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Proton Radiography With Timepix Based
Time Projection Chambers

Aleksandra K. Biegun, Jan Visser*, Tom Klaver, Nafiseh Ghazanfari, Marc-Jan van Goethem,
Els Koffeman, Martin van Beuzekom, and Sytze Brandenburg

Abstract—The development of a proton radiography system
to improve the imaging of patients in proton beam therapy is
described. The system comprises gridpix based time projection
chambers, which are based on the Timepix chip designed by
the Medipix collaboration, for tracking the protons. This type
of detector was chosen to have minimal impact on the actual
determination of the proton tracks by the tracking detectors. To
determine the residual energy of the protons, a BaF, crystal with
a photomultiplier tube is used. We present data taken in a feasi-
bility experiment with phantoms that represent tissue equivalent
materials found in the human body. The obtained experimental
results show a good agreement with the performed simulations.

Index Terms—Biomedical imaging, proton, radiography.

I. INTRODUCTION

HE use of proton beams in radiotherapy is a worldwide
rapidly growing treatment modality. It offers one of the
most conformal methods to irradiate tumours that minimises the
dose deposited in healthy tissue. One of the factors currently
limiting the treatment quality is the relatively large systematic
error of the proton beam range of over 6% that influences the
distal position of the 90% dose level. This 6% uncertainty trans-
lates into a 6% margin of extra irradiated tissue around the tu-
mour for breast, lung and head and neck treatments [1].
Currently, the proton stopping powers are derived from X-ray
computed tomography (CT) data, using a model to derive the
tissue composition from the X-ray attenuation coefficient [2].
As the physical interaction of X-rays with matter differs from
the interaction of protons with matter, this method is subject to
systematic and patient-dependent errors. Several ways to im-
prove the quality of proton stopping power predictions are being
explored. One of these is the use of high energy protons to ob-
tain direct information on their stopping powers in tissues from
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proton radiography and proton CT imaging. Several strategies
for these measurements are being explored [3]-[5]. The most
detailed information is obtained by measuring the energy loss
and scattering angle for individual protons passing through the
patient's body. Depending on the region to be imaged this re-
quires protons with an initial energy between 200 and 300 MeV
to ensure that the protons leave the patient's body with a sub-
stantial energy, well above the onset of the Bragg peak.

From the entry and exit points and angles of each proton com-
bined with the deposited energy the most probably path can be
calculated for each proton. This, together with already available
X-ray CT data may improve the accuracy of the stopping power
prediction and thereby the quality of the proton treatment plan.

We have developed and built a small prototype of a novel
proton radiography system and performed the first proof of prin-
ciple experiments and simulations.

II. STATE OF THE ART

Proton radiography and proton CT are being developed by a
number of collaborations and groups; Loma Linda & Santa Cruz
[6], the Ttalian TERA [7] and PRIMA [8] collaborations, and a
number of other groups [9]-[12]. An overview of many initia-
tives is given in [13]. In general, the tracking systems are based
on silicon strip detectors, while a variety of residual energy de-
tector concepts are used. Concerning the latter, we currently use
a single crystal. The choice for a larger scale system is yet to be
made. With regards to the tracking systems, we have opted for
time projection chambers based on the gridpix technology de-
veloped at Nikhef [14]. This concept allows us to build a system
that has minimal impact on the passing protons and provides
data points that can be fit directly to obtain 3D reconstructed
tracks.

The impact of our system on passing protons can be expressed
in water equivalent thickness (WET) and then compared to other
common approaches.

III. SET-UP

The current radiography set-up consists of the following com-
ponents of which a scheme is given in Fig. 1: a trigger detector
(plastic scintillator), two tracking detectors (Time Projection
Chambers (TPCs)) and a residual energy detector (currently a
BaF';, crystal). Both the trigger detector and the residual energy
detector produce a fast output pulse. A coincidence of these two
signals starts the read-out of the two TPCs, which provide the

0278-0062 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Schematic view of the detectors in the radiography system. Thicknesses
of the system components in the beam direction: trigger detector (scintillator):
0.5 cm, each of the tracking detectors: 3.5 cm, residual energy detector (BaF';
crystal): 6 cm. Distances: trigger detectors to the front face (FF) of the first
tracker: 2 cm, the back face (BF) of the first tracker to the FF of the phantom: 3
cm, BF of the phantom to the FF of the second tracker: 3 cm, BF of the second
tracker to FF of the residual energy detector: 3 cm.

individual proton tracks before and after the object under study
(phantom in Fig. 1).

A. Time Projection Chambers

The time projection chambers constitute the core of our
system. They provide the 3D coordinates of the locations
where electrons are liberated in the gas volume when a charged
particle such as a proton passes through them. We obtain the 3D
coordinates along the particle track from the Timepix chip [15].
This pixel chip was designed by the Medipix Collaboration
[16] and consists of a matrix of 256 by 256 of square 55 pm
wide pixels. Each pixel measures the arrival time of a charge
cloud with an accuracy of 10 ns. The chip directly provides
the x-coordinate and the y-coordinate of the pixels that give a
signal. The z-coordinate is reconstructed from the drift time of
the liberated primary electrons relative to the trigger. As we get
at least 50 ionisations along a proton track over the chip width
of 14 mm, we can determine the proton track by fitting a line
through these 50 points. For chambers with a drift length of
a few mm, a position resolution of 10 pm is achievable [17].
For larger chambers this will be worse as the diffusion plays a
significant role.

In Fig. 2, a schematic representation of the basic components
of a TPC is given. At the top we have a cathode, made of stan-
dard printed circuit board material with a copper plane at the
bottom-side. The main volume, which is the drift region, is con-
tained by a kapton foil with 0.5 mm wide metal strips at a pitch
of 1 mm running parallel to the cathode. Across these strips a
resistor chain is mounted outside the main volume to create a
homogeneous electric field in the drift region. At the bottom of
the drift region, there is a guard plane of PCB material with a
metallic side. The guard plane has an opening so that the pixel
matrix is only reachable for the drifting electrons. Its function is
to avoid inhomogeneities in the electric field at the edge of the
pixel matrix. Its potential is fixed to the voltage of lowest strip
of the field cage. In this way it can be used to create a smooth
transition between the drift region and the grid. If this transition
is not tuned properly the electric field lines towards the grid can
be distorted, which could lead to curved tracks by non-uniform
transport of the drifting electrons to the grid and thus the chip
below.

Directly on top of the Timepix chip a silicon nitride protection
layer (8 pm) is deposited to prevent damage of the front-end
electronics by the unavoidable discharges. On this layer SU-8
pillars of 50 um height are constructed. SU-8 is an epoxy based
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Fig. 2. Schematic view of the components of a Time Projection Chamber.

negative photoresist. The pillars carry a relatively open alu-
minium grid. The holes in the grid are positioned above the input
pads of the charge sensitive amplifiers. Together the chip and
the grid form the so-called gridpix detector [14]. The principle
of operation is that electrons drift to the grid in a relatively mod-
erate electric field of 0.67 kV per cm and then, once through the
grid, an avalanche of electrons is generated in the high field re-
gion of about 450 V over 50 ym (90 kV/cm). The avalanche
is necessary to generate the more than 1000 electrons that are
required to trigger the front-end circuitry in the Timepix chip
through capacitive coupling across the protection layer.

The volume of the TPC is filled with a gas mixture of helium
and isobutane (80% and 20% respectively). This is not the ideal
mixture for optimal drift speed and diffusion. Unfortunately, the
gridpix chips that we have used for our study are from a produc-
tion run that was known to be sensitive to discharges. Therefore,
we chose to use a gas mixture that is less likely to initiate dis-
charges. A 50 — 50 mixture of carbon dioxide and dimethyl ether
(DME) is a better choice, and we are planning to use it for the
larger system. The operating voltage of 2 kV at the cathode im-
plies that the drift speed in the used helium-isobutane mixture
is about 2 cm per us, leading to drift times of up to 1.5 ps in our
system.

For the proof of concept detector presented in this article, we
have mounted two Timepix chips next to each other, creating
a floor plane of 1.4 x 2.8 cm?. The height of the drift volume
was 3 cm. The chamber was oriented to the proton beam in a
way that we had a frontal area of 2.8 x 3 cm? and 1.4 cm in
depth along which we could track the protons. We positioned
the detector under a 10-degree angle relative to the axis perpen-
dicular to the proton beam. This is to avoid tracks very close
to the grid to generate hits in one column of pixels only, lim-
iting the track resolution. By turning the detector we reduce the
chance of tracks coinciding with a single column and thereby
the optimum angular resolution can be realised.

The water equivalent thickness (WET) of our gas detectors
was calculated taking into account the thickness of two kapton
foils (p = 1.42 g/cm®) of 50 um each, one strip of copper
(p = 8.96 g/cm?®) of 30 um and the gas inside the detector
(isobutane (C4H1p) mixed with helium, 80%-20%). As 80% of
the gas was isobutane the WET was calculated for 100% isobu-
tane. This is a worse scenario as the density for isobutane is
higher (pcamio = 2.48 * 10-3 g/cm3) than density for helium
(pHe = 0.166 % 1072 g/cm?). The WET of our position sensi-
tive detector was calculated to be 0.36 mm, which is so low that
it does not significantly influence the protons.
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Fig. 3. Trigger logic.

The WET of our position sensitive detector compared to de-
tectors used by other groups is very low. As an example, the
WET of two single sided silicon detectors of 0.4 mm thickness
each (used together) is 1.54 mm [6], and for two scintillating
fibers used together as position sensitive detectors [18], with a
thickness of 2 mm each, the WET is 4.099 mm.

Detector chips are not included in the calculations of the
WET, because they are not in the path of the proton beam.

B. Residual Energy Detector

Protons that have passed through the object under study are
stopped in the residual energy detector (BaF; crystal) and the
attached photomultiplier tube provides an amplified signal. The
BaF'; crystal generates two pulses, a fast one (0.8 ns), which is
used as a part of the trigger system, and a slow one (0.63 us),
which is used for the energy determination.

The energy signal is read out with the HiSPARC III system
[19]. The analogue-to-digital converter samples the signal every
2.5 ns and also provides with nanosecond precision an abso-
lute time stamp, which is used to verify the synchronisation be-
tween both TPCs and the residual energy detector. Relative to
the trigger a window of 1 ys is read out and integrated offline to
obtain the deposited energy.

C. Electronics

The electronics of the trigger system is implemented with
various NIM units to generate the coincidences and ensure that
no further triggers are accepted until the signals from all detec-
tors have been read out (Fig. 3). For a future system based on
Timepix3 [20], which does not need a trigger, events can be ac-
cepted continuously as long as there is no pile-up.

To ensure a synchronised start and data collection of the
TPCs and the residual energy detector, a Raspberry pi computer
[21], which is a credit card-sized single-board computer, is
used. With a dedicated programme it releases, as soon as all
software threads have started polling for data, the veto of the
coincidence unit that uses the signals from both the trigger
scintillator and the residual energy detector to establish whether
a proton has passed the complete detector chain. The Relaxd
system [22] is used to read out the Timepix chips of the TPCs.
The event rate that we can achieve with the Relaxd read-out
system is about 100 Hz. This value will be pushed into the tens
of kHz domain with the use of the SPIDR read-out system [23]
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Fig. 4. Calibration measurements of the residual energy detector.

and Timepix3 chips in the next experiments, where the residual
energy detector is the limiting factor to achieve up to 1 MHz
event rate for a single Timepix3 chip.

D. Proton Beam

A 150 MeV proton beam from the superconducting K =
600 MeV cyclotron AGOR [24] at KVI-CART was used. A
beam with an intensity of about 1 pA was scattered from a 1.4
mm lead foil to produce a nearly homogeneous field over the 3
x 3 cm? detector area. The proton flux on the detector was about
10 protons per cm~2s~ 1, which the current Relaxd read-out
system can handle.

IV. RESULTS

The main ingredients needed to reconstruct the phantom
under study are the energy calibration of the residual energy
detector, the 3D track reconstruction of protons passing through
the TPCs and, subsequently, combining this information in
energy radiographs.

A. Energy Calibration of the Residual Energy Detector

The energy calibration has been done by passing the proton
beam through a stack of aluminium plates of precisely known
thickness. As we know the initial beam energy accurately, we
can calculate the energy of the protons after passing through the
plates. In Fig. 4, we present spectra for ten energy calibration
runs at different proton beam energies. The observed widening
of the peaks towards lower energy is due to the energy strag-
gling that the protons undergo by passing through a significant
amount of material.

The energy resolution at 150 MeV is 2.1% FWHM. In Fig. 5,
the obtained calibration curve for peak height versus proton
beam energy is shown, and a third order polynomial function
was fit to the experimental data.

B. Time Projection Chamber Tracks

In Fig. 6, an example of a proton track in one of the TPCs is
shown. The number of reconstructed ionisation centres depends
on the proton energy and the distance from the read-out chip
at which the ionisation took place. At 150 MeV the number of
centres per track is between 50 and 65, while at 60 MeV this
number ranges from 100 to 150. While drifting from the top to
the bottom around 30% of the electrons are absorbed. A large



1102

160

X2/ ndf 04302/ 6
po ~9.675 +6925
p1 01415 +0.01593
P2 -9.973e -05 + 1.176e —05
p3 3.58¢ ~08 *2.8¢-09

140

—_
N
o

-
o
o

LI L T B B

Energy [MeV ]

o]
o

60

[T L IR (R B S
800 1000 1200 1400 1600 1800 2000
Mean peak height [mV]

Fig. 5. Calibration of the residual energy detector. Statistical errors are plotted,
but their sizes are smaller than sizes of the points, thus hardly visible.

250
200

D

300

3
200 50 (&
X [pixel #] 3

Fig. 6. A track of a 150 MeV proton in the time projection chamber.

18000
16000
14000
12000

£10000

=

= 8000

6000
4000
2000

(=]

o\!lll\Illl\l\llll\l\l\llll\
N AN RN RN LR LN RN R

50 50 200

100 1
Clock cycles [10 ns]
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spond to hits near the cathode and anode respectively.

part of that is most likely due to oxygen contamination of the
gas mixture.

This effect can be seen in Fig. 7. However, as the length of
the tracks is such that still a minimum of 50 electrons make it
through the grid to start an avalanche, we reconstruct enough
ionisation centres for an accurate fit.

The x-position and the y-position are given by the pixel that
is hit by the electron avalanche. The z-position is reconstructed
from the drift time relative to the trigger.

The z-position has been calibrated by illuminating the whole
detector with the primary proton beam and scaling the z-posi-
tions such that they correspond to the known size of the TPC
itself, as shown in (Fig. 7). A cross check was done using the
drift speed of the electrons for the electric field strength of 2
kV over 3 cm and the gas mixture of helium and isobutane. The
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Fig. 8. Left: sample under study: CT solid water main cylinder (brown) with
inserts of adipose (brown), PMMA (transparent) and a cortical bone (white).
Right: X-ray CT slice of reconstructed image of that sample taken with the clin-
ical CT scanner in UMCG with a voltage of 120 kV.

drift speed of about 2 cm/us was obtained with Garfield [25].
From Fig. 7, we can see that indeed the drift time is about 1.5 ys.
The left side corresponds to the electrons that have undergone
the largest drift time, of which a significant fraction is absorbed.
The right side corresponds to the electrons liberated just above
the grid, which nearly all make it through the grid. The width of
the distribution measured at 50% of the maximum is in agree-
ment with the aforementioned 1.5 ps drift time.

Pre-run alignment between the two TPCs has been done using
a laser positioning system, and afterwards with a phantom-less
run, extrapolating tracks in the first TPC to the second and min-
imizing the sum of residuals of hits in the second TPC with re-
spect to translations and rotations.

C. Sample Under Study

The sample we have studied is shown in the left side of
Fig. 8 and consists of a cylinder of Gammex 457 solid water
with a density of p = 1.015 g/cm?®, a length of 2.5 cm
and a diameter of 2.5 cm [26]. In this main cylinder, three
cylindrical inserts were placed with tissue-like solid materials
and PMMA to simulate human tissues. In Fig. 8, the white
insert represents Gammex cortical bone 450 with a density of
p = 1.82 g/cm?, the transparent insert is PMMA with a density
of p = 1.18 g/cm?, while the brown insert is Gammex adipose
453 (fat), with a density of p = 0.92 g/cm3.

The difference in densities between PMMA and adipose as
compared to the density of the CT solid water (main cylinder)
is rather small (14% and 10% respectively). In the right side of
Fig. 8, an X-ray CT slice of the same sample is shown to indicate
the difficulty in separating these small density differences. The
sample was placed in the proton beam such that protons went
through the full length of the inserts.

D. Data Selection

To reconstruct the sample geometry we first need to find the
track directions before and after the sample and then combine
this information with the energy deposited in the sample.

The main task in obtaining the proton tracks is the selection
of the tracks. The first cut is made by projecting all hits on the
x-axis, and considering only the peaks in the resulting distribu-
tion. This is done for each event separately. Only events that
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TABLE I
FRACTION OF EVENTS CONTAINING NO TRACKS OR MORE THAN 1 TRACK
TPC 1 TPC 2 Total
No tracks 18.5% 35.4% 40.1%
>1 tracks 1.5% 1.5% 2.9%
Outliers 7% 8.3% 14.4%

contain a single peak, and thus a single proton track in both
TPCs are kept. In this way, in total 42.5% of events are rejected.
A breakdown of this number is shown in Table I, below.

For the remaining 57.5% of the events, the tracks are linearly
fitted using the method described by [27]. Outliers, resulting for
instance from nuclear collisions, with fitting parameters devi-
ating more than 3o from the mean are also removed, cutting an
additional 14.4% of the events, leaving ~ 50% of the events for
the phantom reconstruction.

The resolution of the slope and position parameters of the
straight line fit can be calculated as:

2 1202
Uslope = nl2
2
2 Ty
Upos -
n

where &, is the individual position resolution of the ionisation
centres, n the number of ionisation centres in a track and [ the
length of the track. The uncertainty (mostly due to diffusion) on
the reconstructed ionisation centres, o, increases with the drift
height, and ranges from 0.1 mm to 0.3 mm in the x-y plane and
from 0.6 mm to 0.7 mm in the z-v plane, both from low z to
high z-positions.

E. Sample Reconstruction

To reconstruct the proton tracks from the collection of ioni-
sations centres, we first used a fit procedure with more parame-
ters than needed for a straight line. This was done to verify that
for the collected events the electric field was homogeneous es-
pecially in the area near the grid, where also the guard plane
is present to tune the field (Fig. 2). The conclusion was that the
field was homogeneous, thus justifying that we can use a straight
line fit.

Having obtained all the tracks in the first TPC, we calculated
the sigma of the angular distribution of the initial tracks in the
x-y plane and found 15 mrad on average including the beam
spread of 6 mrad. For tracks with a z-value less than 5 mm, we
found 9 mrad also including the beam spread. For the y-z plane
the distribution is much wider due to diffusion and time walk
effects. The sigma of the track distribution in the y-z plane was
found to be 50 mrad.

The error on these reconstructed angles depends significantly
on the height at which the track is recorded, as shown in Fig. 10,
where the black symbols (5-18 mrad) indicate the errors for
the angle in the x-y plane and the red symbols (44—58 mrad)
represent the errors on the angle in the y-z plane.

The reconstructed angles were in general small (see Fig. 9)
and the errors large (see Fig. 10). Also the scattering caused by
the phantom was small in relation to the initial angles and uncer-
tainties. The limited scattering was caused by the low amount
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of material in the small phantoms, which deviated the protons
relatively little. This can also be seen from the low energy loss
of less than 10% of the initial beam energy of 150 MeV. As a
result, we found that using the position at the centres of the TPC
and assuming a straight line between them, the reconstruction of
the phantom was the best.

The image plane in the centre of the sample was binned and
for each bin the mean of corresponding residual energy mea-
surements was used as the energy loss value.

F. Energy Radiographs

To assess the quality of the experimental results, simulations
of the sample were performed using TOPAS [28]. We studied a
sample with solid inserts, as discussed above.

Due to the limitations of our residual energy detector we
used a very low proton flux during this experiment of about 10
protons/cm? /s. A number of about 5 * 10° proton tracks was
collected within couple of hours. With the related dose depo-
sition rate of 0.05 Gy /s in the phantom, we deposited a total
dose of 0.4 mGy.

Here, we present simulated (Fig. 11) and experimental
(Fig. 12) energy radiographs. Both the simulated and the
experimental energy radiographs show that the geometry
of the cylinder with solid inserts can be reconstructed
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experimental data.

quite well and that the materials in the phantom can be
differentiated. Both energy loss radiographs give com-
parable values of the energy loss AE in different ma-
terials (AEpone =~ 25 MeV, AEpynma ~ 17 MeV,
AEadipose = 13 MeV, AEqolid_water = 16 MeV). The re-
constructed and simulated energy radiographs are in good
agreement. The differences are most notable at the borders
between different materials, where blurring occurs due to
scattering.

V. SUMMARY & OUTLOOK

We observe a good agreement between the reconstructed en-
ergy radiographs simulated by TOPAS and the experimental one
for tissue-like materials with small density differences. Having
realised such a good agreement with relatively limited resources
and detector specifications, we are now looking towards im-
proving our set-up to obtain better quality data. Therefore, we
need to address the limiting factors. The most important of these
is the angular resolution, which is insufficient to reconstruct
more complex phantoms. This was expected as we were not able
to push the TPC's to their best performance due to this batch
specific sensitivity to discharges. A second one is the read-out
speed and thirdly, the limited active area.

We will implement a number of modifications to overcome
these limitations. We will increase the active area by enlarging
the drift area and by reading out the TPCs from two sides to
avoid longer drift times. We are also investigating which type
of residual energy detector is optimal for a system with a larger
detection area.
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Reading out the TPCs with the newly available Timepix3 chip
[14] will significantly increase the achievable data rate. This
chip can deal with 80 megahits per second, allowing the track
rate to approach 1 MHz with about 80 hits per proton track for a
single chip. Even though the Timepix3 will be able to handle
this rate, we have to verify the full functionality of the time
projection chambers at such high particle rates.

The design of the residual energy detector must be considered
carefully to allow a similar read-out speed while also ensuring
an energy resolution of about 1%. As both the Timepix3 and the
residual energy detector provide time stamping of the events, we
do not need a trigger scintillator anymore.

To improve the angular resolution, we will use the higher time
resolution of 1.6 ns (down from 10 ns) of the Timepix3 chip.
This will improve the z-position resolution. In addition, also the
effect of time walk is reduced due to the faster front-end circuit
of the Timepix3 and in addition it can be countered with the
possibility to measure both the time of arrival and the time over
threshold for each event. We will extend the length of the time
projection chambers as having the tracks cross two chips instead
of one will increase the number of ionisation centres and the
track length by a factor two, which immediately improves the
angular resolution by a factor 24/2, as can be seen from formula
in Section IV-D. The penalty in terms of WET for this extension
is negligible as only the amount of gas that needs to be traversed
will increase about 30%. The last means of improvement will be
provided by choosing a gas mixture that causes less diffusion.
This will tighten up the spread in the tracks and improve the
angular resolution.

When all these improvements have been realised, we can con-
sider 3D imaging of phantoms.
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