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Why Proton CT? 
• In proton therapy normally accurate alignment of the accelerator with the patient is done using  

parallel X-Rays imaging. 


• The use of X-rays: 


• increases the dose on the patient. 


• increases the complexity of the setup. 


• The possibility of imaging based on images from proton CT might: 


• reduce the patient dose. 


• improve the imaging.


• simplify the alignment process (already done with the protons).   
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Proton CT concept 
• Use the same accelerator to do 

imaging. 


• measurement of proton track input 
and output directions (DMAPS). 


• might require a reduced proton 
flux to facilitate the proton 
reconstruction. 


• measurement of the proton energy 
after the patient/phantom (ASTRA).   

3Figure 1: 3D visualisation of the pCT system with 4 DMAPS layers, a spherical
phantom with 6 cilindrical inserts in place and the ASTRA range telescope. In
the image, ten protons (dark blue lines) are being measured.

segmented pixel sizes, on the order of tens of microns, privide
them with excellent properties to build proton trackers for pCT.
In addition, their radiation hardness ensures a long life-time of
the sensors even in highly active and high radiation environ-
ments [11] and the monolithic approach provides a compact so-
lution without bump bonding reducing production and mainte-
nance costs. Noticeably, similar pixel technologies, such as the
ALICE pixel detector (ALPIDE), have also been considered for
pCT [12].
The DMAPS-based tracker that we consider would consist of
four identical DMAPS, organized in two sub-trackers, front and
back, each formed by a pair of DMAPS separated by 50 mm.
We consider the gap distance between the front and back track-
ers to be of 150 mm. We simulate the DMAPS as being similar
to those in reference [13], 100 µm thick with a shallow sensitive
layer segmented forming an array of 2500x2500 silicon pixels
of 40⇥40 µm2 covering a total area of 10⇥10 cm2. Notice that
such a device has does not yet exist but could be produced on a
reasonable timescale.

2.2. ASTRA

The ASTRA detector is a novel concept presented in this
article, inspired by the geometry of the existing Fine Grained
Detector (FGD) modules [14] in the ND280 detector of the
Tokai-to -Kamioka (T2K) experiment [15] and by recent R&D
in plastic scintillator detectors, such as the time-of-flight pan-
els [16, 17] and the SuperFGD detector [18, 19] developed in
the context of the ND280 detector upgrade [19].
The ASTRA detector will be a plastic-scintillator range tele-
scope consisting of layers made up of thin polystyrene bars
oriented in alternate axis, perpendicular to the proton beam.
The exact plastic choice could be the EJ-200 plastic scintilla-
tor, which has a scintillation rise time of 0.9 ns, a decay time
of 2.1 ns, and an attenuation length of 380 cm [20]. Here,
we consider a prototype size for ASTRA, consisting of bars
of 3⇥3⇥96 mm3, arranged in groups of 32 bars per layer. This
provides a cross-section of 9.6⇥9.6 cm2, well matching the area

of the DMAPS tracker. If necessary, the cross-section of AS-
TRA could be easily scaled up by increasing the number of
bars per layer. The length of ASTRA can be tuned to match the
maximum beam energy, optimizing the production costs. Here,
we simulated a length of 360 mm (120 layers), enough to stop
protons of 240 MeV. Following reference [21] each bar is sim-
ulated including an inactive polystyrene layer of 50 µm, nec-
essary to achieve good bar-to-bar optical separation. In prac-
tice, the bars will be manufactured by plastic extrusion, and the
outer layer produced by etching the bar surface [21]. The bars
would be readout by a SiPM directly coupled to the scintilla-
tor bulk, as in reference [17]. In order to match the fast plastic
response of the instrument, the fast output pulse shape from
the Onsemi’s MicroFJ SiPMs [22] could be used, providing a
full waveform in the span of few nanosecons. Suitable choices
for the electronics already exist, such as those used in refer-
ence [21], which provide a deadtime free readout at a 0.4 GHz
sampling rate. Remarkably, an improved version of the elec-
tronics is under development with the goal to achieve 0.8 GHz.
Under this specifications, the light of two consecutive protons
separated by a time span equal or higher to 10 ns can be realis-
tically expected to be well separated, and accordingly, ASTRA
has the potential to reach an event rate equal or higher to 108

protons/s (100 MHz). Nonetheless, it must be noted that further
reducing the proton’s time gap to less than 10 ns with this same
system could be possible, e.g. by doing a shape analysis of the
the waveform, and deserves dedicated attention in the future.
Concerning ASTRA’a geometry two main motivations drive its
design. First, by using bars instead of layers the residual energy
can be precisely reconstructed by range even if protons do not
follow a perfectly straight trajectory. Second, if the beam has a
typical spread comparable to the size of few of its bars, multiple
protons can be tracked simultaneously when the time informa-
tion is not enough to discriminate their trajectory. This has the
advantage of further increasing the already high rate capability
and reducing detector ine�ciencies when the beam can not be
perfectly controlled to deliver a single proton per time frame.
Despite that other scintillator-based range telescopes have been

proposed and tested in the past, e.g. see references [23, 24, 25,
26], ASTRA will introduce many significant novelties to this
field. In one hand, it has been designed to reach collection rates
two orders of magnitude higher than previous technologies. In
the other hand, all previous designs were based on layers, in-
stead of bars, limiting the device intrinsic resolution. Finally,
the novelty of coupling the SiPM directly to the scintillator bulk
will eliminate the necessity of introducing dead material inside
sensitive volume of the detector, such as wavelength shifting
fibers.

3. Methodology

The system as described in the previous section has been
simulated using GEANT4 [27] with the QGSP BIC physics list.
The energy deposit in each of the DMAPS planes has been dis-
cretized in a list of fired pixels analogous to the real output. A
threshold of 850 electrons, far from the signal’s most probable
value of ⇠20000 electrons, has been used in order to minimize
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Actual proposal
• Use a tracking calorimeter (ASTRA) to perform proton kinematic 

reconstruction. 


• fibre read scintillator bars aligned in X and Y.


• Excellent energy reconstruction ( σΕ< 1%)


• combination of range and Bragg peak measurement. 


• Excellent imaging performance ( σx< 10 μm) 
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Figure 3: Reconstructed event with six simultaneous protons in ASTRA. The
displays above represent the 2D hits in the top and side views respectively. The
bottom display is a 3D representation of the reconstructed tracks. Each color
represents a di↵erent reconstructed track ID.
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Figure 4: Water tank thickness as function of the energy loss for a monochro-
matic 180 MeV proton beam. The simulated data is fit using a 3rd degree poly-
nomial used to compute the WEPL on the radiography of the squared phantom.

3.3. Performance Tests

To study the imaging capabilities of the system, a series of
performance tests with phantoms placed between the second
and third DMAPS were made. Unless otherwise specified a
180 MeV monoenergetic proton beam with a Gaussian profile
(� = 10 mm) was used well matching the characteristics of the
iThemba proton beam facility [29].

3.3.1. Energy Reconstruction by Range
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Figure 5: True proton kinetic energy from GEANT4 compared to the recon-
structed range in ASTRA. The map from the reconstructed range to the recon-
structed energy corresponds to the fit in red.
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Figure 6: Examples of two of the distributions for bars of 3 mm used in Fig-
ure 7. The left (right) plot corresponds to a resolution of 1.02% (0.70%).

In order to reconstruct the protons kinetic energy by range
using ASTRA the strategy was to build a map from the recon-
structed range in ASTRA to the true kinetic energy of the proton
provided by GEANT4, as presented in Figure 5. The map from
the reconstructed range to the reconstructed energy is obtained
fitting the most likely true energy for a given range. To compute
the energy resolution, as presented in Figure 7, distributions of
1 � Etrue/Ereco were filled for all reconstructed protons. The
distributions covered intervals of 20 MeV. Each of the distribu-
tions was then fit using a Gaussian function and the sigma of
the fit was used as the energy resolution. Examples of two of
this distributions and fits are presented in Figure 6.
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3.3.2. Energy Reconstruction Including Calorimetry

The potential of including calorimetric information from
ASTRA, in addition to the range, to reconstruct the protons en-
ergy was studied. In order to do so, the reconstructed range and
the light yield from every hit associated to each reconstructed
proton was used to train a boost decision tree (BDT). In partic-
ular, the BDTG method from the TMVA libraries [30] has been
used. Half a million reconstructed protons have been used for
training. Later, the trained BDT was used to predict the recon-
structed energy with independent data, namely, events not used
to train the algorithm.

3.3.3. Imaging

Imaging tests were performed using the simulated pCT sys-
tem. Such tests consisted on imaging phantoms, composed by
up to seven di↵erent materials with densities defined in Table
1, placed between the second and third DMAPS planes. Two
di↵erent types of images were performed. A simple 2D radiog-
raphy and a 3D pCT scan. For the radiography a proton scan on

Material Density [g/cm3]
Water 1.00

Adipose 0.92
Perspex 1.177

Lung 0.30
HC bone 1.84
Rib bone 1.40

Air 1.3⇥10�3

Table 1: Density values of the simulated materials used for imaging.

the phantom was made moving the center of the Gaussian beam
in a squared grid over the phantom surface. The image coor-
dinates were reconstructed projecting the reconstructed tracks
trajectory on an imaginary plane, perpendicular to the beam,
located at the center of the phantom. A 2D grid of 200⇥200
image pixels of 400⇥400 µm2 was defined on that plane, cov-
ering a total area of 8⇥8 cm2. For each grid-pixel the protons
reconstructed energy spectrum was stored, without correcting
for their path-length in the phantom, in a 1D histogram with
bins of 1 MeV width. Later, a reconstructed energy was asso-
ciated for each grid-pixel as the mean from a Gaussian fit to its
reconstructed energy spectrum. For the pCT image, 360 radio-
graphy images were used, rotating by one degree the phantom
for each scan. We accepted as protons good for imaging all re-
constructed tracks with a reconstructed energy in a 2 � range
around most probable energy on its corresponding grid-pixel in
the associated 2D radiography. This value was chosen as it ac-
cepted most of the protons good for imaging while removing
possible tails. The motivations for this are further discussed in
the next section. The position and direction of the accepted pro-
tons at each plane, and the reconstructed energy of each proton
were used as inputs to an algorithm developed by the PRaVDA
collaboration [7] which outputs RSP tomographic images. For
the 2D images, the water tank calibration was only used to con-
vert the energy loss into WEPL. All images were made using

energy reconstructed exclusively by range, without considering
any calorimetric information.

4. Results and Discussion

The energy resolution by range in ASTRA, computed fol-
lowing the details in 3.3.1, is presented for di↵erent bar sizes in
Figure 7. Overall, the system exhibits a sub-1% energy resolu-
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Figure 7: Energy resolution of the ASTRA range telescope using range only
information for three di↵erent squared-shaped bar sizes of 3, 6, and 9 mm. The
dashed line highlights the 1 % threshold.

tion for the 3 mm configuration for protons with energies above
100 MeV. The energy resolution approaches ⇠0.7% asymptoti-
cally. A similar performance is achieved for even coarser seg-
mentations in the high energy limit, opening the possibility to
reduce the number of channels of ASTRA and therefore its pro-
duction costs. Using thick bars has, however, a caveat. As pre-
sented in Figure 8, the multi-proton tracking capacity of the
pCT system, in terms of purity and e�ciency, is significantly
better for the 3 mm configuration. Hence, to explore this possi-
bility, for the rest of the studies we focus on 3 mm bars.
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Figure 8: Purity times e�ciency of reconstructed tracks in the pCT system
(DMPAS+ASTRA) for di↵erent number of simultaneous protons for the 3 mm,
6 mm and 9 mm squared shaped ASTRA bars configurations.
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4.2. Proton Computed Tomography

The phantom used for the 3D pCT was a spherical phan-
tom that consists in a 75 mm diameter sphere made of Perspex
(PMMA) with six di↵erent cylindrical inserts 15 mm high with
15mm diameter. The cylinders are placed in a three by three dis-
position forming two equilateral triangle in two di↵erent planes
placed 9 mm above and below the center.

Figure 14 shows two sliced sections of a pCT performed
using single proton events. Each slice corresponds to the half
height of the top (left image) and bottom (right image) sets of
inserts. The measured mean values of the RSP for each in-
sert have been computed by selecting the voxel values within
the half diameter of each cylinder at six di↵erent layers around
the center. An equivalent region has been selected to compute
the RSP of the perspex frame. The RSP values extracted from
Figure 14 are presented in Table 2. True values have been com-
puted using only true tracks and the true energy of the protons
after passing through the phantom in order to provide a ref-
erence of the performance. All the reconstructed RSP values,
except air, match the reference RSP values within 0.5 %. The
air value shows a larger relative discrepancy due to the small
RSP of air, comparable to the measurement uncertainty.

Figure 14: Slices of a proton computed tomography using single proton events
showing the contrast in RSP for the six inserts. The di↵erent insert materials
have been simulated to be equivalent to (from left to right): hard cortical bone,
lung and air (left slice) and rib bone, water and adipose tissue (right slice). The
red dashed line highlights the data used in Figure 15.

Material RSP (Reco) RSP (True) %di↵
Water 0.992 ± 0.002 0.994 ± 0.002 0.201

Air 0.009 ± 0.002 0.008 ± 0.002 -12.5
Adipose 0.916 ± 0.006 0.917 ± 0.005 0.109
Rib bone 1.325 ± 0.003 1.326 ± 0.001 0.075
HC bone 1.641 ± 0.003 1.646 ± 0.002 0.304
Perspex 1.144 ± 0.004 1.149 ± 0.002 0.455

Lung 0.302 ± 0.003 0.302 ± 0.002 0.000

Table 2: Relative Stopping Power (RSP) values for seven di↵erent materials
extracted from the pCT image of the spherical phantom. The labels True and
Reco stand for the energy used to compute the RSP. To help to compare the
values the rightmost column shows the relative di↵erence between the columns
on the left.

The profile in Figure 15 shows very stable RSP measure-
ments in the form of smooth trends and flat plateaus. The spa-
tial resolution of the pCT can be characterized by measuring
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Figure 15: Projection of the RSP along the line highlighted in Figure 14. The
rise in the RSP value has been fitted with an error function for the two inserts,
hard cortical bone (green) and air (blue), characterized by a sigma detailed in
the image.

the spread of the transition regions between such plateaus, cor-
responding to move from outside to inside of an insert (or vice
versa). This spread has been quantified to be about 1.1 mm.
Finally, the same 3D pCT image has bee made using exclu-
sively events with three simultaneous protons. Following a method
analogous to that for the single proton events RSP results are
presented in Table 3. Although a significant degradation is ob-
served, specially for the materials with lower RSP, the results
are of remarkable quality if one considers the fact that only 3-
proton events are used. To put it in context, this lower quality
results are already competitive with currently existing technolo-
gies using only single proton events [32]. In a real life situation,
the beam settings could be configured to ensure a majority of 1-
proton events. Multi-proton time frames, often unavoidable due
to beam instabilities, would not account for ine�ciencies, as in
the other existing technologies. Instead, the multi-proton track-
ing features of ASTRA opens the door to develop reconstruc-
tion algorithms that associates di↵erent weights to each event
depending on its reliability, with the goal to deliver a high qual-
ity pCT image. If including multi-proton events to the recon-
struction chain would be possible an increased usefulness of
the dose delivered to the patient could be achieved paired with
a potential reduction of the scan times.

Material RSP (Reco 3p) %di↵ (True) %di↵ (reco 1p)
Water 1.033 ± 0.002 3.924 4.133

Air 0.076 ± 0.006 850 744
Adipose 0.96 ± 0.02 3.60 3.71
Rib bone 1.34 ± 0.04 1.06 1.13
HC bone 1.66 ± 0.02 0.85 1.16
Perspex 1.14 ± 0.01 -0.78 -0.35

Lung 0.35 ± 0.02 15.89 15.89

Table 3: RSP values for the seven di↵erent materials of the spherical phan-
tom reconstructed from three proton events compared withe true values and the
values reconstructed from single proton events.
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ered, one with 4-bits (16 values), and one with 12-bits (4096
values). The di↵erence in the quality of the calorimetric infor-
mation for each configuration can be seen in Figure 11. The
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Figure 11: Reconstructed protons light yield as a function of the distance to the
layer with maximum recorded light yield using the 3 mm bar configuration and
two di↵erent ranges of values. The initial protons energy is flat in the range of
40 to 240 MeV.

associated performance for the energy resolution is presented
in Figure 12. The results show a significant improvement for
low proton kinetic energies. At high energies the energy res-
olution improves from ⇠ 0.7% to ⇠ 0.5%. The results show
that using a 12-bit ADC does not provide further performance
benefits compared to a 4-bit ADC.
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Figure 12: Energy resolution for single proton events with and without using
calorimetric information. For the later two configurations are tested, one dis-
cretizing the light yield in 16 values (4-bits ADC), and another discretizing the
light yield in 4096 values (12-bits ADC). The dashed line highlights the 0.5 %
threshold.

4.1. Radiography

A radiography has been performed, using events with a sin-
gle proton and three simultaneous protons, on a phantom formed
by a simulated water equivalent material (WEM) squared frame

of 50x50 mm2 and 30 mm pierced by four columns of cylindri-
cal inserts of 30 mm length. Each column consists of four cylin-
ders of the same material organized in four rows, each with a
di↵erent radius. From left to right the materials are simulated
as equivalent to lung tissue, rib bone, hard cortical bone, and
adipose tissue. From the bottom to the top row the radius are
0.5, 1.0, 1.5 and 2 mm. The results are presented in Figure 13.
For all materials and radius the insert leaves a clear signature
in the image. Notice that the smaller radius is comparable to
the image pixel size of 400⇥400 µm. As observed, perform-
ing the image exclusively with events with 1 proton or with 3
simultaneous protons does not change appreciably the result.

0

1

2

3

4

5

1 proton

30− 20− 10− 0 10 20 30
mm

30−

20−

10−

0

10

20

30

m
m

1 proton
cm 

0

1

2

3

4

5

3 protons

30− 20− 10− 0 10 20 30
mm

30−

20−

10−

0

10

20

30

m
m

3 protons
cm 

Figure 13: Proton radiography of the squared phantom using 1 and 3 protons.
From left to right the materials are simulated as equivalent to lung tissue, rib
bone, hard cortical bone, and adipose tissue. From the bottom to the top row the
radius are 0.5, 1.0, 1.5 and 2 mm. Each image uses 5·106 protons. The Z-axis
(color) corresponds to Water Equivalent Path Lenght (WEPL) in mm and has
been obtained using the energy loss and the data in 3.2.
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New concept



Problems with ASTRA idea
• Coarse position resolution in ASTRA —> proton track superposition —> low proton intensity. 


• The fraction of usable protons decreases with the number of protons/acquisition window.


• Beam’s are normally providing a minimum of 1proton/10ns. Coarse position detectors such 
as ASTRA requires fast electronics.  

When reconstructing the energy of protons exclusively by range,
some miss-reconstructions are unavoidable. Protons experience
inelastic interactions which shorten their expected range con-
tributing to very long tails to the reconstructed energy. In addi-
tion, some tracking errors might lead to inaccurate range esti-
mates. Thus, in the reconstructed energy distributions there are
two regimes, a Gaussian distributed one arising from the correct
reconstruction of elastic protons, and a one conformed by long
tails produced by tracking errors and inelastic protons. This
features can be seen in Figure 6 which shows the percentage er-
ror in the reconstructed energy by range. Of course, for events
with a single proton tracking errors are expected to be close to
zero and the tail contributions to come mainly from inelastic
interactions but for an increasing number of simultaneous pro-
tons tracking errors are more common, as the energy of the two
trajectories, or some of their hits, might be swapped. Thus, a
relevant figure of merit to understand the expected performance
of the detector is to quantify how many reconstructed protons
are good for imaging. For a pCT system with multi-proton ca-
pabilities this depends significantly on the beam profile: the
narrower the beam, the harder to correctly identify the hits as-
sociated to each proton.
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Figure 9: Fraction of protons good for imaging as a function of the proton true
kinetic energy using di↵erent number of simultaneous protons for a Gaussian
beam (� = 10 mm) and for a flat 75⇥75 mm2 beam.

To illustrate this dependence, we present in Figure 9 the frac-
tion of protons good for imaging as a function of the number
of simultaneous protons for two di↵erent beam profiles. The
fraction of protons good for imaging, is obtained fitting each
distribution of energy resolutions with a Gaussian and counting
the fraction of events within 2�with respect to the total number
of incident protons, such that the pCT system e�ciency is con-
sidered implicitly. Remarkably, as earlier presented in Figure 2,
the limiting factor for multi-proton tracking for the pCT system
under consideration would come from the segmentation in AS-
TRA, given that the fine pixelization of the DMAPS tracker
allows to e�ciently identify multiple protons at the same time
with excellent purity. As expected, the results for ASTRA show
that the fraction of good protons is higher if the simultaneous
protons are typically more spaced. Remarkably, even for the

most challenging of the two beam profiles, which corresponds
to a realistic clinical beam, about 1 proton per bunch can be
used for imaging regardless of whether there is one, two or
three simultaneous protons in the bunch. For the wider beam,
even for the bunches with 3 and 5 protons about half of them
are good for imaging. Finally, notice that, independently of the
beam configuration, for higher energies the range is longer and
the probability of experiencing an inelastic interaction grows,
reducing the fraction of reconstructed protons which are good
for imaging. In addition, one might wonder if the width of the
sigma defining the Gaussian regime increases with the number
of protons. This, however, has a very small e↵ect as presented
in Figure 10.
In a real pCT system the true proton energy is not known such
that identifying which protons are good for imaging is not straight-
forward. A common solution is to build a classifier which tries
to identify protons bad for imaging, e.g. searching for kinks
or a missing Bragg peak in the energy tagger trajectory. The
remaining protons are label as good. Recently, authors have re-
ported a ⇠ 97% accuracy in this task using a CNN [31]. This
method, however, is not entirely satisfactory for a multi-proton
pCT system as sometimes the correctly reconstructed energy of
two simultaneous protons is swapped due to matching errors
between the position tracker and the energy tagger. To over-
come this, we use the grid method detailed in section 3.3.3 to
determine which protons are good for imaging. Conceptually,
the method consists in estimating the true energy in each pixel
of the grid as the most probable value in the pixel’s distribution
and use the distance between the expected and reconstructed
energies to set up a selection criteria.
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Figure 10: Energy resolution for di↵erent number of simultaneous protons as a
function of the proton initial kinetic energy.

In order to study the benefits of using calorimetric infor-
mation in ASTRA, we compare the range only approach to an
energy reconstruction method combining range and calorime-
try. Considering the high data rate to produce the pCT, using
small data transfers is preferred. Thus, we simulated the light
yield as being discretized in 2N values, to account for the impact
of using an N-bits ADC. Two configurations have been consid-
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versus other alternative 

proposals. 
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Additional problems
• The typical proton accelerators show a large dispersion of momentum of 

protons before entering the patient  (mainly @ low energies).  

2

0.1%. The energy spread of the beam was then measured
at the isocentre.

A water range telescope, consisting of a movable
tracker within a water tank shown in Figure 1, was used
to find the position and width of the Bragg peak at beam
energies of 70MeV and 230MeV, as described in [6]. The
Bortfield model [7] was used to fit the dose deposition
data from the range telescope as in Figure 2, and so find
the energy spreads of the beam.

FIG. 1: The water range telescope used for the
estimation of the minimum energy spread achievable in

the clinical beam line at PSI Gantry 2.

It was found that beam currents between 20 and
100 pA, su�cient for pCT scans, could be maintained
with the reduction of beam energy spread to 0.2%, for the
full energy range (70-250MeV). Smaller energy spreads
could not be achieved reliably, due to mechanical limita-
tions in the beamline momentum spread selection colli-
mator.

Standard beam energy spreads for treatment with this
machine are shown below in Table I, along with the
achievable 0.2% spreads.

Beam Energy [MeV] 70 100 150 200 245

Beam Energy Spread 1.1% 1.1% 0.9% 0.6% 0.3%

Beam Energy Spread [MeV] 0.8 1.1 1.3 1.2 0.8

0.2% of Beam Energy [MeV] 0.1 0.2 0.3 0.4 0.5

TABLE I: Beam energy spreads of the PSI treatment
beam, and the 0.2% available on the same machine at

lower currents, for e.g. pCT scanning.

We suggest that the reduced fractional beam energy
spread at higher energy (top-right of Table I) is due to
reduced use of the beam energy absorber, which spreads,
as well as reduces, the proton energies.

Hence, in the case where the beam is used for pCT
scans, this energy spread can be reduced with a (desired)
reduction in beam current, allowing for simpler proton
tracking hardware and processing. We expect the most

FIG. 2: Measured proton dose deposition in the water
range telescope at PSI for minimum beam energy
spread, compared with the fitted Bortfield model for

70MeV (top) and 230MeV (bottom). The widths of the
Bragg peaks are fit to determine energy spread.

substantial improvement in resolution at lower beam en-
ergies, where the relative improvement in beam energy
spread is greater. To quantify these improvements, we
investigated reductions in energy spread with our simu-
lations.

III. SIMULATION OF PHANTOM PCT IMAGE
RECONSTRUCTION

Proton CT scans require knowledge of the direction of
and energy of protons entering and exiting an imaged
object, represented here by a heterogeneous phantom. A
typical pCT system will consist of a set of proton track-
ers both before and after the phantom to measure the
incoming and outgoing proton trajectories, and an en-
ergy measurement device to measure the residual proton
energy; the latter is often a range telescope based on
scintillators.
In this paper, we have developed a detailed GEANT4-

based model (v10.0p4, physics list QGSP BIC EMY) of

• There might be also issues in the track association before and after the 
patient when proton intensity is large. 

The resolution will be very bad 
with low momentum protons 

both for the calorimetric 
approach and the beam 

spread. 
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How to overcome the problems?:

Track and time

• Let’s replace the silicon devices by a tracking with high time resolution: 

(x,y,t)0 (x,y,t)1 (x,y,t)2 (x,y,t)3

d1 d2

d3

position, angle and momentum 
from Time of Flight

position, angle and momentum 
from Time of Flight

Improve 
proton  
initial 

conditions

Measure 
proton  

final 
conditions



Is it possible? 
• Let’s take the 13 ps resolution obtained by the Geneva group. 


• Asume we build a tracker system with 2 layers/plane (4 layers 
before and 4 layers after the patient).


• Separation of 20cm between the layers (d1 = d2 = 20 cm). 

(x,y,t)0 (x,y,t)1 (x,y,t)2 (x,y,t)3

d1 d2

d3

20 40 60 80 100 120 140 160 180 200 220 240
 (MeV)pT

0.005
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0.02

0.025

0.03

/T T
σ

  

• 3% at 240 MeV (0.7% with ASTRA).


• < 1.5 % below 70 MeV ( > 30% with 
ASTRA)

Not quite competitive…. but not far



Proton vs MIP’s
• Protons are non-relativistic.


• The amount of charge per pixel is larger —> better momentum resolution. 
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10 ps
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 (MeV)pT
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0.018/T T
σ

  

7 ps

already competitive for proton beam 
measurement

Kinetic energy (dE/dx)/(dE/dx)MIP

50 MeV ~6

250 MeV ~2 



Effect of ToF distance
• Planes can be moved apart. 


• Assume 10ps resolution: 
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30 cm
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40 cm

already competitive for proton beam 
measurement



Discussion
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3.3.2. Energy Reconstruction Including Calorimetry

The potential of including calorimetric information from
ASTRA, in addition to the range, to reconstruct the protons en-
ergy was studied. In order to do so, the reconstructed range and
the light yield from every hit associated to each reconstructed
proton was used to train a boost decision tree (BDT). In partic-
ular, the BDTG method from the TMVA libraries [30] has been
used. Half a million reconstructed protons have been used for
training. Later, the trained BDT was used to predict the recon-
structed energy with independent data, namely, events not used
to train the algorithm.

3.3.3. Imaging

Imaging tests were performed using the simulated pCT sys-
tem. Such tests consisted on imaging phantoms, composed by
up to seven di↵erent materials with densities defined in Table
1, placed between the second and third DMAPS planes. Two
di↵erent types of images were performed. A simple 2D radiog-
raphy and a 3D pCT scan. For the radiography a proton scan on

Material Density [g/cm3]
Water 1.00

Adipose 0.92
Perspex 1.177

Lung 0.30
HC bone 1.84
Rib bone 1.40

Air 1.3⇥10�3

Table 1: Density values of the simulated materials used for imaging.

the phantom was made moving the center of the Gaussian beam
in a squared grid over the phantom surface. The image coor-
dinates were reconstructed projecting the reconstructed tracks
trajectory on an imaginary plane, perpendicular to the beam,
located at the center of the phantom. A 2D grid of 200⇥200
image pixels of 400⇥400 µm2 was defined on that plane, cov-
ering a total area of 8⇥8 cm2. For each grid-pixel the protons
reconstructed energy spectrum was stored, without correcting
for their path-length in the phantom, in a 1D histogram with
bins of 1 MeV width. Later, a reconstructed energy was asso-
ciated for each grid-pixel as the mean from a Gaussian fit to its
reconstructed energy spectrum. For the pCT image, 360 radio-
graphy images were used, rotating by one degree the phantom
for each scan. We accepted as protons good for imaging all re-
constructed tracks with a reconstructed energy in a 2 � range
around most probable energy on its corresponding grid-pixel in
the associated 2D radiography. This value was chosen as it ac-
cepted most of the protons good for imaging while removing
possible tails. The motivations for this are further discussed in
the next section. The position and direction of the accepted pro-
tons at each plane, and the reconstructed energy of each proton
were used as inputs to an algorithm developed by the PRaVDA
collaboration [7] which outputs RSP tomographic images. For
the 2D images, the water tank calibration was only used to con-
vert the energy loss into WEPL. All images were made using

energy reconstructed exclusively by range, without considering
any calorimetric information.

4. Results and Discussion

The energy resolution by range in ASTRA, computed fol-
lowing the details in 3.3.1, is presented for di↵erent bar sizes in
Figure 7. Overall, the system exhibits a sub-1% energy resolu-
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Figure 7: Energy resolution of the ASTRA range telescope using range only
information for three di↵erent squared-shaped bar sizes of 3, 6, and 9 mm. The
dashed line highlights the 1 % threshold.

tion for the 3 mm configuration for protons with energies above
100 MeV. The energy resolution approaches ⇠0.7% asymptoti-
cally. A similar performance is achieved for even coarser seg-
mentations in the high energy limit, opening the possibility to
reduce the number of channels of ASTRA and therefore its pro-
duction costs. Using thick bars has, however, a caveat. As pre-
sented in Figure 8, the multi-proton tracking capacity of the
pCT system, in terms of purity and e�ciency, is significantly
better for the 3 mm configuration. Hence, to explore this possi-
bility, for the rest of the studies we focus on 3 mm bars.
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Figure 8: Purity times e�ciency of reconstructed tracks in the pCT system
(DMPAS+ASTRA) for di↵erent number of simultaneous protons for the 3 mm,
6 mm and 9 mm squared shaped ASTRA bars configurations.

5

Complementary

2

0.1%. The energy spread of the beam was then measured
at the isocentre.

A water range telescope, consisting of a movable
tracker within a water tank shown in Figure 1, was used
to find the position and width of the Bragg peak at beam
energies of 70MeV and 230MeV, as described in [6]. The
Bortfield model [7] was used to fit the dose deposition
data from the range telescope as in Figure 2, and so find
the energy spreads of the beam.

FIG. 1: The water range telescope used for the
estimation of the minimum energy spread achievable in

the clinical beam line at PSI Gantry 2.

It was found that beam currents between 20 and
100 pA, su�cient for pCT scans, could be maintained
with the reduction of beam energy spread to 0.2%, for the
full energy range (70-250MeV). Smaller energy spreads
could not be achieved reliably, due to mechanical limita-
tions in the beamline momentum spread selection colli-
mator.

Standard beam energy spreads for treatment with this
machine are shown below in Table I, along with the
achievable 0.2% spreads.

Beam Energy [MeV] 70 100 150 200 245

Beam Energy Spread 1.1% 1.1% 0.9% 0.6% 0.3%

Beam Energy Spread [MeV] 0.8 1.1 1.3 1.2 0.8

0.2% of Beam Energy [MeV] 0.1 0.2 0.3 0.4 0.5

TABLE I: Beam energy spreads of the PSI treatment
beam, and the 0.2% available on the same machine at

lower currents, for e.g. pCT scanning.

We suggest that the reduced fractional beam energy
spread at higher energy (top-right of Table I) is due to
reduced use of the beam energy absorber, which spreads,
as well as reduces, the proton energies.

Hence, in the case where the beam is used for pCT
scans, this energy spread can be reduced with a (desired)
reduction in beam current, allowing for simpler proton
tracking hardware and processing. We expect the most

FIG. 2: Measured proton dose deposition in the water
range telescope at PSI for minimum beam energy
spread, compared with the fitted Bortfield model for

70MeV (top) and 230MeV (bottom). The widths of the
Bragg peaks are fit to determine energy spread.

substantial improvement in resolution at lower beam en-
ergies, where the relative improvement in beam energy
spread is greater. To quantify these improvements, we
investigated reductions in energy spread with our simu-
lations.

III. SIMULATION OF PHANTOM PCT IMAGE
RECONSTRUCTION

Proton CT scans require knowledge of the direction of
and energy of protons entering and exiting an imaged
object, represented here by a heterogeneous phantom. A
typical pCT system will consist of a set of proton track-
ers both before and after the phantom to measure the
incoming and outgoing proton trajectories, and an en-
ergy measurement device to measure the residual proton
energy; the latter is often a range telescope based on
scintillators.
In this paper, we have developed a detailed GEANT4-

based model (v10.0p4, physics list QGSP BIC EMY) of

Get proton kinetic energy dispersion to less than 1% in the full region of momentum. 
Improve significantly the resolution after patient for < 100 MeV. 

30 cm, 10 ps
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d1 d2

d3

position, angle and momentum 
from Time of Flight

position, angle and momentum 
from Time of Flight

d3 can be used to explore the 
direction along the beam.


3D proton CT?

time can be used to have 
proper track matching to 

improve purity

proper time matching might 
help to use scattered protons

ToF method is better for lower 
proton momentum: 


can we do low momentum 
proton CT? 

Compact and single 
technology. 


