements of the neutron production (Mustafin et al., 2003 [46]) and partial chargechanging cross sections (Toshito et al., 2007 [47]) were developed in parallel to the previous
measurements. Even though the results showed a good agreement with the other works,
they deviated from theoretical models used for simulation. These deviations were compared
for different codes and they were conclusive about the agreement between simulations and
the necessity of more exact cross section measurements to benchmark the existent models
(Golovchenko et al., 2010 [48]).
More recent studies have simulated events in proton and carbon therapy to estimate the
feasibility of vertex reconstruction using secondary ions (Henriquet et al., 2012 [49]) and
the energy and spatial distribution of these particles after they are generated (Robert et
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Figure 25: Energy spectra of secondary 3-He and 4-He isotopes measured at forward angles from 0 to
10 degrees. The data are compared with simulations of the Monte-Carlo code PHITS (solid
lines). (Taken from Gunzert-Marx et al., 2008 [4])

Figure 26: (Left): Angular distributions of secondary fragments measured at forward angles from 0
to 30 degrees; (Right): Normalized angular distributions. (Taken from Gunzert-Marx et al.,
2008 [4])

al., 2013 [50]). The first analysis used results from GEANT4 to validate the possibility of
monitoring reactions from a pencil beam active delivery system with millimetric resolution
based on reconstructions from secondary ion detection. The second one generated energy and
spatial distributions in GEANT4 and FLUKA for proton and carbon ion beams interacting
with a homogeneous PMMA phantom, but the results in the production yields for protons
and neutrons differed from one code to the other. These investigations suggested again the
necessity to revise the interaction models for processes in the energy range of hadron therapy.
3.2

secondary radiation monitoring using timepix detectors

Secondary radiation monitoring tests using Timepix detectors have been carried at the
Heidelberg Ion Therapy Center in the framework of a collaboration between the Heavy
Ion Therapy group of the German Cancer Research Center (DKFZ) and the Institute of
Experimental and Applied Physics of the Czech Technical University in Prague.
In an initial study, Jakubek et al. (2010 [9]) tested Timepix ability to measure the Linear
Energy Transfer of proton and carbon ions irradiating the detector at an angle of 85 degrees
(almost parallel to the silicon plane) with all pixels in TOT Mode. The results suggested to
discriminate particle types and to characterize them through a complete analysis of their trace
on the detector (Examples for particular events are shown in Figure 27). The Bragg curve
behavior and its related LET could be visualized and calculated for tracks with complete
deposition on the silicon area (See Figure 28). These results perfectly agreed with an SRIM
simulation.

3.2 secondary radiation monitoring using timepix detectors

Figure 27: Characteristic track shapes due to different particle types on the detector: 60 keV GammaRays (a), electrons from a 90-Sr source (b), 5.5 MeV alpha particles (c), 11 MeV protons
entering the detector at an angle of 85 degrees (d), 48 MeV protons entering at an angle of 85
degrees (e), 88 MeV/U carbon ions entering at an angle of 85 degrees (f), 221 MeV protons
entering at an angle of 85 degrees (g), 430 MeV/U carbon ions entering at an angle of 85
degrees (h). Many secondary particles are seen in the last two frames, which correspond to
the range of energies used for a regular treatment. (Taken from Jakubek et al., 2010 [9])

Figure 28: Complete track of a 48 MeV proton measured in TOT Mode. The analysis of the track
skeleton and the energy loss along it allowed to determine the LET. (Taken from Jakubek et
al., 2010 [9])

The dependence of secondary radiation (detected outside from a head phantom) on the
beam energy and detection angles was studied (Martisikova et al., 2011 [10]). Results for
different beam energies (See Top of Figure 29) showed an increase in the number of events
detected behind the head phantom as the energy is risen and the apparition of primary ions
when the beam range is larger than the absorber thickness. For the angular variations, the
number of detected events decreased as the angle increased; signals were registered even at
an angle of 90 degrees from the beam axis.
After the promising detection of secondary particles using one Timepix device, two layers of
the 3D sensitive Voxel array (See section 2.11) with all pixels working in Time Mode were used
to track the direction of the incoming radiation(Jakubek et al., 2011 [11]). A polyamide foil and
a water tank were placed along a carbon ion beam path, and events with the same time stamp
in both detector layers were registered as coincident. About 60 per cent of the events were
ignored to avoid very asymmetric traces and the rest of them were used to back-project their
origin along the beam axis. Figure 30 shows the images for the back-projection of coincident
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Figure 29: (Top): Events detected for different beam energies (ranges) in the forward beam direction; a)
no beam, b) E=88.8 MeV/U, c) E=250.1 MeV/U, d) E=265.0 MeV/U and e) E=430.1 MeV/U
-range larger than the phantom thickness-. (Bottom): Events detected for 250 MeV/U carbon
ions at angles of a) 0, b) 20, c) 50 and d) 90 degrees from the beam line. (Taken from
Martisikova et al., 2011 [10])

events; as the cluster size is related to the particle type, this variable was used to make a raw
discrimination of different types of events. Even though the geometrical efficiency was low
(10−5 for this setup), the sensitivity of the array proved to be high for the purposed task.

Figure 30: Back-projection of selected event tracks along the beam line axis. Images are shown for all
clusters, small clusters (< 5 pixels), middle clusters (> 5 and < 7 pixels), and big clusters (>
7 pixels). (Taken from Jakubek et al., 2011 [11])

Another measurement was made with the Voxel array to identify anticoincident events
caused by neutrons escaping from a water tank irradiated by a carbon beam (Jakubek et al.,
2011 [12]). The detectors were placed at two different perpendicular distances from the beam
direction and sections of the second layer were covered with convertor foils (6-LiF for slow and
Polyethilene for fast neutrons). Events appearing on the second layer without a coincidence in
the first one were selected as neutrons. Slow and fast neutrons were discriminated (See Figure
31) according to the covered section where they were registered on the second layer, and an
open section was used to correct the counts by the effect of the sensitivity of silicon to fast
neutrons.
Event-by-event analysis of the particle fluency -based only on pattern recognition of characteristic traces on a single Timepix detector- allowed to map the spatial distribution of radiation
inside a water phantom (Opalka et al., 2012 [13]). Three groups of events (small, round, long
clusters) were discriminated according to their geometrical characteristics (e.g. roundness,
linearity) in measurements made with a detector perpendicular to the beam at twenty different
positions. The number of events for each group was registered and bicubic interpolated maps

3.2 secondary radiation monitoring using timepix detectors

Figure 31: Neutron detection using a Timepix Voxel array. (Left): Principle of the anticoincident
identification technique. (Right): Neutrons registered in different sections of the second layer
at two different distances from the beam. (Taken from Jakubek et al., 2011 [12])

inside the water phantom were generated according to them (See Figure 32). Proton yields
from this test agreed with the Monte Carlo MCNPX code.

Figure 32: Bragg curve and interpolated maps of the spatial distribution of radiation in a water
phantom obtained for three types of events (small, round and linear clusters). (Taken from
Opalka et al., 2012 [13])

The most recent published study (Gwosch et al., 2013 [14]) measured the resolution capabilities of the Voxel array using coincident events in Time Mode to monitor spatial characteristics
of the beam delivery. Carbon beams of energies used for treatment (213, 226, 250 MeV/U)
irradiated a cylindrical homogeneous PMMA phantom and the secondary ions were tracked
using two layers of the array. Events were back-projected -as in previous methods- to the beam
axis, and the integration of the number of events along the remaining degrees of freedom
(As seen in Figure 33) allowed to monitor the beam range and width with a precision of 1σ
between 1.3 and 2.8 mm, and 0.9 mm, respectively.
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Figure 33: Determination of spatial characteristics of a carbon ion beam using back-projected events
from a Timepix Voxel detector. (a) Back-projection to the plane of beam axis, (b) Integrated
events along the beam direction for different energies, (c) Integrated events along the vertical
direction for different beam widths. (Taken from Gwosch et al., 2013 [14])

At this stage of the studies on the use of Timepix for secondary radiation monitoring,
many features have been promisingly validated: the discrimination of particles according to
geometric parameters of their clusters on the detector, coincidence techniques based on the
TOA operation mode for track reconstruction, and the analysis of beam delivery parameters
(spatial distribution, range, width) with high spatial resolution.
Now, for real-time dosimetric purposes, it is important to register the energy distribution at
the same time as the spatial one. An initial approach to obtain both characteristics is made in
the present work using a mixed operation mode in independent Timepix detectors (A fraction
of pixels working in TOT and a smaller fraction in TOA): This mode should allow to identify
coincident events for the track reconstruction and to extrapolate event-by-event spectroscopic
information from their energy deposition, simultaneously. Additionally, the energy and spatial
resolution enhancement due to the use of tilted detector layers is studied.

Part II
E X P E R I M E N TA L P R O C E D U R E S U S I N G A R R AY S O F T I M E P I X
DETECTORS.

4

COINCIDENCE TECHNIQUES WITH TIMEPIX DETECTORS

The “Arrival Time” Mode of Timepix detectors makes them suitable for Time of Flight or
particle tracking measurements. This can be realized either by making use of an external
trigger or by using more than one Timepix detector. On the other hand, it is also desirable to
obtain information about the shape generated and energy deposited by the particle on the
detector for spectrometric purposes using the “TOT” Mode. For these timing applications, a
number of issues must be figured out given the present design of the detector: the readout
for independent devices must be externally synchronized and a given pixel can not work
simultaneously in both Arrival Time and TOT modes. This chapter explains the hardware to
control the readout from various devices, the coincidence techniques used in this work and
test measurements performed to validate its performance and resolving power.
4.1

sync module and analog bsp trigger

Even if two detectors are triggered (i.e. with a synchronized shutter open), the readout from
the devices working at the same time and connected to the same computer is not necessarily
simultaneous. A delay or even full loss of synchronization between acquired frames sets in
-namely by the sequential and different readout times in the PC-. To overcome this issue, a
coincidence module was designed to control and synchronize the readout from different USB
interfaces such that all devices connected to it measure the same frames acquired at the same
time. The master signal for this module is taken from a common sensor (through its backside
pulse “BSP”feature) from one of the detectors from the array, which is also connected to a
devoted interface equipped with an analog signal integrated module. When this signal arrives
to the sync module, all the devices start measuring at the same time and they do not continue
with the next acquisitions until all the detectors have been readout. The instrumentation and
connection setup for 4 Timepix detectors with one master signal are shown in Figure 34.

Figure 34: Setup of four Timepix detectors with synchronized readout through the sync module an
one analog trigger.
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4.2 single detector event coincidence using timepix per-pixel mode configuration
• Coincidences based on Time of Arrival (TOA) Mode: The Arrival Time mode of the detector
has been used for tagging of coincident particles in different layers, and for time of
flight measurements. The idea is to look for clusters with the same time stamps (or a
determined delay for ToF measurements) and to correlate information about their track
shape and direction to extract desired information.
• Coincidences based on one fraction of pixels working in TOA and others in TOT Mode. “Mixed
Mode”: The time stamp of one particle is uniform for all the pixels of the cluster
generated by it. Taking advantage of the independent operation mode configuration of
every pixel, it is possible to set a mask where a fraction of pixels works in TOT Mode
while another fraction measures the Time of Arrival. One way to set these pixels is a
chess-like pattern where few pixels record the time and many the energy. After the
measurements, algorithms for cluster recognition differentiate between one pixel type
and the other to set the values of time and energy for every event. The missing energy
measurements -from all pixels in time- can be interpolated from the surrounding TOT
pixels. The amount of pixels set to measure the time can be minimized according to the
average cluster size of the registered events. Figure 35 shows the setting for 1 pixel in
Arrival Time by every 8 pixels working in TOT; this setting was used in most of the
Mixed Mode measurements of the present work.

Figure 35: Sample of the setting for Mixed (8xTOT, 1xTOA) operation of one Timepix detector. Pixels
in blue measure energy (TOT) while those in red measure the arrival time (TOA) of the
particle.

4.3

test measurements

Test measurements using coincident Timepix detectors in different operation modes were
performed using natural and artificial radiation sources. The information from these acquisitions was used to determine issues and advantages of this setup and to validate the results
generated by the post-processing algorithms (which will be explicitly explained in Chapter 6
).

4.3 test measurements

4.3.1 Spectroscopy of a Radium source
A calibrated Timepix detector was exposed to alpha particles from a 226-Radium source in
vacuum -operating in TOT Mode- was calibrated to validate the resolving power and energy
resolution of the detector. The main energies of alpha particles in the radium decay series are:
4.78 MeV (226-Ra), 5.48 MeV (222-Rn), 6 MeV (218-Po), 7.68 MeV (214-Po) and 5.30 (210-Po).
Figure 36 shows the detection results, where the 5 peaks are recognizable. Measured energy
values are higher (∼ 500 keV) than expected due to the linearity loss of the calibration for pixels
where the energy deposited is more than 900 keV (As evidenced before by Jakubek [44] and
Granja [40]). Events with energies out of the expected energy range or cluster size were also
analyzed: Those with low energy or small cluster size correspond to incomplete clusters (due
to inhomogeneities or formation in the border of the detector), and events with high energy
and large cluster size correspond to overlapped clusters. The energy resolution(FWHM) for
these 226-Ra alpha peaks was measured to be 160 keV for the first four peaks and 300 keV for
the highest one.
4.3.2 Cosmic Rays
Four Timepix detectors were connected to the coincidence module and positioned one behind
the other vertically to be used as an hodoscope (See Figure 37) for particle tracking of cosmic
rays.
Data was collected with this array during a total effective time of 15.6 days, considering
that the probability for an interaction in various layers of the hodoscope was very low due
to the effective geometrical acceptance of the setup and all the possible angles of incidence
of the cosmic rays. Coincidences were found between pairs of detectors and concatenated to
extrapolate coincident events in three and four layers due to the same particle.
The total number of coincidences in 2, 3 and 4 detectors was 23091, which implied about
62 coincidences in different detector layers per hour. For three detectors, a number of 1944
coincident events were found (8.43 % of all the events in more than one layer, a rate of about 5
events per hour). And finally, 190 events were found traversing the 4 detector layers (0.82 % of
all the events in more than one layer, a rate of one event every two hours).
As cosmic rays are highly energetic particles and have a very small interaction with the
chipboard and the detector layers, their tracks were considered as straight lines. Interaction
points between detectors were only joined -and not fitted- to visualize the effects of misalignment and to recognize possible fake coincidences or decays between the layers. Additionally,
all the tracks were modified such that their lowest coordinate was translated to the center
of the third or fourth detector (depending if the trace was formed by coincidences in three
or four layers, respectively), and the density of points in the plane of the top layer of the
hodoscope was analyzed to assess if there was some preferable direction of incidence.
The results were plotted and are shown in Figure 38. In the reconstructed tracks, about 10
percent of them did not correspond to straight lines. Most of these events were associated
to false coincidences but some of the tracks might also have been the result of Compton
scattering in the detector layers. On the other hand, the statistics in the upper layer were not
enough to conclude something about a preferable angular distribution.
After this test, it was noticed that the chipboards tended to tilt under a small angle when
they were only held by their connector to the USB readout interface. PMMA holders were
adapted to keep the chipboards without inclination in order to avoid this undesired effect in
the actual tests.
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Figure 36: (Top): Spectrum of alpha particles for 226-Radium using a Timepix detector in TOT mode;
(Middle): Multi-parameter event-by-event analysis of single clusters in the detector, showing
the correlation between signal size and energy besides 4 clear alpha particle groups; (Bottom
Left, A): Incomplete clusters or border clusters; (Bottom Right, B): Overlapped (piled-up)
clusters.

4.3.3

Measurements in the Van de Graff light ion accelerator

Tests with two independent coincident detectors were carried out at the Van de Graff Accelerator of the Institute of Experimental and Applied Physics of the Czech Technical University in
Prague [51]. This instrument (shown in Figure 39) is used to accelerate monoenergetic protons,
deuterium, tritium and helium-4 with energies from 0.3 to 2.5 MeV/U and currents from 0.5

4.3 test measurements

Figure 37: Setup for coincident detection of cosmic rays.

Figure 38: (Left): 3D visualization of cosmic ray muon trajectories across the planes of 4 Timepix
detectors for 190 coincident events in four Timepix layers (Top) and 1944 coincident events
in three of them (Bottom). (Right): Corresponding projections in the top detector for all
tracks normalized to a common vertex point in the lowest detector.

to 50 microAmperes. Monoenergetic fast neutrons are also produced from D+T and D+D
reactions with energies in the range from 15-17 MeV and 4-6 MeV, respectively.
Two coincident Timepix devices were used in order to measure coincident radiation generated from proton scattering. The two detectors were set -as seen in Figure 40- with an
angle of 90 degrees between them, 45 degrees regarding the initial beam direction and three
centimeters away from a piece of tape (CH2 , with high percentage of hydrogen) that was
used as target at the beam exit. The original beam was composed of protons accelerated to an
energy of 2 MeV.
Data was first collected with the detector pixels working only in Arrival Time Mode, and
then, they were changed to a configuration in Mixed Mode using 1 pixel in Arrival Time
Mode per every 8 pixels in Time Over Threshold. Figure 41 shows sample frames from the
two detectors in these two operation modes.
An early version of the algorithm for clustering and coincidence finding was used to identify
events with similar time stamps (in a range of plus or minus 5 time units of difference between
one detector and the other) in both layers for clusters registered in Time Mode. The output
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Figure 39: Van de Graff accelerator of the IEAP, CTU in Prague. A bending magnet sends beams onto
various beam guides and experimental setups.

Figure 40: Setup for the detection of proton-proton coincident events.

information was corroborated visually for several frames (See Figure 42) and only a few events
were not detected because of incidental cluster overlapping.
A different version of the algorithm was adapted to identify Arrival Time pixels in events
on each detector measuring in Mixed Mode, and to use their averaged values as time stamps
for the clusters they belonged to. The missing TOT values in those pixels were extrapolated
as an average of values from their neighbors. Figure 43 shows two coincident events in both
detector layers and Figure 44 presents an explicit comparison between those two clusters.
General results from the analysis of tests in Mixed Mode at the VdG accelerator will be
explained later in Chapter 7.

4.3 test measurements

Figure 41: Samples of particle detection from a P+P reaction in two Timepix detectors triggered and
readout in synchronization. (Top): Pixels working in Arrival Time Mode; (Bottom): Pixels
working in Mixed (8+1 TOT+Time) Mode.

Figure 42: Coincident proton events in two Timepix detectors with all pixels working in Arrival Time
Mode. Events are connected by straight dash lines for clarity.
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Figure 43: Coincident proton events in two different detectors with pixels working in Mixed (8+1
TOT+Time) Mode.

Figure 44: Test and visual validation of the coincidence of two events in Mixed (8xTOT, 1xTOA) Mode.

C O I N C I D E N T PA R T I C L E D E T E C T I O N W I T H T I M E P I X A R R AY S I N A
HADRON THERAPY BEAM

This chapter describes the instrumentation, methods and measurements performed with arrays
of coincident Timepix detectors in Hadron Therapy. In this work, protons were accelerated to
energies up to 221 MeV and 12 C ion beams up to 430 MeV/U to measure data.
Figure 45 shows the definition of the reference X and Y position coordinates in a Timepix
detector.

Figure 45: Position coordinates of particle detection in Medipix detectors.

5.1

arrays of timepix detectors

A telescope is a sequential array of two and more detectors for charged particle tracking. In
this work, a telescope was made of independent Timepix devices instead of the Voxel array
in order to have the possibility to tilt some of the coincident layers, to vary the interspacing
distance and to test the performance of 4 detectors connected to the coincidence module at a
high acquisition rate. Previous studies with RAPS03 (Biagetti [52]), MICRONMT9V011 (Meroli
[53]), Medipix2 and Timepix detectors (Field [54], Akiba [55]) have reported an improvement
of the spatial (up to sub-micron) resolution, angular accuracy and discrimination of close
tracks using single or multiple tilted pixel detectors. Furthermore, the performance of several
coincident detectors serves as a reference for other measurements where they are also used in
a sequential configuration, but as separate devices in different detection positions.
The Timepix telescope configuration -together with the Mixed Mode- serves as a configurable setup to discriminate particle types, registering the energy loss as the sensor thickness
and particle energy vary.
Detector parameters (threshold, bias voltage, acquisition time, etc.) and per-pixel calibrations
were configured and done for each detector layer independently.
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5.1.1

Timepix telescope of parallel detectors

A Timepix telescope was constructed with all parallel layers as shown in Figure 46. The
four independent detectors were held by a custom-made plastic setup designed for these
measurements, which allowed detector rotation and did not generate any sort of fluorescence.
The second, third and fourth detectors were rotated 180, 270 and 90 degrees counterclockwise
-respectively- from the detector reference position to place the sensor as close as possible to
each other. The first detector was mirrored but not rotated from the reference position to
face the second one without any material but air between them. The separations between the
planes were 2 millimeters between the first and second layer, and 7 millimeters between the
second and third, and between the third and fourth layers.

Figure 46: Telescope of parallel planes of four Timepix detectors. The first layer is flipped on the vertical
plane, facing the second detector.

5.1 arrays of timepix detectors

5.1.2 Timepix telescope with tilted detectors
A second telescope was constructed with two parallel and two tilted layers as shown in Figure
47. The PMMA setup is the same as for the parallel array above, but two additional holders
were designed for the detectors in the third and fourth positions to tilt them 60 and 80 degrees
regarding the vertical plane, respectively. The rotations regarding the reference position were
the same as in the not-tilted array. The total effective detection area for particles perpendicular
to the array is reduced when the two tilted layers are used (reducing the number of events
detected in various layers, for example): The total area is reduced to 1/2 when the third
detector is taken into account, and to 1/5 when the fourth detector is.

Figure 47: Telescope of parallel and tilted planes of four Timepix detectors. The first layer is flipped on
the vertical plane, facing the second detector.

5.1.3 Timepix ion ball using a Z-Flex Cable
In the voxel array all detector layers must be parallel and separated by definite distances
determined by the connectors between the layers. The array shown in Figure 48 is the first test
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of a partial ion ball connected using a Z-Flex cable. The angle between layers is variable using
a small hinge equipped to the setup.

Figure 48: Timepix ion ball with variable angle using a Z-Flex cable.

5.2

measurements at heidelberg

Measurements were performed at an experimental room of the Heidelberg Ion Therapy Center
(See Appendix B). The arrays were located in available locations during the irradiation time,
and the position used as reference was the isocenter of the treatment: 1 meter away from the
beam nozzle and along the beam line. Several target setups and beam settings were tested.
5.2.1

Parallel Timepix Telescope + Cylindrical (homogeneous and inhomogeneous) PMMA phantom

The parallel telescope was located 150 centimeters away from the beam nozzle and 5 centimeters to the left of the ion beam axis. Hence, the first detector was covering an angle of 5 to 7
degrees from the isocenter.
A large cylindrical homogeneous PMMA phantom (Figure 49) with a diameter of 16
centimeters was located at the isocenter. The telescope layers were working in Arrival Time
and Mixed Mode for three different Carbon beam energies (223, 226 and 250 MeV/U), width
of 3.4 mm, intensity of 8 ∗ 107 carbon ions per second, and three absolute beam positions
(+1,+2 and +5 mm in the vertical direction of the beam).
A cylindrical bone simulator with a diameter of 3 centimeters was inserted into the PMMA
phantom afterwards. Measurements of the secondary radiation in Mixed Mode were made
after the inhomogeneous phantom was irradiated with carbon ions at 226 MeV/U.
5.2.2

Parallel Timepix Telescope + PMMA and lead spheres

In another setup, an array of five PMMA and lead spheres was located along the beam path
of 250 MeV/U carbon ions (Figure 50). Secondary radiation was detected in the first, second
and fourth detector layers of the hodoscope working in Arrival Time and Mixed modes.

5.2 measurements at heidelberg

Figure 49: Setup for measurements using the parallel telescope to detect secondary radiation from a
cylindrical PMMA phantom.

Figure 50: Setup for measurements using the parallel telescope to detect secondary radiation from
small targets of PMMA and lead spheres.

5.2.3 Timepix ion ball + small PMMA phantom
Measurements with the ion ball architecture of two Timepix layers connected using the Z-Flex
cable were done with proton beams of energies of 130.5 and 221 MeV and intensity of 2 ∗ 108
protons per second irradiating a 1 mm3 PMMA phantom located 3 centimeters before the
end corner of the array (As shown in the lower part of Figure 48). The separation between the
two layers was larger than the beam FWHM (8 mm). The detectors were measuring in Arrival
Time and TOT modes with variable bias voltage.
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5.2.4

Parallel Timepix Telescope + real-sized human head phantom

Measurements were made with a human head phantom which was centered in the isocenter
of the beam. The telescope of parallel layers was positioned 37 centimeters away from the
isocenter at an angle of 45 degrees (see Figure 51) measuring in Arrival Time, TOT and Mixed
modes for carbon ion beams with energies of 213 and 22 MeV/U, beam widths of 6.5 and 4.8
mm, and intensity of 8 ∗ 107 primary ions per second.

Figure 51: Setup for measurements using the parallel hodoscope to detect secondary radiation from a
human head phantom.

5.2.5

Parallel Timepix telescope + small PMMA phantoms

Two small (1 and 2 mm3 ) PMMA phantoms were located in the beam path of 430 MeV/U
carbon ions at low intensity (5 ∗ 106 ions per second). Secondary radiation from this setup
was measured (as seen in Figure 52) at different angles and distances for every phantom using
the parallel telescope in Arrival Time and TOT modes.
5.2.6

Tilted Timepix telescope + small PMMA phantoms / 5cm thick PMMA phantom

The final tests were made using the Tilted Timepix telescope array. The same conditions of the
previous setup (Figure 52) prevailed when the third and second layers were tilted, but the
beam intensity was taken below 106 ions per second. Data was acquired in TOA, TOT and
Mixed modes.
In another measurement, the center of the tilted hodoscope (measuring in Mixed mode) was
positioned in the beam line behind another experiment, as shown in Figure 53. The original
beam was made of carbon ions at energies of 430 and 163 MeV/U, which had to pass through
air, 600 silicon micrometers and 5 centimeters of PMMA before arriving to the hodoscope.
Results from multi-parameter cluster analysis and tracking measurements for the previous
setups are presented in Chapter 8.

5.2 measurements at heidelberg

Figure 52: Setup for measurements using the parallel and tilted telescopes to detect secondary radiation
from PMMA targets of different dimensions and positions along the beam line.

Figure 53: Setup for measurements using the tilted telescope to detect secondary radiation along the
beam line after the energy deposition inside a 5 cm thick PMMA phantom and two silicon
layers.
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D ATA A N A LY S I S F O R D A Q S Y N C H R O N I Z E D T I M E P I X D E T E C T O R S

In order to evaluate the data from synchronized Timepix detectors, custom made software
codes were developed. This chapter describes the structure and methods of the algorithms
developed for identification of coincident particles, characterization of the type of radiation,
ion tracking, energy measurement and vertex reconstruction. All the routines were developed
and tested by the author in C++ and Python, based on ideas from previous studies and the
necessities of the techniques purposed in this research.
6.1

input data format

Information from every frame was saved -using Pixelman- as “.dat” files with two columns:
The first column corresponded to the pixel value and the second one to the number of counts
registered in that pixel. Every frame also generated a “.dat.dsc” file that contained all the
technical information about the measurement: Name of the detector, acquisition time, bias
voltage, reference clock frequency, DACs, precise readout date, etc. Every 1000 files were saved
in a different folder for better data handling and to avoid ambiguities when the measurements
were stopped due to technical issues with the beam or the detectors (e.g. unsynchronization,
power issues in one device).
6.2

per-pixel calibration of measurements: tot only, and mixed mode

The procedure for the calibration of Timepix detectors working in TOT mode was explained
in Chapter 2. The results of this calibration are four 256 ∗ 256 matrices (one for each parameter:
“a”, “b”, “c” and “t”) saved as “.txt” files. The energy value (in keV) must be calculated using
the inverse form of the surrogate function with the parameters corresponding to each pixel.
Two routines were written in Python to calibrate the measurements: One that calculated
all the pixels for frames only in TOT, and a second one that calculated all pixels but those
with the pattern used for time pixels in Mixed Mode. The initial algorithm transformed the
two input columns to a matrix, calibrated it position by position and formatted it back to two
columns, but that process turned out to be very time consuming for a large number of files
(∼ 0.3s/frame). A second attempt was made by taking the parameter matrices, generating
ordered two column arrays for each of them, and then using the pixel number from the input
data to look for that row number in each parameter array to extract its value. The latest
process reduced the processing time considerably (∼ 0.02s/frame).
Calibrated data was saved to new files with the same name and folder structure as the input
ones to avoid any possible loss of the original data. All the associated “.dsc” files were copied
to those new folders.
6.3

definition of characteristic variables for each event
• Pixel value: Number of counts in a certain pixel, (“C”).
• Cluster size: Total number of pixels in the cluster, (“N”).
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• Cluster centroid: Weighted averaged X and Y coordinates of the cluster.
1 X
X̄ =
Ci ∗ xi
N

(6.1)

1 X
Ȳ =
C i ∗ yi
N

(6.2)

N

i=1

N

i=1

For measurements only in Arrival Time mode, this centroid agrees with the geometric
center of the cluster because all the pixels have the same weight. For TOT or Mixed
Mode measurements (Where only measured and extrapolated TOT values are used for
this weighted calculation), the weights of the pixels measuring energy may shift it from
the geometric center.
• Cluster area: Cluster size multiplied by the area of each pixel, (“A”).
A = N ∗ (55 ∗ 55)µm2

(6.3)

• Roundness of a cluster: Ratio between the cluster area and the area of a circle centered at
the weighted centroid (See Figure 54) with a radius equal to the distance to the most
distant pixel of the cluster, (“R”).
R=

A
πr2

(6.4)

Figure 54: Calculation of the roundness from a cluster.

This value should be close to 1 for round clusters and diminish for more elongated
tracks.
• Time stamp: Average of all pixels from a cluster that are operating in Arrival Time mode,
(“T”). This value represents the arrival time (calibrated to seconds using the reference
clock frequency, if necessary) of the particle to the detector since the acquisition started.
• Energy loss/deposition: Total sum of all calibrated pixel values for measurements in TOT.
In Mixed Mode, this value is the total sum of all calibrated pixel values in TOT and the
values extrapolated for pixels measuring in Arrival Time from the average of their first
and second neighbors, (“E”). This value represents the total energy deposited by the
particle that created the cluster in the detector.
6.4

algorithm for clustering, characterization, and identification of coincidences

A C++ program was written to run over all the acquisitions from different -but coincident,
according to hardware specifications- detectors. This routine finds events under certain

6.4 algorithm for clustering, characterization, and identification of coincidences

Figure 55: Structure of the coincidence finder algorithm.

parameters and exports detailed information about each or pairs of them to an output file. The
structure of the program is shown in Figure 55 and the specifications for each class explained
as follows:
• Data.cc: This class is responsible to open the input “.dat” file -in two columns- and
to transform it into a 256 ∗ 256 array with values in coordinates dictated by specified
rotation conditions. Parameters: A route to the “.dat” file, and an integer to indicate the
rotation that must be applied to the matrix.
• DSCReader.cc: This class is responsible to open the input “.dat.dsc” file and to extract
and return from an indicated line the value of the exact readout time. Parameters: A
route to the “.dat.dsc” file.
• Cluster.cc: This class calculates and contains all the characteristics of a cluster: Size,
roundness, coordinates of its centroid, an average value of all counts from pixels (To get
the time stamp) and the total volume of the cluster (To get the energy loss of the cluster
in TOT). It also contains the whole definition of a Pixel class, with its x,y coordinates
and the number of counts. Furthermore, a method to compare clusters between a certain
DAC count range and below a saturation value is defined to decide wether if the cluster
is coincident with another one or not. Parameters: An ID number for the cluster as
reference for the comparison method.
• SimpleClusterAlgo.cc: This class builds a pixel matrix from the information provided
by an input Data object. After the matrix is loaded, a method starts to move across all
pixels until the value of one pixel is above a defined threshold, if so, the algorithm adds
that pixel to a new Cluster object and looks for pixels above that threshold in the closest
8 pixels; the process is repeated until no other pixel surrounding one from the cluster
is occupied, and then, the method starts looking for other clusters. All the clusters are
characterized and added to an array, where they are filtered using a minimum cluster
size. If required, this class contains a method that looks for coincident clusters in the
same matrix. Parameters: A Data object. Include: Its header loads the header files from
the Data and Cluster classes (Including the Pixel class as well).
• Frame.cc: This class defines one of the frames to be analyzed. Its methods are basically
designed to set its characteristics, to compare itself with another Frame object (Checking
if the detectors are still synchronized, looking for coincident clusters between different
frames), to plot each frame to “.eps” files and to write the indicated information to an
output file. Parameters: Routes to the “.dat” and “.dat.dsc” files, a route to an output file,
an integer that indicates the detector ID and an integer that indicates the rotation of
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that frame. Include: Its header loads the header files from the SimpleClusterAlgo and
DSCReader classes, and ROOT libraries ROOTCOMMON, TCanvas, TH2F and TStyle.
• main.cc: The main class of the program loads information about the detectors provided
by the user, and it runs all the algorithms from the previous classes to identify coincident
events in each frame and between them. Parameters: The user indicates through a
simple interface the path to the detectors folder, the name and rotation of each device
(counterclockwise 0, 90, 180, 270 degrees and their mirror equivalents regarding the
reference position) , and the total number of folders containing 1000 frames inside each
detector folder. Include: The header file of the Frame class.
It is important to notice that this program requires libraries from the ROOT Data Analysis
Framework [56] to be installed. Different versions of the routines were generated to accomplish
specific tasks for these measurements:
For only spectroscopic purposes, the energy value (Either from TOT or Mixed Mode) and
cluster shape characteristics are printed in the output files as follows: “ Frame Number, X̄, Ȳ,
E, N, R”
The output files for coincident events in Arrival Time Mode show the following structure:
¯ Y1,
¯ T1, N1, R1, X2,
¯ Y2,
¯ T2, N2,
“ Frame Number, First detector ID, Second detector ID, X1,
R2, Start time 1, Start time 2”
The output files for coincident events in Mixed Mode show the following structure: “ Frame
¯ Y1,
¯ T1, E1, N1, R1, X2,
¯ Y2,
¯ T2, E2, N2,
Number, First detector ID, Second detector ID, X1,
R2, Start time 1, Start time 2”
Detectors are analyzed by pairs so that the routine could be extrapolated to find coincidences
between any number of devices. Another program was written to concatenate events for
several layers using the output files from the coincidence finder.
6.5

output data anlysis

6.5.1

Particle spectroscopy

Routines using Python’s matplotlib libraries [57] were developed for the visualization of
the density of events accomplishing certain energy and shape conditions in every setup.
Parameters for particle discrimination based on their energy and cluster shapes are estimated
in Table 13 based on results from previous studies using Timepix detectors (Granja [58], Holy
[59], Teyssier [60], Jakubek [11], Bouchami [61]).
Track type

Number of pixels

Roundness

Particle type

Small blobs

1-4

> 0.5

Photons and electrons

Small tracks

1-4

< 0.5

Photons and electrons with long tracks

Blobs

5-10

> 0.7

Energetic Protons and Alpha particles

Heavy blobs

>10

> 0.7

Few MeV Protons or Alphas. Heavy ions.

Heavy tracks

>10

> 0.2 and < 0.7

Long tracks from H. ions and Protons
(Not Perpendicular).

Long thin tracks

>10

< 0.2

MIPs. Not perpendicular or energetic
low ionizing particles.

Curly tracks

>5

Variable

Energetic electrons, Delta rays.

Table 1: Specification of parameters used for particle discrimination.

6.5 output data anlysis

6.5.2 Particle tracking and vertex reconstruction
It is possible to follow the trajectory of single particles going through the telescope by
registering the coordinates of interaction with the sensitive layers for coincident events. In
the case of Ion Therapy, the reconstruction of these tracks should allow an extrapolation of
the reaction vertexes along the beam path to verify its actual delivery within the patient. If
additional information about the energy deposition is available for the track -as occurs with
data acquired in Mixed Mode-, an estimation of the deposited dose might be feasible.
The direction of incidence can be determined with higher precision by analysis of long
traces -even using only a single detector- when particles do not arrive perpendicularly (Garcia
[62], Field [54], Akiba [55]). For the scope of this work, as most particles arrive perpendicularly
for a good part of the setups and up to 4 detection layers are available, only the weighted
centroid coordinates are used for tracking.
One of the issues with the data available for this work was that the rows and columns of
the sensitive areas of the detectors were not completely aligned. As no reference measurement
could be taken directly on the beam line and the detectors were constantly removed and
installed again in the setups, the alignment of the detectors was made for each measurement
assuming that most of the tracks that traversed the four layers were lineal.
A routine in Python was written to align the coincident events in the second and fourth
layers according to the direction of those in the first and third ones. It calculates the differences
in the number of rows and columns of coincident events in the second and fourth detectors
regarding the values predicted by a straight line defined by those in the first and third ones.
Hence, it generates a normal distribution of those variations and the mean values in every
coordinate are used as an offset for all events in the misaligned layers.
Remark on the Coordinate System: Considering that the main purpose of this task is to
characterize the production of secondary radiation along the beam path, the coordinate system
for the Vertex Reconstruction was defined as in Figure 56. The coordinates of the events in the
detectors were rotated and translated to agree with this layout.

Figure 56: Coordinate system used for the vertex reconstruction process.

After the detectors were aligned and the coordinate system defined, two different methods
were tested to reconstruct the origin of the particles: A Bayesian approach and back-projections
using standard linear regressions.
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6.5.2.1

Bayesian approach:

This method is based on a Bayesian optimization to calculate the probability of a model to
occur, given a number of observations:

P(Model|Observation) =

P(Observation|Model)P(Model)
P(Observation)

(6.5)

where P(Model|Observation) is the degree of belief of a model to describe the behavior
of a number of observations, P(Model) is the prior degree of belief of that model and
P(Observation|Model)/P(Observation) represents how likely the observation is to support
the model.
An algorithm to do this calculations was designed in Python. It receives as input a file
where every line represents the set of 4 “x”,“y”,“z” positions for one event (Generated by
concatenation of coincidences). Three random coordinates (“j”) are generated near a certain
region where the vertex might be (This assumption should optimize the computation time) as
estimators of the origin, and the slopes of a 3D line from that position to the centroid of the
event in the first detector are calculated. This model is extrapolated to the “z” coordinates of
the events in the second, third and fourth layers, and a value ϕ is estimated as the likelihood
of the model in all the axes:
n
X
ϕ=−
(Xobsi − Xmodeli )2

(6.6)

i=1

After the first likelihood is calculated, the estimated origin coordinates are shifted by a
random value and a second likelihood is estimated for that new position (“j+1”). A random
walk will be generated based on the comparison between those likelihoods, and it should
converge to the most probable vertex after a significant number of iterations. The variable α
will be used to determine the decision for a new step:

α = ϕj+1 − ϕj

(6.7)

If α > 0 the likelihood of the “j+1” position is higher than the prior one, and it will be used
as the start point for a new estimation. On the other hand, if α < 0, a random number β
(where 0 < β < 1) is generated and compared to γ ≡ exp α: if β < γ the “j+1” position will be
considered as the new start point, but if β > γ the step to the “j+1” position will be ignored
and a new one attempted.
The result for one event after many iterations (∼ 104 for this algorithm) is a probability
distribution in every coordinate for the vertex position in that axis. The most probable values
are considered as the reaction vertex coordinates.
The main advantage of this approach is that not only the “best” values for the vertex are
calculated, but the uncertainty of that calculation can also be estimated from the behavior
of the final probability distribution. The disadvantage is that the computation time is high
compared to other methods, and this must be taken into account if the purpose is to identify
the vertex in real time.
6.5.2.2

Back-projection from standard linear regressions:

In this approach, standard linear regressions were calculated using the “scipy.stats.linregress”
function in Python for all events. This function returns the slope, intercept, and measures how
good the fit is (r-value, p-value and standard error) for every coordinate. Hence, a filter in
the r-value (r2 > 0.95) is applied to all traces in order to filter fake coincidences, scattered

6.5 output data anlysis

events, or events with reaction products generated while they go through the telescope. The
coordinates of these lines when they intercept a plane defined by the center of the beam (x=0)
should allow a determination of the spatial distribution of the secondary radiation vertexes
along the beam path, and an estimation of parameters like the beam-width from certain
setups.
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VA L I D AT I O N O F T E C H N I Q U E S I N T H E VA N D E G R A F F
A C C E L E R AT O R

The custom made routines described in Chapter 6 were used to analyze the results from the
kinematics of 2 MeV protons coming into contact with a thin tape (CH2 ) in a Van de Graff
accelerator, obtained from the experimental setup explained earlier in Chapter 4. The products
to be detected are non-coincident protons with energies up to 1.9 MeVs (The mean energy loss
of 2 MeV protons in 300 micrometers of silicon) from scattering between beam protons and
other materials in the tape (e.g. Carbon), and coincident protons from direct proton-proton
elastic scattering emerging from the target with an energy close to 1 MeV (For the solid angle
defined by the detectors) which only deposit about 830 keV in the silicon layer -each-, and
have an angle of 90 degrees between their final directions.
7.1

multi-parameter cluster analysis of proton events in two timepix detectors

The signals in pixellated detectors can be analyzed in terms of various parameters, such as
their energy, size, roundness and height. Two dimensional plots relating the cluster size and
energy for events detected on each device in Mixed Mode are shown in Figures 57 and 58 for
the left and right detector, respectively. The calibration parameters used for the D08 detector
slightly differ from those used for the acquisition.
Both histograms present a zone with a high density at 1.6 MeVs for one detector and 1.8
MeVs for the second one. These events are protons from the primary beam that scatter from
the original direction and have not transmitted part of their energy to protons at rest. Other
events appear between 300 and 800 keV for one detector and between 300 and 1200 keV for
the second detector. These particles are candidates to be coincident in both detectors, resulting
from p+p elastic scattering in the target (as will be studied later). Measurements of the clusters’
roundness are close to 1 in both detectors for most events, in agreement with the expected
round shape for heavy charged particles.
7.2

spatial-and-time-correlated technique

Information about the position given by the weighted centroid of all clusters in the detectors
was registered for all measurements including those in Arrival Time and Mixed Mode.
Coincident events were identified by their time stamps in both detectors and the relations
between their horizontal and vertical coordinates were plotted as shown in the 2-Dimensional
histograms shown in Figure 59.
In the case of p+p scattering, the direction of the emitted protons is defined by an angle of
90 degrees between them. A symmetry in the vertical axis of the detectors and an asymmetry
in the horizontal axis are expected. This implies that true coincident events should have the
same column value, but the row value in one detector should be equal to the difference
between the maximum row value and that value, for the event in the second detector. This
behavior is well described by the results in Figure 59. A gap of about 50 columns at the end of
the left and the beginning of the right detector results from the spacing beyond the sensitive
area between them. Figure 60 illustrates the track reconstruction to the original target for 4
coincident events in both detector layers, which agrees with the expected spatial distribution
(90 degrees angle between pairs of protons from p+p elastic reactions).
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Figure 57: Multi-parameter cluster analysis of particles detected in one Timepix (placed at left-J06)
detector from the reaction “p + CH2 ”. a) Energy vs. Cluster size distribution; b): Cluster size
histogram; c): Energy spectrum ; d) and e): Detailed regions of a); f): Energy vs. Roundness
distribution.

The data obtained for this measurement only from Arrival Time Mode shows higher
statistics than the one using Mixed Mode. Detectors working only in Time Mode showed a
rate of 2955 coincident events per second (Ref. Clock: 3 MHz), while those in Mixed Mode
identified 727 coincident events per second (Ref. Clock: 9.6 MHz). As the coincidence range
was fixed at ± 5 time counts for both measurements, (i.e. ± 1.6 µs for Time and ± 0.5 µs for
Mixed Mode) more events might be excluded in Mixed Mode than in Time. On the other
hand, the response of all pixels measuring time from a cluster was not completely uniform for
pixels working in Mixed Mode, (As shown in Figure 44) and as the range was very limited,
the algorithm might have missed more coincident events.
7.3 coincident spectroscopic measurements using mixed (8xtot 1xtoa) mode
One advantage of the spectroscopic measurements in Mixed Mode over those in TOT only is
the possibility to discriminate coincident events from all events in both detectors. For the case

7.3 coincident spectroscopic measurements using mixed (8xtot 1xtoa) mode

Figure 58: Multi-parameter cluster analysis of particles detected in one Timepix (placed at right-D08)
detector from the reaction “p + CH2 ”. a) Energy vs. Cluster size distribution; b): Cluster size
histogram; c): Energy spectrum ; d) and e): Detailed regions of a); f): Energy vs. Roundness
distribution..

of the measured protons, the correlation between energy deposited by coincident protons in
both devices was plotted in a 2D histogram in Figure 61. The highest density occurs between
300 and 800 keV for the left detector and between 600 and 1200 for the right one: These values
agree with the expected energy deposition of just below 1 MeV for each proton in the silicon
layer. Coincident events at energies higher than 1 MeV point to random coincidences due to
the significantly higher rate of non-coincident scattered protons.
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Figure 59: p+p correlation between column (left) and row (right) positions in two Timepix detectors.
(Top): Measurements in Arrival Time Mode; (Bottom): Measurements in Mixed (8xTOT,
1xTOA) Mode.

Figure 60: Illustration of track reconstructions for coincident protons from two Timepix layers to the
original target. (Courtesy of Doc.Ing. Carlos Granja, IEAP of the CTU).

7.3 coincident spectroscopic measurements using mixed (8xtot 1xtoa) mode

Figure 61: Correlation between energies of coincident events in two detectors from p+p scattering.
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C H A R A C T E R I Z AT I O N A N D V I S U A L I Z AT I O N O F R A D I AT I O N I N
HADRON THERAPY

This chapter presents the results and discussion from multi-parameter and tracking measurements using single layers and coincident arrays of independent Timepix detectors in Hadron
Therapy.
8.1

characterization of secondary radiation in different setups using single detector layers

A multi-parameter analysis was made to characterize the radiation arriving to the first
layer of the Timepix detection arrays in multiple test conditions. Measurements in TOT and
Mixed modes were per-pixel calibrated and the analysis routines determined the size/area,
roundness, total volume/energy and time stamps -if available- for each event. Therefore, 1D
and 2D histograms were generated to describe the cluster size distribution, energy spectrum
and correlations between geometrical parameters and energy for each event. The product
between roundness and energy was also used to visually discriminate different particle types
depositing the same amount of energy on the detector.
An approach to separate groups of particles according to their interaction with the detector
was made for most of the setups. Particle types were separated according to the geometrical
parameters established in Table 13 of Chapter 6 and to the energy deposited on the detector
layer. The yield of events of a certain type(Ytype ) per primary ion, in a total acquisition time
(tacquisition ), was calculated regarding the intensity (Iprimary ) and initial energy of the
primary ions (Eprimary ) as follows:

Ytype =

Ntype
Ntype
=
Nprimary ∗ Eprimary
(Iprimary ∗ tacquisition ) ∗ Eprimary

(8.1)

An energy loss calculator (Meroli [63]) was used to estimate the possible ranges of initial
kinetic energy of ions arriving to the detectors based on the energy deposited by them on the
silicon sensor thickness.
8.1.1 Homogeneous PMMA phantom
Figure 62 shows sample frames from each of the four Timepix telescope layers measuring
secondary radiation from 223 MeV/U carbon ions interacting with an homogeneous cylindrical
PMMA phantom as depicted before in Figure 49. The visualization of the correlation between
geometrical characteristics and energy for all detected events is shown in Figure 63 and
statistics for particle groups in Table 2.
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Figure 62: Particle detection in the four telescope coincident Timepix layers in Mixed Mode at the
interval between 5 and 7 degrees from the isocenter of the beam, emerging from 223 MeV/U
12C ions interacting with a cylindrical PMMA phantom (Figure 49).

Particle group

Number of events

Particles per carbon ion (MeV −1 )

Small blobs

27223

8.72 ∗ 10−7

Small tracks

1134

3.63 ∗ 10−8

Blobs

21055

6.74 ∗ 10−7

Heavy blobs

32047

1.02 ∗ 10−6

Heavy tracks

10706

3.43 ∗ 10−7

Long thin tracks

2938

9.41 ∗ 10−8

Curly tracks

3598

1.15 ∗ 10−7

Table 2: Number of track types and particles per carbon ion for secondary radiation emerging from
223 MeV/U 12C ions interacting with a cylindrical PMMA phantom at the interval between 5
and 7 degrees from the isocenter of the beam. Measurements in Mixed mode.

8.1 characterization of secondary radiation in different setups using single detector layers

Figure 63: Multi-parameter analysis of particles detected in Mixed Mode at the interval between 5 and 7
degrees from the isocenter of the beam, emerging from 223 MeV/U 12C ions interacting with
a cylindrical PMMA phantom (as seen in Figure 49). (A): Correlation between energy and
cluster sizes; (B): Cluster size distribution; (C): Energy spectrum; (D),(E): Detailed regions
of (A); (F): Correlation between energy and cluster roundness; (G),(H): Energy*Roundness
plots to visually discriminate different particle types that deposit the same amount of energy
on the detector.
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Two regions with a high density of events were recognized from the plots for this test: One
with cluster sizes from 4 to 8 pixels, roundness close to 1 and energies from 200 to 500 keV,
and another one with cluster sizes from 14 to 25 pixels (higher density for those with 21),
roundness close to 1 and energies from 1300 to 1800 keV. These characteristics also agree with
the significantly high number of blobs found in the particle type discrimination.
According to the cluster characteristics and energy deposition, the first region corresponds
to energetic Z=1 and Z=2 fragments. Protons and alpha particles with kinetic energies from
75 to 300 MeV and Deuterium with energies from 30 to 100 MeV are suitable candidates to be
responsible for these signals. These values and the yield of small blobs and blobs agree well
with the energy ranges and yields found by Gunzert-Marx et al. [4] for protons (see Figure 24)
in a setup and angle of detection similar to this one. On the other hand, the energy deposited
in the second region can not be related to low Z fragments fragments , but it agrees with the
energy loss of Carbon, Boron, Beryllium or Lithium isotopes with kinetic energies from tenths
up to one hundred Megaelectronvolts.
The same data analysis was made for reactions with a higher beam energy (250 MeV/U) in
the previous setup. Sample frames are shown in Figure 64, multi-parameter analysis in Figure
65, and statistics for particle groups in Table 3.

Figure 64: Particle detection in the four telescope coincident Timepix layers in Mixed Mode at the
interval between 5 and 7 degrees from the isocenter of the beam, emerging from 250 MeV/U
12C ions interacting with a cylindrical PMMA phantom (Figure 49).

In this case, it was possible to see that the energy deposited on the detector shifted to lower
values for all events. This behavior was expected because as the energy of the beam increases
so does the kinetic energy of the fragments, hence, their energy deposition in silicon decreases
due to a lower stopping power in this energy range. The assumptions about the detected ions
are the same as in the previous test, but with slightly higher energy ranges. An increase on

8.1 characterization of secondary radiation in different setups using single detector layers

Particle type

Number of events

Particles per carbon ion (MeV −1 )

Small blobs

22509

1.50 ∗ 10−6

Small tracks

849

5.66 ∗ 10−8

Blobs

13069

8.71 ∗ 10−7

Heavy blobs

25169

1.67 ∗ 10−6

Heavy tracks

8464

5.64 ∗ 10−7

Long thin tracks

3467

2.31 ∗ 10−7

Curly tracks

2778

1.85 ∗ 10−7

Table 3: Number of track types and particles per carbon ion for secondary radiation emerging from
223 MeV/U 12C ions interacting with a cylindrical PMMA phantom at the interval between 5
and 7 degrees from the isocenter of the beam. Measurements in Mixed mode.

the event density of clusters with sizes from 14 to 17 pixels was found in the visualization,
but no further discrimination could be made.
8.1.2 Inhomogeneous PMMA phantom
A bone-equivalent rod was inserted in the cylindrical PMMA phantom and along the beam
path of 250 MeV/U carbon ions. Sample frames from this measurement are shown in Figure
66, its multi-parameter analysis in Figure 67, and statistics for particle groups in Table 4.
Particle type

Number of events

Particles per carbon ion (MeV −1 )

Small blobs

14865

8.22 ∗ 10−7

Small tracks

453

2.50 ∗ 10−8

Blobs

11084

6.13 ∗ 10−7

Heavy blobs

20095

1.11 ∗ 10−6

Heavy tracks

2946

1.62 ∗ 10−7

Long thin tracks

1557

8.61 ∗ 10−8

Curly tracks

1352

7.47 ∗ 10−8

Table 4: Number of track types and particles per carbon ion for secondary radiation emerging from
226 MeV/U 12C ions interacting with an inhomogeneous cylindrical PMMA phantom at the
interval between 5 and 7 degrees from the isocenter of the beam. Measurements in Mixed
mode.

No significant difference could be found in geometrical parameters or energy values of the
particles generated in the inhomogeneous cylindrical PMMA phantom regarding the previous
-and very similar- measurement with 223 MeV/U carbon ions without the rod.
8.1.3 PMMA and lead spheres
An array of five spheres made of lead and PMMA was positioned along the beam line
-between the beam nozzle and the isocenter- as seen in Figure 50. The fragments emitted
from the interaction of carbon ions with each of these targets were registered by the parallel
telescope positioned at the same position than for the cylindrical phantoms (Different from
the one used later for vertex identification). Sample frames from this measurement are shown
in Figure 68, its multi-parameter analysis in Figure 69, and statistics for particle groups in
Table 5.
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Figure 65: Multi-parameter analysis of particles detected in Mixed Mode at the interval between 5 and 7
degrees from the isocenter of the beam, emerging from 250 MeV/U 12C ions interacting with
a cylindrical PMMA phantom (as seen in Figure 49). (A): Correlation between energy and
cluster sizes; (B): Cluster size distribution; (C): Energy spectrum; (D),(E): Detailed regions
of (A); (F): Correlation between energy and cluster roundness; (G),(H): Energy*Roundness
plots to visually discriminate different particle types that deposit the same amount of energy
on the detector.

8.1 characterization of secondary radiation in different setups using single detector layers

Figure 66: Particle detection in the four telescope coincident Timepix layers in Mixed Mode at the
interval between 5 and 7 degrees from the isocenter of the beam, emerging from 226 MeV/U
12C ions interacting with an inhomogeneous cylindrical PMMA phantom. (Figure 49).

Particle type

Number of events

Particles per carbon ion (MeV −1 )

Small blobs

210

4.20 ∗ 10−8

Small tracks

1

2 ∗ 10−10

Blobs

126

2.52 ∗ 10−8

Heavy blobs

88

1.76 ∗ 10−8

Heavy tracks

20

4 ∗ 10−9

Long thin tracks

3

6 ∗ 10−10

Curly tracks

15

3 ∗ 10−9

Table 5: Number of track types and particles per carbon ion for secondary radiation emerging from
250 MeV/U 12C ions interacting with 5 small PMMA and lead spheres at the interval between
5 and 7 degrees from the isocenter of the beam. Measurements in Mixed mode.

The detectors registered signals that could be generated by protons and heavier ions (at this
angle the latest are still probable), but the statistics was very low due to the small size of the
scatterer centers and the large distance between them and the telescope.
8.1.4 A human-sized head phantom
Radiation emitted from the interaction of carbon ions with a complex human-sized head
simulator was detected at 45 degrees from the isocenter, with the Bragg Peak occurring inside
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Figure 67: Multi-parameter analysis of particles detected in Mixed Mode at the interval between 5 and
7 degrees from the isocenter of the beam, emerging from 226 MeV/U 12C ions interacting
with an inhomogeneous cylindrical PMMA phantom (as seen in Figure 49). (A): Correlation
between energy and cluster sizes; (B): Cluster size distribution; (C): Energy spectrum; (D),(E):
Detailed regions of (A); (F): Correlation between energy and cluster roundness; (G),(H):
Energy*Roundness plots to visually discriminate different particle types that deposit the
same amount of energy on the detector.

8.1 characterization of secondary radiation in different setups using single detector layers

Figure 68: Particle detection in the four telescope coincident Timepix layers in Mixed Mode at the
interval between 5 and 7 degrees from the isocenter of the beam, emerging from 250 MeV/U
12C ions interacting with 5 small PMMA and lead spheres (Figure 50).

it (As depicted in Figure 51). Sample frames for the first measurement only in TOT mode are
shown in Figure 70, its multi-parameter analysis in Figure 71, and statistics for particle groups
in Table 6.
Particle type

Number of events

Particles per carbon ion (MeV −1 )

Small blobs

5574

1.90 ∗ 10−8

Small tracks

36

1.22 ∗ 10−10

Blobs

10580

3.61 ∗ 10−8

Heavy blobs

5347

1.82 ∗ 10−8

Heavy tracks

1176

4.01 ∗ 10−9

Long thin tracks

340

1.16 ∗ 10−9

Curly tracks

2726

9.3 ∗ 10−9

Table 6: Number of track types and particles per carbon ion for secondary radiation emerging from 222
MeV/U 12C ions interacting with a head phantom at the interval between 44 and 46 degrees
from the isocenter of the beam. Measurements in TOT mode.

The results from this measurement showed a significant amount of small, medium and
large sized blob signals with small energy deposition on the detector. Small blobs are related
to electrons or photons that scape the phantom and travel in a direction perpendicular to
the detector plane. Medium and large sized blobs might occur due to low energy protons
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Figure 69: Multi-parameter analysis of particles detected in Mixed Mode at the interval between 5 and 7
degrees from the isocenter of the beam, emerging from 250 MeV/U 12C ions interacting with
5 small PMMA and lead spheres (as seen in Figure 50). (A): Correlation between energy and
cluster sizes; (B): Cluster size distribution; (C): Energy spectrum; (D),(E): Detailed regions
of (A); (F): Correlation between energy and cluster roundness; (G),(H): Energy*Roundness
plots to visually discriminate different particle types that deposit the same amount of energy
on the detector.

8.1 characterization of secondary radiation in different setups using single detector layers

Figure 70: Particle detection in the four telescope coincident Timepix layers in TOT Mode at the interval
between 44 and 46 degrees from the isocenter of the beam, emerging from 222 MeV/U 12C
ions interacting with a head phantom (Figure 51).

emitted at the angle of measurement, which have lost a considerable amount of energy while
traversing the head phantom, traveling through air and on the detector chipboard.
Pixels of the parallel telescope were also set to work in Mixed mode to measure secondary
radiation from the setup above. Sample frames are shown in Figure 72, its multi-parameter
analysis in Figure 73, and statistics for particle groups in Table 7.
Particle type

Number of events

Particles per carbon ion (MeV −1 )

Small blobs

6902

1.76 ∗ 10−8

Small tracks

948

2.42 ∗ 10−9

Blobs

10012

2.56 ∗ 10−8

Heavy blobs

5678

1.45 ∗ 10−8

Heavy tracks

3701

9.47 ∗ 10−9

Long thin tracks

591

1.51 ∗ 10−9

Curly tracks

8735

2.23 ∗ 10−8

Table 7: Number of track types and particles per carbon ion for secondary radiation emerging from 222
MeV/U 12C ions interacting with a head phantom at the interval between 44 and 46 degrees
from the isocenter of the beam. Measurements in Mixed mode.

As the measurement conditions of the two previous procedures were the same, it is possible
to evaluate the performance of the Mixed Mode regarding TOT. Even though the cluster size
distribution in both analysis is the same, energy values calculated using the Mixed Mode tend
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Figure 71: Multi-parameter analysis of particles detected in Mixed Mode at the interval between 44 and
46 degrees from the isocenter of the beam, emerging from 222 MeV/U 12C ions interacting
with a head phantom (as seen in Figure 51). (A): Correlation between energy and cluster
sizes; (B): Cluster size distribution; (C): Energy spectrum; (D),(E): Detailed regions of (A);
(F): Correlation between energy and cluster roundness; (G),(H): Energy*Roundness plots to
visually discriminate different particle types that deposit the same amount of energy on the
detector.

8.1 characterization of secondary radiation in different setups using single detector layers

Figure 72: Particle detection in the four telescope coincident Timepix layers in Mixed Mode at the
interval between 44 and 46 degrees from the isocenter of the beam, emerging from 222
MeV/U 12C ions interacting with a head phantom (Figure 51).

to be lower. The decrease may be caused by the operation used for the interpolation of pixels
working in Arrival Time: A simple average of the neighbor pixels might be underestimating
the real energy value.
The energy of the beam was lowered to 213 MeV/U and another acquisition in TOT mode
with a long exposure time was performed (50 ms per frame versus 1.1 ms of the other
measurements). Sample frames are shown in Figure 74, its multi-parameter analysis in Figure
75, and statistics for particle groups in Table 8.
Two regions with a significant amount of events appeared in the multi-parameter plots.
As the relative number of blobs and tracks with energies of hundreds of keVs increased, it
is feasible to affirm that some change in the setup -unknown to the author- occurred and
energetic protons started to arrive to the detector from different directions.
8.1.5 Timepix ion ball array for a small PMMA phantom
The prototype of the ion ball array was used to measure scattered protons from the interaction
between 221 MeV protons and a small PMMA phantom. Sample frames for the upper and
lower layers are shown in Figure 76, multi-parameter plots for both detector layers are shown
in Figure 77 and particle yields in Tables 9 and 10. The number of particles detected in the
upper layer -specially those describing a somehow erratic (curly) track -is significatively
higher than in the low layer. These tracks, and the energy deposition around 600 keV, agree
with signals from energetic protons that are not perpendicular to the detection plane. After
the inspection of visual registers, it was possible to notice that the beam was closer to the
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Figure 73: Multi-parameter analysis of particles detected in Mixed Mode at the interval between 44 and
46 degrees from the isocenter of the beam, emerging from 222 MeV/U 12C ions interacting
with a head phantom (as seen in Figure 51). (A): Correlation between energy and cluster
sizes; (B): Cluster size distribution; (C): Energy spectrum; (D),(E): Detailed regions of (A);
(F): Correlation between energy and cluster roundness; (G),(H): Energy*Roundness plots to
visually discriminate different particle types that deposit the same amount of energy on the
detector.

8.1 characterization of secondary radiation in different setups using single detector layers

Figure 74: Particle detection in the four telescope coincident Timepix layers in TOT Mode at the interval
between 44 and 46 degrees from the isocenter of the beam, emerging from 213 MeV/U 12C
ions interacting with a head phantom (Figure 51)

Particle type

Number of events

Particles per carbon ion (MeV −1 )

Small blobs

45659

1.14 ∗ 10−8

Small tracks

937

2.35 ∗ 10−10

Blobs

95616

2.40 ∗ 10−8

Heavy blobs

60321

1.51 ∗ 10−8

Heavy tracks

18247

4.58 ∗ 10−9

Long thin tracks

8058

2.02 ∗ 10−9

Curly tracks

33097

8.31 ∗ 10−9

Table 8: Number of track types and particles per carbon ion for secondary radiation emerging from 213
MeV/U 12C ions interacting with a head phantom at the interval between 44 and 46 degrees
from the isocenter of the beam. Measurements in TOT mode.

upper layer and possibly even protons from a broadened beam might have interacted with
the chipboard.
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Figure 75: Multi-parameter analysis of particles detected in TOT Mode at the interval between 44 and
46 degrees from the isocenter of the beam, emerging from 213 MeV/U 12C ions interacting
with a head phantom (as seen in Figure 51). (A): Correlation between energy and cluster
sizes; (B): Cluster size distribution; (C): Energy spectrum; (D),(E): Detailed regions of (A);
(F): Correlation between energy and cluster roundness; (G),(H): Energy*Roundness plots to
visually discriminate different particle types that deposit the same amount of energy on the
detector.

8.1 characterization of secondary radiation in different setups using single detector layers

Figure 76: Particle detection in the the two Timepix layers covering the forward hemisphere of a small
PMMA phantom irradiated by protons with energies of 221 MeV.

Particle type

Number of events

Particles per proton (MeV −1 )

Small blobs

2268

3.25 ∗ 10−8

Small tracks

172

2.47 ∗ 10−9

Blobs

1719

2.46 ∗ 10−8

Heavy blobs

118

1.69 ∗ 10−9

Heavy tracks

3527

5.06 ∗ 10−8

Long thin tracks

894

1.28 ∗ 10−8

Curly tracks

37088

5.32 ∗ 10−7

Table 9: Number of track types and particles per proton for secondary radiation emerging from
211 MeV protons interacting with a small PMMA target at the upper forward hemisphere.
Measurements in TOT mode.

Particle type

Number of events

Particles per proton (MeV −1 )

Small blobs

1230

1.76 ∗ 10−8

Small tracks

55

7.89 ∗ 10−10

Blobs

745

1.06 ∗ 10−8

Heavy blobs

17

2.44 ∗ 10−10

Heavy tracks

2343

3.36 ∗ 10−8

Long thin tracks

91

1.30 ∗ 10−9

Curly tracks

2715

3.89 ∗ 10−8

Table 10: Number of track types and particles per proton for secondary radiation emerging from
211 MeV protons interacting with a small PMMA target at the lower forward hemisphere.
Measurements in TOT mode.
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Figure 77: Not calibrated ToT measurements in the two layers of the Timepix ion ball array for radiation
emerging from 221 MeV colliding with a small PMMA target. The column on the left corresponds to the top detector and the one on the right to the bottom one. Correlations between
cluster area and energy, cluster size distributions, energy spectrums and roundness*energy
plots are shown for each layer.

8.1 characterization of secondary radiation in different setups using single detector layers

8.1.6 Two small PMMA phantoms
The tilted telescope array was set to measure secondary radiation from 430 MeV/U carbon
ions interacting with two small PMMA scatterers in TOT mode. Sample frames are shown in
Figure 78, its multi-parameter analysis in Figure 79, and statistics for particle groups in Table
11.

Figure 78: Particle detection in the four telescope coincident Timepix layers in TOT Mode at different
angles from the scatterers, emerging from 430 MeV/U 12C ions interacting with two small
PMMA phantoms. (Figure 52)

Particle type

Number of events

Particles per carbon ion (MeV −1 )

Small blobs

16835

8.7 ∗ 10−5

Small tracks

907

4.68 ∗ 10−6

Blobs

2569

1.32 ∗ 10−5

Heavy blobs

3378

1.74 ∗ 10−5

Heavy tracks

5801

2.99 ∗ 10−5

Long thin tracks

2927

1.51 ∗ 10−5

Curly tracks

1549

8 ∗ 10−6

Table 11: Number of track types and particles per carbon ion for secondary radiation emerging from
430 MeV/U 12C interacting with 2 small PMMA phantoms at different angles from the
scatterers. Measurements in TOT mode.

The cluster size histogram for this test showed a broad distribution of events around 70
pixels. The energy corresponding to these events also had a wide distribution of values (From
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Figure 79: Multi-parameter analysis of particles detected in TOT Mode at different angles from the
scatterers, emerging from 430 MeV/U 12C ions interacting with two small PMMA phantoms
(as seen in Figure 52). (A): Correlation between energy and cluster sizes; (B): Cluster size
distribution; (C): Energy spectrum; (D),(E): Detailed regions of (A); (F): Correlation between
energy and cluster roundness; (G),(H): Energy*Roundness plots to visually discriminate
different particle types that deposit the same amount of energy on the detector.

8 to 11 MeV approximately) and a roundness close to 0.8. An inspection of frames allows to
identify these events at first sight: very round and spread clusters with energies high enough

8.2 layer-by-layer analysis of the tilted telescope

to generate delta rays in the surface of the silicon layer (Which generates a curly track attached
to the main cluster, reducing its roundness).
8.2

layer-by-layer analysis of the tilted telescope

Frames of the four layers from the tilted telescope measuring in Mixed Mode are shown in
Figure 80, multi-parameter analysis for each layer in Figures 79, 82, 83 and 84, and statistics
for particle groups arriving to the first detector in Table 12. Long tracks appear in the last
two detectors because particles have to traverse a larger amount of material (600 µ m in the
third layer, and 1765 µ m in the fourth one) and the number of events is reduced because
of the geometric acceptance. It is also possible to see a high rate of delta rays generated
on the surface of the detectors by very energetic particles, which may affect the calculation
of the geometric parameters. Finally, some tracks -as those in light blue in the sample J06
frame- which appeared in the tilted detectors, are the result of fragmentation events between
layers. As the clusters are longer than in a detector perpendicular to the incident particle, this
effect from the tilted layer should enhance the geometric resolution to calculate the common
fragmentation vertex by using methods as the one purposed by Field in [54].

Figure 80: Particle detection in the four tilted telescope coincident Timepix layers in Mixed Mode at
different angles from the scatterers, emerging from 430 MeV/U 12C ions interacting with
two small PMMA phantoms. (Figure 52)

The cluster size distributions for the first detectors measuring in Mixed Mode for this
test and TOT in the last test of the previous sections are equal, and they both have events
with cluster sizes close to 70. Even so, when the energies corresponding to those events are
analyzed, they differ in 3 MeV, with the lower values in Mixed mode. This is another evidence
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Particle type

Number of events

Particles per carbon ion (MeV −1 )

Small blobs

15914

8.2 ∗ 10−5

Small tracks

1542

7.96 ∗ 10−6

Blobs

2369

1.22 ∗ 10−5

Heavy blobs

3111

1.60 ∗ 10−5

Heavy tracks

5859

3.02 ∗ 10−5

Long thin tracks

3067

1.58 ∗ 10−5

Curly tracks

1680

8.68 ∗ 10−6

Table 12: Number of track types and particles per carbon ion for secondary radiation emerging from
430 MeV/U 12C interacting with 2 small PMMA phantoms at different angles from the
scatterers. Measurements in Mixed mode.

that suggests to consider another interpolation method for the Time pixels in Mixed Mode:
Big clusters contain a large number of pixels in TOA, and so the effect is very large.
The cluster size distributions are similar in shape for small cluster sizes in the first and
second detector; the upper limit from this part of the distribution increases for the third and
fourth detectors because particles that only activated a few pixels (small blob) in the first two
layers, will activate a track in the latest ones. On the other hand, the broad distribution of
events with large cluster sizes moves drastically (about 40 pixels below) from the first to the
second detector (as expected from the visualization of frames, where representative clusters
in the first layer were much bigger than their coincident events in the second one); this effect
is probably related to differences between the collection efficiency of one detector and the
other, but the energy deposition -as will be shown later- did not vary. For the third and fourth
layers, the mean size of the broad distribution increased because of the track elongation and
the distribution got broader because of a more probable apparition of delta rays next to the
ion tracks. The number of events decreases due to the misalignment and geometric acceptance
reduction from the first to the last detectors.
The energy of events that belonged to the broad distribution of events with large cluster
sizes was determined. The energy distributions of these events were centered close to 5 MeV
for the first and second detector, 10 MeV for the third, and 36 MeV for the fourth one. No
fragment or primary ion from the radiation field is able to deposit that amount of energy in
the 300 micrometers of silicon. It is also important to remark that these energy measurements
are precise but not exact due to the differences mentioned before between results in TOT and
Mixed Mode, even so, the energy deposition is still higher than expected for any possible
candidate. This result is still under revision.
8.3

spectroscopy of coincident particles in different detector layers

The characteristics of the radiation arriving to the telescopes were analyzed, and the variations
of their geometric parameters as particles traversed the tilted telescope studied in the previous
two sections. Now, to evaluate the feasibility of using coincident events in Mixed mode to track
an event-by-event energy deposition along various detectors (for future uses of these arrays
as ∆E - E telescopes, for example), 2-dimensional plots correlating the energy of coincident
events between pairs of detectors were generated for parallel and tilted layers.
8.3.1

Energy deposition of coincident particles in two parallel detector layers

Measurements from parallel detector layers of the telescope in setups that produced charged
particles with high energy (hundreds of MeV) were used to validate the energy correlation

8.3 spectroscopy of coincident particles in different detector layers

Figure 81: First detector layer of the tilted hodoscope (G09, not tilted): Multi-parameter analysis of
particles detected in TOT Mode at different angles from the scatterers, emerging from 430
MeV/U 12C ions interacting with two small PMMA phantoms (as seen in Figure 52). (A):
Correlation between energy and cluster sizes; (B): Cluster size distribution; (C): Energy
spectrum; (D),(E): Detailed regions of (A); (F): Correlation between energy and cluster
roundness; (G),(H): Energy*Roundness plots to visually discriminate different particle types
that deposit the same amount of energy on the detector.
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Figure 82: Second detector layer of the tilted hodoscope (D08, not tilted): Multi-parameter analysis
of particles detected in TOT Mode at different angles from the scatterers, emerging from
430 MeV/U 12C ions interacting with two small PMMA phantoms (as seen in Figure 52).
(A): Correlation between energy and cluster sizes; (B): Cluster size distribution; (C): Energy
spectrum; (D),(E): Detailed regions of (A); (F): Correlation between energy and cluster
roundness; (G),(H): Energy*Roundness plots to visually discriminate different particle types
that deposit the same amount of energy on the detector.

8.3 spectroscopy of coincident particles in different detector layers

Figure 83: Third detector layer of the tilted hodoscope (D04, 60 degrees tilted): Multi-parameter analysis
of particles detected in TOT Mode at different angles from the scatterers, emerging from
430 MeV/U 12C ions interacting with two small PMMA phantoms (as seen in Figure 52).
(A): Correlation between energy and cluster sizes; (B): Cluster size distribution; (C): Energy
spectrum; (D),(E): Detailed regions of (A); (F): Correlation between energy and cluster
roundness; (G),(H): Energy*Roundness plots to visually discriminate different particle types
that deposit the same amount of energy on the detector.
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Figure 84: Fourth detector layer of the tilted hodoscope (J06, 80 degrees tilted): Multi-parameter analysis
of particles detected in TOT Mode at different angles from the scatterers, emerging from
430 MeV/U 12C ions interacting with two small PMMA phantoms (as seen in Figure 52).
(A): Correlation between energy and cluster sizes; (B): Cluster size distribution; (C): Energy
spectrum; (D),(E): Detailed regions of (A); (F): Correlation between energy and cluster
roundness; (G),(H): Energy*Roundness plots to visually discriminate different particle types
that deposit the same amount of energy on the detector.

8.3 spectroscopy of coincident particles in different detector layers

technique: At such energies, that type of radiation deposits practically the same amount of
energy in both detectors and the correlation in the 2D plots would tend to be linear. Clusters
from the first and second detectors were more reliable because no material was set between
their silicon sensors.
8.3.1.1 For an homogeneous PMMA phantom.
The correlation between the energy of coincident events in the first two layers of the parallel
telescope detecting secondary radiation from the interaction of carbon ions (energies of 223
and 250 MeV/U) and the cylindrical homogeneous PMMA phantom (setup in Figure 49) are
shown in Figures 85 and 88. These correlations were also plotted for the same measurements
but selecting cluster size ranges in Figures 86, 87, 89 and 90.

Figure 85: Correlation between the energy deposited by coincident particles in the first and second
detector layers of the parallel telescope at the interval between 5 and 7 degrees from the
isocenter of the beam, emerging from 223 MeV/U 12C interacting with a cylindrical PMMA
phantom.

8.3.1.2 For an inhomogeneous PMMA phantom
The same analysis of the previous section was made for secondary radiation from the
interaction of carbon ions (energies of 226 MeV/U) and the cylindrical inhomogeneous
PMMA phantom, and its results are illustrated in Figures 91, 92 and 93.
The correlation between energy depositions tended to be linear for all coincident events
from the first two parallel detectors, and this behavior was found even if the correlation
between cluster sizes was not linear. It was also possible to discriminate coincident events
by their cluster sizes to look for a specific group of events and then correlating their energy
deposition. This technique might be useful to characterize events in future studies on fission
or nuclear fragmentation processes.
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Figure 86: Correlation between the energy deposited by coincident particles with cluster sizes lower
than 10 pixels in the first and second detector layers of the parallel telescope at the interval
between 5 and 7 degrees from the isocenter of the beam, emerging from 223 MeV/U 12C
interacting with a cylindrical PMMA phantom.

Figure 87: Correlation between the energy deposited by coincident particles with cluster sizes higher
than or equal to 10 pixels in the first and second detector layers of the parallel telescope at
the interval between 5 and 7 degrees from the isocenter of the beam, emerging from 223
MeV/U 12C interacting with a cylindrical PMMA phantom.

8.3.2

Energy deposition of coincident particles using tilted detector layers

After the technique was validated, the same algorithms were used to correlate the energy
deposition of coincident events in all possible combinations of the four detector layers of the

8.3 spectroscopy of coincident particles in different detector layers

Figure 88: Correlation between the energy deposited by coincident particles in the first and second
detector layers of the parallel telescope at the interval between 5 and 7 degrees from the
isocenter of the beam, emerging from 250 MeV/U 12C interacting with a cylindrical PMMA
phantom.

Figure 89: Correlation between the energy deposited by coincident particles with cluster sizes lower
than 10 pixels in the first and second detector layers of the parallel telescope at the interval
between 5 and 7 degrees from the isocenter of the beam, emerging from 250 MeV/U 12C
interacting with a cylindrical PMMA phantom.

tilted telescope. The measured radiation came from the interaction of 430 MeV/U carbon
ions with two small PMMA phantoms. The energy correlation for all coincident events of any
cluster size is shown in Figure 94, representative energy regions of coincident events with

91

92

characterization and visualization of radiation in hadron therapy

Figure 90: Correlation between the energy deposited by coincident particles with cluster sizes higher
than or equal to 10 pixels in the first and second detector layers of the parallel telescope at
the interval between 5 and 7 degrees from the isocenter of the beam, emerging from 250
MeV/U 12C interacting with a cylindrical PMMA phantom.

Figure 91: Correlation between the energy deposited by coincident particles in the first and second
detector layers of the parallel telescope at the interval between 5 and 7 degrees from
the isocenter of the beam, emerging from 226 MeV/U 12C interacting with a cylindrical
inhomogeneous PMMA phantom.

cluster sizes larger than 20 pixels are shown in Figure 95 and finally, the correlation of cluster
sizes for all detectors is shown in Figure 96.

8.3 spectroscopy of coincident particles in different detector layers

Figure 92: Correlation between the energy deposited by coincident particles with cluster sizes lower
than 10 pixels in the first and second detector layers of the parallel telescope at the interval
between 5 and 7 degrees from the isocenter of the beam, emerging from 226 MeV/U 12C
interacting with a cylindrical inhomogeneous PMMA phantom.

Figure 93: Correlation between the energy deposited by coincident particles with cluster sizes higher
than or equal to 10 pixels in the first and second detector layers of the parallel telescope at
the interval between 5 and 7 degrees from the isocenter of the beam, emerging from 226
MeV/U 12C interacting with a cylindrical inhomogeneous PMMA phantom.

93

94

characterization and visualization of radiation in hadron therapy

Figure 94: Correlation between the energy deposited by coincident particles of all cluster sizes in
different detector layers of the tilted hodoscope, emerging from 430 MeV/U 12C interacting
with two small PMMA phantoms at different angles from the scatterers.

8.3 spectroscopy of coincident particles in different detector layers

The resolution achieved by the accumulated statistics was not enough to look for significant
differences between the energy deposition of coincident events in the low energy range
(100-200 keV).

Figure 95: Correlation between the energy deposited by coincident particles with cluster sizes greater
than 20 pixels in different detector layers of the tilted hodoscope, emerging from 430 MeV/U
12C interacting with two small PMMA phantoms at different angles from the scatterers.
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Otherwise, results from coincident large clusters show that the events with large energy
deposition identified in the multi-parameter analysis were not isolated but coincident in
different layers. The energy deposited by these particles was 5 MeV in the first two layers, 10
MeV in the third layer and it varied between 32 and 38 MeV in the fourth one. The proportion
between the traversed thicknesses is the same as that between the deposited energy for the first
three detectors, which suggests that the stopping power of these unidentified particles did not
vary drastically along this part of the telescope. For the fourth detector, the energy loss is from
ten to thirty per cent higher than what a linear proportion would predict; this result is valid
considering that the stopping power of the particle should increase after losing a significant
amount of energy in the previous detectors and interspacing material. It is suggested to repeat
these tests with a known penetrating source and higher statistics, but the results are promising
for particle discrimination according to their energy loss in various detector layers.

8.3 spectroscopy of coincident particles in different detector layers

Figure 96: Cluster size correlation between coincident particles in different detector layers of the tilted
hodoscope, emerging from 430 MeV/U 12C interacting with two small PMMA phantoms at
different angles from the scatterers.
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8.4
8.4.1

vertex reconstruction
Alignment of the telescope detectors and track filtering

The detectors of the telescope were aligned using the detected radiation by considering that
most of the tracks registered on all layers were straight lines due to energetic heavy charged
particles. Linear fits between coincident signals in the first and third detector were compared
to the actual positions of coincident events in the second and fourth layers. Column and row
positions of the latest were shifted by an offset value, determined by the mean difference
between the fit and the original position of all events. Figure 97 illustrates the distributions
and offsets calculated by a custom made routine in Python to align four detector layers of
Timepix detectors.

Figure 97: Distribution of the X and Y coordinates of signals on the second and fourth detector layers
regarding a linear fit established by the position of the same events in the first and third
layer. The mean value of each distribution was used as an offset for the alignment process.

The back-projection procedure uses linear fits to reconstruct the original position along
the beam. Even after the alignment, many random coincident events and coincidences due
to fragmentation or Compton processes between layers appear, and they need to be filtered.
Figure 98 shows the tracks along the telescope layers before and after they are filtered based
on the calculation of their correlation coefficients. The final tracks were the ones used for the
back-projections.
8.4.2

Validation of the back-projection method

The back-projection method was tested using coincident TOA measurements for three setups:
The PMMA and lead spheres (as seen in Figure 50), one 1mm3 PMMA phantom in the
isocenter, and two small (2mm3 and 1mm3 ) PMMA phantoms (shown in Figure 52). Final
results for these three processes are shown in Figures 99, 100 and 101, respectively.
The distribution of events along the beam axis agreed very well with the expected positions
in that direction (Z), and a higher rate of events increased as expected at the positions of
larger and denser scatterers. However, the vertical (Y) coordinate is not centered at a fixed
value and it decreases for lower Z values. At first glance, this might be a consequence of the
original misalignment between the two detectors used as reference for the alignment process,
but this hypothesis has to be revised.

8.4 vertex reconstruction

Figure 98: Track filtering for the back-projection technique. (Top): Track distribution before (left) and
after (right) filtering the X coordinate. (Bottom): Track distribution before (left) and after
(right) filtering the Y coordinate. Yellow dash lines represent the detector planes along an
axis normal to them.

8.4.3 Further remarks about the vertex reconstruction results
Additional results about The Bayesian approach to the vertex identification process, particle
tracking using tilted layers, or the extrapolation of energy deposition to the identified vertex
are not present in this document by the time of its delivery (June 7, 2013) due to time
limitations. As the back-projection method has been tested and the routines for generation of
coordinates from the tilted telescope working in Mixed mode are already implemented, all
efforts will be focused on generating these additional results in the near future.
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Figure 99: Back-projection to the beam axis of coincident events measured with a Timepix telescope:
The targets were five PMMA and lead spheres located between the beam nozzle and the
isocenter. Vertical lines indicate the measured position of the scatterers along the beam
direction.

8.4 vertex reconstruction

Figure 100: Back-projection to the beam axis of coincident events measured with a Timepix telescope:
The target was a 1mm3 small PMMA cube at the isocenter. Vertical lines indicate the
measured position of the scatterer along the beam direction.
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Figure 101: Back-projection to the beam axis of coincident events measured with a Timepix telescope:
The targets were a 2mm3 PMMA cube at the isocenter and a smaller one (1mm3 ) located
13 centimeters after the first one along the beam axis. Vertical lines indicate the measured
position of the scatterer along the beam direction.

Part IV
CONCLUSIONS.

9

T H E S I S S U M M A RY A N D F U T U R E P E R S P E C T I V E S

In the framework of this thesis, arrays of synchronized Timepix detectors were assembled
and tested to monitor secondary radiation in the conditions of an ion beam treatment. Furthermore, custom-made algorithms were developed for pattern recognition, data processing
and visualization of geometric and physical parameters relevant to particle tracking and
spectroscopy in different setups. The results allowed to separate groups of particles in a mixed
radiation field, to characterize them and to trace back their origin to verify the precise beam
deposition.
This work also evaluated the performance of a Timepix device with pixels in a chess-like
pattern operating in different modes. This configuration enabled to enhance the characterization of charged particles by tracking their trajectories and measuring energy deposition
on the detectors simultaneously. Data acquisition with this method also allowed to differentiate coincident from individual events in various synchronized detectors and to correlate
spectroscopic and spatial information between the first ones.
The results of this work have served to validate the performance of coincident arrays of
independent Timepix devices and techniques used for the acquisition and analysis of data
using such setups.
Further measurements with higher statistics should allow to obtain a more precise characterization of the radiation field and to test new arrays that allow a more precise discrimination
of particle species.
Aditionally, experimental work on X-ray micro-imaging was carried out: A functional setup
and techniques to acquire X-ray radiographies with micrometric resolution and high sensitivity
were tested and implemented at the High Energy Physics’ Laboratory of the Universidad
de Los Andes. A Procedures’ Manual to perform various tasks with Medipix detectors was
written as an appendix to this document.
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APPENDIX

A

I N T E R A C T I O N O F C H A R G E D PA R T I C L E S W I T H M AT T E R

a.1

total and differential cross section

The reaction probability for a physical process is described by its Cross Section (named σ).
For a collimated beam, interacting with a target material implies a loss of particles due to
scattering or particle production. The cross section for this process can be determined using
the net difference between the incoming and outgoing particles. If the nuclei and target are
independent, the reaction rate per nucleus R is proportional to the incident flux from the
beam, such that:
(A.1)

R = σΦ
R

where Φ = vnp dv , and np corresponds to the density of projectiles with velocities
between v and v + dv.
The units of cross sections are called barns, where 1barn = 10−24 cm2 = 10−28 m2 .
For nuclei with different probable reactions, the total cross section is the sum of all possible
P
cross sections: σT = i (σi ).
Assume a monochromatic beam of N0 incident particles, with a total cross section for
all reaction processes σT . Ignoring double interactions of the particles and considering a
volumetric density of target atoms nA , it is possible to describe the loss of particles −dN
through a thickness dx 0 as proportional to the total number of beam particles N 0 at depth x 0 :
−dN = N 0 σT nA dx 0 =

N0 0
dx
λ

(A.2)

where λ = nA1σT and corresponds to the mean free path between successive collisions.
Solving the differential equation A.2, it is possible to obtain a expression for the number of
particles at a given depth x:
 x
N = N0 exp −
λ

(A.3)

which implies that the number of particles decreases exponentially while passing through
the target medium. Writing the volumetric density in detail, the mean free path can also be
calculated in terms of the atomic mass A, the density ρ of the material, and the Avogadro
Number NA :
λ=

1
1
A
= N ρ
=
A
nA σT
(NA ρ)σT
( A
)σT

(A.4)

The Differential Cross Sections are used to express the dependance of the reaction probability
on a certain physical o geometrical parameter (Like energy or emission angle). The most
dσ
common example is the differential cross section per unit of solid angle dΩ
, which, integrated
over a solid angle defined by a polar θ and azimuthal angle φ (where dΩ = sin(θ)dθdφ)
allows to calculate the probability of the particle to emerge in that element dΩ:
Z 2π Z π
σ=
0

0

dσ
sin(θ)dθdφ
dΩ

(A.5)
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a.2

rutherford scattering

Rutherford scattering (also known as Coulomb scattering) describes the interaction between
charged particles due to the Coulomb Force with no loss of total kinetic energy. This process is
important because it is found in all types of collision phenomena involving charged particles
(or nuclei), and its angular differential cross section has been exactly calculated considering a
infinitely massive point-like scatterer at rest.
For the classical derivation of the angular differential cross section assume a particle with
mass m, initial speed v0 , and electric charge Z1 e deflected by an infinitely massive scatter at
rest of charge Z2 e through an angle θ with and impact parameter b. If the position vector
−r with an angle α to the vertical axis, the conservation of angular
of the incident body is →
momentum implies that:

mv0 b = mr2

dt
r2
dα
⇒
=
dt
dα
v0 b

(A.6)

The total change in momentum in the vertical axis for this interaction is symmetric and
given by:

∆p = 2mv0 sin(θ/2)

(A.7)

On the other hand, calculating the same change in terms of the vertical component of the
Coulomb Force F, taking φ = (π − θ)/2 and using the second expression in A.6:
Z∞

Zφ 
F cos(α)dt =

∆p =
−∞

=
=

Z1 Z2 e2
4π0 v0 b

−φ

Zφ

Z1 Z2 e2
4π0 r2

cos(α)dα =
−φ




cos(α)

dt
dα


dα

Z1 Z2 e2
(2 sin(φ))
4π0 v0 b

2Z1 Z2 e2
cos(θ/2)
4π0 v0 b

(A.8)
(A.9)
(A.10)

Then, combining expressions from A.7 and A.8, it is possible to express the impact parameter
in terms of the angle θ and the kinetic energy of the incident particle E = 1/2mv20 :

b=

Z1 Z2 e2
2Z1 Z2 e2
cot(θ/2)
cot(θ/2)
=
8π0 E
8π0 mv20

(A.11)

The event rate of the beam for particles with impact parameters between b and db can be
extrapolated using the incident flux: dR = ΦdA = Φ(2πbdb). From the definition A.1 of cross
section, and taking the previous expression A.11 for the impact parameter, the expression for
the angular differential cross section results in:
dσ
dΩ

1 dR
(2πbdb)
=
Φ dΩ
2π sin(θ)dθ

2

2
Z1 Z2 e2
cos(θ/2)
Z1 Z2 e2
1
1
= π
dθ
=
3
4
8π0 E
16π0 E
sin (θ/2) 2π sin(θ)dθ
sin (θ/2)

=

(A.12)
(A.13)

dσ
The latest expression for dΩ
is called Rutherford’s Formula. It is non-relativistic and works
for a fixed infinitely massive scatterer, but it is also possible to rewrite it for a finite mass by

A.3 the bethe-bloch formula

using the total kinetic energy and scattering angle to do the calculations in the center of mass
system.
For a small scattering angle:
dσ
=
dΩ



Z1 Z2 e2
2π0 pβc

2

1
θ4

(A.14)

which has shown to be valid at relativistic energies too.
Even though the deduction of Rutherford’s Formula is a classical result, it can also be obtained
from quantum mechanics using the Born approximation (As shown in Appendix A of [64] by
Segre).
The differential cross section corresponding to a transferred energy between T and T + dT
to a target of mass M can be derived too (The complete calculation is found in Section 1.5 of
[65] by Leroy), and the resulting expression is:
dσ
=
dT
a.3



Z 1 Z2 e2
40

2

2
1
Mπv2 T 2

(A.15)

the bethe-bloch formula

The energy loss by collision of heavy charged particles passing through matter is dominated
by electromagnetic interactions (ionization and excitation). Additional ionization processes
occur due to secondary electrons resulting from collisions ( δ rays), but the energy per unit
path is much lower.
For heavy particles, the collision energy loss -also known as stopping power- is described
by the Bethe-Bloch formula:
4πNA ρe4 Zt Z2p
dE
−
=
dx
Ame v2



2me v2
C
δ
2
2
ln[
] − ln[1 − β ] − β −
−
<I>
Zt 2

(A.16)

23
−1 is Avogadro’s
Where − dE
dx is the energy loss per path length; NA = 6.02x10 mol
constant; e = 1.602x10−19 C the charge and me = 0.511MeV/c2 mass of an electron; Zp and
Zt the atomic numbers of the projectile and absorbing material, respectively; A the atomic
weight and ρ the density of the absorbing material; v is the speed of the incident particle and
β = v/c; < I > is the mean ionization potential of the target material and δ and C are terms
related to the density and shell corrections.
An approximate derivation of this expression can be calculated based on some assumptions:
First, the kinetic energy transfer to atomic electrons is minimum, and hence the incident
particle trajectory is not deviated. Second, the electrons are considered almost at rest, such
that the transferred momentum will be mostly in the direction perpendicular to the path of
the particle.
Consider a particle of charge Zp with incident velocity v. The impulse transferred to an
atomic electron at a distance b in a normal direction to the particle’s path can be written as:

Z∞

Z∞

I⊥ =

F⊥ (t)dt = e
−∞

Z∞

E⊥ (t)dt
−∞

dt
e
=e
E⊥ (x) dx =
dx
v
−∞

Z∞
E⊥ (x)dx

(A.17)

−∞

And, from Gauss’ Law for a cylinder:
I
~ =
4πZp e = ~E · dS

Z∞

Z∞
E⊥ 2πbdx

−∞

⇒

E⊥ dx =
−∞

2Zp e
b

(A.18)
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Therefore, the complete expression for the transferred impulse results in:

I⊥ =

2Zp e2
vb

(A.19)

Now, as the atomic electron was initially at rest, the total momentum after the collision is
equal to the transferred impulse ( p = I⊥ ) and then, the transferred energy:
2e4 Z2p
p2
E(b) =
=
2me
me v 2 b 2

(A.20)

As the energy is dependant on the impact parameter b, it is necessary to consider all the
electrons and to average over all the parameter’s possible values. Assuming a cylindrical
symmetry for an electron density n, and calculating the transferred kinetic energy to those
electrons along a path dx and between impact parameters b and b + db:
4πe4 Z2p n db
2e4 Z2p
E(b) =
(n(2πb)db)dx =
( )dx
me v 2 b 2
me v 2
b

(A.21)

Writing the previous expression in terms of the energy lost per path length dx, and
integrating over all possible values of b, results in:

−

dE
=
dx

Z bmax
bmin

4πe4 Z2p n db
4πe4 Z2p n
ln
=
me v 2 b
me v 2



bmax
bmin


(A.22)

Evaluating the latest expression from 0 to infinity would be undefined, then it is necessary
to estimate the lower and upper limit values for the impact parameter. For the minimum value
-as this is a classical derivation- the limit becomes De Broglie’s wavelength for an electron in
the center of mass system of the interaction. Recalling that the mass of the incoming particle
is much bigger that the one of the electron, then, in the center of mass system the electron
velocity is equal in absolute value to that of the incoming particle and its momentum results
in PCM ' me γβc such that for the lower limit:

bmin '

h
|PCM |

'

h
me γβc

(A.23)

On the other hand, the maximum value of the impact parameter can be related to the
distance where the time of passage of the incident particle becomes of the same order as the
typical time period of bound electrons τ ' 1/ν -where ν is the characteristic mean frequency
of excitation of electrons-. Thus, by comparing the previous time with the collision time
t ' bmax /(γv), and considering an average mean excitation energy < I >= hν:
1
bmax
γv
γvh
'
⇒ bmax '
'
ν
γv
ν
<I>

(A.24)

By replacing bmax and bmin by their estimates in equation A.22, the energy loss results in:
4πe4 Z2p n
dE
−
=
ln
dx
me v 2



2me γ2 v2
<I>



4πe4 Z2p n
=
ln
me v 2



2me v2
< I > (1 − β2 )


(A.25)

A.3 the bethe-bloch formula

And finally, by recalling that n = (NA Zt ρ)/A, the result from calculation A.25 can be
rewritten as the first two terms of expression A.16 by :
4πNA ρe4 Zt Z2p
dE
−
=
dx
Ame v2



2me v2
2
ln[
] − ln[1 − β ]
<I>

(A.26)

A quantum treatment of this problem for heavy incident particles of spin 0 was made by
Bethe [66], with a correction by Bloch, and revised by Fano in [67]. These studies resulted in
what is known as the Bethe Relativistic Formula:
4πNA ρe4 Zt Z2p
dE
−
=
dx
Ame v2



2me v2
2
ln[
] − ln[1 − β ] − β2 )
<I>

(A.27)

To a first approximation, the value of the mean excitation energy can be estimated from the
−2/3
expression: I ≈ 9.1xZt (1 + 1.9xZt
)10−6 (purposed by Marmier and Sheldon in [68] from
measurements) or from experimental data for different compounds or mixtures.
The last two terms to complete Equation A.16: δ and C, correspond to corrections to the
Bethe-Bloch Formula which are relevant according to the energy of the incident particles.
The density correction -to which the δ value is related- results from the polarization of atoms
by the particle’s electric field along its path. As this polarization occurs, the effect of the
electric field on distant electrons will be less intense (and hence, their contribution to the
energy loss will reduce compared to the one predicted only by Eq. A.27) due to shielding
from polarized electrons. From the definition of bmax in previous calculations, it is possible
to see that the number of distant collisions that contribute to the energy loss in the material
increases for higher velocities, resulting in a more significant effect of this correction. On the
other hand, the relevance of δ will also increase according to the density of the irradiated
material: A denser material counts with more electrons to be polarized in a smaller volume.
Values for δ can be estimated from empirical formulas and data bases for various materials.
The value of C is related to the shell correction. This correction emerges for low energies (for
instance, lower than a few MeV’s for protons), when the assumption of stationary electrons
is no longer suitable and the electrons from the inner shells of the material atoms do not
contribute to the collision loss process. Other corrections may appear for very specific cases,
but their effect is not higher than 1 per cent of the total calculations.
Finally, a few observations about the interaction of heavy charged particles with matter
predicted by the Bethe-Bloch formula can be given:
• Range: The range of an ion can be extrapolated from its energy loss such that,
Z

Z0

R = dx =
E

dE 0
(dE 0 /dx)

(A.28)

As dE/dx depends directly on the density ρ, the range is usually expressed in terms of
units of mass per unit area independent on density by expressing it as R 0 = ρR.
• Energy dependence: The energy loss dependence on energy (and therefore on v2 ) is
dominated by the inverse square term (1/v2 ) and it decreases up to a minimum when
v ∼ 0, 96c. After this point, the logarithmic term -which is also dependent on v2 - starts
to increase the energy loss value significatively, but its effect is cancelled by the density
correction.
This dependence is the main cause of the behavior known as Bragg Curve (Shown in
Figure 102): As the energy decreases, the energy loss per path length will increase; hence,
a very high and localized deposition occurs at the end of the trajectory.
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Figure 102: (Left): Energy loss dependence on energy for alpha particles in air. (Right): Energy deposition of alpha particles along its path in air (Bragg Curve). Data from the ASTAR Database
[15].

• Projectile dependence: The energy loss is proportional to Z2p , and due to the dE term in
expression A.28, the range varies as mp /Z2p (Where mp is the mass of the projectile.
Then, for example, an alpha particle with about four times the incident energy of a
proton would have four times its stopping power but the same range.
• Target dependence: The energy loss is proportional to Zt /A, and its logarithmic term is
also dependent through the mean ionization potential (which varies according to Zt
implicitly).
• Scaling of dE/dx for different particles in the same material: For two different particles with
mp1 and mp2 and kinetic energies T1 and T2 , it is possible to extrapolate dE2 /dx if
dE1 /dx is known using:
Z2p2 dE1
dE2
=− 2
dx
Zp1 dx
a.4



mp1
T2
mp2

(A.29)

range straggling

The energy loss of a particle in an absorbing medium is statistical in nature and not a
continuous phenomenon. This behavior implies that the range of identical particles interacting
with some material will vary because the number of probable collisions is not the same for
all of them, a phenomenon known as range straggling.The mean value of a distribution of
ranges for different events with the same initial conditions is called mean range.
a.5

multiple coulomb scattering

For charged particles passing through a material with a certain thickness the effect of
Couloumb scattering has a low probability, but it affects the particle trajectory: small angular
deflections generate a zigzag path, and their accumulation deflects the measured path from
the original prediction by the effect of only collision processes.
Even though one scattering can be well described by Rutherford’s Formula, the multiple
scattering process requires an statistical treatment to predict the angular probability distribution for a certain traversed material thickness. This treatment was performed by Moliere
[69]: The space angle distribution resulted approximately in a Gaussian form for small angles,
with non-Gaussian behavior at larger angles. As the deflection angles for heavy ions are small,

A.6 energy straggling

most of the effect from Multiple Coulomb Scattering can be well described by the Gaussian
approximated probability distribution:

P(θ) ≈

2θ
−θ2
exp
dθ
< θ2 >
< θ2 >

(A.30)

Where the root mean square value of the scattering angle is given by:

θrms

19.88MeV
=
Zp
βpc

s

d

(A.31)

Lrad

Hence, the standard deviation of the angular distribution for multiple Coulomb scattering
-considering one additional term to obtain a better agreement between theories, introduced by
Highland [70] - results in:

θrms
14.1MeV
σθ = √ =
Zp
βpc
2

s

d
Lrad



1
1 + log10
9



d


(A.32)

Lrad

where p is the total momentum of the particle, d the traversed thickness and Lrad the
radiation length of the material.
a.6

energy straggling

The energy deposition for any given particle when passing through a material of a certain
thickness is not exactly equal to its calculated mean energy, but it is also affected by statistical
fluctuations from the number of collisions suffered and the energy transferred in each event.
Theoretical approaches to this problem are difficult, which has leaded to use different models
for thin and thick materials.
For thin absorbers -or gases-, the probability of large energy transfers in a single collision
is high, causing an asymmetry of the energy loss distribution for high energy values. This
behavior shifts the mean energy loss to values higher than the most probable energy loss, and
can be parameterized by the value κ:

κ=

¯
∆E
Wmax

(A.33)

¯ is the mean energy loss and Wmax the maximum energy transfer. The mean
where ∆E
energy value is the one obtained from the Bethe-Bloch formula, and the maximum energy for
heavy ions is given by kinematics:

Wmax =

2me c2 (βγ)2
p
1 + 2(me /M) 1 + (βγ)2 + (me /M)2

(A.34)

If κ is smaller than 10, the absorber is considered as thin. Landau calculated the loss
distribution for κ<0.01 and found the most probable energy loss to be:

∆Emp


¯
' ∆E ln(

2 β2
¯
2∆Emc
) + 0.198 − δ
(1 − β2 ) < I >2 exp(β2 )


(A.35)
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and an energy distribution:

f(x, ∆E) =

φ(λ)
¯
∆E

(A.36)

where φ(λ) is a numerically evaluated function depending on the value λ -as listed on
tables-, which is also dependent on the mean energy value and minimum possible energy
transfer.
Vavilov studied the region for intermediate κ values by considering a more precise expression for the maximum energy transfer [71]. His distribution tended to Landau’s distribution
as κ → 0.
For thick absorbers, the energy distribution shows a Gaussian behavior because the energy
loss in a single collision tends to be normally distributed for a high number of them -if the
collision cross-section is assumed to keep constant-. This behavior also agrees with Vavilov’s
result if κ = 1. The expression for this distribution is:
¯ 2
1
(∆E − ∆E)
f(x, ∆E) = √
exp
2σ2
2πσ

(A.37)

with a standard deviation given by:
4

σ = 4πZp Zt e NA (∆x)



1 − β2 /2
1 − β2


(A.38)

More detailed theoretical descriptions -beyond the scope of this appendix- about the
interaction of heavy ions with matter are provided by Ahlen in [72], or Leo in the second
chapter of [26].

B

DEVELOPMENT OF HADRON THERAPY AND THE HEIDELBERG
ION THERAPY CENTER

b.1

historical development of hadron therapy

Hadrons and Heavy Ions are used in radiotherapy motivated by their characteristic dose
deposition profile known as “Bragg Curve”, named after William Henry Bragg who described
it while studying the energy loss of ionizing radiation through matter in 1905 [73] . In 1946,
Robert R. Wilson purposed for the first time to apply beams of heavy charged particles to
radiotherapy [74] in order to obtain precise radiation doses deposited on well defined volumes
within the body.
In 1948, The Lawrence Berkeley Laboratory (USA) was the first facility available for research
on the radiobiological properties of proton and helium beams, and patient treatments started
in 1954. Later, in 1967, heavier ions -as Carbon, or Neon- were purposed for therapy by Tobias
and Todd [75] due to an enhancement in the biological effectiveness in the target volume.
In 1977, clinical trials with heavy ions started at the Bevalac facility by Chen et al., using
20 Ne beams with energies of 670 MeV/u [76] and shaping the beam passively with filters,
modulators and collimators [77]. This laboratory closed in 1992 and treated 433 patients. The
first hospital-based proton treatment in the world was opened in 1990 at the Loma Linda
University Medical Center (USA) and it has treated over 15000 patients up to date.
In the nineties, three new facilities started to treat patients with Carbon ions: The Heavy
Ion Medical Accelerator (HIMAC) in Japan, the Paul-Scherrer Institute (PSI) in Switzerland
and the Gesellschaft fur Schwerionenforschung (GSI) in Germany. The HIMAC still used
passive shaping planning techniques similar to those used at Bevalac. On the other hand,
active beam scanning techniques were developed at PSI (Pedroni et al. [78]) and GSI (Haberer
et al. [79]) to enhance the effectiveness of the treatment and to reduce the energy deposition
in surrounding tissue . These techniques were improved by considering the variations of
the biological effectiveness across different layers of the target volume based on precise
information about the irradiation of the patient.
Based on the experience achieved in the previously mentioned laboratories, new facilities
were planned and started to operate after 2000 in Japan, China, USA and Europe (As shown
in Table 13): 17 proton centers (2 of them using active scanning), 1 carbon center and 3 centers
that provide both protons and heavy ions for treatment.
b.2

the heidelberg ion therapy center

The Heidelberg Ion Therapy Center HIT, located in Heidelberg, Germany, is a state-of-the-art
medical facility for Hadron Therapy, and the first hospital-based heavy ion irradiation facility
of its type in Europe (Haberer et al. [17], Combs et al. [18]). Starting operations since 2009, it
combines a linac and a synchrotron to provide a wide variety of energies for beams of protons,
carbon, and from 2012 also oxygen (previous facilities could accelerate either protons or heavy
ions, but not both) using an active beam scanning system. The facility provides also a unique
gantry for other ions than protons. More than 600 patients have been treated in two fixed
beam treatment rooms and one carbon gantry room until 2011.
Figure 103 presents a general view of the facility. ECR-Ion sources are located in position
1; the required particle currents are generated there and accelerated to 8 keV/U using a low
energy beam transport system. The Linac in position 2 accelerates the particles to an energy of
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Center

Country

Particles

Max. E. (MeV/U)

Oper. since

Loma Linda

USA

Proton

250

1990

Himac, Chiba

Japan

Carbon Ions

800

1994

NCC, Kashiwa

Japan

Proton

235

1998

HIBMC, Hyogo

Japan

Proton

230

2001

PMRC, Tsukuba

Japan

Proton

250

2001

NPTC, MGH, Boston

USA

Proton

235

2001

Shizuoka

Japan

Proton

235

2003

MPRI, Bloomington

USA

Proton

200

2004

WPTC, Zibo

China

Proton

230

2004

MD Anderson, Houston

USA

Proton (Act. Scanning)

250

2006

FPTI, Jacksonville

USA

Proton

230

2007

NCC, Ilsan

Korea

Proton

230

2007

Procure

USA

Proton

230

2009

RPTC, Munchen

Germany

Proton (Act. Scanning)

250

2009

HIT, Heidelberg

Germany

Proton / Carbon Ions

430

2009

UPenn, Philadelphia

USA

Proton

230

2010

CNAO, Pavia

Italy

Proton / Carbon Ions

430

2010

WPE, Essen

Germany

Proton

230

2010

CPO, Orsay

France

Proton

230

2010

PTC, Marburg

Germany

Proton / Carbon Ions

430

2010

Gunma, Maebashi

Japan

Carbon Ions

400

2010

HUPBTC, Hampton

USA

Proton

230

2010

SJFH, Peking

China

Proton

230

2010

Table 13: Operational hadron therapy centers worldwide.
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7 MeV/U in a path of 6 meters and delivers them into the 20 meter diameter synchrotron at
position 3. The synchrotron uses 6 magnets and has a doublet focussing structure to accelerate
the beam after 15 injections -and a time up to one second- to the requested energy level. The
extraction of the beam is controlled according to the requirements from the beam scanning
system. High energy beam transport systems take the particles to the two fixed treatment
rooms (Positions 4a and 4b), the gantry room (Position 5) or the additional research line (For
treatment verification studies and preclinical research, in position 6).

Figure 103: Three-dimensional view of the HIT facility at the University Hospital Heidelberg. The path
of the ions is outlined by the red line from the two ion sources on the left (for protons and
carbon ions), through the linac injector into the synchrotron (upper left part), following
the high energy beam-lines towards the three treatment rooms equipped with two fixed
horizontal beam lines and an isocentric gantry. Courtesy by Stern, Gruner and Jahr ,
Germany, and extracted from [16].

The treatment delivery is based on an active scanning system for a pencil-like beam. The
rooms are also equipped with CT-imaging devices and detector arrays for PET monitoring.
The HIT gantry system is the first rotating structure for heavy ion delivery. It has a radius of
6.5 meters, weights 670 tons and consumes up to 400 kW. The last bending magnet is located
right behind the up-stream scanning system, with all the structural conditions to reach the
desired field quality for the scan area. This gantry will be used to compare the performance
of proton and carbon ion therapy under similar conditions and to asses the necessity and
advantages of these devices for ion facilities.
The HIT project was purposed based on previous clinic results from research at Society for
Heavy Ion Research (GSI) [80] and the efforts of the European Union to develop hospital-based
centers for carbon ions and protons [81]. Its costs were carried by the Heidelberg University
Hospital and the German Federal Government, GSI is responsible for the ion sources and the
beam lines, Siemens Medical Solutions is in charge of the beam delivery control and raster
scanning system, the Research Center Rossendorf manages the Positron Emission Tomography
systems and the German Cancer Research Center provides the expertise on medical physics.
Figure 105 shows photographs of different elements of the center. In Figure 106, two different
control rooms can be seen: The main room, where the whole particle beam generation and
acceleration is managed, and a secondary station -located in every treatment room- where the
beam injection to the room and the planning system are controlled.
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Figure 104: Sectional view of the heavy-ion gantry at HIT Heidelberg. Figure courtesy of MT Mechatronics GmbH (Mainz, Germany).

Figure 105: Halls and room facilities at HIT. (A): ECR Proton and Ion sources. (B): Ion Gantry. (C):
Movable stretcher in a treatment room. (D): Beam exit in the research room.

Figure 106: (A): Main control room of the accelerator. (B): Beam control room for experiments.

B.2 the heidelberg ion therapy center

Characteristic

Value at HIT

Particle species

p, He, C, O

Accelerator type

Synchroton + Linear Accelerator

Energy range

50 to 430 MeV/U

Maximum energy

P: 221 MeV/U, C: 430 MeV/U

(For clinical applications)
Range resolution (In water)

Proximal: 1 mm, Distal: 1.5 mm

Beam width

4-15 mm FWHM (Dependent on the intensity)

Field for scanning

20 x 20 cm

Spill time of the synchrotron

5s

Variability of dose

Continuous

Dose homogeneity

± 5 % in over 80 % of the treatment field

Treatment rooms

2 fixed-horizontal, 1 gantry room

Gantry type

360◦ rotating scanning gantry, isocentric geometry,
and normal conducting magnets

Verification

In-situ. PET using positrons emitted from 11 C

Table 14: Main characteristics for radiation delivery at HIT. (Information compiled from Haberer [17]
and Combs [18])
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A P R O C E D U R E S ’ M A N U A L F O R T H E M A N I P U L AT I O N O F
MEDIPIX2/TIMEPIX DEVICES

This appendix contains as a procedures’ manual for the use of Medipix2 and Timepix devices
in different operation modes.
Previous description on pixel semiconductor detectors and the components of the Medipix/Timepix radiation camera are given in Chapter 2 of this Thesis and referenced bibliography
therein. Elements and definitions explained in that chapter are referenced in this manual.
The main difference between Medipix2 and Timepix devices is operational due to the
electronic design of each pixel. Medipix2 works only in single counting mode, and it is
possible to set either one minimum threshold (THL) or a detection window -using the
additional high threshold (THH)- to discriminate a specific range of energies registered by the
pixels. On the other hand, Timepix not only offers single counting mode but it also allows
to measure the arrival time and per-pixel energy of the incident particle by adding other
electronic components instead of the high threshold. As the control and readout of both
devices is very similar, the following general instructions will be focused on a Timepix device,
with some observations -if required- for a Medipix2.
Special warnings when handling the chip:
• The user should avoid touching and scratching the sensitive area of the detector. Physical
damage to the material reduces the response of the affected pixels and the homogeneity
of the sensor layer.
• The sensitive silicon layer is connected to the chip board through very delicate and
transparent wires on its edges. The user must be extremely careful about not touching
them.
• The electronics of the detector is very sensitive, and it should be isolated from any
external undesired current or not grounded surface.
c.1

setting the radiation camera

c.1.1 Assembling
The Medipix chipboard plugs to the USB readout interface using the available VHDCI port.
In addition, a LEMO cable (usually ∼ 2µs.) connects the high power plug of the interface to
the bias voltage connector in the chipboard.
c.1.2 Connection to a PC
The connection between the USB interface and a Personal Computer is made through a
mini-USB cable. In order for this device to be recognized by the computer, the interface driver
must be downloaded and installed from http://aladdin.utef.cvut.cz/ofat/others/USB_
Interface/USB_Interface_download.html. The interface should also have a stable Firmware
version for its specific model installed -using utilities also found on the previous webpage-.
Power for the detector is supplied through the USB connection. It is recommended for the
cable to be as short as possible to avoid power losses. If required, additional 5V DC supply
can be provided through the USB interface.
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c.1.3

Holders

Holders for the radiation camera are designed according to the requirements from the
experiments. It is preferable for these holders to be made of not-conducting materials.
c.2

installing pixelman

The Pixelman software can be downloaded from its official page http://aladdin.utef.cvut.
cz/ofat/others/Pixelman/index.html for Windows, Mac OS and Linux distributions. The
program is already compiled and does not need any installation procedure, but the latest
version requires a license number to operate. The license is provided to members of the
Medipix Collaboration, and it is generated by following the instructions when the program is
started for the first time. This process also requires a registered USB interface to be connected
to the computer.
When Pixelman is started, only a small icon appears in the main toolbar of the operating
system if there is not a device connected to the computer. One right click on this icon displays
the basic options shown in Figure 107: It is possible to add C++ or Java plugins to Pixelman,
using some tools like the Firmware flasher for the USB interface or up to 3 “Dummy” devices
that simulate the main visualization frame without any detector. When a device is plugged, its
reference number appears in this tab and most of the main control options (Control window,
device settings, threshold equalization, DAC scans, DAC Control Panel, etc.) are activated.

Figure 107: Pixelman icon and its basic initial options.

Pixelman’s main control window is available when a Medipix detector is recognized. In
previous Pixelman versions all its panels were independent, but the latest upgrades show
them together in a single window making use of the Java environment (Figure 108). Most of
the window area is dedicated to the acquisitions’ visualization, and other three main sections
appear: Device Control, Device Specific Settings, and the DAC Control Panel.
Before any acquisition it is necessary to check the DAC values at the DAC Control Panel
(In Figure 109). An IKrum value of 5 is suggested for imaging applications, and a value of 1
for spectroscopy or tracking. The default FBK value is 128, and its comparison with the THL
value defines the effective threshold (Left side of the panel). It is very important to take into
account that rising the threshold can be directly or inversely proportional to the THL value
depending on the detector polarization. In a regular configuration this is inverse and the THL
must be lowered to rise the threshold.

C.3 per-pixel equalization

Figure 108: Main control window of Pixelman in the Java environment.

Figure 109: Pixelman’s DAC Control Panel.

c.3

per-pixel equalization

The independence of all the detector pixels results in an inhomogeneous reading all over the
surface. To overcome this issue, the threshold is equalized to extrapolate a common zero and
to maximize a mean uniform response for all pixels. Pixelman has an integrated plugin to
do this procedure, which can be accessed by expanding the “Tools” tab and selecting the
“Threshold equalization” option. The panel in Figure 15 will appear.
c.3.1 Per-pixel threshold adjustment
The equalization procedure takes the THL DAC across an interval of values and uses the
noise edge as a reference to establish the effective zero for all pixels. In the “Equalization
setting” section, the user can set the threshold to be equalized (THL or THH in Medipix2,
only THL in Timepix), the type of signal used as reference (Noise edge, usually), choosing if
the algorithm interpolates the bit values or if it masks pixels that can not be adjusted up to a
certain percentage. The “Acquisition options” section allows to choose the number of times
each signal is measured, the time it takes doing it, and the spacing between pixels that are
going to be tested (it is possible to do the equalization for all the pixels, but it becomes time
consuming). In “THL/THH Range” the range of DAC values to be swept can be chosen, and
the step between them. A spacing of 4 and DAC step of 3 are enough for a good equalization.
At the end of the equalization process, the distribution and statistics for the minimum, maximum, and mean correction levels appear. The number of masked pixels, mean equalization
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Figure 110: Threshold equalization plugin.

and its standard deviation are shown. This mean value will correspond to the base value
that will be set (approximating to the closer integer) in the THL DAC of the detector. If the
difference between “Distance” and “Optimal Distance” values is lower than 10, the process
has been successful. The results are saved in “.bpc” format by choosing “Save Binary Pixels
Configuration” in the “File” tab, and they will be loaded automatically for that detector when
Pixelman is started if no other equalizations are saved.
After the equalization, the threshold must be risen above the electronic noise signal ( ∼ 3.8
keV) which -as explained before- implies lowering the nominal THL value in the DAC control
panel: 20 to 25 values should be enough depending on the device.
c.3.2

Selective THL rising and noixy pixels masking

To optimize this adjustment after rising the threshold, an integral measurement -described
in the next section- with a high number of acquisitions, short time (e.g. 500 acquisitions, a
few miliseconds each) and without any radiation source has to be made in single counting
mode. Some pixels may count, but this value should not be higher than a 5 percent of the total
number of acquisitions (∼ 20 for our example). If it occurs, a right click on the preview window
displays the “THL adjustment” option where pixels counting higher than the indicated value
will be adjusted individually. The previous test can be repeated two or three times until a very
low percentage of pixels counting without a source is achieved. The final configuration can be
saved again as a “.bpc” file by choosing the “Save binary pixels cfg” option in the “File” tab.

C.4 device settings

c.4

device settings

Device settings -including the DACs- need to be revised and/or established according to the
measurements. The three sections of the “Device settings” panel are shown in Figure 111, and
they can be accessed through the “Options” tab or the “Ctrl+O” keyboard command.

Figure 111: “Device settings” panel.

In “Device settings info”, the nature of the detector trigger can be specified -to indicate
if it will be provided by software or hardware, internally or externally-, a digital test of all
the pixels can be made to identify the percentage that -due to design or power issues- is not
responding correctly, and general features of the current device are shown. The “Device DACs”
tab basically shows another interface to modify the DAC values. Finally, the “Interface specific
info” section shows and allows to set the state of all power and operation variables from
the USB Interface, among which the bias voltage and Timepix reference clock are of special
concern. The bias voltage value should be high for imaging applications (80-90 V) to reduce
charge sharing, and low (20-30 V) to enhance this effect for particle identification and tracking.
The way to set the reference clock varies according to the interface: USB 1.22 interfaces only
allow four fixed frequency values (10, 20, 40, and 80 MHz) indicated by integers from 0 to 3;
the FITPIX interfaces are better adapted for Timepix additional operation modes and they
provide an internal adjustable clock which can be set to any value (<80 MHz).
After all these values are set, the detector is ready for operation. The user is advised to save
the configuration for later use.
c.5

the acquisition process

The first step in the acquisition process is loading the correct binary pixels configuration
and selecting the operation mode for the detector. It is recommended to open the “File”
tab, choosing “Reset Pixels cfg” and then “All bits” (See Figure 112) to erase any other
pre-loaded configuration that may not be related to the current device. Hence, the “Load
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Binary Pixels Cfg” option allows to load the “.bpc” files with all the information from the
threshold equalization -and preferably, that generated after taking the low threshold above
the noise-. The “Set Mode” option is only available for Timepix devices, and it allows to select
the operation mode (Medipix/Counting, Time Over Threshold or Timepix/Arrival Time) to
be used in the acquisitions.

Figure 112: “File” tab from the Device Control Panel.

In general, the acquisition number and features are controlled from the panel shown in
Figure 113. In “Acquisition type”, two options can be chosen: Frames -where counts from
every acquisition are saved in independent frames- and Integral -where all pixel counts from
all frames are summed in one single file-. “Acquisition number” sets the number of frames
to be taken and “Acquisition time” the total time in seconds that the shutter will be open
for every capture. Besides, a number of repetitions under the same conditions -and a delay
between them, if needed- may be set if the “Repeat” option is activated. Measurements will
start when the user clicks the “Start” button.
All the acquisitions from the same run will be available in Pixelman’s memory until a new
measurement starts, but they will not be saved to an external file unless the “File output”
checkbox is selected. The user can select if these files will be in ASCII or Binary format
and their structure (Matrix form, two or three columns) according to the requirements of
post-processing algorithms.

Figure 113: Acquisition control in Pixelman.

Though additional post-processing of data is usually required, a visualization to asses
the quality of every acquisition and to export individual frames as images -if necessary- is

C.6 further remarks about specific applications

available on Pixelman (As seen before on Figure 108). It is possible to use the visualization
panel (Figure 114) to move through the frames, to set color maps and visualization ranges or
to obtain information about a single pixel and/or the whole array. Magnification of a selected
zone and rotation of frames are available directly in the “Preview window” and the “View”
tab.

Figure 114: Acquisition control in Pixelman.

c.6

further remarks about specific applications

c.6.1 Time and energy measurements
The resolution of the information registered in Arrival Time or TOT modes is dependent
on the relation between the reference clock and measurement time. The “size” of each DAC
count in these measurements is determined by the clock frequency, therefore the acquisition
time must be small enough to avoid saturation in the pixels. For instance, a frequency of 10
MHz implies DAC units of 10−7 s.; as the maximum number of counts in Timepix is ∼ 104
the acquisition time should be of the order of 10−3 s.
Another factor to take into account is to optimize the acquisition time according to the
intensity and charge sharing effect of the detected events. A reduced occupancy of frames
-which is desired for cluster analysis- is obtained for small acquisition times, and it also
minimizes the overlapping probability between clusters.
c.6.2 Single counting / X-ray Imaging
A broad application of the single counting mode is X-ray imaging (Tlustos et al. [82], Jakubek
et al. [83]). In this procedure, x-rays between 20 and 100 keV traverse a sample of interest and
the transmitted intensity is measured by the detector. High spatial resolution, a wide dynamic
range (the amount of distinguishable gray values, dependent on the accumulated statistics),
very low noise and high contrast are desired in the final images.
Acquisition times for imaging applications vary according to the maximum thickness and
density of the materials between the x-ray source and the detector. In first place, this time
must be lowered until the maximum pixel count in the whole detector does not reach 11800.
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If the statistics collected during this time is low, the user can perform an Integral acquisition
using frames that fulfill the previous condition. The only source of noise at this stage of the
procedure should be masked pixels -if the threshold settings were correctly adjusted-.
c.6.3

The Beam Hardening correction

The beam-hardening effect refers to an increase in the mean energy of a polychromatic beam
distribution when low energy photons are absorbed more rapidly in thick sections of a
material than in thinner ones. When the beam is hardened, the attenuation rate decreases
and the detected beam shows a higher intensity than expected if it had not been affected.
X-rays from regular sources are polychromatic and this effect affects the images generated
after traversing an heterogeneous sample. To overcome this issue, Pixelman offers a plugin to
calibrate the response of the detector for different material thicknesses using an exponential
interpolation method (Jakubek et al. [84]). This BH plugin is found in the “Tools” tab from
the main window, where an additional panel as the one in Figure 115 emerges.

Figure 115: Beam Hardening plugin panel.

In first place, layers of -usually- aluminium with different thicknesses (in the thickness
range of the sample) must be located between the source and the detector, covering the whole
sensitive area. The X-Ray source should also be emitting at the same voltage and current used
to image the sample. Integral measurements with a maximum count number similar to that
obtained when the object is imaged (∼ 105 ) must be acquired without any and with each of
the layers. The acquisition time will have to be increased for thicker layers, as expected due
to a higher attenuation. Every time the acquisition for one layer ends, it must be loaded to
the plugin by clicking on the “Add mask from Frame” button. The user should provide a
name, precise thickness (in milimeters), total acquisition time (The plugin estimates one, but
it is not always accurate) and press “Set”. Information from all layers defines what is called a
“Profile”, and it can be saved (or loaded, if it is required afterwards) using options in the top
right of the plugin panel.

C.6 further remarks about specific applications

Raw acquisitions can be corrected directly from Pixelman or external files using the options
in the bottom right of the panel. By clicking the “Data preview” button, it displays the
corrected image and related information in a different window. The color map of the new
image is the inverse from the one in the original frame because the nature of the counts
changes after the correction (Values do not represent intensity anymore, but thickness of the
traversed material). The corrected and original matrices (“Value” and “Data”) can be exported
using the “Save current result” option from the panel.
Examples to illustrate results after the calibration are shown in the next appendix.
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d.1

x-ray transmission images

X-ray transmission images of an object are obtained by measuring the intensity of photons
in the range from some few to hundreds of kiloelectronvolts, after they traverse and interact
with a sample of interest. The resulting intensity for photons crossing a material of certain
thickness can be predicted by the formula:
I(x) = I0 exp−µx

(D.1)

Where x is the length of material along which photons travel, µ is the linear attenuation
coefficient of that material, and I0 is the intensity registered without interacting with any
sample.
d.2

a setup for an x-ray imaging system with micrometric spatial resolution

A micro-radiography setup (shown in Figure 116) was built and is operated at the high energy
physics’ laboratory of the Universidad de Los Andes. Medipix2 and Timepix devices are
used in single counting mode to obtain X-ray transmission radiographies and to generate
computed tomographies with micrometric spatial resolution. This setup was the result of
previous studies and experience with the detector at the same laboratory [85] [86]. The three
main elements in the setup are: a Hammamatsu micro-focus (down to 5 µm) X-ray source,
the integrated Timepix radiation camera (USB Interface 1.22 [32], Timepix detector equipped
with a 300 µm thick sensor, and its corresponding readout Pixelman software [34] [35] in a
PC) and a rotating holder for samples between them. Aluminium structures were adapted
inside a shielded space to support the setup, and a rail was built parallel to the direction of
the x-ray beam to allow the movement of the sample and Timepix holders in that direction.

Figure 116: Micro-radiography setup for X-ray high resolution imaging.

The X-rays are polychromatic and generated by a Hammamatsu L10321 X-ray source
(Tungsten anode target with a Beryllium exit window) with continuous emission, voltages
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from 20 to 100 kV, currents up to 200 µ A, a maximum exit angle of 118 degrees and a focal
spot size from 5 to 30 micrometers (variable according to the power dissipated by the source).
All the power, control and security connections for this source were made and modified
according to the physical requirements of the setup.
Some of requirements of the Timepix detector for X-Ray imaging vary regarding those
for particle identification. A high bias voltage (90 V for all the acquisitions in this section)
was used to reduce charge sharing between pixels which might result in a degradation
of the spatial resolution of the image. On the other hand, it is important to take the low
threshold over the electronic noise (∼ 4 keV) to avoid undesired noisy pixels in the images, but
optimizing the THL adjustment of independent pixels very close to the noise edge in order to
take the threshold over the noise but as close as possible to it. The latter helped to optimize
the detection of counts from low energy x-rays (which are probable because the x-ray source
is polychromatic).
After the proper installation and test of the setup, the raw acquisitions in the detector had
to be corrected using beam-hardening (see Appendix C). An example of the effect of this
correction is shown in Figure 117, and radiographies of different samples can be found in
Figure 118.

Figure 117: X-ray radiographies of a plastic toy. (a): Raw acquisition; (b): After applying the BH
correction. Images taken with a 300 µm thick Si Timepix detector, X-ray tube operated at
30 kV and 100 µm, and a total acquisition time of 3 seconds.

Figure 118: X-ray radiographies of a wrist watch (a), top and lateral views of a beetle (b,c) and a piece
of wood from a shipwreck (d). Images taken with a 300 µm thick Si Medipix2 detector,
X-ray tube operated at 30 kV and 100 µm, and a total acquisition time of 3 seconds.

The advantage of using a microfocus X-ray source is the possibility of acquiring images
with spatial resolution from the scale of micrometers (down to the focal spot size). Since the
dimensions of each pixel were nearly ten times higher than the minimum focal spot size of
the source (55 and 5 micrometers, respectively), it could be possible not only to achieve a
resolution determined by the size of the pixels, but to magnify the images up to ten times its
real size. Physically, this magnification occurs because of the divergence of the beam from the

D.3 imaging of carotid arteries

focal spot to the image plane, and by simple calculations of similar triangles it can be written
in terms of the distances between source, object and detector:

M=

I
SDD
=
O
SOD

(D.2)

Where I is the image size, O the object size, SDD is the source to detector distance and
SOD the source to object distance. This relation implies that for fixed source and detector
positions, the magnification of the image is larger as the object of interest gets closer to the
focal spot.
The cost of the magnification is the generation of a geometric blurring of the image. This
effect can be quantified in terms of the gradient blurring at the edges B, the focal spot size F
and the object to detector distance ODD:
B
ODD
SDD − SOD
SDD
=
=
=
− 1 = M − 1 ⇒ B = F(M − 1)
F
SOD
SOD
SOD

(D.3)

The previous relation summarizes the effect of the focal spot size and magnification in the
blurring of the resulting image, implying that the spatial resolution is degraded by a wider
focal spot size or a larger magnification.
Magnifications of a dissected snake head were obtained using the micro-imaging setup.
In this procedure, the positions of the source and sample were fixed and the detector was
moved away from them by the distance that the desired magnifications required. The final
acquisitions are shown in Figure 119.

Figure 119: Magnification of X-ray radiographies of a snake head. (Top Left): 2X Magnification; (Bottom
Left): 3X Magnification; (Top Right): 4X Magnification; (Bottom Right): Thickness calibration
after a Beam Hardening correction using aluminium. Images taken with a 300 µm thick Si
Timepix detector, X-ray tube operated at 30 kV and 100 µm, and a total acquisition time of
3 seconds.

d.3

imaging of carotid arteries

Imaging of atheromatous plaque in carotid arteries is a topic of interest for cardiovascular
studies nowadays (Gillard [87], Trivedi [88]). The formation of atheroma (an aglomeration of
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lipids, calcium and mainly macrophage cells) generates stenosis, closure and artery enlargement, which usually result in strokes and other vascular complications. Previous studies have
used ultrasound or MRI as tools to track and to analyze the plaque (usually growing between
the middle and inner layer of the arteries’ wall) but the spatial resolution and sensitivity of
these procedures have not been efficient enough for that task.
Carotid arteries were extracted from dead patients with the collaboration of the Visual
Computation Group of the Universidad de Los Andes [89] and the San Ignacio Hospital in
Bogotá, Colombia. Samples of these arteries were imaged at the laboratory in order to assess
the capabilities of a Medipix-type detector to differentiate the layers of the arteries’ wall and
possible structures inside them (focusing on identifying atheroma). On the other hand, the
possibility of a continuously increasing dynamic range in the images by accumulating statistics
using the integral acquisition mode of the detector makes them analyzable by post-processing
techniques like multi-spectral imaging. The radiography of one of the carotid arteries and
a 4X magnification (14.5 µ m per pixel) to the wall section can be seen in Figure 120. The
preliminary results and their post-processing were presented in the National Radiology
Congress in Colombia, receiving the "Best Poster Award".

Figure 120: Beam-Hardening corrected radiography of a carotid artery. No atheroma was found in this
sample. (Left): No magnification. (Right): 4X magnification to the wall of the artery. Images
taken with a 300 µm thick Si Medipix2 detector, X-ray tube operated at 30 kV and 100 µm,
and total acquisition times of 15 and 300 seconds.

All the projections required to generate a micro-CT were acquired using the conditions of
the previous radiography, but the sinograms and slices resulting from the image processing
showed signs of a misalignment between the source, detector and the middle axis of the
sample. This issue is currently being solved by designing and building a new rotating sample
holder with micrometric positioning resolution in every axis.
Another test to get a micro-CT was performed at the x-ray imaging setup of the Institute
of Experimental and Applied Physics of the Czech Technical University; the characteristics
of the elements were basically the same as in Bogotá, but the positioning system was much
more precise. A vessel-like simulator was built for this measurements (see Figure 121) with
the regular dimensions of arteries, using thin layers of materials with similar attenuation
coefficients: plastic, tape and paper.
One hundred radiographies of the phantom (3 seconds per frame, using integral mode)
were obtained. These images were used to produce 256 transversal projections that allowed
to generate a 3D reconstruction of the simulator. By differentiating peaks of intensity from
the CT, it was possible to identify and to color the layers with very good spatial resolution.
Results are shown in Figure 122, and their whole acquisition procedure is promising to be
used for studies in real carotid arteries.

D.4 imaging of gold nano-particles used as contrast agent

Figure 121: Vessel-like phantom made with thin layers of plastic, tape and paper.

Figure 122: Micro-CT of a vessel-like phantom. (Top Left): X-ray radiography of the phantom; (Bottom
Left): Slice generated from the projections; (Right): Lateral and transverse views of the 3D
reconstructed phantom. Images taken with a 300 µm thick Si Timepix detector, X-ray tube
operated at 40 kV and 150 µm, and a total acquisition time of 3 seconds for each projection
(768 s for the whole tomography). Blur values: 5 micrometers for 2x, 10 micrometers for 3x
and 15 micrometers for the 4x magnifications.

d.4

imaging of gold nano-particles used as contrast agent

Gold nanoparticles dissolved in water (or Colloidal gold) are a solution continuously analyzed
for medical applications (e.g. drug carrier, tumor detections, or even as radiotherapy dose
enhancer [90]). The objective of these measurements was to look for differences in contrast
between nanoparticles designed with different molecular shapes: Cylindrical (Nanorods) and
spherical (Nanospheres), using the high sensibility of the Timepix detector. The nanoparticles
were provided by a group of Chemical Engineers, and no difference between the two solutions
was found using conventional x-ray imaging.
Colloidal gold of different concentrations was inside plastic recipients of variable thickness.
Figure 123 shows radiographies of reference media (air) and the two different types of solution
at the same molarity.
All the measurements were normalized and converted to Haunsfield units using radiographies of water and air instead of the solutions, under the same acquisition conditions.
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Figure 123: Radiographies of gold nanoparticles -dissolved in water- inside a recipient of variable
thickness. (a): Air only; (b): Nanospheres; (c): Nanorods.

Figure 124 shows the comparison between nanorods and nanospheres for different thicknesses
with the same concentration, and their contrast variations at different concentration levels.
Nanorods showed higher contrast than nanospheres with the same molarity.

Figure 124: Comparison of contrast between gold nanospheres and nanorods. (Left): Intensity dependance on the variation of thickness at different heights of the sample; (Right): Radiodensity
-in Hounsfield Units- for the same section of the sample at different concentrations.
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