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Axis 1. Detector development

Objectives 

Axis2. Data reconstruction

ü Range monitoring
ü Detection of anatomical changes
• Dose reconstruction (AI-based)

From Time-of-Flight measurement to 
dose distributions

Gamma module 
based on 

Cherenkov radiators

Fast beam 
monitor 2

MC simulation

Operating configurations 
ü Protons/carbon ions
ü S2C2, synchrotrons and cyclotrons
ü Low Intensity (patient positioning)
• Clinical intensity => current work

Objectifs et defis scientifiques



Fait marquant: Going beyond range monitoring with PGTI

Exp. 1. 
(Treatment planning): 
the sinus is empty

Exp 2. (Treatment)
the sinus is filled

Example (experiment at P1, CAL)
× 8 TOF distributions acquired 

(1 per module) 

The PG vertex distribution (rv) is 
reconstructed from the 8 TOF histograms 

solving the inverse problem:

3

TOF = tstop � tstart =

8-channels TIARA prototype

The reconstructed PG vertex 
distribution allows the 
identification of anatomical 
changes from treatment planning 
to delivery. Patient’s tissues in 
treatment configuration are shown 
as background colours. 

Range shift: Actual = 27 ± 1 mm Measured = 26 ± 4 mm
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Fait marquant: TIARA for carbon therapy
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Range accuracy
Fit slope : 8.87 ± 0.49 ps/mm

Bootstrap means

±æ
±2æ

to 30 detectors is considered feasible in the future, as the collaboration is currently finalising a data reconstruction approach
(Prompt Gamma Time Imaging) that allows merging the response of multiple detectors, as well as a calibration procedure to
correct the relative time response of the 30 modules within an accuracy of few ps. A preliminary version of the reconstruction
algorithm has already been published26. Clearly, this approach only provides a first-order estimate of the detected PGs per spot,
which ultimately depends on the spot size, beam energy and patient’s tissues irradiated. Also, attributing all the events to a
single detector is only an approximation, as in the final prototype arrangement not all modules will be placed at exactly 90°.
The bootstrap procedures were performed for both intensities and for three different sub-sample sizes, selected to match

Racc,2s (mm)
Clinical spots Number of ions NPG (Counts) 2 ·106 ions/s 2 ·107 ions/s

1 2.4 ·106 1400 5.07 ± 0.30 9.30 ± 0.70
2 4.8 ·106 2800 3.40 ± 0.22 6.64 ± 0.50
4 9.6 ·106 5600 2.47 ± 0.15 4.74 ± 0.36

Table 1. Extrapolated range accuracies at 2s for three different levels of statistics. The accuracy decreases as the square root
of the number of PG events included in the analysis. 1400 events correspond to the number of detected PGs in a distal spot of
2.4·106 ions that is expected with the final version of the TIARA detector, including 30 modules (from MC simulation22).
Results are given for PG module 3.

the expected statistics for 1, 2 and 4 clinical spots at the CNAO facility. The range accuracies at 2s significance level are
reported in Table 1 for module 3. The uncertainties on Racc,2s are calculated by propagating the uncertainty on A f it , referenced
on Fig. 5 bottom, right. As expected, the range accuracy improves when multiple spots are grouped for range analysis. For
example, in the low-intensity configuration, grouping two spots, for an overall statistics of 2800 PGs, yields a range accuracy
of 3.40 ± 0.22 mm at 2s . This result is consistent with the range accuracy of 3.3 ± 0.1 mm at 2s previously obtained with
63 MeV protons and 3200 PGs22.
At the higher intensity of 2·107 ions/s, however, the range accuracy is approximately doubled with a value of 4.74 mm when
grouping 4 irradiation spots. Nonetheless, if a 1s significance level is accepted, this range accuracy decreases to 2.37 mm. This
degradation is attributed to the reduced precision of the plastic beam monitor in timing the incoming ions, in presence of a
moderate pile-up and a non-perfect recovery of the baseline between the detection of two consecutive ions. While pile up in the
gamma detector could also occur under extreme conditions, it was not observed at this intensity.
Finally, for comparison, the 2s range accuracy achieved with modules 1 and 2 is slightly degraded, with values of 3.71 ± 0.23 ps
and 3.56 ± 0.15 ps obtained for 4 spots at the lower intensity, respectively. This result is expected, as module 3 preferentially
detects PGs originating from the Bragg peak region due to its solid-angle coverage, resulting in improved sensitivity to range
variations in this region.

Downstream detection of Prompt Gamma rays

In a preliminary experiment, a detector module was positioned downstream of the target, at an angle of 45° with respect
to the beam axis, with the large PMMA target in place. This configuration was investigated to quantify the contribution of
secondary particles from projectile fragmentation and to assess the feasibility of downstream PGT. In carbon-ion irradiation,
nuclear fragmentation produces lighter projectile fragments that emerge with approximately the same velocity as the primary
ions. Owing to their lower mass and charge, these fragments exhibit ranges extending beyond the Bragg peak, giving rise
to the fragmentation tail. In downstream configurations, such forward-emitted particles may escape the target and reach the
detector27, 28.
The resulting TOF distributions, shown in Fig.6, exhibit two distinct components. The first peak, centered at approximately

5 ns, corresponds to PGs emitted by primary carbon ions. The second, broader component arises from the combined contribution
of secondary PGs (as those observed in Fig. 3), and light ions directly detected in the module. Given the wide energy spectrum
of the secondary fragments, this contribution leads to a broad TOF distribution that is not correlated with the prompt-gamma
emission vertex and therefore with the ion range. Neutrons’ contribution is considered negligible as the associated detection
efficiency is several orders of magnitude lower than for PGs and protons for TIARA modules22. Based on these findings,
downstream detector configurations were considered unsuitable for PGT with the current TIARA setup and were excluded
from subsequent measurements.
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Hodoscope response to different intensities

Measurement of range accuracy

Beam energy was varied 
to produce progressive 
range shifts of ~3.5 mm in 
PMMA.

M. Pinson et al. Under review in Scientific Report (https://arxiv.org/abs/2602.18318)
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Block detector développent

TIARA construction

Analytical reconstruction (1D)

ML-based reconstruction (3D)

Restrospective clinical study

Protons at low intensities

Protons at clinical intensities

Carbon ions

Irradiation platforms
CAL, CNAO
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Structure du projet



Vision 2030
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Axis 1. Detector development

• Dedicated DAQ based on digital TDC under development at SE
• Mechanical support  is being conceived at SDI
• Assembly of the remaining 20 modules in the next month at SDI

Axis2. Data reconstruction

1. Classifier-based 1D reconstruction for tissue 
identification along the beam path 

2. AI based 3D reconstruction for dose maps
3. Analytical reconstruction (CPPM)

Patient’s image 
database from CAL 

available

Experiments

• Performances for protons at clinical intensity (dedicated test at CAL in April 2026). 
• Clinical Intensity already validated for carbon ions.



Nouvelles collaborations: determination of lateral beam displacement with COG 

N = total number of PG detected
ni = number of PG detected in module i
Yi = x coordinated of gamma detector

108 protons / ~30000 PGsSIMULATION
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Possible to distinguish a lateral beam 
displacement of 2 mm (2𝜎) at PB scale

Stage M2: Elena Lopez-Miguelez
• MC simulation of RANDO phantom experiment in GATE 
• Validation against experimental data
Perspectives
• Use of vpgTLE algorithm
• Further development of COG algorithm



AaP en cours et visés (2-5 ans)
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