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Abstract
Proton therapy for tumour treatment exploits the characteristic energy-deposition pattern of protons in tis-
sue to spare surrounding healthy structures; however, uncertainties in particle range arising from imperfect
stopping-power estimation and patient positioning require safety margins. Prompt Gamma Timing (PGT) addresses
this gap by measuring the arrival times of prompt gammas in external detectors and correlating them with the
passage of primary protons. In this way, PGT enables in vivo range verification. In this work, a Python framework
that integrates an analytical PGT model was developed to optimize detector locations for the MERLINO detection
concept. The algorithm iteratively identifies the least useful detectors, proposes new positions and evaluates recon-
struction metrics over many configurations, yielding layouts with reduced mean relative error from iteration to
iteration. This optimization framework provides the first integration of an analytical PGT model into an automated
detector-layout optimization tool within the PROSIT project, enabling systematic studies of MERLINO-like detector
configurations.

I. Introduction

Charged particle therapy (CPT) with protons or heavier
ions makes use of their particular depth–dose distribu-
tion in matter, with a sharp peak at the end of their range,
the Bragg peak. The latter enables high tumor dose while
sparing healthy tissue [1]. In current clinical workflows,
the position of the Bragg peak is predicted from X-ray CT
images that are converted into maps of proton stopping
power (i.e. the energy loss of protons per unit path length
in each tissue), and treatment plans include margins to
account for residual uncertainties in this prediction, as
well as in patient setup and anatomical changes [2].

Within the DFG-funded project Proton Stopping
power estimation in Ion Therapy (PROSIT), an indepen-
dent measurement of the stopping power is pursued

based on secondary radiation produced during treat-
ment. Specifically, the time between primary particles
entering the patient and prompt gamma (PG) photons
interacting in detectors around the patient is measured.
The PGT technique uses the fact that PG emission is al-
most instantaneous after nuclear interactions along the
particle path, so that the spatiotemporal PG emission dis-
tribution is closely linked to the proton transport through
the patient [3], [4]. The spatiotemporal reconstruction of
PG emissions enables verification of the stopping-power
distribution used in treatment planning, rather than re-
placing CT-based stopping-power estimation.

The performance of a PGT system depends critically
on the configuration of the PG detectors, including their
number, locations, geometry and material. This study
focuses on optimizing detector locations for the exist-
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ing MERLINO prototype [5] and preparing the software
infrastructure needed to study the required number of
detectors. To this aim, we developed a Python-based
optimization framework that interfaces with the analyti-
cal PGT model from PROSIT, searches over admissible
detector positions defined by geometric and clinical con-
straints, and implements robust stopping criteria and
logging to enable systematic detector-layout studies. The
main contribution of this work is an automated detector-
layout optimization framework that provides a unified
software environment for varying and assessing detector
configurations, rather than manually testing individual
layouts.

II. Methods and materials

This section summarizes the PGT model and the opti-
mization framework used.

II.I. PGT principle in PROSIT

In CPT, prompt gamma photons with energies up to a
few MeV are produced in inelastic nuclear interactions
of the treatment beam with patient tissue and beam-
line components [6], [7]. Their emission is essentially
instantaneous, so the time difference between a refer-
ence signal for the arrival of the primary protons and the
detection of a PG photon encodes information on the
emission position along the beam path [3]. This time-of-
flight (TOF) principle forms the basis of PGT for range
verification.

The dedicated PGT framework combines Monte Carlo
(MC) simulations of the spatiotemporal PG emission dis-
tribution with an analytical model that maps this emis-
sion to detector time spectra for a given patient geometry
and detector configuration [8]. A schematic of the simu-
lated PGT setup used in this study is shown in Fig. 1.

II.II. Detector configurations and
evaluation

The optimization framework is based on a MERLINO-like
detector design consisting of fixed-size LaBr3 crystals
with a (3.81 cm×3.81 cm) length cross - section. The
optimization acts only on the two-dimensional positions
and orientations of detectors, while keeping their size,
shape and material fixed.

In the optimization process, the detector positions
are varied within a clinically admissible region around
the patient. Each configuration is defined by the Carte-
sian coordinates (x , y , z ) of each detector centre in the
treatment-room coordinate system [9]. In the present
2D study, the detectors are confined to the x –z plane.
Detectors are excluded from the forbidden region (“red
zone”) comprising the beam path and patient volume

Figure 1: Schematic of the simulated PGT setup: proton
beam along z direction in a homogeneous PMMA (polymethyl
methacrylate) phantom, and a total of 110 LaBr3:Ce detectors
placed asymmetrically around the target in 5 rows along the
y axis as simulated in previous works (central section shown)
(adapted from Ferrero et al. [5] under license CC BY.)

(see in Fig. 2). Candidate positions are sampled only from
the admissible region 15cm ≤ x ≤ 40cm, −50cm ≤ z ≤
50cm, corresponding to realistic locations outside the
patient.

For a given configuration, the analytical PGT model
provides detector time spectra based on the beams and
phantom described in[9]. From these spectra, the stop-
ping power and the range are reconstructed using in-
house developed algorithms, and the reconstruction
quality is quantified through primarily the mean relative
error (MRE) defined as the voxel-wise average relative dif-
ference average of the relative difference between recon-
structed and reference stopping power over the region of
interest [9]. Additional figures of merit (FOMs), namely
range error and Stopping Power Ratio error (SPR), were
monitored to verify that the optimization consistently
improves reconstruction performance across multiple
metrics. The SPR evaluates the relative error of recon-
structed SPR along the beam path, while the range error
quantifies the residual mismatch between reconstructed
and reference Bragg-peak positions [9].

II.III. Simulation data and preprocessing

Representative test cases were generated within the
PROSIT framework using FLUKA Monte Carlo simula-
tions [9]. For each detector configuration and beam set-
ting, monoenergetic proton pencil beams (energies be-
tween approximately 60 MeV and 220 MeV) impinge on
a homogeneous PMMA phantom, and the spatiotem-
poral distribution of prompt gamma emission is simu-
lated in the full 20 detector geometry. This output is then
processed by existing C++ codes that bin the simulated
events in time, energy and emission position and write
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histograms and geometry information to text files read
by the Python framework.

II.IV. Optimization algorithm and
implementation

The implemented algorithm follows a local search
scheme in which detector configurations are iteratively
modified and evaluated with the analytical PGT model.
Its control flow is summarised in two main components:

1. an loop of up to 200 iterations that proposes new
detector configurations, and

2. an acceptance rule that updates the current config-
uration only if the FOM improves.

The procedure is ‘evolution-inspired’ in the sense
that, in each iteration, only small random changes to
the current configuration are proposed, and configura-
tions with improved figures of merit are retained. Unlike
full evolutionary algorithms or genetic algorithms, this
scheme does not maintain a population of candidate so-
lutions, but focuses on a single incumbent configuration
that is locally improved.

In each iteration, the code identifies the three least
useful (TLU) detectors by temporarily removing each
detector and recording the resulting change in FOM. De-
tectors whose removal causes the smallest FOM degra-
dation define the TLU set. New positions for the TLU de-
tectors are then randomly sampled from the continuous
admissible region, yielding one candidate configuration
per iteration. A candidate configuration is accepted as
the new best layout only if its average MRE across all
17 beam energies is lower than that of the current best
configuration; otherwise, the previous configuration is
kept. All FOMs used here are defined such that lower
values indicate better reconstruction performance. In
the present study, the optimization is initialized from a
randomstarting configuration; different starting layouts
could in principle lead to different final arrangements
and performance. In this study, the optimization was run
once for 200 iterations using a single fixed random seed;
it reports the best configuration found during this run.
Because the reconstruction is computationally expen-
sive, the underlying C++ codes are executed in parallel
on a multi-core system. Optimization is initialized with a
MERLINO-based configuration with 20 LaBr3 detectors,
whose FOMs are evaluated using the analytical model
and the automatic scenario-based hyperparameter opti-
mization and FOMs introduced in [9].

III. Results and Discussion

After 73 iterations, no further candidate configuration
yielded a lower mean relative error, so configuration 73
was reported as the best one found within the tested

position space. This result was obtained using a fixed
random seed; future work will investigate multiple seeds
to assess robustness. A single optimization run with up
to 200 configurations is computationally demanding and
currently takes 17 hours on a 96-core CPU, so within this
work only one fixed random seed was studied systemati-
cally; future work will perform several runs with different
seeds to assess robustness and identify common features
of good detector configurations.

Figure 2 shows the initial and final detector layouts.
Within the admissible region beside the patient (Sec-
tion II), several detectors move compared to the initial
layout. The optimised configuration shows improved
coverage of the distal part of the beam path and a wider
spread in lateral viewing angles. This arrangement al-
lows detectors to capture complementary timing infor-
mation from different perspectives for improved emis-
sion reconstruction[5]. A wider spread of lateral view-
ing angles means that detectors observe prompt gamma
photons from different directions and path lengths, po-
tentially improving complementary time-of-flight infor-
mation and geometric coverage so that stopping power
and range can be reconstructed more accurately.

(a) (b)

Figure 2: Detector positions before (a) and after (b) optimiza-
tion. In both panels the arrow indicates the proton beam direc-
tion.

Figure 3 shows the evolution of the three figures of
merit over accepted configurations: the MRE, which
serves as the primary optimization target, and the SPR
and range error, which are monitored as secondary quan-
tities to ensure that improvements in MRE do not come at
the expense of range accuracy or SPR performance. The
most important quantity is the MRE of the reconstructed
stopping power. Smaller values therefore indicate a bet-
ter global match between reconstructed and reference
distributions. Starting from tested initial layouts, the
MRE improves quickly starting from the first iterations.
Minor fluctuations are observed but remain below 10%
for the later configurations. All three metrics (MRE, SPR,
range error) improve overall, even though only the MRE
was explicitely considered in the optimization. The final
configuration achieves acceptable performance (MRE:
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6%, SPR: 5%), demonstrating that the optimization ap-
proach works.

Figure 3: Evolution of error metrics over accepted detector
configurations. The plotted FOM values start from the first
accepted improvement after the initial random configuration.

It is not yet known if configuration 73 is the best pos-
sible arrangement or just a good local solution.

To build confidence, the algorithm should be run mul-
tiple times with different random starting points. This
will show whether it consistently finds similar detector
arrangements (suggesting robustness) or finds very dif-
ferent ones (suggesting a complex optimization land-
scape). Testing small changes to configuration 73 will
reveal how sensitive the solution is to precise position-
ing—critical for clinical implementation. Extended runs
with different algorithm parameters may also find better
configurations. More sophisticated optimization tech-
niques, such as simulated annealing, genetic algorithms,
or particle swarm optimization, could in principle ex-
plore the configuration space more globally. Evaluating
such methods within the PROSIT framework is left for
future work.

IV. Conclusion

Using an analytical model of PGT, a Python framework
was developed to search for improved detector locations
for a MERLINO-based PGT system. The final configura-
tion showed reduced MRE compared to the initial layout
and fulfils the stopping criteria implemented in the code.

Future work will test the robustness of the method
by starting optimizations from different initial detector
configurations. Although attenuation of prompt gamma
photons by surrounding detectors and other materials
is implemented in the model, it was deactivated for the
present tests. Further extensions include tighter cou-
pling to realistic patient geometries and beam settings,
and explicit variation of detector numbers. This will en-
able systematic studies of layouts balancing information
content, hardware complexity, and clinical feasibility,
bringing PGT-based stopping-power estimation closer
to practical implementation in charged particle therapy.
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