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Abstract

Proton Computed Tomography (pCT) provides a promising solution to enhance
the accuracy of Relative Stopping Power (RSP) required for proton therapy
planning. This research introduces a novel high-granularity pCT architecture
that incorporates a silicon pixel tracking system and a calorimetric range tele-
scope, which uniquely integrates range telescope functionality with track dis-
crimination capabilities. The Bortfeld function fitting and Convolutional Neu-
ral Network (CNN) classifier algorithms are developed and applied for discrim-
ination. In simulation studies, both approaches demonstrate the capability
to reduce uncertainty in Water Equivalent Path Length (WEPL) determina-
tion for individual proton tracks to below 3 mm. The standard imaging pro-
tocol (3.2 mGy, 4$x108protons)achievessub — millimeterspatialresolution(~
0.5mm)withsub — 1x$107 protons) is proposed with achieved sub-1% RSP ac-
curacy and 1.1 mm spatial resolution in simulation. This low-dose performance
significantly expands clinical applicability, particularly for pediatric imaging or
frequent imaging scenarios. Furthermore, the target 10 MHz proton detection
rate suggests potential for real-time image guidance during radiotherapy. By
circumventing the need for ultra-precise energy measurements, this design min-
imizes hardware complexity and provides a scalable foundation for future pCT
systems.
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Proton Computed Tomography (pCT) provides a promising solution to enhance
the accuracy of Relative Stopping Power (RSP) required for proton therapy plan-
ning. This research introduces a novel high-granularity pCT architecture that
incorporates a silicon pixel tracking system and a calorimetric range telescope,
which uniquely integrates range telescope functionality with track discrimina-
tion capabilities. The Bortfeld function fitting and Convolutional Neural Net-
work (CNN) classifier algorithms are developed and applied for discrimination.
In simulation studies, both approaches demonstrate the capability to reduce
uncertainty in Water Equivalent Path Length (WEPL) determination for in-
dividual proton tracks to below 3 mm. The standard imaging protocol (3.2
mGy, 4 x 10® protons) achieves sub-millimeter spatial resolution (0.5 mm)
with sub-1% RSP accuracy. With proton count requirements reduced by track
discrimination, an ultra-low-dose protocol (0.16 mGy, 2$x107{7}$ protons) is
proposed with achieved sub-1% RSP accuracy and 1.1 mm spatial resolution
in simulation.

This low-dose performance significantly expands clinical applicability, partic-
ularly for pediatric imaging or frequent imaging scenarios. Furthermore, the
target 10 MHz proton detection rate suggests potential for real-time image guid-
ance during radiotherapy. By circumventing the need for ultra-precise energy
measurements, this design minimizes hardware complexity and provides a scal-
able foundation for future pCT systems.

Keywords: Proton computed tomography, Range telescope, Track Discrimina-
tion, Monte Carlo simulation

Introduction

Proton and heavy ion therapies have gained significant recognition for their effi-
cacy in tumor treatment due to the unique Bragg peak feature [?]. This physical
characteristic enables concentrated radiation deposition within tumor volumes
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while sparing surrounding healthy tissues. Precise beam positioning, angular
alignment, and energy modulation during treatment planning are crucial for en-
suring accurate dose delivery. The Relative Stopping Power (RSP) map serves
as the fundamental bridge connecting these phases, traditionally derived from
Hounsfield Units (HU) in X-ray CT through empirical HU-to-RSP calibration
[?]. However, inherent uncertainties of 2.4-5% in this conversion [?] have mo-
tivated active exploration of advanced modalities, including proton CT (pCT)
and dual-energy CT (DECT), to improve RSP accuracy.

Current pCT implementations employ two distinct methodologies for RSP map-
ping: proton-integrating and proton-tracking. The integrating approach mea-
sures aggregate energy deposition from proton ensembles, while the tracking
method reconstructs individual proton tracks and residual energies. Although
proton-integrating systems benefit from simplified detector architectures and
rapid imaging capabilities [?], their spatial resolution is fundamentally limited
by Multiple Coulomb Scattering (MCS) [?], with additional constraints in dose
efficiency due to proton pileup [?]. In contrast, proton-tracking systems achieve
superior spatial resolution (1 mm) and dose efficiency through single-proton
event reconstruction. Due to advancements in detector technologies and high-
speed electronics [?], the clinical viability of proton tracking systems has signif-
icantly enhanced in recent years [?, ?]. It should be noted that clinical pCT
requires 3D RSP mapping with a density resolution better than 1% and a spa-
tial resolution better than 1 mm. Such goals are empirically achieved through
detection of more than 10® protons within a 100 x 100 mm? field [?]. To ensure
clinical practicality, these systems must maintain sustained proton detection
rates exceeding 10 MHz to reduce scanning time to the tens of seconds range.

Proton tracking systems typically consist of tracking detectors that measure
the positions and directions of both incoming and outgoing protons, followed
by range or energy detectors that measure the residual energies of the outgoing
protons. Silicon-based detectors are extensively used in tracking applications
due to their excellent spatial resolution, implemented either as strip detectors
\cite{10-13} or pixel detectors [?, ?]. The strategies for range or energy detec-
tion, however, vary significantly across different system designs. The Phase-11
scanner [?] utilized a 5-stage scintillator-photomultiplier tube (PMT) stack to
measure proton energy [?]. The PRaVDA [?], Hi' CT [?] and Bergen [?] sys-
tems all employed alternating silicon-absorber layers to determine proton range.
Meanwhile, IMPACT [?] and ASTRA [?] used high-granularity calorimeters to
simultaneously measure proton ranges and resolve multi-proton events, aided by
fine longitudinal and lateral segmentation in the detectors. Although both archi-
tectures rely on energy deposition data, their implementations differ fundamen-
tally. In the iMPACT calorimeter design, dual-threshold energy measurements
were employed to identify the buildup region and sub-peak position of the pro-
ton energy deposition profiles, thus serving as a dedicated range telescope. In
contrast, the ASTRA design combined calorimetric energy measurement with
range estimation to reconstruct the residual proton energy, thereby functioning
as a dual-purpose range telescope and calorimeter.
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This study presents an innovative pCT design that integrates a silicon pixel
tracking system and a high-granularity calorimetric range telescope. Following
the iMPACT paradigm, our architecture fundamentally redefines the calorime-
ter as a range telescope rather than a precision energy spectrometer. This
approach significantly alleviates the stringent demands for ultra-precise energy
measurement. However, the range telescope exhibits compromised energy-range
correlation when protons undergo nuclear interaction or large-angle scattering.
To address this limitation, the acquired energy deposition profile is novelly trans-
formed into a track classifier through systematic analysis of the proton interac-
tion dynamics and assisted with Bortfeld function fitting and Convolutional
Neural Network (CNN) techniques. Dedicated algorithms have been developed
for proton track reconstruction and discrimination. The performance of the pCT
system has been thoroughly verified through Monte Carlo simulations, demon-
strating effective integration of range telescope with energy measurement. In
addition, a simplified prototype is under development to demonstrate the via-
bility of the detector and electronics components.

I1. Materials and Methods
A. pCT System Design

The pCT system, as illustrated in Fig. 1 [Figure 1: see original paper]|, consists
of a tracking system and a high-granularity calorimetric range telescope. It is
designed to handle 200 MeV protons at a maximum rate of 10 MHz across a
100 x 100 mm? detection area. To reduce lateral proton leakage, the detec-
tor coverage is extended to 128 x 128 mm?. The target imaging performance
aims for a RSP accuracy of <1% and a spatial resolution of 1 mm. Within
this detector coordinate system, the z-axis corresponds to the direction of the
incoming proton beam. In the transverse plane, the x-axis is oriented horizon-
tally perpendicular to the beam (z-axis), while the y-axis points vertically. For
tomographic imaging, the phantom rotates around the y-axis during CT scans.

The tracking system includes four tracking stations that are instrumented with
Complementary Metal Oxide Semiconductor (CMOS) pixel sensors. The two
front stations measure positions and directions of protons entering the phantom,
while the two back stations measure exiting protons. The utilized CMOS pixel
sensor, named TaichuPix-3 [?, ?], is a full-reticle-sized sensor featuring small
pixels of 25 x 25 pm?. Its high granularity and short dead time (< 500 ns)
enable it to achieve high counting efficiency under extreme beam conditions,
with the capacity to handle up to 3.6 x 107 hits/(cm? +s) [?]. These exceptional
performance characteristics ensure that the tracking system can process the
target proton fluxes without saturation. The TaichuPix-3 sensor features a
pixel array of 1024 columns and 512 rows, forming an active area of 12.8 x 25.6
mm?.

Through modular assembly, five sensors are mounted sequentially on a flexible
printed circuit (FPC) to form a ladder measuring 12.8 x 128 mm?. Ten such
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ladders are attached to both sides of a 400 pm-thick carbon fiber plate, with five
ladders on each side. They are interleaved with appropriate overlap to minimize
the dead area occupied by the peripheral readout electronics. This arrangement
provides each tracking station with a full detection area coverage of 128 x 128
mm?, while maintaining a material budget of approximately 0.37% radiation
length (X,).

The calorimetric range telescope comprises 100 stacked layers, each with a thick-
ness of 3 mm, aligned along the beam axis to determine proton stopping posi-
tions. Each layer is divided into 16 independent scintillator bars. The orthogo-
nal orientation of scintillator bars in adjacent layers enables distinct reconstruc-
tion of proton tracks in the x-y plane through cross-layer position correlation.
This configuration also allows the estimation of proton entry points into the
scintillator, facilitating the matching of proton tracks reconstructed from the
downstream stations of the tracking system. Each scintillator bar measures 128
x 8 x 3 mm?, resulting in a total coverage area of 128 x 128 mm? and a total
thickness of 300 mm. BC-408 plastic scintillators are adopted to detect proton
energy deposition due to its advantages of short decay time (< 2.1 ns), high
light yield and cost-effectiveness. The calculated penetration depth of proton
beam in BC-408 is 261.2 mm, which is well within the longitudinal containment
capacity of the range telescope. The scintillator bars are encapsulated with
ESR reflector film to increase the light yield and aluminum foil to minimize the
inter-channel crosstalk.

Each scintillator bar is coupled to a Hamamatsu SiPM and read out with ASIC
MPT2321, which features 32-channels with integrated 12-bit ADC and 20-bit
TDC for each individual channel [?]. The range telescope attains an expected
detection rate beyond 10 MHz per channel, enabled by SiPM decay time below
100 ns and MPT2321 integration time of 50 ns. Data from MPT2321 readout
chips and TaichuPix-3 pixel sensors are routed through a FELIX-based DAQ
system [?], achieving sustained throughput up to 10 Gb/s for real-time event
packaging and PC transmission.

B. pCT Simulation

A Geant4 simulation with 200 MeV parallel proton beam was developed to eval-
uate the system performance and compare designed configurations. The physics
list QGSP__{BIC} was employed for proton and secondary particle interactions,
while G4EmStandardPhysics_{optiond} governed scintillation photon genera-
tion and transport. Each tracking station comprised TaichuPix-3 chips, FPCs,
support, and interconnects, resulting in a material budget of 0.37% X,,. Noise
and crosstalk were intentionally excluded in this preliminary modeling, allow-
ing direct recording of all proton and secondary particle hits without energy
thresholds.

In the range telescope, scintillator bars were encapsulated with an 80 pm-thick
composite reflective layer (ESR + aluminum) as insensitive region. Scintillation
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light transport was decoupled from the main simulation through a standalone
single-bar modeling. The photo-electron yield (nPE) was determined from the
simulated photon count at the SiPM, then applying a 40% quantum efficiency
and introducing a 10% smearing to account for coupling uncertainties. The nPE
exhibited strong correlation with proton hit position along scintillator length
(128 mm), varying by 50% from one side to the other. The position dependence
was modeled by nPE distributions according to the hit position. During full-
system simulation, light yields were determined by sampling from these position-
dependent distributions.

Two phantoms were built in Geant4 to systematically evaluate the pCT system
performance and reconstruction algorithm: one dedicated to RSP imaging, and
the other for Water Equivalent Path Length (WEPL) calibration and validation,
where WEPL represents the integral of RSP along the proton path.

e Phantom 1 (RSP Characterization): A cylindrical water phantom
(30 mm radius and 40 mm height) containing four cylindrical inserts (5
mm radius and 40 mm height) of polypropylene (PP), teflon, air, and
bone-equivalent material (bone-100). The CT scan employed 1° rotational
increments over 0-180° for RSP imaging.

o Phantom 2 (WEPL Calibration): A water cuboid (128 x 128 mm?
base area) with adjustable thickness (0-140 mm in 5 mm steps). This
configuration directly calibrates WEPL from proton residual range mea-
surement by matching the thickness to WEPL.

The simulation captured both detector outputs and ground truth data. The
detector outputs comprised triggered cells in tracking system and nPE map
in range telescope. The ground truth data includes proton energy loss in the
phantom and interaction features, whose impact on proton track concluded as
follows [?]:

e Tonization: Induces quasi-continuous energy loss.

o Elastic Coulomb scattering: Causes track deviations through scatter-
ing.

« Non-elastic nuclear reactions: Generates secondary particles (protons,
neutrons, heavy ions and gamma rays) accompanied by abrupt energy loss
in secondary protons.

¢ Bremsstrahlung: Simultaneously alters track and induces radiative en-
ergy loss, negligible for 200 MeV protons.

The range telescope configuration prioritizes a strong proton energy-range cor-
relation. Thus, only ionization and small-angle elastic Coulomb scattering are
considered beneficial for reconstruction. To facilitate the development of noise
suppression algorithms, the simulation recorded binary flags for occurrences of
nuclear reactions and maximum scattering angles in both phantom and range
telescope, respectively.
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C. pCT Reconstruction
The RSP map is derived from detector outputs via a three-step workflow:

1. Proton track reconstruction: Proton tracks through the tracking sys-
tem and range telescope are reconstructed to determine both positions
and WEPL values, which are derived from residual range measurement
with calibrated WEPL-range conversion.

2. WEPL imaging: WEPL maps are generated through statistical accu-
mulation of sufficient proton events.

3. RSP imaging: The 3D RSP map is reconstructed from multi-angle
WEPL projections using the filtered back-projection (FBP) algorithm.

The current reconstruction framework predominantly addresses single-proton
events with an emphasis on noise suppression, whereas the extension to multi-
proton reconstruction remains under development.

1. Position Measurement and Filter on Scattering Angle

The fired pixels are matched between the front and back tracking stations to
reconstruct the incoming and outgoing proton tracks, respectively. A matching
algorithm similar to that presented in Ref. [?] is used for future multi-proton re-
construction. In the current single-proton scenario, this algorithm demonstrates
sufficient robustness to effectively exclude false matching from secondary parti-
cles.

Once matched tracks are established, the Most Likely Path (MLP) algorithm
is applied to estimate the track’ s spatial coordinates in both the x- and y-
directions. The MLP framework leverages a matrix-based formalism [?], which
combines Bayesian statistical inference with a Gaussian approximation model of
MCS. Inputs to the scattering geometry algorithm include predefined phantom
boundaries, though these may be replaced in clinical implementations by fixed
patient position or a priori imaging data. To benchmark the MLP algorithm’
s localization improvement, the midpoint between the incoming and outgoing
track intersections on the mid-plane of the phantom is computed as another
position estimator for comparative analysis.

The proton scattering angle ( ) constitutes a critical parameter for background
suppression in tracking system. Fig. 2 [Figure 2: see original paper] presents the
energy loss versus correlation for 200 MeV protons traversing a 100 mm water-
equivalent phantom. While the majority of protons show an expected energy
loss near 51 MeV, the subset with higher energy loss exhibits non-negligible
angular dispersion. This correlation enables effective event filtering based on
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2. Residual Range Measurement and Filter on Deposit
Energy

The nPE is measured by SiPMs, producing maps in alternating projections
in the range telescope: X-Z planes for even-numbered layers and Y-Z planes
for odd-numbered layers. Proton track reconstruction is performed using an
iterative algorithm:

1. Seed initialization: Utilize extrapolated tracks from back tracking sta-
tions as initial seeds.
2. Candidate selection and iteration:
e Select candidate hits from scintillator bars aligned with or adjacent
to current seed.
e Prioritize aligned hit as next-iteration seed. If none exist, choose
adjacent hit inclined to the track direction.
e Continuously update the seed and track direction, which are initially
derived from extrapolated tracks and refined through iterations.
3. Termination criteria: Halt iteration when two consecutive layers within
the same projection (X-Z or Y-Z) lack candidate hit. A single-layer skip
tolerance accommodates insensitive regions between scintillator bars.

The reconstructed tracks are primarily labeled as “perturbed” tracks if nuclear
interaction and large angle scattering (>10°) occurs, otherwise as “unperturbed”
tracks. The distribution of deposited energy (Edep) is crucial for track discrimi-
nation, thereby reducing the uncertainty in reconstructed range. The conversion
from nPE to Edep is calibrated through standalone single-bar simulations, ac-
counting for position-dependent light attenuation along the 128-mm scintillator
bar length. The hit position along the bar length is determined by analyzing
the reconstructed track across adjacent orthogonal layers.

The Edep profile is modeled using the Bortfeld function [?], which provides an
analytical representation expressed as:

z— R,

D(z)=0.65-D100-[< )—i—a-kz-PCF]

0

where D(z) is Edep at depth z, Dy, is the peak of Edep, p is range-energy
exponent (material-dependent), R, is proton range, ¢ is composite Gaussian
width accounting for both range straggling and detector resolution, k is fluence
reduction coefficient, PCF is parabolic cylinder function, implemented from Ref.
[?]. The model-dependent parameters (Dyq, p, o and k) are determined by MC
study on unperturbed tracks and fixed during track discrimination as shown in
Fig. 3 [Figure 3: see original paper| (a, b), while R, remains free. To mitigate
effects of energy leakage from insensitive regions, energy deposits below 80%
of the first layer energy (empirically determined) receive increased uncertainty
weighting, thereby improving fitting robustness for unperturbed tracks.
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The metric ¢ = loglo(x2/NDF) is introduced to quantify goodness of the fit,
where x? = Y (y; — f(z;))? represents the discrepancy between the observed
values y; and the fitted values f(z;), NDF = N, ers — Npgrameters 15 the
number of degrees of freedom, N;,,.,, is the number of data points in the fit
and Npqrameters 15 number of free parameters. Fig. 3 (c, d) shows the -range
correlation for 200 MeV protons without a phantom. Unperturbed tracks are
centered around the target range with 1, while other tracks exhibit increasing

as the range decreases. This result provides a basis for selecting tracks based

on .

As an alternative track discrimination method, convolutional neural network
(CNN) is implemented in the range telescope inspired by the work in Ref. [?].
The CNN is constructed using TensorFlow [?] with the following specifications:

e Input: 2D projections of the scintillator light yield (nPE) in the X-Z and
Y-Z planes.

e Architecture: Four convolutional layers with ReLU activation, kernel
sizes 3 x 3, and max-pooling. Two fully connected layers with dropout
regularization (p = 0.5) to mitigate overfitting.

o Training: Adam optimizer [?] with a learning rate of 1073, 128 batch
size and 10 training epochs, loss function is binary cross-entropy for prob-
abilistic discrimination.

e Output: A scalar probability (0-1) indicating the likelihood of a track
being classified as “good” .

e« Sample: Mixed sample similar to the Phantom 2 group, where protons
pass a water phantom with thickness ranging from 0 to 150 mm, the
thickness step is 1 mm instead of 5 mm, 80% of the sample is used for
training and the rest for testing.

Proton tracks are labeled using two complementary methods:

e Process tags: Derived from Geant4 ground truth data. Tracks are la-
beled as “good” if they are not perturbed by nuclear interaction and large
angle scattering (>10°).

« Range tags: Reconstructed ranges for protons passing a same phantom
thickness are fitted with a Gaussian distribution. Tracks within 4+ 30
are labeled as “good” .

Process tags are more fundamental but can only be accessed through simulation,
so it requires MC-data agreement in nPE distribution. Range tags can be
realized in practical experiment but lack physical interpretability.

3. WEPL Calibration

The reconstructed residual range is converted to WEPL through a calibration
process. The cuboid phantom group (Phantom 2) is utilized to allow protons
to pass through varying thicknesses of the phantom. The reconstructed range
distributions for 0 mm (no phantom) and 100 mm thicknesses are fitted with
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Gaussian functions as shown in Fig. 4 [Figure 4: see original paper] (a) and (b).
The means and widths of the Gaussian fits are plotted against the thicknesses,
i.e., the WEPL values, and are fitted with a linear function, as illustrated in
Fig. 4 (¢).

4. pCT Imaging

The protons are grouped into 0.5 mm x 0.5 mm pixels to construct the WEPL
maps. Each reconstructed proton track provides a WEPL measurement at a
spatial position determined by the MLP method, where the WEPL value is
determined from the reconstructed proton range and the position is calculated
via the MLP method. Following previous pCT studies [?], a “pixel-wise” filtering
is applied under the assumption of uniform WEPL within each pixel. The mean
and standard deviation (o) of WEPL values within each pixel are calculated, and
WEPL measurements deviating by more than 20 from the mean are discarded.

The WEPL maps acquired at different angular projections are systematically
organized into sinograms. Subsequently, the three-dimensional RSP map is
reconstructed through filtered back projection (FBP) utilizing a Hann filter for
frequency-domain noise suppression. In this preliminary investigation, advanced
CT reconstruction algorithms are intentionally avoided to specifically isolate
and evaluate the fundamental performance characteristics of both the detector
system and reconstruction methodology.

ITI. Results
A. Performance of Track Reconstruction

The and Edep thresholds are determined by balancing the reconstructed
WEPL standard deviation (STD) and selection rate—two critical metrics for
imaging noise reduction. Optimized thresholds yield selection rates of 97% for
the filter and 73% for the Edep filter.

Fig. 5 [Figure 5: see original paper] compares the reconstructed WEPL dis-
tributions under Edep filters after applying the filter. The WEPL profile is
segmented into three regions: the peak, proximal tail and distal tail. While the

filter marginally reduces background in the tails, all Edep filters achieve sig-
nificant suppression (1-2 order of magnitude) in both tails. Proximal tail events
consist of proton tracks undergoing large-angle scattering or nuclear interaction,
so CNN filters outperform Bortfeld fitting by leveraging additional scattering
discrimination from nPE maps. Conversely, distal tail events are governed by
nuclear interaction with anomalous Edep distributions, leading to comparable
performance between CNN filters and the Bortfeld fitting. The range-tagged
CNN exhibits superior performance in the WEPL > 150 mm region, likely due
to the training dataset limitations (0-150 mm WEPL range).

To quantify pixel-wise filter performance, WEPL measurements from same thick-
nesses are virtually grouped with Poisson-sampled group sizes ( =56, see Sec.

chinarxiv.org/items/chinaxiv-202505.00062 Machine Translation


https://chinarxiv.org/items/chinaxiv-202505.00062

ChinaRxiv [$X]

III B). Fig. 5 (b) displays the STDs of track-level WEPL after applying the
pixel-wise filter. The STDs are suppressed to 3 mm-level, showing the effective-
ness of track discrimination. While pixel-wise filters effectively suppress distal
tail events, their limited efficacy in proximal tails results in similar STD per-
formance for process-tagged and range-tagged CNNs, whereas Bortfeld fitting
exhibits an 8% higher STD. The range-tagged CNN shows anomalies at 0 mm
and 140 mm thicknesses, attributable to training set truncation (0-150 mm
range).

Although proton energy is not directly reconstructed due to the WEPL-range
calibration, its resolution can be derived from the range resolution via:

op/E=p-op/R

where 0 R=3 mm (estimated from WEPL STD), R=260 mm (200 MeV proton
range in water), and p 1.77 (Geiger exponent). This yields a relative energy
resolution of 0.6% for 200 MeV protons.

Fig. 5 (c) presents the deviation between reconstructed and true WEPL values
under combined , Edep and pixel-wise filter. Systematic biases are observed:
0.2 mm (process-tagged CNN), 0.3 mm (range-tagged CNN) and 0.5 mm (Bort-
feld fitting). This bias originates from differences in range determination dur-
ing calibration versus reconstruction. During calibration, the range for a given
WEPL is defined as the peak position in the Gaussian-fitted range distribution.
In contrast, reconstructed ranges represent filtered mean values, where the resid-
ual tail slightly reduces the mean of reconstructed range, thereby overestimating
WEPL. Crucially, the bias magnitude remains consistent across phantom thick-
nesses, confirming its independence from phantom geometry. This thickness-
independent bias confirms the filter’ s stability. Thus, a fixed calibration offset
(equal to the negative bias) is applied for each method.

In evaluating Edep filter methods, the process-tagged CNN achieves the lowest
STD/bias with negligible phantom thickness dependence, serving as a theoreti-
cal benchmark for detector performance limits due to its geometry independence.
However, its experimental infeasibility restricts practical use unless nPE consis-
tency between data and MC is proved. The range-tagged CNN, while experi-
mentally viable, exhibits significant sample-dependent variations (e.g., WEPL
range and step). To mitigate this instability, Bortfeld fitting provides a physics-
constrained parameterized alternative with enhanced robustness. For real-world
applications, the latter two methods will be experimentally validated to balance
accuracy and feasibility.

B. Performance of Benchmark RSP Imaging

Benchmark pCT imaging employs 4 x 10% protons with 180 projections, achiev-
ing 0.5 x 0.5 x 0.5 mm? pixel resolution over a 100 x 100 mm? field. The
simulated radiation dose is approximately 3.2 mGy. Assuming uniform proton
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distribution, this configuration yields an average of = 56 protons per pixel be-
fore filtering and 40 after filtering. Pixel-wise WEPL standard deviations below
0.5 mm are achieved for phantom thicknesses of 0-140 mm, exhibiting agreement
with the theoretical relationship o{pizel} = o{proton}/yN_ {proton}.

The pCT scan is performed on Phantom 1, which includes material inserts
comprising PP, Teflon, air and bone-100. The reconstructed images for a slice
are illustrated in Fig. 6 [Figure 6: see original paper]. To quantify the accuracy
of the RSP map, cylindrical regions of interest (ROIs) are defined for each insert.
Each ROl is dimensioned to half the radius and height of its corresponding insert.
For volumetric analysis, each ROI spanned 40 consecutive slices, with 80 pixels
per slice, yielding a total of 3200 pixels (denoted as n_ {pixel}). The mean RSP
(RSP__{mean}) and width (¢_{pixel},RSP) within each ROI are obtained by
Gaussian fitting. The RSP accuracy, representing the systematic deviation from
the reference value, is calculated in a same way with Ref. [?]:

RSP, —100. 22 mean = B5Fre;
acc — RSPref

where RSP__{ref} denotes the ground-true RSP value of each material. Addi-
tionally, o{pizel},RSP characterizes the noise of spatial heterogeneity values
at pizel level. To estimate the statistical precision of the RSP measurement,
the noise is derived by normalizing c{RSP} with the square root of the total
sampled pixels:

RSP _ UpimeLRSP

noise
vV npi:vel

The spatial resolutions are quantified by extracting RSP values near insert-
water boundaries, following fits with a step function convolved with a Gaussian
function. All materials demonstrate spatial resolution of 0.5 mm, with MLP
implementation shown a marginal improvement of 0.03 mm compared to non-
MLP methods. Notably, PP exhibits measurement instability due to significant
pixel-level RSP fluctuations, stemming from its near-water equivalence with
only 4% RSP difference from water. When excluding the unstable PP results,
MLP demonstrates approximately 10% performance enhancement over conven-
tional methods. This limited improvement can be attributed to the fundamental
spatial resolution limit imposed by the 0.5 mm pixel size inherently constrains
potential improvements.

The pCT imaging results are summarized in Table 1 . RSP accuracies remain
below 0.5% for all materials except air, where the small absolute RSP value leads
to an amplified relative error. Pixel-level RSP fluctuations show consistency
across all inserts, maintaining a STD of approximately 0.013.
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C. Performance of Low-Dose RSP Imaging

Track discrimination demonstrates a significant advantage in statistical effi-
ciency by implementing preliminary suppression of the WEPL tail distribution.
This preprocessing step significantly reduces the proton density requirements
for subsequent pixel-wise filtering. From study of virtually grouping of WEPL
measurements, a sub-3 mm track-level WEPL STD is achieved with a remark-
ably low proton density of 11 protons per pixel. So a low-dose proton imaging
protocol is proposed with only 2 x 107 protons distributed across 180 projec-
tion angles, corresponding to a total absorbed dose of 0.16 mGy. The imaging
configuration adopts an enlarged pixel size of 1.0 x 1.0 x 1.0 mm?, with each
ROI containing 400 pixels.

The primary reconstructed sinogram and pCT image in Fig. 7 [Figure 7: see
original paper] (a) exhibit linear artifacts caused by noisy pixels in the sinogram
where insufficient proton counts compromise the effectiveness of pixel-wise filter-
ing. To address this issue, a noise correction protocol is implemented in which
pixels with <5 proton counts are corrected using linear interpolation of adja-
cent valid pixels ($ $5 counts). This count-driven correction method effectively
preserves WEPL accuracy while mitigating artifacts, as demonstrated by the
refined sinogram patterns and enhanced pCT reconstruction quality shown in
Fig. 7 (b). In addition, significant potential exists for developing advanced
algorithms leveraging both WEPL data and proton count distributions across
neighboring pixels.

The quantified RSP accuracy and spatial resolution are presented in Table 2
. While the RSP uncertainty increases by 5-6 times compared to conventional
pCT protocols, the RSP accuracy remains <1% (except for air) while spatial
resolution increased to 1.1 mm. These results demonstrate the feasibility of clin-
ical pCT implementation at ultralow radiation doses (0.2 mGy level), achiev-
ing the dual objectives of <1% RSP accuracy and millimeter-scale resolution—
specifications sufficient for pretreatment positioning in fractionated proton ther-
apy. Though exhibiting elevated noise levels, this dose-efficient reconstruction
paradigm maintains sufficient imaging fidelity for repeated beam alignment ap-
plications where cumulative radiation exposure must be strictly controlled. The
scanning time is reduced to 2 seconds at a 10 MHz proton detection rate, sug-
gesting the potential of real-time image-guided radiotherapy. Imaging quality
can be further enhanced through integration with pre-acquired X-ray reference
images [?, ?].

IV. Discussion and Prospect

A. Study on Detector Configurations

The detector configurations are investigated through systematic simulations,
with key design parameters compared in Table 3 . The process-tagged CNN is
used as Edep filter due to its model-independent tagging. The WEPL STDs
at the track level serve as the primary evaluation metric. Furthermore, recon-
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structed RSP images demonstrate that o_ {pixel},RSP increases proportionally
with WEPL variations. Notably, all configurations maintain RSP accuracy
within 1% (excluding air) through individualized calibration implemented for
each detector setup.

The range telescope paradigm is designed to relax the requirements for energy
resolution of individual channels. Reducing the bit depth from 12-bit to 4-
bit results in WEPL STDs with robust performance (less than 2% variance).
These findings also suggest faster readout speeds by adopting lower-bit ADCs
and reducing data size.

The scintillator bar thickness is a critical parameter in range telescope design,
as it directly determines the WEPL uncertainty, quantified by:

2 _ 1.2 2 2
OWwEPL = k= - (Uproton + Udet)

where k denotes the WEPL-range calibration coefficient from Fig. 4 (c). The
intrinsic proton range straggling in plastic scintillator contributes o {proton}
2.5 mm, while the detector uncertainty c{det} = Thickness//12 arises from geo-
metrical resolution limitations. Theoretical calculations demonstrate a baseline
uncertainty of 2.75 mm at 3 mm thickness. Progressive thickness increases to
4,5, and 6 mm elevate the uncertainty by 4.1%, 9.1%, and 15.0% respectively.
The simulated STDs in Table 3 show agreement with theoretical predictions,
thereby confirming the analytical model. These results establish 3 mm as the
optimal scintillator thickness for precision range measurement applications.

The lateral segmentation is primarily intended to reconstruct multi-proton
tracks. However, the STD of single-proton discrimination with CNN increases
when the scintillator width is enlarged, becoming comparable to that of the
Bortfeld fitting method. This result indicates an additional advantage from
lateral segmentation by enabling the distinction of large-angle scattering events.

B. Proof-of-Concept Prototype

At the preliminary stage, a simplified prototype is designed to validate the core
principles. The tracking system configuration is reduced to a single TaichuPix-3
chip per detection layer, while the range telescope is implemented as a 50 x 50
x 3 mm? scintillator plane, as shown in Fig. 8 [Figure 8: see original paper].
This configuration provides a detection area of 25.6 x 12.8 mm?, allowing the
reconstruction of only one proton per event. The range telescope architecture
comprises 64 layers covering the range of 100 MeV protons, with each layer
incorporating one SiPM.

A 100 MeV proton beam evaluation is planned for 2025, with this prototype
serving for initial system verification and experimental data acquisition. Sub-
sequent enhancements will focus on: (1) Implementation of nonideal simula-
tion and mitigation strategies in reconstruction addressing noise, dead area and
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crosstalk in both tracking system and range telescope. (2) Discrimination verifi-
cation of Bortfeld fitting and range-based CNN with realistic nPE distributions.
(3) Testing of the real system performance and establishment of the imaging
protocols, especially the statistical requirement per pixel.

C. Further Improvement

Further improvements in proton detection rates primarily depend on multi-
proton reconstruction techniques. The multi-proton reconstruction algorithm
under development for the range telescope aims to discriminate overlapping
proton tracks while maintaining the existing single-track discrimination per-
formance. By addressing challenges in accurately iterating hits and properly
allocating light yield at proton track intersections, this algorithm targets the
simultaneous reconstruction of 3-5 protons while maintaining a WEPL STD of
3 mm. Additionally, the tolerance for energy measurement precision (validated
via nPE digitization studies) enables potential detection rate improvements by
adopting faster SiPMs and readout chips.

V. Conclusion

This study presents an innovative pCT system that addresses traditional limi-
tations in energy measurement precision and energy-range correlation through
a multi-stage filtering strategy integrated into the imaging workflow. By se-
quentially applying scattering angle filtering in the tracking system, energy de-
position filtering in the range telescope, and pixel-wise filtering during WEPL
image reconstruction, the system achieves remarkable performance: 0.5 mm
spatial resolution and <1% RSP accuracy in simulations using 4 x 10% protons.
The key innovation lies in this multi-filter architecture’ s statistics-easing effect,
which substantially reduces proton count requirements compared to conven-
tional pixel-wise filtering alone. This enables ultra-low-dose imaging feasibility,
demonstrating sub-1% RSP accuracy with just 2§x107{7}$ protons (0.16 mGy
dose) while maintaining 1.1 mm resolution. Such capabilities directly address
two critical clinical needs: repeatable patient positioning for fractionated ther-
apy and potential real-time imaging applications.

Systematic design analyses reveal fundamental principles for system optimiza-
tion: scintillator geometry studies establish thickness and width tolerances for
range telescope performance, and digitization investigations demonstrate robust-
ness against energy resolution compromises. Future work will focus on prototype
validation and enhancement strategies, particularly crosstalk and noise mitiga-
tion. This architecture, combining physical filtering with advanced algorithms,
provides a scalable framework for pCT systems that simultaneously achieve high
RSP resolution, ultra-low radiation dose, and clinical practicality.
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