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A B S T R A C T   

Spectroscopy-based photon-counting detector systems, Medipix, have many applications in medicine. Medipix 
detectors benefit from providing energy information as well as high spatial resolution. In this article, a review of 
Medipix detector technology applied to medicine and imaging techniques are presented. The technology has 
been used to develop quality assurance (QA) measurement devices in radiation-based treatments. A gamma 
camera system for radiotherapy has been developed to measure dose delivered to prostate treatments in real- 
time. The advantage of a high-resolution detector has been utilized in proton and heavy ion therapy for dose 
QA, measuring the charge particle spectra, and beam geometry for mini-beams. Applications in medical imaging 
using helium ion beams have been investigated to replace CT for ion beam radiotherapy. This technique provides 
many advantages over conventional CT such as high-resolution imaging and spectroscopy-based information for 
planning in helium ion treatments. The Medipix technology has shown it can be broadly applied in radiation and 
particle therapy applications for accurate QA as well as proving high-resolution imaging in medicine.   

1. Introduction 

This article explores the application of a high-resolution hybrid 
pixelated detector system, Medipix and Timepix in the field of medicine 
and imaging. Sections 2 and 3, discuss the use of Medipix in Brachy-
therapy for radiation dose quality-assurance (QA). Section 4 investigates 
using Medipix detectors in proton and heavy ion therapy for dose 
measurements, assessing charged particle spectra, and for beam geom-
etry and intensity QA in mini-beams. Section 5 examines applications of 
medical imaging using helium ion beams and Timepix-based detector 
system. 

2. Medipix of seed reconstruction and seed tracking (LDR and 
HDR) brachytherapy 

2.1. BrachyView 

Brachytherapy is an important therapeutic modality in modern 
cancer treatments and is used to treat prostate cancer patients. High 
Dose Rate (HDR) Brachytherapy involves placing a highly radioactive 
source such as Ir-192 at different locations inside the prostate to deliver 
planned dose to the tumor to kill the cancer cells. Low Dose Rate (LDR) 
Brachytherapy includes implantation of multiple I-125 seeds within the 
prostate to deliver a planned dose to the tumor (Voulgaris et al., 2008; 
Petasecca et al., 2013). 

To ensure that the quality of source positions is accurate and 
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effective at treating cancer, it is extremely important to provide effective 
QA measures and verification of source positioning during treatment. 
Currently, image guidance systems such as Trans Rectal Ultrasound 
(TRUS), Cone Beam Computed Tomography (CBCT), and C-arm CT 
machines are employed in cancer centres to provide image guidance of 
source positioning during treatment (Applewhite et al., 2001). These 
systems are limited in either resolution, lack of real-time image guid-
ance, or delivering additional imaging dose to the patient (Bati�c et al., 
2010). 

The development of a seed-tracking system to monitor the location of 
sources in both LDR and HDR Brachytherapy is of high importance for 
better treatment quality. A proposed new imaging modality using a 
Medipix single photon counting system has the potential to resolve the 
HDR and LDR source during therapy by verifying the source placement 
and maintain an accurate dose delivery to the target organ (Soukup 
et al., 2011). The device, named BrachyView was developed at the 
Centre for Medical Radiation Physics (CMRP), the University of Wol-
longong, has been built to solve the issues with seed implantation 
verification. Using TRUS in conjunction with BrachyView will provide 
anatomical information as well as seed positioning information without 
giving any additional radiation to the patient for seed imaging. 

Two BrachyView prototypes have been developed, HDR BrachyView 
and LDR BrachyView; each system consists of a detector housed in a 
tungsten cylindrical probe with truncated knife-edge multi-pinhole 
collimators, for verification and quality assurance of seed positioning 
during therapy and in treatment planning using an I-125 seed for LDR 
and Ir-192 source for HDR brachytherapy. The collimator designs for 
both probes were built from Monte Carlo studies to optimise the spatial 
resolution and sensitivity of the gamma camera system. The device is 
designed to be inserted into the rectum to image the seeds during 
treatment. The probe can reconstruct the position of a source in 3D using 
projections of the source through multiple pinhole collimators and a 
triangulation method. The centre of mass (CoM) of each projection is 
calculated based on the projection of the Brachytherapy source in each 
pixel of Medipix detector and then back-projected through the corre-
sponding pinhole to determine the source location (Fig. 1). 

2.2. High Dose Rate (HDR) brachytherapy 

An edgeless quad Timepix detector assembly is embedded within the 
4 mm thick tungsten collimator drilled with seven double cone pinholes 
(Fig. 2). Approximately 20% of the gamma photons from an Ir-192 
source incident on a 4 mm thick tungsten slab will penetrate the colli-
mator and reach the Medipix detector surface (Safavi-Naeini et al., 
2015; Alnaghy et al., 2016). 

Preliminary experiments have been performed using a custom tissue- 
equivalent PMMA block with a cylindrical slot to hold the HDR Bra-
chyView probe. A custom solid water block was used to allow the 
catheter to be housed into a 2 mm diameter channel that runs halfway 
through the phantom block along the y-axis. The HDR treatment unit 
was connected to the catheter. Fig. 3 shows the experimental setup and 
treatment delivery used during the experiment. The dwell time was set 
to 20 s, with the BrachyView software set to acquire every 0.5 s in the 
frame by frame mode. A dummy seed was placed inside the catheter, and 
a CT scan was performing to validate the true position of the source 
during the delivery. 

The planned source position validated by the CT scan shows the 
software was able to reconstruct the Ir-192 positions in the phantom 
(Fig. 4). The discrepancy between the reconstructed values and the 
planned positions were shown to be small, with 99% of the recon-
structed values in the x, y and z-axis all within submillimeter to the 
planned source positions. 

Future studies will evaluate the HDR BrachyView system using a full 
clinical treatment plan and a tissue-equivalent prostate gel phantom. 
TRUS imaging will be used to image the prostate and allow co- 
registration between the BrachyView and TRUS probes providing a 
fused Image of the prostate volume and reconstructed source positions. 

2.3. Low Dose Rate (LDR) brachytherapy 

The LDR BrachyView probe consists of three Timepix detectors 
housed in a 1 mm thick tungsten with single cone pinhole collimators 
(Fig. 5). The three Timepix detectors are placed directly beneath each of 
the pinholes. Since multiple seeds are implanted into the prostate, each 
seed is imaged at a minimum on two of the three detectors for the back- 
projection algorithm to reconstruct the locations of the implanted seeds. 

Preclinical performance evaluation of the LDR BrachyView probe has 
been completed (Alnaghy et al., 2017). In this study, the prototype probe 
was placed in a clinical prostate gel phantom. The gel phantom was 
implanted with 30 I-125 seeds, guided using a TRUS system. The LDR 
BrachyView probe was used to image the 30 implanted seeds, the ac-
curacy of the newly developed post-processing reconstruction algorithm 
using the BrachyView probe was evaluated. A CT scan of the gel phan-
tom with the implanted seeds was performed and used as the reference 
data to identify the expected location of the seed positions (ground 
truth). The reconstructed positions of the seeds were co-registered with 
the TRUS coordinate system and rendered in a 3D volume using a 
custom-developed visualization software (Fig. 6). 

The reconstructed seed positions measured by the LDR BrachyView 
probe demonstrate agreement with seed positions estimated by using a 
CT scan with a maximum discrepancy of 1.78 mm. It was observed that 
75% of seed positions were reconstructed within 1 mm of their nominal 
location. Future improvements to the system involve implementing a 
real-time reconstruction algorithm embedded into the visualization 
software, providing seed positioning information in real-time and aim-
ing to assist for intraoperative dynamic treatment planning in LDR 
brachytherapy. 

Fig. 1. Back projection method of BrachyView system. Seed/source projections 
through collimator on Timepix detectors are used to back projected line vectors 
and reconstruct the location of seed/source. 

Fig. 2. Photo of HDR BrachyView probe prototype embedded with quad 
edgeless Medipix detector arrays. 
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3. Medipix for eye plaque dosimetry 

Melanoma and squamous cell carcinoma are the most common eye 
cancers in adults (Shields and Shields, 2009). Brachytherapy using 
radioactive eye plaques is the preferred method of treatment for patients 
with ocular malignancies. Eye Brachytherapy involves stitching a 
radioactive plaque behind the tumor on the eye, achieving local tumor 
control for eye melanoma. An important aspect of eye Brachytherapy is 
dosimetric QA is validating the activity and dose delivery of the eye 

plaques with the treatment planning system (TPS). The EyeCheck system 
developed at the CMRP utilises a single Timepix detector to identify the 
activity of each seed loaded into the plaque to determine the 3D dose 
distribution using the Amirian Association of Practice Management task 
group 43 (TG-43) protocol (Weaver et al., 2014). A prototype system has 
been developed to utilise spectroscopic dosimetry to generate a 3D dose 
map for QA checks (Fig. 7). 

4. Medipix in proton and heavy ion therapy 

4.1. Medipix2 for the characterization of a proton beamline 

The capabilities of Medipix2 to characterize a proton beamline were 
studied working at the CATANA (Centro di AdroTerapia e Applicazioni 
Nucleari Avanzate, Center for Hadron Therapy and Advanced Nuclear 
Applications) beamline locate at the LNS-INFN laboratory in Catania- 
Italy (Cirrone et al., 2004). Here, since 2002, patients with ocular pa-
thologies, like uveal melanoma, are treated using the 62 MeV proton 
beamline. The dose delivered to the patient and the proton beam quality 
is performed with a beam monitoring system: ion chambers for the 
dosimetric control, scanning diodes for the beam profile determination 
and GAF-chromic films for the physical characterization of the beam and 
the imaging of the irradiation field are used. A 2D single-photon 
counting detector as Medipix2 may reduce the long data acquisition 
time necessary to perform the beam quality measurements, and with this 
aim, a feasibility study was performed in 2008. Two test beams were 
performed to investigate the response of the system based on a pixilated 
silicon detector (300 μm thick) bump-bonded to the Medipix2 readout 
chip (MPX2MXR version). The active area was 2 cm2 (256 � 256 square 
pixels), and a collimator placed at the end of the proton beamline was 
always adopted for the measurements. The experimental set up is 

Fig. 3. Experimental setup of HDR BrachyView probe testing using solid water phantom to reconstruct source locations at various 3D locations.  

Fig. 4. Scatter plot of reconstructed 3D source positions from the HDR Bra-
chyView probe, compared with ground truth seed locations based on CT scan of 
solid water phantom and TPS. 

Fig. 5. Experimental setup of prototype LDR BrachyView probe placed inside prostate gel phantom to image 30 implanted I-125 seeds.  
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reported in Fig. 8. 
Preliminarily the detection system was calibrated and equalized: 

using radioactive sources, a uniform response from all pixels, when 
irradiated with a flat field, was obtained. The proton beam energy was 
set at 62 MeV (full energy), and the Medipix2 threshold was fixed at 
113 keV (four standard deviations below the maximum energy released 
in silicon by 62 MeV protons). The Medipix detector response was 
studied as a function of delivered dose and exposure time. The linearity 
of the system concerning the delivered dose was checked using different 
dose rates. The response was linear up to 40 Gy/min where saturation 
effects start. It is worth noticing that the usual clinical dose rate at 
CATANA is 15 Gy/min. The linearity of the Medipix detector as a 

function of the exposure time was verified: for this measurement, a dose 
rate of 1.2 Gy/min was adopted and the maximum exposure time was set 
to 7 s. To verify the reproducibility of these measurements, each 
acquisition was repeated four times. For more details, see (Bisogni et al., 
2008). The imaging capabilities of the systems were studied measuring 
some geometrical characteristics of the beam, as the lateral penumbra 
and the beam flatness. Due to the limited detection area, a collimator 
with a 5-mm-diameter hole was set at the end of the beam output 
(Fig. 8). After acquiring for few seconds the beam image, the profile 
along the x direction was extracted. The 2D beam image is reported in 
Fig. 9 left. The experimental points of the beam profile are reported as 
black squares in Fig. 9 right. To determine the rise and the fall of 

Fig. 6. 3D volume of prostate gel phantom from TRUS probe fused with reconducted seed positions (blue) from LDR BrachyView probe. Ground truth position (red) 
of the I-125 seeds was determined from CT image dataset. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version 
of this article.) 

Fig. 7. a) Medipix2 board and eye phantom assembled; b) Multi-layer PMMA eye phantom; c) 3D Isodose surfaces in terms of counts and dose-rate for plaque loaded 
with 10 I-125 seeds. 
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penumbra values, the data have been fitted with a double Boltzman 
function: the fit functions are reported as a continuous red line in Fig. 9 
right. The rise lateral penumbra was 0.79 mm, while the fall one was 
0.81 mm. The measurement error was 55 μm due to detector pitch. For 
comparison, the same quantities were calculated using a gafchromic 
film. The rise and the fall lateral penumbra resulted in 0.73 mm for both. 
In this case, the measurement error is 200 μm, due to digitalization 
pitch. The two sets of measurement gave the same results within the 
errors. Using the same beam profile of the preceding measurement, the 
beam flatness was evaluated, and a value of 3% for both systems was 
determined. For more details, see (Bisogni et al., 2009). 

As a conclusion, measurements performed with a detection system 
based on Medipix2 readout chip for the characterization of the CATANA 
beam were performed and compared concerning those obtained using 
routine systems in the same experimental conditions. Being the results in 
very good agreement, we can conclude that the proposed detection 
system can work as a single proton counter. More extensive measure-
ments are necessary to confirm that the system can be used as a routine 
detection system. 

4.2. Monitoring of radiotherapeutic carbon ion beams using a Timepix 
detector 

The physical and radiobiological properties of therapeutic ion beams 
allow for an increased dose conformation to the tumor in comparison to 
standard radiotherapy with photon beams (Schardt et al., 2010a). This 
enables an increased sparing of the surrounding healthy organs. How-
ever, the superior dose distributions, theoretically achievable with ions, 

are often compromised by uncertainties on the actual stopping power of 
patient’s tissue. They include geometrical uncertainties (due to patient 
positioning, weight gain or loss, swelling of tissue, and possible move-
ment) and uncertainties on tissue’s composition (due to its measurement 
using photon attenuation in CT images) (Baumann et al., 2016). The 
uncertainties from these sources translate into the size of safety margins 
around the target, which are designed to assure that the tumor receives 
the planned dose. However, the larger the margins, the larger is the 
irradiated volume of the surrounding healthy tissue. This might lead to 
an increased rate and severity of side effects. As a result, the maximal 
dose, which can be realistically applied to the tumor is limited. There-
fore, methods providing information on the delivered dose distribution 
in the patient are highly desired. 

4.2.1. Non-invasive in-vivo beam monitoring using secondary ions 
An accurate method for an in-vivo visualization of the radiation field 

within the patient’s anatomy during treatment represents an ultimate 
verification of the whole therapeutic chain. The first generation of such 
monitoring techniques was based on the determination of the beam- 
induced activation of the patient’s tissues, as measured by positron 
emission tomography (PET) cameras (Enghardt et al., 2004; Shakirin 
et al., 2011). Due to the limited spatial resolution, much lower signal 
than in PET diagnostics, its washout by blood flow, no real-time signal 
and in some cases discomfort for the patient due to long measurement 
times, alternative approaches are of major interest for the community. 
However, second-generation in-beam-PET scanner have demonstrated 
on flight reconstruction of the activity distribution acquired during the 
irradiation (Ferrero et al., 2018). 

Prompt secondary radiation, including photons and secondary ions is 
another product of the nuclear interactions of the beam in the patient. It 
is emitted instantaneously during irradiation. Thus, it is insensitive to 
smearing due to physiological washout processes. Prompt photons 
exhibit energies of several MeV. Therefore, the measurement of their 
direction represents a large challenge. Secondary ions (Dauvergne et al., 
2009; Amaldi et al., 2010) are straight forward to detect. However, 
efficient, clinically applicable detector prototypes are presently lacking. 

4.2.2. Experiments and setups 
These studies aimed to determine the pattern of the secondary ion 

emission from the object irradiated with therapeutic carbon ion beams 
and to identify changes in the secondary ion emission with intentional 
variations of the object’s geometry or variations of the treatment beam. 
The experiments were performed at the Heidelberg Ion-Beam Therapy 
Facility (HIT) in Germany. Narrow, pencil-like carbon ion beams typi-
cally for head treatments were directed onto patient models with 
different complexity, ranging from a homogeneous plastic cylinder 

Fig. 8. The adopted experimental set up: on the left the Medipix2 system and 
on the right the beam output and the final brass collimator. 

Fig. 9. The 2D beam image (left) and the extracted profile with the double Boltzmann function in red (right). The red rectangular on the beam image represents the 
zone where the profile was calculated. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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(Gwosch1 et al., 2013; Reinhart et al., 2017), plastic phantoms con-
taining 1–3 cm large inhomogeneities (Reinhart et al., 2017; Gaa et al., 
2017) and an anatomic model of a human head (Alderson phantom) 
(Alderson et al., 1962) containing real bones and tissue-equivalent 
materials. 

The suitability of a flexible and handy mini-tracker composed of a 
pair of Timepix detectors (Ballabriga et al., 2007), later also Timepix3 
(Poikela et al., 2014), detectors for determination of the spatial distri-
bution of paths of secondary ions, which are emitted around the irra-
diated objects during the beam delivery, was investigated as shown in 
Fig. 10. 

4.2.3. Results and discussion 
The Timepix-based detector was found to be suitable to efficiently 

track the secondary ions emerging from the patient-sized objects irra-
diated by therapeutic carbon ion beams. In the situation studied, a 
correlation of the emission pattern (Fig. 10 right) with the intentional 
changes of the beam width, position, and energy were shown experi-
mentally for single pencil carbon ion beams (Gwosch1 et al., 2013). 
Moreover, the method was shown to be capable of visualizing air cav-
ities of the size of down to 1 cm in the irradiated plastic patient model 
(Reinhart et al., 2017; Gaa et al., 2017). The sensitivity to in-
homogeneities was demonstrated, even when the inhomogeneity was 
positioned at large depths, like directly in front of and even behind the 
Bragg peak (Gaa et al., 2017). 

Finally, from track measurements at several angles concerning the 
beam axis, a 3D image of the beam in the phantom was reconstructed 
using a maximum likelihood expectation-maximization algorithm 
(Reinhart et al., 2017). An example is shown in Fig. 11 (left), clearly 
visualizing the circular air-filled inhomogeneity. Moreover, Fig. 11 
(right) shows quantitatively that the filling material of the cavity could 
be distinguished, even for small density differences like in the case of 
plastic and adipose tissue surrogate. 

The largest drawback of Timepix for this application was the dead 
time, which amounted to more than 90% of the irradiation time. The 
very recent results obtained with a Timepix3 tracker highlight the value 
of its deadtime-free operation. Fig. 12 depicts an example of a mea-
surement of the lateral position of the scanned carbon ion pencil beam. 
The beam delivery was mimicking a therapeutic treatment with typical 
tumor size, position, and dose to a human-like phantom (Alderson head 
phantom). In Fig. 12, the pencil beam scanning can be clearly followed. 
Moreover, a close correlation to the actual pencil beam’s position, as 
determined by the monitoring chambers installed in the beamline, is 
visible. 

The capability of single ion tracking, which is accessible also to 
applied physics fields like medical physics due to Timepix and Timepix3, 
enabled us to perform several subsequent research steps in the novel 
field of carbon ion treatment monitoring using emitted secondary ions. 
The improved tiltability and even higher temporal resolution of 

Timepix4 (Campbell et al., 2016) go in-line with the needs of this field 
while bringing this new method to the patient. 

4.3. Charged-particle tracking and spectrometric characterization of 
mixed radiation fields 

4.3.1. Quantum-imaging detection, online track visualization 
The photon-counting sensitivity, dark-current free operation, high 

granularity, and per-pixel energy sensitivity enable operation of the 
Timepix detector as an active nuclear emulsion (Poikela et al., 2014; 
Campbell et al., 2016). The Timepix detector provides quantum-imaging 
detection and track visualization of single particles valuable for 
high-resolution and wide-range spectral- and directional-sensitive 
characterization of mixed radiation fields such as those encountered in 
space (Vykydal et al., 2006; Granja and Pospisil, 2014) and in ion beam 
radiotherapy environments (Granja et al., 2016; Stoffle et al., 2015; 
Jakubek et al., 2010). Use of compact instrumentation enables to 
perform flexible and online measurements. Data products include par-
ticle fluxes, dose rates, time- and spatial-dose distributions (Martisikova 
et al., 2011) and LET spectra (Granja et al., 2018a). Discrimination be-
tween primary beam particles from secondary and background compo-
nents (Stoffle et al., 2015; Gehrke et al., 2017) enables to map the yield 
and extent of beam fragmentation (Opalka et al., 2013; Jakubek et al., 
2011a; Gallas et al., 2017a). 

4.3.2. Compact radiation cameras, sensor stack architectures 
The sensitivity of the Timepix detector is 100% for charged particles, 

both light and heavy charged particles including minimum-ionizing- 
particles (MIPs) (Granja et al., 2018a; Hartmann et al., 2017). X-rays 
and gamma rays are detected above a few keV and with decreasing effi-
ciency up to tens or few hundreds of keV depending on the sensor ma-
terial and thickness (below). For wider sensitivity to X-rays and gamma 
rays, as well as enhanced tracking resolving power for charged particles, 
the Timepix detectors can be equipped with different semiconductor 
sensor material (Si, CdTe, GaAs) and thickness (100–2000 μm). Ease of 
detector operation and convenient deployment are made possible by 
compact readout interfaces which vary in size and frame readout speed 
(from few frames per second (fps) up to few hundred fps) such as FITPix 
(Hartmann et al., 2012), USB-Lite (Granja et al., 2013), MiniPIX (Jakubek 
et al., 2010; Kraus et al., 2012) shown in Fig. 13a, and ModuPIX (Turecek 
et al., 2011a). Besides the single-chip miniaturized radiation cameras 
(USB-Lite, MiniPIX-TPX), the Timepix ASIC-chip assemblies can be ar-
ranged in compact stack array architectures such as 2 � layer TPX stack 
(Miniaturized readout inte, 2016; High frame rate parallel, 2015) and as a 
gapless 4 � layer TPX WidePIX-3D micro-tracker illustrated in Fig. 13c. 
The compact radiation cameras are controlled by integrated software tool 
Pixelman (Soukup et al., 2011) and PIXET (Jakubek et al., 2011b) which 
run on multi-platforms/PCs and mini-computers running Window-
s/Linux/MacOS operating systems. The software tools provide data 

Fig. 10. Left: Illustration of the experimental set-up. A cylindrical head-sized plastic phantom is irradiated with a carbon ion pencil beam typical for therapy. Emitted 
secondary ions are detected with a double-layered Timepix mini-tracker placed at 30� concerning the beam axis. Right: The color scale represents the distribution of 
the back-projected measured tracks. The cylindrical phantom from the left image is illustrated by the black rectangle (side view). The red curve shows the corre-
sponding depth dose distribution. Both images reprinted from (Gwosch1 et al., 2013). (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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Fig. 11. Left: Image of the carbon ion pencil beam with an energy of 226 MeV/u incoming from left to right in a cylindrical plastic phantom visualized by the large 
circle (top view). The small gray circle with a diameter of 2.85 cm depicts the localization of a cylinder-shaped cavity filled by air. Right: profiles through recon-
structed beam images for three different fillings of the cylindrical cavity, and a homogeneous phantom cylinder (side view). All the cases can be differentiated. Both 
images reprinted from (Reinhart et al., 2017). 

Fig. 12. Pencil beam scanning: comparison of the 
lateral pencil beam position as measured by the 
beam application system (reference) and measure-
ments by a Timepix3 tracker using the emitted sec-
ondary ions. The Timepix detector was positioned 
next to a human-like head model, at 30� concerning 
the beam axis. The pencil beam position was deter-
mined as the center of mass of the measured sec-
ondary ion tracks. A quantitative comparison is 
feasible only within a few mm around x ¼ 0 mm, due 
to the given geometric acceptance of the mini- 
tracker with a sensitive area of 14 � 14 mm2 only 
— image by Renato Felix Bautista (DKFZ).   

Fig. 13. (a) The miniaturized readout interface MiniPIX (c) has dimensions 77 mm � 21 mm � 10 mm connects directly to PC or laptop via USB port. (b) Illustration 
of particle tracking for energetic charged particles. Micro-scale pattern recognition analysis of the registered signal (cluster of pixels –shown in red) enables deriving 
the path length in 3D (purple line) and direction (see polar and elevation angles α and β). (c) Illustration of miniaturized wide field-of-view (FoV) particle micro- 
tracker consisting of 4 � Timepix layers with minimal spacing gaps providing a compact particle telescope WidePIX-3D. (For interpretation of the references to 
color in this figure legend, the reader is referred to the Web version of this article.) 
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readout and online response. 

4.3.3. Wide-range detection and characterization of mixed-radiation fields 
Studies have been performed at the ion synchrotrons at HIT- 

Heidelberg and HIMAC-Chiba. Measurements in air and with tissue- 
equivalent phantoms of PMMA and water tank using protons and light 
ions with energies above few tens of MeV/u (Stoffle et al., 2015; Turecek 
et al., 2011b; Turecek and Jakubek, 2015). The detection and track 
visualization of pixelated clusters registered by various charged particles 
at selected energy and direction are shown in Fig. 14. Timepix registers 
the deposited energy along the trajectory across the sensor. Together 
with the track path (Fig. 13b), registered in 3D, the 
linear-energy-transfer LET is derived. The wide dynamic range of 
per-pixel electronics allows measuring high- and low-LET particles. For 
high-Z particles, a distortion and saturation of the per-pixel energy 
registration arises (Arico et al., 2017; Martisikova et al., 2018; Granja 
et al., 2011), which can be partly corrected by tuning the sensor bias and 
the Timepix ASIC DAC settings (Jakubek et al., 2010; Arico et al., 2017). 
The Timepix detector can be further calibrated to better describe the 
saturation effects as performed with monoenergetic protons (Granja 
et al., 2011; Hartmann et al., 2014). 

4.3.4. Resolving power, dynamic range, wide field-of-view 
The resolving power of the Timepix detector is analyzed in terms of 

particle-type (species), spectral response (energy loss) and directional 
sensitivity (no collimators needed) (Jakubek et al., 2010, 2011a; Gallas 
et al., 2017a; George et al., 2018). The analysis is based on morphology 
and spectrometric analysis and tracking information of the pixelated 
clusters. The resolving power is based on pixel cluster morphology 
analysis together with the per-pixel energy and tracking information 
(Granja et al., 2018a; Hartmann et al., 2017) including resulting LET 
spectra. The resolution is enhanced by correlated analysis of cluster 
analysis parameters (Kroupa et al., 2014) of single parameters (Jakubek 
et al., 2010; Gallas et al., 2017a) such as cluster size (number of pixels in 
the cluster) and cluster volume (sum of the per-pixel energies in the 
cluster) as shown in Fig. 15. The resolution is further improved by 
correlated analysis of elaborated parameters such as cluster height 

(largest per-pixel energy in the cluster) convoluted with the cluster 
length together with the LET (Jakubek et al., 2010; George et al., 2018) 
shown in Fig. 16. Work performed spans a wide range of heavy charged 
particles in a wide range of energies including energetic heavy charged 
particles and MIPS. For certain parameters, event-type regions may in 
part overlap, especially at extreme values. This is the case for energetic 
protons in the MIP regime. Therefore, the broad scope of discrimination 
is achieved together with the tracking and morphology information. The 
resulting physics-based classification of broad-types events is derived 
(Jakubek et al., 2010) in terms of radiation main components/species 
(X-rays, light and charged particles of low- and high-energy), spec-
tral/stopping power (dE/dx, LET spectra over several bins in semi-log 
range) and direction in wide field-of-view (essentially 2π). The dy-
namic detection range includes energetic heavy charged particles and 
minimum ionizing particles (George et al., 2018). 

Further sub-classification of heavy charged particles into ion groups 
(such as light, medium-mass and heavy ions) is ongoing by more 
extensive and elaborate analysis of the pixelated tracks. This research 
merges with challenging tasks towards ion and reaction product iden-
tification (Jakubek et al., 2011a) as well as efforts to derive information 
on the charge and velocity of highly energetic heavy ions by detection 
and analysis of accompanying delta electrons registered in Timepix 
(Pinsky et al., 2011). Advanced techniques aim at determining and 
evaluate Timepix’s sensitivity to the ion total kinetic energy, which is 
being explored in space radiation detection data (Granja et al., 2018b; 
Pinsky et al., 2011; Stoffle et al., 2012). Another development direction 
makes use of stacked arrays of two and more Timepix detectors in 
telescope architecture (Miniaturized readout inte, 2016) for enhanced 
discrimination of neutrons (Gehrke et al., 2017) and mixed radiation 
fields (Gehrke et al., 2017; Stoffle and Pinsky, 2018) as well as high 
angular resolution directional detection of energetic charged particles 
(High frame rate parallel, 2015). A single layer Timepix detector has also 
directional response (Granja et al., 2018c) with limited angular 
resolution. 

Fig. 14. Detection and track visualization of 
protons and low- and medium-Z ions at 
selected energies and incident elevation 
angle β – see labels, incident from right to 
left: protons of 13 and 31 MeV (cyclotron at 
NPI-CAS, Rez), 48, 140 and 220 MeV (syn-
chrotron at HIT, Heidelberg), 4He of 31, 61 
and 144 MeV/u (synchrotron at HIMAC, 
Chiba), 12C ions of 88, 270 and 430 MeV/u 
(synchrotron at HIT, Heidelberg), 28Si ions 
of 82, 118 and 444 MeV/u (synchrotron at 
HIMAC, Chiba). Additional events are dis-
played, such as background and correlated 
light ion secondary products (accompanying 
the 12C and 28Si particles). A portion (220 x 
190 pixels ¼ 1.28 cm2 or about 2/3 of the 
whole sensor area) of the pixel matrix are 
shown. Measured by a MiniPIX-Timepix 
camera equipped with a 300 μm silicon 
(shown in Fig. 1a). The sensor bias was 30 V 
except c) set at 100 V. The per-pixel energy 
response are shown in color log scale. Taken 
from (George et al., 2018). (For interpreta-
tion of the references to color in this figure 
legend, the reader is referred to the Web 
version of this article.)   
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4.4. Timepix for the reconstruction of proton spectra in laser-driven 
proton acceleration 

With the continued advances in the development of high-power laser 
systems, laser-driven proton acceleration might become a viable tech-
nique to produce protons with energies suitable for biomedical appli-
cations. Laser-accelerated proton bunches exhibit some remarkable 
features as compared to conventionally accelerated beams, such as a 
broad energy distribution (ΔE/E ~ 100%), a source size in the order of 
some micrometers and beam divergence angles typically ranging from a 
few up to a few tens of degrees. Bunch charges in the order of a nano-
coulomb, combined with the initial bunch duration in the order of a 
picosecond, result in enormous particle fluxes. Hence accurate and 
efficient online characterization of such laser-accelerated proton 
bunches is still a challenging task, and various approaches have been 
proposed recently (Daido et al., 2012). 

A first attempt to use Timepix detectors for the diagnostic of laser- 
accelerated particles was performed by (Reinhardt, 2012), however 
concluding that this detector is not suited in conventional face-on irra-
diation due to its limited dynamic range and the high proton fluxes. 

Nevertheless, a convenient alternative approach for spectrometry of 
polyenergetic proton bunches is based on edge-on irradiation of the 
Timepix detector. Here, the sensor chip surface is positioned parallel to 
the proton beam direction. In such configuration, the energy deposition 
of all protons along their paths inside the sensor chip is measured. The 
Timepix detector can, therefore, be used as a silicon-based range tele-
scope that additionally provides position information along one trans-
versal dimension (Würl, 2018). A sketch illustrating the principle of 
Timepix edge-on spectrometry is shown in Fig. 17. To ensure centric and 
perpendicular incidence of the protons concerning the front edge of the 
500 μm thick silicon sensor chip, a 150 μm thin slit between two 
aluminum blocks was used as a collimator in a first prototype setup. To 
reduce stray radiation and electromagnetic noise, the Timepix detector 
was placed inside a dedicated aluminum housing. The Timepix detector 
was operated in time-over-threshold mode and was energy-calibrated 
according to the procedure described in (Jakubek, 2011). 

For a sufficiently high proton flux, the individual proton tracks are 
overlapping, and the measured detector signal hence becomes the su-
perposition of the energy deposition by many individual protons along 
with their entire penetration depth inside the sensor chip. Thus, for 

Fig. 15. Correlated analysis of cluster parameters 
size (number of pixels in a cluster) and volume (sum 
of per-pixel energies) for a 12C beam of energy (a) 
271 MeV/u and (b) 400 MeV/u behind (a) 50 mm 
PMMA and (b) 158 mm water tank. Events per bin 
are shown in color in log scale. Measured by a single 
Timepix detector with 300 μm Si sensor at HIT- 
Heidelberg. Taken from (Jakubek et al., 2011a). 
(For interpretation of the references to color in this 
figure legend, the reader is referred to the Web 
version of this article.)   

Fig. 16. Resolving power of Timepix to (a) protons and 12C ions and (b) alpha particles and 4He and 28Si ions at varying energies and incident angles. 2D-scatter/ 
correlated plots (event histogram) of cluster analysis parameters (Height � Elevation Angle (HEA) vs Linear Energy Transfer (LET)). Measured by a single-chip 
MiniPIX-TPX camera (300 μm Si sensor) at HIT-Heidelberg and HIMAC-Chiba. Electron data from the microtron accelerator at the NPI-CAS Prague are included. 
Identified regions of particle types are given for the studied energies. Taken from (Granja et al., 2018b). 
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every pixel column i (perpendicular to the irradiated edge), the Timepix 
detector signal Sij in the pixel row j (parallel to the edge) can be written 
as: 

Sij¼
X

k
nik⋅Ajk (1)  

where the matrix elements Ajk are given by the average energy deposi-
tion of one proton with kinetic energy k within one pixel of the row j and 
nik is the number of protons within a certain energy bin k. The equation 
system can be solved by means of linear least-squares optimization, 
provided that the matrix A is properly set up. To this aim, the sensor chip 
of the Timepix detector was irradiated at a Tandem van-de-Graaff 
accelerator with a proton beam of energies ranging between 17 and 
20 MeV. The beam current was reduced to a minimum, such that indi-
vidual proton tracks could be identified and extracted from the 
measured Timepix frames. Thus, for each proton energy, about 1000 
individual tracks were extracted and averaged, resulting in one model 
track for every discrete experimental energy. For other kinetic energies, 
model tracks were obtained by interpolation and extrapolation. These 
tracks are then used to set up the matrix A, as shown in Fig. 18. 

First experiments using this prototype Timepix edge-on spectrometer 
were performed using a 20 MeV proton beam from the Tandem accel-
erator and a small sample consisting of four partially overlapping layers 
of radiochromic film attached to the entrance slit of the spectrometer. 
This sample provides a laterally varying energy distribution at the 
location of the sensor chip. The measured detector signal is shown in 
Fig. 3 (top), and the corresponding reconstructed energy distribution is 
plotted in Fig. 3 (bottom). To reduce computation time, four adjacent 

pixel columns were combined to one. 
However, typical proton fluxes from laser-driven proton sources can 

easily exceed the saturation limit of the Timepix detector. Moreover, 
particles that leave the sensor chip due to elastic Coulomb scattering or 
protons that experience nuclear interactions are not accounted for in this 
approach and can, therefore, bias the reconstructed energy spectrum. A 
possible solution to overcome these limitations relies on the detection of 
particles scattered within an absorber slab (e.g., PMMA) mounted on top 
of the sensor chip. This approach is based on a study performed by 
(Merchant et al., 2017). By adjusting the slit such that the incoming 
protons all penetrate the absorber and with appropriate slab thickness 
and absorber material, the number of protons reaching the sensor chip 
can be well controlled, and spectrometry of laser-driven proton bunches 
can be performed. 

4.5. Timepix for most likely path verification in proton computed 
tomography studies 

Proton computed tomography (pCT) is a promising imaging tech-
nique to substitute x-ray computed tomography for more accurate pro-
ton therapy treatment planning, reducing the uncertainty in the proton 
range determination. Currently, Hounsfield values in x-ray computed 
tomography are converted to relative stopping power in proton treat-
ment plans, leading to 3%–5% systematic errors in the proton range 
calculation (Schaffner and Pedroni, 1998). PCT provides a possible so-
lution to this uncertainty providing a direct calculation of the proton 
relative stopping power from proton energy loss measurement, thus 
reducing the uncertainty to less than 1% (Schulte et al., 2004). In 
2013–2015 a new pCT scanner was built by the pCT collaboration 
formed by Loma Linda University and University of California Santa 
Cruz. The scanner consists of a tracking system (silicon strip detector), 
measuring the coordinates of protons entering and exiting the scanned 
object, and a scintillating energy detector, measuring the protons re-
sidual energy (Johnson et al., 2016; Bashkirov et al., 2016). 

Penfold et al. (2010) developed an image reconstruction algorithm 
based on algebraic reconstruction technique combined with a most 
likely path (MLP) formalism (Schulte et al., 2008), predicting the proton 
path of maximum likelihood, to improve the pCT spatial resolution in 
pCT image reconstruction. The MLP formalisms currently available in 
the literature (Schulte et al., 2008; Williams, 2004) assume that the 
traversed medium is homogeneous (typically water or water-equivalent 
material). But in heterogeneous medium (i.e., patients), protons have 
different behaviors when traversing materials of different densities, 
scattering more in a dense material than in the less dense material and 
multiple Coulomb scattering causes Bragg peak degradation (Sawakuchi 
et al., 2008) (see Fig. 19). 

To investigate the effect of heterogeneities in the pCT image recon-
struction algorithm, Timepix was used to compare the experimentally 
measured proton path with the MLP predicted one. Timepix was suc-
cessfully integrated with the prototype pCT scanner, and Fig. 20 shows 
the experimental setup used for this study. A human chest configuration 

Fig. 17. Sketch showing Timepix edge-on spectrometry. The proton bunch 
coming from the left (red cone) is hitting the collimator (black blocks). The 
sensor chip of the Timepix detector is shown in gray. Only a small number of 
protons (indicated by the black line) pass through the slit and impinge on the 
sensor chip’s front edge. The individual protons penetrate the sensor chip 
parallel to its face and are continuously slowed down, resulting in a signal in-
side the traversed and neighboring pixels proportional to the energy deposition 
(indicated by colors in pixels ranging from green to red). One of the pixel 
columns is colored blue, and one-pixel row is marked in brown to explain the 
nomenclature used here. Figure is taken from (Würl, 2018). (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 18. Graphical representation of the matrix A for spectrum reconstruction. Every column corresponds to the laterally integrated average energy deposition in the 
sensor chip for one proton of a certain energy; figure is taken from (Würl, 2018). 
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(here referred as “chest slab phantom”) was created by symmetrically 
arranging tissue-equivalent slabs (CIRS, Norfolk, VA) of cortical bone, 
soft tissue, and lung on either side of the phantom center. Timepix was 
located at the center of the chest slab phantom, held by a custom made 
PMMA plate. Timepix measurements without slabs were conducted as 
well. Timepix consisted of a 150 μm silicon detector chip covering an 
area of 1.5 � 1.5 cm2, operating in Time of Arrival and controlled via the 
Pixelman software package (Turecek et al., 2011c). The pCT scanner 
firmware was modified to use Timepix and pCT time stamps to match 
Timepix and pCT proton signal. 

The proton MLP was calculated using the coordinates of the hits at 
entrance and exit tracking planes, according to the formalism described 
by Schulte et al. (2008). The accuracy of the prediction Δ(MLP) was 

calculated, as the difference between measured and predicted MLP, for 
horizontal and vertical coordinates independently. Table 1 shows the 
mean and standard deviation (StdDev) of Δ(MLP) along x and y direc-
tion for Timepix alone and chest slab phantom configuration. The 
agreement between experimental and predicted measurements was al-
ways within one standard deviation, and the MLP algorithm was not 
significantly affected by heterogeneities. Other studies were conducted 
evaluating the protons MLP accuracy with inhomogeneous phantoms, 
but the novelty of the work here presented is the use of experimental 
data collected with a high spatial resolution pixelated detector (Wong 
et al., 2009). Timepix was proven to be a very simple and useful tool for 
this investigation on pCT. 

Future pCT – Timepix studies include the study of other “clinical” 
configurations, the investigation of the MLP angular dependency and 
the integration of this work in the pCT software simulation platform 
presented in (Giacometti et al., 2017). 

4.6. Timepix in targeted alpha therapy 

An autoradiography imaging study to measure radioisotope uptake 
in targeted alpha therapy (TAT) using the Timepix detector was per-
formed by Al Darwish et al. (2015). Lewis Mice with Lewis lung (LL2) 

Fig. 19. Measured Timepix signal (top) and reconstructed lateral energy distribution (bottom) for a sample consisting of four partially overlapping layers of 
radiochromic film. In the Timepix frame, only the first 16 pixel rows are shown as the signal in the more distal rows is zero, the figure is taken from (Würl, 2018). 

Fig. 20. Experimental setup for the Timepix -pCT study. The Timepix was held between the slabs of a custom made PMMA plate (insert) in the center of the chest slab 
phantom: 2 slabs of the lung (7 cm), one slab of soft tissue (2 cm) and one slab of cortical bone (1 cm) (Giacometti et al., 2017). 

Table 1 
Calculated Δ(MLP) � standard deviation (StdDev) along x and y-axis.  

Configuration Δ(MLP)x � StdDev 
[mm] 

Δ(MLP)y � StdDev 
[mm] 

Timepix (no slabs) 0.004 � 0.317 0.109 � 0.350 
Timepix in the centre of the chest 

slab phantom 
0.199 � 0.650 0.213 � 0.682  
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tumors were treated with about 18 kBq of 227Th-labeled with the mu-
rine monoclonal antibody (DAB4) that bounds to necrotic tumor cells. 
The rationale is to develop α-particle-mediated bystander of nearby 
viable tumor cells. Finally, 5 μm tumor sections were cut from treated 
mice for autoradiography with Timepix. Each tumor section was 
mounted onto a slide with front face uncovered to allow emission of 
α-particles from the tumor section. Variations in tumor uptake of Th-227 
labeled radioimmunoconjugate (RIC) based on the necrotic tissue vol-
ume were investigated (Darwish et al., 2015). The α-particle, photon, 
electron, and muon tracks were distinguished by Timepix detector in 
tumor section images using cluster analysis software (Turecek et al., 
2011b). The results (Fig. 21) show that the uptake was four times greater 
when using chemotherapy before treatment with Th-227 labeled RIC 
(p-value of 0.026). 

In another study, Timepix was used as a dosimeter in targeted alpha 
therapy using Ra-223 and A549 lung carcinoma cells (AL Darwish et al., 
2016). This work combined Timepix dosimetry with biological dosim-
etry based on the γ-h2ax assay, using a Timepix-based transmission 
dosimetry design for α-particles (Fig. 22). A monolayer of A549 lung 
carcinoma cells was irradiated with an evaporated Ra-223 source posi-
tioned below the cells for ½, 1, 2 or 3 h. The Timepix detector positioned 
above the cells was used to determine the number of transmitted alpha 
particles passing through the A549 cells. Moreover, using γ-H2AX assay, 
DNA double-strand breaks (DSBs) were examined by fluorescence mi-
croscopy and compared for irradiated and unirradiated control cells. 
Approximately 20% of alpha particles were transmitted and detected by 
Timepix. The equivalent dose delivered to A549 cells was estimated to 
be approximately 0.66 Gy, 1.32 Gy, 2.53 Gy, and 3.96 Gy after ½, 1, 2 
and 3 h irradiation, respectively, considering relative biological effec-
tiveness of alpha particles of 5.5. The absorbed dose was correlated with 
the observed DNA DSBs, as shown in Fig. 23 (AL Darwish et al., 2016). 
The study confirmed that the Timepix detector could be used for 
transmission alpha-particle dosimetry. If cross-calibrated using biolog-
ical dosimetry, this method will give a good indication of the biological 
effects of alpha particles. 

4.7. Characterization of equipment for shaping and imaging hadron mini 
beams 

Hadron therapy has a critical advantage over conventional radio-
therapy, that is a lower impact on healthy tissues in the neighborhood of 
a tumor that is being treated (Schardt et al., 2010b). This section dis-
cusses the feasibility of spatially fractionated hadron therapy, published 
in (Pugatch et al., 2017). The size and dose fields that were investigated 
were in the rage of 1 mm and 1 � 1 cm2, respectively, similar to the ones 
studied by Martinez et al. (Martinez-Rovira et al., 2016). Monte Carlo 
simulations were used to optimise the hadron mini beam structures 
within a water phantom created by slit and matrix collimators. Simu-
lations were used to characterize the Timepix detectors using low energy 
protons at the KINR Tandem generator (Kyiv) as well as high energy 
carbon, and oxygen ion beams at HIT (Heidelberg). Using an ideal fine 
pencil beam. Fig. 24 shows the Monte Carlo simulation of the dose 
profile delivered by protons with an energy of 105 MeV shaped by a 
brass collimator with five slits. 

A beam of protons with an energy of 3 MeV was incident on a 
polyethylene target installed inside the vacuum chamber. Two Timepix 
detectors were positioned at 100 mm from the target center and 45�

from both sides of the proton beam. The operation of the 300 μm thick 
silicon sensor was performed in metal mode while the other detector was 
operated in hybrid mode. Metal mode comprises a bare readout chip and 
a metal grid for collecting Secondary Emitted Electrons. In this mode, 
ions impinge on the surface of the Al pads which are foreseen for bump 
bonding ejecting secondary electrons of very low energy (~1 eV), and 
the ejected electrons are swept away by the electric field caused by the 
20 V positive bias of the metal grid. The grid is placed 3 mm above the 
chip. In hybrid mode, the Timepix detector is unmodified with a 300 μm 
silicon micropixel sensor. Fig. 25 depicts a 2D image by a Timpix de-
tector of the proton intensity distribution acquired in metal mode with 
the aluminum slit collimator installed at 3 cm in front of the Timepix 
detector. The pixel counts show a uniform distribution of the proton 
beam in each slit (Fig. 25 left). This illustrates a nice performance of the 
Timepix detector reflecting details of the 2D beam intensity distribution 
with an accuracy of 55 μm. One of the important characteristics of the 
multi-channel detection system is the uniformity of its response. 

Studies using EBT3 gafchromic film have shown that Peak-to-Valley- 
Dose-Ratio (PVDR) values around ten are observed in the first few 
centimeters of the water phantom and decreases by a factor of approx-
imately five at 80 mm depth. The values are comparable to studies ob-
tained with standard X-ray beams, for which the biological effectiveness 
of the spatial fractionation has already been proven. Using a micropixel 
based detector (hybrid and metal mode) have successfully been utilized 
for measuring intensity distributions of the hadron mini beams in real- 
time. Future studies will include finer optimization of the beamline 
configuration and collimator system to maximize the PVDR values and 
provide dose distribution measurements (Pugatch et al., 2017). 

5. Radiography with helium ion beams using a Timepix-based 
imaging system 

5.1. Medical imaging with ion beams 

Planning of ion beam radiotherapy treatments is based mainly on 
computed tomography (CT) images, which are acquired several days 
before the delivery of the first radiation fraction. Imaging with ion 
beams has a potential for improvement in terms of a direct in-vivo 
measurement of the integrated stopping power of the patient’s tissue 
directly on the treatment couch, with the required precision below 1% 
(Poludniowski et al., 2015). This approach takes advantage of the 
distinct shape of the Bragg curve. The finite range of ions in matter 
enables gaining direct information about the integral stopping power of 
the imaged object if the residual energy of the ion behind the imaged 
object is measured. 

Fig. 21. Images of tumor sections from mice, (a) and (b): treated with 227Th- 
DAB4 alone, (c) and (d): with chemotherapy followed by 227Th-DAB4. The red 
circles represent the approximate tumor section boundaries, courtesy of 
(Darwish et al., 2015). (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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Moreover, the steep gradients of the Bragg peak potentially provide 
high sensitivity to small areal-density changes along the beam path in 
the imaged object. Despite nearly five decades of research, there is 
presently no ion imaging method which would be ready for the clinical 
use (Poludniowski et al., 2015). An excellent overview of ongoing and 
completed projects on proton beam imaging can be found in (Johnson, 
2017). While the majority of the currently existing therapeutic ion 
beams are proton beams (Particle Therapy Cooperat, 2018), helium ions 
are an attractive radiation modality for both therapy and imaging. 
Firstly, they exhibit decreased scattering in the imaged object when 
compared to protons. Secondly, due to the decreased damaging poten-
tial compared to carbon ions (Gehrke et al., 2018a), the long-term effects 
of the high locally deposited doses, which are yet unknown, can be 
avoided. Being still at the beginning of the research, published in-
vestigations on helium ion imaging are currently scarce (Ohno et al., 
2004; Volz et al., 2018). 

5.2. Developed imaging system 

At the time of development and the first tests of the reported system, 

there was no other fully pixelated ion imaging system published 
(Pugatch et al., 2017). A dedicated detection system for helium ion 
radiography was designed and built comprising a two-stage tracker and 
an energy deposition detector. All of them were composed exclusively 
from Timepix detectors thanks to the unique combination of their ca-
pabilities, including sufficient spatial and temporal resolution to register 
single therapeutic ions with a detection efficiency close to 100% and an 
uncertainty of the ion’s hit position <55 μm, complemented by single 
ion’s energy deposition measurements and the sensitivity to ion type. 
The radiographic system was composed of 5 sensitive layers (Gehrke 
et al., 2018a), as shown in Fig. 26. Detectors No. 1 & 2 were used as a 
front tracker, detectors No. 4 & 5 as a rear tracker. Layer No. 3 was used 
for energy deposition measurement. Optimal settings of the Timepix 
detectors, like the acquisition time duration and bias voltage, were 
found in experimental studies by maximizing the contrast-to-noise ratio 
(CNR) and spatial resolution (SR) of the radiographic images (Gehrke 
et al., 2017, 2018a). 

In contrast to many single ion radiographic/tomographic systems 
with the image contrast based on the residual energy (or range) of the 
beam behind the object, the steep gradient of the energy deposition 
closely before the Bragg peak was exploited to gain potentially higher 
image contrast. The main quantity measured was the energy deposition 
of single ions in the sensor (material budget < 1 mm of water) of de-
tector No.3 on a single particle basis (Gehrke et al., 2018b). For this, its 
response was calibrated for all 65 536 pixels (Würl, 2018). The unique 
positioning of the rear tracker behind the energy deposition detector 
enabled us to minimize the deterioration of the energy deposition in-
formation by the interactions of the ions with the tracker. 

Single ion tracking was used to improve the spatial resolution of the 
images, which is limited by multiple Coulomb scattering of the ions in 
the imaged object (Gehrke et al., 2018a). The implemented two-staged 
tracking system enabled us to measure the trajectories of ions entering 
and exiting the imaged object and use them for increasing the spatial 
resolution. For tracking, the capability of the synchronization of all 
detector layers was used as a key feature of our experimental approach. 

5.3. Data acquisition and processing 

A dedicated data acquisition procedure and data processing algo-
rithm was established (Gehrke et al., 2018b). It includes the identifica-
tion and removal of radiation background and detector artifacts, 

Fig. 22. Schematic diagram of the experimental setup showing the transwell system with two compartments: the lower compartment with the evaporated Ra-223 
source and the upper compartment with seeded cells (cell diameter: 12.5 μm) and a thin layer of medium (approximately 45 μm height). Transmitted alpha particles 
are detected by Timepix, courtesy of (AL Darwish et al., 2016). 

Fig. 23. Relationship between the absorbed dose to the cell layer and the 
media and the % of cell damage ascertained from biological dosimetry (induced 
by radiation and the environmental factors) after 1/2, 1, 2 and 3 h irradiation 
times, courtesy of (AL Darwish et al., 2016). 
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Fig. 24. Monte-Carlo simulation of the dose profile delivered by protons with an energy of 105 MeV shaped by a brass collimator with five slits (width: 0.7 mm, c-t-c 
distance: 2.8 mm). Top: depth in the water phantom of 1 cm. Bottom: 7 cm. Distance between phantom and collimator: 20 cm (Pugatch et al., 2017). 

Fig. 25. Left: 2D distribution of the proton beam intensity measured by metal Timepix. Slit collimator was installed in front of the Timepix detector. Right: Projection 
of the data onto X-axis (Pugatch et al., 2017). 
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homogenization of the Timepix detector response, single-ion identifi-
cation, and tracking. Secondary nuclear fragments represent a challenge 
when ions heavier than protons are used for imaging. They have a lower 
charge, leading to lower energy depositions than the primary helium 
ions. In this way, they cause an increase in the image noise and thus 
decrease the CNR. 

Consequently, one of the challenges was to identify and exclude 
hydrogen fragments from image formation. That issue was addressed by 
exploiting a unique single ion identification capability, which is based 
on pattern recognition of the signal measured in the energy deposition 
detector (Hartmann et al., 2017; Poludniowski et al., 2015; Arico et al., 
2017). It allowed us to overcome the degradation of the images by 
secondary fragments of helium ions. 

For accurate single-particle tracking, a precise alignment of the five 
detector layers, far beyond the capabilities of the laser system installed 
in the experimental room of the HIT facility, is crucial. A method 
reaching an alignment accuracy of 1 px (55 μm) was developed (Gallas 
et al., 2017b). 

5.4. Results and discussion 

The performance of the imaging method was addressed in 

experiments conducted at the Heidelberg Ion-Beam Therapy Facility 
(HIT) in Germany (Particle Therapy Cooperat, 2018). Patient-sized 
plastic phantoms contained clinically relevant thickness variations to 
be visualized (down to 0.6%) at different positions in depth. The quality 
of the images was evaluated quantitatively in terms of CNR and SR. The 
total improvement of the image quality (see Fig. 27) in terms of 
contrast-to-noise achieved by the described data processing method 
reached 350%, enabling us a clear visualization of a 0.6% thickness 
variation at a diagnostic X-ray dose level (Marti�síkov�a et al., 2018). 

An improvement of the spatial resolution by 270% was reached 
exploiting the measured track information (Marti�síkov�a et al., 2018). 
The achieved spatial resolution for imaging of a 1 mm deep step at the 
worst-case position in a head-sized plastic phantom with helium ions 
was found to be 0.54 � 0.03 lp/mm (at MTF10%) and thus 50% higher 
than for protons (0.37 � 0.04 lp/mm) in the same situation (Ohno et al., 
2004). This direct comparison was enabled by the applicability of the 
system for both ions. Fig. 28 shows an example of a helium ion beam 
radiography of a biological specimen – a seashell. 

Using a single technology for the measurement of the energy depo-
sition, tracking, and ion identification enabled a straight forward 
investigation of a different order of tracking and energy deposition 
modules, which is difficult, and often even impossible, with other 

Fig. 26. A sketch of the experimental setup consisting of the front tracker, 161 mm long PMMA phantom with a 1 mm thick air inhomogeneity, energy deposition 
detector, and the rear tracker. Reprinted from (Marti�síkov�a et al., 2018). 

Fig. 27. A measured helium radiograph depicting a vertical air inhomogeneity (1 mm thick in the beam direction) in an otherwise homogeneous 161 mm thick 
PMMA phantom. The inhomogeneity was positioned in the middle of the phantom, where the lowest theoretical spatial resolution is expected. Shown are three stages 
of the image processing: raw data (a), image using He-ions only (b), considering measured ion directions (c). The pixel size is 220μmx220μm. Reprinted from 
(Marti�síkov�a et al., 2018). 
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existing ion radiography systems. In contrast to scintillating fibers or 
silicon strip detectors, a Timepix-based tracker provides both co-
ordinates of a particle hit in each layer, which enables a reduction of the 
scattering of the ions in the imaging system. Moreover, the pixel tech-
nology allowed us to decrease the occupancy of the tracker and enabled 
an improved disentangling of multiple simultaneously detected parti-
cles. Based on the described results, Timepix detection technology is 
highly attractive for medical imaging using ion beams. 
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