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Context

Radiation therapy
Range monitoring with Prompt Gamma3

efficiency and gamma-neutron discrimination even more critical for the application of PGI to Carbon Ion 
Radiation Therapy (CIRT).

In this study, we thoroughly investigated the potential of PGI range verification in CIRT environment with 
a prototype of a knife edge slit-camera system to detect Bragg-peak shifts in a plastic phantom irradiated by a 
clinical C-ion pencil-beam.

In particular, the experimental work presented in this paper aimed at verifying the results of a previous 
Monte Carlo simulation campaign that was conducted through FLUKA, a general purpose Monte Carlo code for 
particle transport44. In those numerical simulations, a knife-edge slit camera was used to measure the secondary 
particles emitted in the 3–7 MeV energy range by a ICRP soft tissue phantom, emulating the patient irradiated 
with a mono-energetic pencil beam of C-ions of 150 MeV/u45. The energy was chosen to fit within the interval 
of therapeutic energies used in CIRT: indeed, at CNAO, a clinical carbon ion irradiation is characterized by 
an energy ranging from 120 to 400 MeV/u, while for protons the energy range is of 60–250 MeV46. The results 
suggested that range verification on a layer-by-layer approach could be possible using a 10 cm × 10 cm detection 
module, if the average number of primary particles delivered in a spill to cover a given layer of the tumor volume 
is about 5 · 107 ions.

In order to experimentally verify the results of the MC simulations, we developed and characterized an 
experimental setup to explore the PG fall-off retrieval capability with a pixelated knife-edge slit camera with a 
beam of C-ions at clinical energies. In this work, we conducted an experimental campaign at Centro Nazionale 
di Adronterapia Oncologica (CNAO) hadrontherapy center (Pavia, IT) where, to our knowledge, the first PGI 
measurement with carbon ions at clinical energy and intensities was carried out. Our work paves the way for 
implementing a PGI system for range verification in CIRT.

Methods
In a PGI system, the gamma camera detects the PG radiation emitted along the trajectory of the carbon-ion 
beam and provides a 1-D image of its distribution. The image is obtained projecting the radiation onto a 
position-sensitive detector through a knife-edge tungsten slit collimator. The goal is to identify any shifts in the 
PG profile, indicative of alterations in particle range, in order to ideally react to this variation to guarantee the 
safety of treatment delivery. Figure 1 illustrates the conceptual design of the system envisioned for operation 
in a clinical environment. In this work, a pixelated detector was chosen instead of the slab-based one used in 
simulations in order to develop a general-purpose PGI module, suitable not only for CIRT but also for proton 
therapy. In this application, higher segmentation of the detector is required in order to withstand higher count 
rates, since in some proton facilities the beam delivery is characterized by a much higher particle rate than for 
CIRT, which translates on a much higher rate of prompt gammas on the detector.

PGI camera system: design and calibration
The proposed camera comprises a tungsten-alloy knife-edge collimator and a scintillator detector based on a 
Lu1.8Y0.2SiO5 (LYSO) pixelated crystal (SCIONIX (https://scionix.nl), Utrecht, Netherlands), which detects the 
projected distribution of prompt gammas. These materials are chosen for their favourable characteristics for 
PGI applications: the tungsten alloy (90% W–6% Ni–4% Cu) has high density and excellent machinability, while 
LYSO is a dense, fast scintillator with high light yield.

Fig. 1.  Knife-edge slit camera concept of operation: deviations between real range and expected one are 
detected through PG signal projected to a pixellated camera thanks to a knife-edge slit collimator.
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⇒ Need of MC simulations to design detection stages:

Prompt-Gamma Time-of-flight Imaging ARrAy (TIARA)1, PbF2, 100ps RMS

Prompt-Gamma Energy Integration (PGEI)2, PbWO4

1M Jacquet et al. “A high sensitivity Cherenkov detector for prompt gamma timing and time imaging”. In: Scientific Reports 13.1 (Mar. 2023). doi:
10.1038/s41598-023-30712-x.

2P Everaere et al. “Prompt gamma energy integration: a new method for online-range verification in proton therapy with pulsed-beams”. In:
Frontiers in Physics 12 (June 2024). issn: 2296-424X. doi: 10.3389/fphy.2024.1371015.

3A B Idrissi et al. “First experimental verification of prompt gamma imaging with carbon ion irradiation”. In: Scientific Reports 14.1 (Oct. 2024). issn:
2045-2322. doi: 10.1038/s41598-024-72870-6.
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Gamma Sources

Gamma sources
Origins: protontherapy example from H & N treatment plan4

XXth International Conference on the use of Computers in Radiation therapy 8 - 11 July 2024, Lyon, France
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Figure 3: 2D histograms of prompt-gamma rays per creator process. Total counts of gamma rays per process are given in Table 1.
Top row: all creator processes. Then in the reading direction: proton inelastic, neutron inelastic, annihilation, radioactive decay,
electron/positron bemsstrahlung, and neutron capture. Caution: the colorbars (log scale) are normalized to their maximum value.

⇒ Mainly from nuclear inelastic interaction of proton and neutron

4J M Létang, O Allegrini, and É Testa. “Prompt-gamma timing with a track-length estimator in proton therapy”. In:
XXth International Conference on the use of Computers in Radiation therapy. 2024, pp. 584–587.
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Gamma Sources

Prompt-Gamma sources
Protontherapy: Proton vs Neutron5

Nuclear inelastic interaction of proton and neutron
NB: other projectiles and their product species for hadron therapy with heavier ions (He-,
C-ion).

PG spatial distribution (radial slice) with protons at 160MeV in a water tank from proton and neutron:

2.2 RÉSULTATS ET DISCUSSIONS

DISTRIBUTION SPATIALE DES ÉMISSIONS DES PG La figure 2.2 présente les distributions d’émissions

des PG émis par les protons et les neutrons en coordonnées cylindriques, c’est-à-dire en fonction de

la profondeur dans la cible et de la coordonnée radiale (distance à la trajectoire des protons incidents).

Les nombres de PG émis ont été intégrés sur l’angle de rotation autour de l’axe du faisceau puis divisés

par le volume d’intégration (soit 2πr dr dh, un volume torique de rayon r et de face carrée dr dh). La

figure 2.3 présente les distributions d’émission des PG en fonction de la profondeur dans la cible avec

l’intervalle de confiance à 99.7% pour les courbes de PG générés par les protons et les neutrons.

FIGURE 2.2 – Distribution spatiale des émissions de PG issus de collisions inélastiques des protons
(gauche) et des neutrons (droite) dans un cube d’eau de 20 cm3. Chaque pixel de coordonnées [r , h]
correspond à l’ensemble des PG émis à une distance radiale r de l’axe du faisceau, à une hauteur h.
Les comptages sont exprimés en nombre d’événements par unité de volume et par proton.
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FIGURE 2.3 – Distribution longitudinale (à gauche) et radiale (à droite) des émissions de PG issus
de collisions inélastiques des protons (rouge) et des neutrons (bleue) dans le cube d’eau de 20 cm3.
Les comptages sont exprimés en nombre d’événements par unité de volume et par proton incident.
Les bandes d’erreur représentent l’intervalle de confiance à 99.7% conformément à la statistique de
Poisson.

Les résultats obtenus en figure 2.2 montrent la nette distinction entre le comportement des protons

et des neutrons dans la matière. Pour les particules chargées, on constate une diffusion restreinte à

14

5V Guittet. “Extension du module hybride d’émission des rayons ‚ prompts en protonthérapie dans le code Monte Carlo GATE pour prendre en compte les
neutrons secondaires”. MSc Report (Med. Phys.) Université de Rennes, 2025.
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Gamma Sources

Prompt-Gamma sources
Protontherapy: Proton vs Neutron6

Depth (left) and radial (right) PG emission distribution from proton and neutron in a water tank:

2.2 RÉSULTATS ET DISCUSSIONS

DISTRIBUTION SPATIALE DES ÉMISSIONS DES PG La figure 2.2 présente les distributions d’émissions

des PG émis par les protons et les neutrons en coordonnées cylindriques, c’est-à-dire en fonction de

la profondeur dans la cible et de la coordonnée radiale (distance à la trajectoire des protons incidents).

Les nombres de PG émis ont été intégrés sur l’angle de rotation autour de l’axe du faisceau puis divisés

par le volume d’intégration (soit 2πr dr dh, un volume torique de rayon r et de face carrée dr dh). La

figure 2.3 présente les distributions d’émission des PG en fonction de la profondeur dans la cible avec

l’intervalle de confiance à 99.7% pour les courbes de PG générés par les protons et les neutrons.

FIGURE 2.2 – Distribution spatiale des émissions de PG issus de collisions inélastiques des protons
(gauche) et des neutrons (droite) dans un cube d’eau de 20 cm3. Chaque pixel de coordonnées [r , h]
correspond à l’ensemble des PG émis à une distance radiale r de l’axe du faisceau, à une hauteur h.
Les comptages sont exprimés en nombre d’événements par unité de volume et par proton.
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FIGURE 2.3 – Distribution longitudinale (à gauche) et radiale (à droite) des émissions de PG issus
de collisions inélastiques des protons (rouge) et des neutrons (bleue) dans le cube d’eau de 20 cm3.
Les comptages sont exprimés en nombre d’événements par unité de volume et par proton incident.
Les bandes d’erreur représentent l’intervalle de confiance à 99.7% conformément à la statistique de
Poisson.

Les résultats obtenus en figure 2.2 montrent la nette distinction entre le comportement des protons

et des neutrons dans la matière. Pour les particules chargées, on constate une diffusion restreinte à

14

⇒ Neutron-induced PG becomes predominant:

after the BP along the beam

and a few cm away from the beam
6V Guittet. “Extension du module hybride d’émission des rayons ‚ prompts en protonthérapie dans le code Monte Carlo GATE pour prendre en compte les

neutrons secondaires”. MSc Report (Med. Phys.) Université de Rennes, 2025.
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Gamma Sources

Prompt-Gamma sources
Decay Promptness7

Nuclear de-excitation gamma-ray lines from proton processes

A.2 RÉSULTATS ET DISCUSSIONS

Les distributions temporelles obtenues pour le carbone et l’oxygène sont données sur la figure A.1.

Pour la raie à 4,4 MeV (voir figure A.2), ces distributions s’accordent visuellement de manière satisfai-

sante avec l’ajustement proposé par Python, et ce malgré un manque de données autour de 10–3 ns.

Par ailleurs, les résultats présentés dans la table A.1 donnent des constantes de demi-vie du même

ordre de grandeur que celles issues des données de référence. Les écarts relatifs entre les valeurs

mesurées et les valeurs tabulées sont de l’ordre de 33% pour le carbone et 51% pour l’oxygène.
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FIGURE A.1 – Histogrammes 2D des émissions PG dues aux excitations des noyaux par les protons
avec des cibles en carbone (à gauche) et en oxygène (à droite). En ordonnée les temps de désexcitation
des noyaux en échelle logarithmique et en abscisse, les énergies des PG émis. Les données sont
normalisées par le nombre de protons incidents.

TABLE A.1 – Tableau de comparaison des demi-vies obtenues à celles de la littérature. Pour les calculs,
les bins à 4 et 4,4 MeV [108, 109] sont prises en compte et l’écart (en %) est calculé par rapport au
maximum des deux valeurs.

Élément λd (s–1) Demi vie (s) τ1/2 = ln(2)/λd litt(NuDat) écart
Oxygène 7.04 × 1012 ± 5.75 × 1011 9.84 × 10–14 ± 8.03 × 10–15 4.23 × 10–14 51%
Carbone 1.09 × 1013 ± 9.24 × 1011 6.35 × 10–14 ± 5.38 × 10–15 4.23 × 10–14 33%

Ces différences s’expliquent par le faible nombre d’événements simulés (rappelons que l’émission de

PG est un phénomène relativement rare) ainsi que par la simplicité du modèle de désexcitation, supposé

en deux étapes. Ces résultats montrent malgré tout que le programme conçu pour cette simulation

fournit des données cohérentes et exploitables.

Enfin, on remarque que les temps de désexcitation après collision inélastique proton-noyau (fi-

gure A.1) sont également majoritairement inférieurs à la nanoseconde. L’approximation temporelle utili-

sée dans le module vpgTLE reste donc valable pour le traitement des protons.

32

⇒ Negligible decay-time but correlated to gamma-ray energy

7V Guittet. “Extension du module hybride d’émission des rayons ‚ prompts en protonthérapie dans le code Monte Carlo GATE pour prendre en compte les
neutrons secondaires”. MSc Report (Med. Phys.) Université de Rennes, 2025.
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Gamma Sources

Prompt-Gamma sources
2D (energy & time) distribution: p@130MeV in water8

2D PG yield in a (2mm)3 voxel at BP depth in water, but 2 cm away from it laterally.
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FIGURE 2.4 – Histogramme 2D des émissions PG dues aux excitations des noyaux par les neutrons
secondaires. En ordonnée, les temps de désexcitation des noyaux en échelle logarithmique et en abs-
cisse, les énergies des PG émis. Les données sont normalisées par le nombre de protons incidents.
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FIGURE 2.5 – Histogrammes 2D des émissions des PG, histogrammes 2D « décorrélés » et distribution
des écarts relatifs entre ces deux histogrammes (par protons par 100 keV par 20 ps) pour le voxel (haut)
et le tore à face carrée (bas) dans le cas de 1010 protons de 130 MeV.

16

⇒ Is it necessary/possible to store a 2D PG yield distribution at each voxel?

8V Guittet. “Extension du module hybride d’émission des rayons ‚ prompts en protonthérapie dans le code Monte Carlo GATE pour prendre en compte les
neutrons secondaires”. MSc Report (Med. Phys.) Université de Rennes, 2025.
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Gamma Sources

Prompt-Gamma sources
2D representation: energy & time distribution sampling9

Prompt-Gamma source sampling:

space: 10cm × 10cm × 20cm with a (2mm)3 sampling: 250 000 voxels

time: 10ns time range at 10ps: 1000 time samples

energy: 10MeV energy range at 10keV: 1000 energy samples

Two solutions:

5D PG distributions at each voxel: 3D space × 1D energy × 1D time:
→ 250× 109 samples at double precision: 2TB file

Two 4D PG distributions at each voxel: 3D space × (1D energy + 1D time):
→ 2× 250× 106 samples at double precision: 4GB file

⇒ Check separability between PG emission time and energy

9V Guittet. “Extension du module hybride d’émission des rayons ‚ prompts en protonthérapie dans le code Monte Carlo GATE pour prendre en compte les
neutrons secondaires”. MSc Report (Med. Phys.) Université de Rennes, 2025.
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Gamma Sources

Prompt-Gamma sources
Separability PG emission time vs energy10

Phys. Med. Biol. 69 (2024) 115052 J M Létang et al

Figure 2.Worst-case scenario: a 130MeV proton pencil beam impinges upon the interface between two homogeneous blocks
(bone and lung).

Figure 3. Fusion slices of HU labels and dose distribution of the patient RT-plan used in this study. The small red squares in the
transverse plane (right image) show the three voxels of interest, located in the entrance, plateau and Bragg peak regions,
respectively.

block 470mm. We considered two 2mm cubic voxels sampled along the proton path at 70mm from the
beam entrance, and located in either side of the separation plane: the one in bone is in thus the Bragg peak,
the one in lung in the plateau.

The clinical case, which consists of the 7 spots of the distal layer of a patient RT-plan, is illustrated with
fusion images between the patient CT and the dose map in figure 3. The corresponding proton energy is
133.08MeV. Four 2D histograms Epg× tpg (as described in figure 1) have been saved with a statistics of 109

incident protons: one for the whole volume, and three corresponding to 2mm cubic voxels along the proton
path taken respectively at the entrance, plateau and Bragg peak regions (see transverse plane of figure 3).

2.3.3. Impact assessment of nuclear de-excitation time
Several excited nuclei produce gamma-ray lines with mean life greater than 10ps during nuclear
de-excitation (Kozlovsky et al 2002). The delayed gamma-line of oxygen (6.13MeV and 27ps mean-life) is a
particurlarly interesting case because it is the strongest in the vicinity of the Bragg-peak (Verburg and Seco
2014), i.e. at the end of the proton range where the delayed de-excitation will have much impact on the PG
profile. We thus used as phantom a box of (40× 150× 40)mm3 composed of an oxygen material at unit
density to assess the impact of the nuclear de-excitation time. The actors corresponding to the analog and
vpgTLE-tt tally have been defined over the whole material box and sampled by 1mm cubic voxels. The worst
case has been selected for this assessment study: the PG energy and emission time are integrated over the
whole box. A statistics of 107 incident protons of 130MeV has been used for both actors.

2.3.4. Benchmarking with a patient RT-plan for 3 voxels of interest
The benchmarking study is based on the clinical RT-plan described in section 2.3.2 and shown in figure 3. A
statistics of 109 incident protons have been used for both the analog and vpgTLE-tt actors, and a scoring
volume of (100× 268× 100)mm3 sampled by 2mm cubic voxels. Three voxels of interest have been selected
to assess the performance of the vpgTLE-tt with respect to the analog MC simulation: in the entrance region,
in the plateau region and in the Bragg peak region (depicted as small red squares in the right image of
figure 3).

The efficiency gain ε
(
Epg

)
for a specific PG energy Epg of the vpgTLE-tt method compared to the analog

MC one is defined as:

ε
(
Epg

)
=

Tanalog

TvpgTLE−tt

σ2
analog

(
Epg

)

σ2
vpgTLE−tt

(
Epg

) (1)

where Ti and σ2
i

(
Epg

)
are the computation time and variance (of the number of PG of energy Epg) of method

i respectively. We used 30 repetitions of both methods to compute an average computation time Ti and the

4

For a (2mm)3 bone voxel at 70mm depth:

Phys. Med. Biol. 69 (2024) 115052 J M Létang et al

Figure 5. 2D distributions Epg× tpg (see figure 1) of PG yields (per proton per 40keV per 20ps) for the dual block (see figure 2)
and 108 protons of 130MeV. Top: in the bone (2mm)3 voxel. Bottom: in the lung (2mm)3 voxel. The voxels are side-by-side,
located 70mm downstream the proton beam (proton range in the bone is 72mm). The same LUT has been used to keep the color
mapping consistent: actual maximum values are respectively 56.6% and 23.8%.

3.3. Impact assessment of nuclear de-excitation time
The benchmarking plots (vpgTLE-tt vs analog) corresponding to the PG energy and the PG emission time
distributions for the oxygen mono-material test-case are shown in figure 7. The data is integrated over the
whole volume. The error bands correspond to the 99.7% confidence interval of the Poisson distribution of
the Analog tally. The confidence interval of the vpgTLE-tt tally is too small and is within the line width.

3.4. Benchmarking with a patient RT-plan for 3 voxels of interest
The benchmarking plots (vpgTLE-tt vs analog) corresponding to the PG energy (left column) and the PG
emission time (right column) distributions for the clinical RT-plan test-case are shown in figure 8 for all
three voxels of interest. The corresponding efficiency-gain plots are shown in figure 9.

4. Discussion

For the worst-case (bone and lung blocks) scenario depicted in figure 5, the PG emission-time distributions
are given by the superposition of several populations of protons: incident protons with path mainly in the
lung block (faster protons), in the bone block (slower protons), and secondary protons (even slower). In the
bone voxel (top row of figure 5), the largest error is for the 6.13MeV line: PG emitted at about 1ns are
induced by protons at the end of their range (they mainly stayed in the bone block) where this gamma line is
the more pronounced, whereas PG emitted at about 0.85ns are induced by faster protons which traveled
mainly in the lung block. In this worst-case scenario, the error of the 1D-separable model is large for the
6.13MeV line (>50%), but remains acceptable otherwise (<20%).

The separability assumption—PG emission time vs PG energy—is also not valid on the scale of the whole
patient volume, as it can be seen in the first row of figure 6. Differences larger than 20% occurs because (i)
the production of excited nuclei is not uniform all along the proton track, and (ii) the de-excitation time of
the target nucleus associated to the PG emission is not always negligible (Kozlovsky et al 2002). For example,
the 6.13MeV line from excited oxygen nucleus 16O∗6.13 (27ps mean life) is more likely (i) to be produced in
the vicinity of the Bragg peak region (as it can be seen from the PG database of oxygen in the figure 4) and
(ii) to produce a large tail in the time distribution. Other notable gamma lines in the [10ps, 10ns]mean-life
time range include 0.72MeV (1ns), 3.74MeV (29ps), and 3.85MeV (12ps), but they have a much smaller
impact because of their lower cross-sections in PG production. In addition, it is worthy of note that the
de-excitation time is below the pico-second for most biologically relevant nuclei as mentioned by (Jacquet
et al 2021). But on a voxel scale (three last rows of figure 6), the separability approximation is largely valid.
This is all the more acceptable given that the best time resolution of the detecting stages is about 100ps. A

6

⇒ Acceptable separability of PG emission time and energy (except for some ‚ lines)
10J M Létang, O Allegrini, and É Testa. “Prompt-gamma track-length estimator with time tagging from proton tracking”. In: Physics in Medicine and Biology
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MC simulation & TLE

Monte Carlo simulation
Computation of the 2× 4D PG source11

8075

the same time (Polf et al 2009), but the nuclear reactions of relevance to proton therapy need 
further theoretical and experimental studies to get a better accuracy (Verburg et al 2013). The 
considerable variations of the prompt-γ yield for low proton energies come from resonant 

Figure 3.  Mass attenuation coefficient of proton inelastic nuclear processes κ ρ/inel  (cm2 
g−1) for bone-equivalent (red line), lung-equivalent (green line) and muscle-equivalent 
(blue line) materials (see table 1). Data from Geant4.10.0.p02 (‘QGSP_BIC_HP_LIV’ 
physics list), a comparison of Geant4 models for nucleon-nucleus cross sections with 
experimental data can be found in Folger and Grichine (2007).
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Figure 4.  Total prompt-γ yield per proton nuclear inelastic process ηγ /inel
tot  for bone-

equivalent (red line), lung-equivalent (green line) and muscle-equivalent (blue line) 
materials (see table  1) as a function of proton energy. Data from Geant4.10.0.p02 
(‘QGSP_BIC_HP_LIV’ physics list).
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1% PG / proton / cm ⇒ Rare event: VRT necessary

11W El Kanawati et al. “Monte Carlo simulation of prompt ‚-ray emission in proton therapy using a specific track length estimator”. In:
Physics in Medicine and Biology 60.20 (2015), pp. 8067–8086. doi: 10.1088/0031-9155/60/20/8067.
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MC simulation & TLE

Sidestep: Dose calculation
TLE for Kerma approximation14

Dose (monoenergetic x-ray beam E) at pixel x:

D (x) = Φ (x)| {z }
Fluence

× E ×—en (E; x)| {z }
→DataBase

× 1

ȷ (x)

where
the linear energy-absorption coefficient —en must be computed via MC calculations (or approximated from
NIST database12)
and the particle fluence Φ ≡13 the total particle path length

P
k Lk per volume V

Φ(x) =

P
k Lk (x)

V (x)

⇒ Linear Track Length Estimator (TLE) for fluence

Need to build a PG yield database

12https://www.nist.gov/pml/x-ray-mass-attenuation-coefficients
13G A Carlsson. “The dosimetry of ionizing radiation”. In: vol. 1. Academic Pr, 1986. Chap. Theoretical Basis for Dosimetry. isbn: 978-0-12-400401-6.
14Jeffrey F Williamson. “Monte Carlo evaluation of kerma at a point for photon transport problems”. In: Medical Physics 14.4 (1987), pp. 567–576.
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MC simulation & TLE

Track-Length Estimator (TLE)
Kerma estimation15

Analog MC: discrete process attached to particle interactions

TLE: continuous process attached to particle in transportation

15Jeffrey F Williamson. “Monte Carlo evaluation of kerma at a point for photon transport problems”. In: Medical Physics 14.4 (1987), pp. 567–576.
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MC simulation & TLE

Track-Length Estimator (TLE)
vpgTLE: voxellized Prompt-Gamma TLE16

The TLE variation for Prompt-Gamma energy source computation at voxel x:

Epg (x) =

NstepsX
i=1

NenergiesX
p=1

Li (Ep; x)× Γm(x) (Ep)

where

Li (Ep; x) is the length of the step i in voxel x et particle energy Ep.

Γm(x) (Ep) is the 1D PG energy distribution per unit length for material m(x) and particle energy Ej ,

Nota Bene: the PG database Γm is not scene dependent and can be built offline for each material m and each
particle type (proton, neutron...).

Γm(Ep) = Nm;‚(Ep)
»m;inel(Ep)

Nm;inel(Ep)

16W El Kanawati et al. “Monte Carlo simulation of prompt ‚-ray emission in proton therapy using a specific track length estimator”. In:
Physics in Medicine and Biology 60.20 (2015), pp. 8067–8086. doi: 10.1088/0031-9155/60/20/8067.
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MC simulation & TLE

vpgTLE
PG database Γm(x) (Ep): error analysis17

Epg (x) =

NstepsX
i=1

NenergiesX
p=1

Li (Ep; x)× Γm(x) (Ep)

Error types and sources:

Li (Ej ; x): statistical error

statistical relative variance ∝ ff2(L(x))

n(x) L̄2
n(x)

⇒ fast convergence (on the primary particle track), low stat sufficient

Γm(x) (Ej): systematic error

systematic relative variance ∝ 1

Nm(x);‚(Ep; E‚)

with Nm(x)(Ep; E‚) the nr of PG scored for particle energy Ep in the PG energy bin E‚ for
material m(x) ⇒ high stat required.

17W El Kanawati et al. “Monte Carlo simulation of prompt ‚-ray emission in proton therapy using a specific track length estimator”. In:
Physics in Medicine and Biology 60.20 (2015), pp. 8067–8086. doi: 10.1088/0031-9155/60/20/8067.
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MC simulation & TLE

vpgTLE
PG database Γm(x) (Ep): examples18

exploitable pour le stage 1 du module.
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FIGURE 3.1 – Bases de données pour l’élément carbone dans le cas des protons (à gauche) et des
neutrons (à droite) incidents. Les valeurs indiquées correspondent au nombre de photons gamma émis
par centimètre de parcours et par bin d’énergie de 40 keV.

3 2 1 0 1 2 3
R/ R

0

5

10

15

20

25

oc
cu

re
nc

y 
am

on
g 

th
e 

50
 x

 2
5 

bi
ns

Standardized residuals distribution

3 2 1 0 1 2 3
R/ R

0

5

10

15

20

25

30

oc
cu

re
nc

y 
am

on
g 

th
e 

50
 x

 2
5 

bi
ns

Standardized residuals distribution

FIGURE 3.2 – Projection 1D du rapport « différence relative entre Gate 10 / Gate 9 sur incertitude » pour
la base de données en proton (à gauche) et en neutron (à droite).

L’estimation de l’efficacité du gain de temps obtenu via le changement de stratégie dans la concep-

tion des bases de données est exposée avec le tableau 3.1. On en déduit un gain de temps de calcul

de = 2311
573 = 4. En plus d’intégrer le modèle High Precision pour les neutrons, la nouvelle version permet

donc un temps de calcul 4 fois moins long que l’ancien. Ces résultats valident l’approche basée sur un

générateur de collisions et justifient son utilisation dans la phase suivante du projet (stage 1), dédiée à

la génération des cartes d’émission 3D.

20

proton neutron (HP)

Each column of Γm(x) (Ep) (indexed by the particle energy Ep) is the 1D PG-energy emission yield.
⇒ Root file format (JSON too large)

18V Guittet. “Extension du module hybride d’émission des rayons ‚ prompts en protonthérapie dans le code Monte Carlo GATE pour prendre en compte les
neutrons secondaires”. MSc Report (Med. Phys.) Université de Rennes, 2025.
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MC simulation & TLE

vpgTLE
PG source calculation: online protocol19

For a given scene: (eg from a TPS)

Phys. Med. Biol. 69 (2024) 115052 J M Létang et al

Figure 2.Worst-case scenario: a 130MeV proton pencil beam impinges upon the interface between two homogeneous blocks
(bone and lung).

Figure 3. Fusion slices of HU labels and dose distribution of the patient RT-plan used in this study. The small red squares in the
transverse plane (right image) show the three voxels of interest, located in the entrance, plateau and Bragg peak regions,
respectively.

block 470mm. We considered two 2mm cubic voxels sampled along the proton path at 70mm from the
beam entrance, and located in either side of the separation plane: the one in bone is in thus the Bragg peak,
the one in lung in the plateau.

The clinical case, which consists of the 7 spots of the distal layer of a patient RT-plan, is illustrated with
fusion images between the patient CT and the dose map in figure 3. The corresponding proton energy is
133.08MeV. Four 2D histograms Epg× tpg (as described in figure 1) have been saved with a statistics of 109

incident protons: one for the whole volume, and three corresponding to 2mm cubic voxels along the proton
path taken respectively at the entrance, plateau and Bragg peak regions (see transverse plane of figure 3).

2.3.3. Impact assessment of nuclear de-excitation time
Several excited nuclei produce gamma-ray lines with mean life greater than 10ps during nuclear
de-excitation (Kozlovsky et al 2002). The delayed gamma-line of oxygen (6.13MeV and 27ps mean-life) is a
particurlarly interesting case because it is the strongest in the vicinity of the Bragg-peak (Verburg and Seco
2014), i.e. at the end of the proton range where the delayed de-excitation will have much impact on the PG
profile. We thus used as phantom a box of (40× 150× 40)mm3 composed of an oxygen material at unit
density to assess the impact of the nuclear de-excitation time. The actors corresponding to the analog and
vpgTLE-tt tally have been defined over the whole material box and sampled by 1mm cubic voxels. The worst
case has been selected for this assessment study: the PG energy and emission time are integrated over the
whole box. A statistics of 107 incident protons of 130MeV has been used for both actors.

2.3.4. Benchmarking with a patient RT-plan for 3 voxels of interest
The benchmarking study is based on the clinical RT-plan described in section 2.3.2 and shown in figure 3. A
statistics of 109 incident protons have been used for both the analog and vpgTLE-tt actors, and a scoring
volume of (100× 268× 100)mm3 sampled by 2mm cubic voxels. Three voxels of interest have been selected
to assess the performance of the vpgTLE-tt with respect to the analog MC simulation: in the entrance region,
in the plateau region and in the Bragg peak region (depicted as small red squares in the right image of
figure 3).

The efficiency gain ε
(
Epg

)
for a specific PG energy Epg of the vpgTLE-tt method compared to the analog

MC one is defined as:

ε
(
Epg

)
=

Tanalog

TvpgTLE−tt

σ2
analog

(
Epg

)

σ2
vpgTLE−tt

(
Epg

) (1)

where Ti and σ2
i

(
Epg

)
are the computation time and variance (of the number of PG of energy Epg) of method

i respectively. We used 30 repetitions of both methods to compute an average computation time Ti and the

4

Computation of the two 4D PG yield sources: At each step i
Energy: Increment the 1D PG energy distribution at voxel x with

Epg (x) += Li (Ep; x)× Γm(x) (Ep)

where Ep is the particle energy, sampled randomly along its step.

Time: Increment 1 sample of the 1D PG time distribution at voxel x with

tpg (x; tp) += Li (Ep; x)×

0@X
Epg

Γm(x) (Ep; Epg )

1A
where tp is the particle time, sampled randomly along its step.
(⇒ Nuclear de-excitation time neglected)

19W El Kanawati et al. “Monte Carlo simulation of prompt ‚-ray emission in proton therapy using a specific track length estimator”. In:
Physics in Medicine and Biology 60.20 (2015), pp. 8067–8086. doi: 10.1088/0031-9155/60/20/8067.
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MC simulation & TLE

vpgTLE
Aliasing in PG database reading20

With a 1mm-step for protons at 20MeV in bone:
dE/dx(p@20MeV) = 4.5 MeV/mm,

CSDA(p@20MeV) = 2.5 mm in bone.
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⇒ Discontinuities in PG production: possible aliasing in DB reading: " step limiter).
20W El Kanawati et al. “Monte Carlo simulation of prompt ‚-ray emission in proton therapy using a specific track length estimator”. In:

Physics in Medicine and Biology 60.20 (2015), pp. 8067–8086. doi: 10.1088/0031-9155/60/20/8067.
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MC simulation & TLE

vpgELE
Energy-Loss variant21

Instead of the standard vpgTLE

Epg (x) +=

Z rout(x)

r=rin(x)
Γm(x) (Ep(r)) dr

an Energy-Loss Estimator can be derived (vpgELE)

Epg (x) +=

Z Eout(x)

Ep=Ein(x)

Γm(x) (Ep)

S(Ep)
dEp

where S(Ep) is the stopping power of the incident particle.

⇒ Another cumulative PG database could be introduced to tackle energy aliasing with this new estimator
vpgELE.

21W El Kanawati et al. “Monte Carlo simulation of prompt ‚-ray emission in proton therapy using a specific track length estimator”. In:
Physics in Medicine and Biology 60.20 (2015), pp. 8067–8086. doi: 10.1088/0031-9155/60/20/8067.
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Results

vpgTLE
Diagram22

Phys. Med. Biol. 69 (2024) 115052 J M Létang et al

Figure 1. Diagram of the vpgTLE-tt module. Two stages are required to compute the PG emission map with vpgTLE-tt: an
off-line stage 0 is run to build the PG database and an on-line stage 1 is run to compute the PG emission maps for the
corresponding setup. The analog MC branch is used for benchmarking purposes.

It is worth noting that the recorded times vary among the actors: the analog actor scores the PG emission
time, whereas the vpgTLE-tt actor only scores the proton time. In other words, the nuclear de-excitation time
is not taken into consideration in vpgTLE-tt.

2.3. Test cases
The vpgTLE-tt code was tested with simulations on different targets, scenes and phantoms, as described in
the following subsections. In all test cases, the Geant4 physics list builder QGSP_BIC_HP_EMY has been used
with 1mm production cuts and 1mm step limiter (Alliso et al 2016).

2.3.1. PG energy vector database
To build the PG energy vector database Epg for each element (from helium to calcium, and titanium, copper,
zinc and tin), a statistics of 109 protons of 250MeV incident to a box of uniform material of density
arbitrarily set to unity has been used. The stored PG yield database is normalized in density as described
in (El Kanawati et al 2015), and the scaling by the material density is done at a later time during the
initialisation phase of stage 1. Hydrogen is not used since there is no prompt-gamma emission. The following
parameters have been set: the proton energy is sampled over 500 bins up to 250MeV (i.e. 500keV proton
energy samples), the PG energy over 250 bins up to 10 MeV (i.e. 40keV PG energy samples), and the PG
emission time over 250 bins up to 5ns (i.e. 20ps PG time samples).

2.3.2. Separability assessment of PG energy and emission time
Two setups have been investigated to assess the separability of time and energy informations as it was
implemented in vpgTLE-tt: a worst-case scenario and a clinical radiotherapy treatment plan (RT-plan) of a
patient. Analog MC simulations have been used to store 2D PG energy and time yields distributions, from
which 1D marginal distributions have been computed and compared with the output of the vpgTLE-tt
simulation. The product of these two 1D marginal distributions has also been calculated to obtain the 2D
distribution equivalent to a model in which PG energy and emission time are not correlated. The 2D
distributions of the error difference are computed relatively to the maximum yield count.

The worst-case scenario is shown in figure 2: a 130MeV proton beam follows the separation plane of two
homogeneous blocks with different stopping powers (bone and lung). The transverse section of the beam is a
1.5mm radius disk. The proton statistics is 108. Each block is 50× 500× 100mm3, and the material
compositions are taken from (Valentin 2002). The proton range in the bone block is 72mm and in the lung

3

22J M Létang, O Allegrini, and É Testa. “Prompt-gamma track-length estimator with time tagging from proton tracking”. In: Physics in Medicine and Biology
69.11 (2024), 115052:1–10. doi: 10.1088/1361-6560/ad4a01.
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Results

vpgTLE
PG energy distribution at VOI (Gate 10): proton vs neutron23

Beam: proton@130MeV

VOI: (4mm)3 voxel

Stats: 106 vpgTLE vs 107 analog MC
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23V Guittet. “Extension du module hybride d’émission des rayons ‚ prompts en protonthérapie dans le code Monte Carlo GATE pour prendre en compte les
neutrons secondaires”. MSc Report (Med. Phys.) Université de Rennes, 2025.
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Results

vpgTLE
PG time distribution at VOI (Gate 10): proton vs neutron24

Beam: proton@130MeV

VOI: (4mm)3 voxel

Stats: 106 vpgTLE vs 107 analog MC
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24V Guittet. “Extension du module hybride d’émission des rayons ‚ prompts en protonthérapie dans le code Monte Carlo GATE pour prendre en compte les
neutrons secondaires”. MSc Report (Med. Phys.) Université de Rennes, 2025.
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vpgTLE
Efficiency gain wrt Analog MC (Gate 9.4)25
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Figure 9. Efficiency curves vpgTLE-tt/analog for the PG source for the three voxels of interest.

4.44MeV (12C) or 6.13MeV (16O), because their higher cross sections lead to better statistics than others in
the analog MC. If we set the same number of incident protons for both analog and vpgTLE-tt methods, the
gain in efficiency only comes from the reduction in variance (the vpgTLE-tt computing time is about 35%
longer for the same incident proton statistics).

Once these PG yield distributions (in energy and emission time) are computed for a specific phantom,
the next step is to use them as sources of PG emission probability per primary particle (Huisman et al 2016).
Each PG is then propagated through the phantom (and possibly into the detector), according to analog MC
protocols.

5. Conclusion

We have presented an extension of the vpgTLE-tt tally with time tagging for MC simulations of the
prompt-gamma emission sources in proton therapy. It is worth noting that the PG emission-time is just an
additional ‘tag’ to the PG energy yield vectors deposited at each step, the timing information does not play
any role in the variance reduction. The current vpgTLE-tt implementation is still limited to proton, and PG
emission from secondary particles other than protons is not considered yet. As far as proton therapy is
concerned, all that remains to be done now is to take into account the PG emission of neutrons by building
neutron-specific PG emission databases. The generalization to helium- or carbon-ion therapy is
straightforward but tedious since PG emission databases should be built for all particles that induces PG
emission, and they are numerous. We have shown that the vpgTLE-tt tally with time tagging is accurate
except for some PG lines corresponding to long mean-life nuclei, but the deviations induced by the
de-excitation times are less than 100ps, which is compatible with the temporal resolutions of the detectors
currently used for PG detection. A specific handling of such nuclei might be desirable for a better agreement
with the analog MC tally.

The vpgTLE-tt method with time tagging is open source and fully integrated in GATE. It will be available
in the 2024 release (version 9.4).
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⇒ Efficiency gain wrt Analog MC of about 105:
1
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× 5 voxels/cm × 103 PG energy bins = 5× 105
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Achievements:
vpgTLE ported to Gate 10
expansion to neutron

To be done:
implement vpgTLE (2× 4D) PG source in Gate 10
extend to heavier ions (He, C)
improve PG database construction (compatibility with G4 Physics List Builder)
implement vpgELE (Energy-Loss Estimator)
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