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Beyond Prompt Gamma Timing: detection principle

Beam monitor 
(Tstart)

Tproton

TPG

TIARA module 
(rd, Tstop)

Prompt Gamma Timing

TOF = tstop � tstart =

Golnik et al. Phys. Med. Biol. 59 (2014) 5300

Example of TOF distributions

2 unknowns:        rv = PG vertex         vp  =proton speed    
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Tproton(rv,vp) + TPG(rv, rd)



The TIARA (Tof Imaging ARrAy) detector

Beam monitor 
(Tstart)

Tproton

TPG

TIARA module 
(rd, Tstop) Cherenkov-based 

gamma detector

Fast beam monitors
Plastic-based for 

low intensity

Diamond-based for 
high intensity

Targeted coincidence time resolution (CTR):  
~ 100 ps RMS (235 ps FWHM) 

for range uncertainty ~ mm

Adapted to all 
intensities

cf. Gallin-Martel’s talk

http://arxiv.org/abs/2601.20457 

https://arxiv.org/abs/2411.07877 

http://arxiv.org/abs/2601.20457
https://arxiv.org/abs/2411.07877


Gamma module: understanding detector response
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Probability that a particle interacting in the 
crystal is actually detected by the SiPM.
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Detector solid angle 
• nb. Of PG modules
• distance from beam axis

Nb of optical photons 
reaching the SiPm

SiPM PDE
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✏ ⇠ 0.45%

PG interaction probability

G4 simulation Post-analysis

Detector characterisation Prompt Gamma Time Imaging



Gamma module optical response: particle sensitivity

The optical detection efficiency 
is determined as a function of 
particle incident energy

Incident 
particle

Detector characterisation Prompt Gamma Time Imaging



Protons at CNAO: time resolution and SNR

Time resolution

1 cm PMMA 
targetx

Box 19 (upstream)

Time resolution slightly 
degraded (148 ps rms) as 
this is not Single Proton 
Regime.

Signal from monitor not bunched 
at the gamma detector time-scale

100 MeV 
I = 6 × 106 p/s

Signal-to-Noise Ratio

Box 19 (upstream)

• Negligible background with 
target/patient in place

• Very high SNR both downstream and 
upstream

Box 16 (downstream)

Protons from 
monitor stopped 

in the target

Detector characterisation Prompt Gamma Time Imaging



Range accuracy with protons (MEDICYC Cyclotron)

Beam 
monitor

Thick 
target

PG

Nb. Of spots 1 2

Nb. of incident 
protons

1 x 107 2 x 107

Range accuracy 
at 2 ! (mm)

3.3 ± 0.1 2.3 ± 0.1 

Variable thickness air gap to simulate a range shift
63 MeV, Single 
Proton Regime

Detector characterisation Prompt Gamma Time Imaging



Carbons at CNAO: time resolution and intensity

Beam 
monitor

PMMA target

PG

TIARA
module

Detector characterisation Prompt Gamma Time Imaging
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200 MeV/u carbons

Coincidence Time Resolution
• better than proton’s (347 

ps FWHM) 
• only slightly degraded at 

clinical intensity
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Range accuracy with carbons (CNAO)

Beam 
monitor

PMMA target

PG

TIARA
modules

From 189 to 211 MeV/u to induce progressive range shifts of 3.5 mm in PMMA 

Detector characterisation Prompt Gamma Time Imaging
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Figure 6. Results of the bootstrap procedure carried out for a sub-sample size of N = 5600 for all five energies at 2 ·106 ions/s.
The mean TOF widths and their 1s and 2s errors are plotted against the carbon ion range in PMMA.

caused by inter-fraction variations. A typical irradiation condition at CNAO would therefore consist of a 300 MeV/u carbon
beam, delivered in spots that can reach 2.4·106 ions. Taking into account the detection efficiency of the final 30-module version
of the TIARA prototype, equal to 0.45%22, and the PG yields for 300 MeV/u carbon ions8, the expected number of detected
PGs per clinical spot can be estimated to be approximately 1400. The extrapolation to 30 detectors is considered feasible
in the future, as the collaboration is currently finalizing a data reconstruction approach (Prompt Gamma Time Imaging) that
allows merging the response of multiple detectors. A preliminary version of this reconstruction algorithm has already been
published27.

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

1 2.4 ·106 1400 5.42 ± 0.32 9.30 ± 0.70
2 4.8 ·106 2800 3.76 ± 0.22 6.64 ± 0.50
4 9.6 ·106 5600 2.68 ± 0.16 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/s 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 bootstrap procedures were performed for both intensities and for three different sub-sample sizes, selected to match 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. 6
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 3.76 ± 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

7/12

2! range accuracy extrapolated to full TIARA detector
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http://arxiv.org/abs/2602.18318

Downstream detection not feasible
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Beyond Prompt Gamma Timing

Beam monitor 
(Tstart)

Tproton

TPG

TIARA module 
(rd, Tstop)

Prompt Gamma Time Imaging

TOF = tstop � tstart =

2 unknowns:        rv = PG vertex         vp  =proton speed    
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Tproton(rv,vp) + TPG(rv, rd)
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Determination of anatomical variations with PGTI

8 channels TIARA prototype

Irradiation of RANDO 
anthropomorphic 
phantom with sinus 
empty…

… and sinus filled with 
ultrasound gel.

BM

100 MeV 
protons

100 MeV, Single 
Proton Regime

Detector characterisation Prompt Gamma Time Imaging

Treatment planning

Treatment delivery



Determination of anatomical variation: TOF data

All data after background subtraction: comparison sinus empty/filled

Beam direction

Between 500 and 1000 PGs per detector

Detector characterisation Prompt Gamma Time Imaging



Determination of anatomical variation: reconstructed data

Possible clinical application

Treatment planning: 
the sinus is empty

Treatment: 
the sinus is filled 
(inflammation)

1) Iterative reconstruction of PG 
vertex distribution

2) Identification of anatomical change
3) Determination of proton velocity

Prompt Gamma Time Imaging

116 Évaluation des performances du système de détection TIARA

a) Profils reconstruits à l’itération 0 b) Profils reconstruits à l’itération 5

c) Profils reconstruits à l’itération 10 d) Profils de vitesse

Figure 4.17 – Spectres de temps de vol reconstruits à : a) l’itération 0, b) l’itération 5 et
c) l’itération 10. Entre chaque itération une tranche de matériau est modifiée
afin de calculer un Tproton(x) plus proche de la géométrie du traitement. Cette
modification est effectuée jusqu’à la ligne en pointillés qui marque le seuil à
10 MeV sur la courbe de vitesse. Le fond des spectres représente les matériaux
utilisés pour le calcul de Bethe-Bloch à une itération donnée : bleu pour l’air,
rose pour l’eau et vert pour l’os. d) Les courbes de vitesse de l’initialisation,
de l’itération 5 et de la reconstruction finale sont comparées à celle attendue
théoriquement pour le sinus rempli de gel.
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TOF = tstop � tstart =
<latexit sha1_base64="OBvRX0pJ9lDbgEhC8iLONttrGL4="></latexit>

Tproton(rv,vp) + TPG(rv, rd)



Conclusions

The use of Cherenkov detectors is promising to significantly increase the sensitivity 
of PG-based monitoring techniques:
• High detection efficiency (~ 0.45%)
• Higher SNR (no neutron detection)
• But sensitive to secondary protons in 12C therapy

A first 8-channel prototype has been extensively tested 
• with protons at low intensity regime, with cyclotrons, synchro-cyclotrons and 

synchrotrons .
• with carbon ions at CNAO

The PGTI reconstruction algorithm may allow to identify anatomical changes 
between treatment planning and delivery.
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