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Range monitoring in proton therapy

160 MeV protons

6 MV X-rays

Ballistic advantage 
=> higher sensitivity to irradiation errors

Tumour

Healthy tissue

Range uncertainties are 
especially critical in Intensity 
Modulated Proton Therapy 

(IMPT)
+ + =

Example: anatomical modifications between treatment 
and treatment planning

Courtesy of CAL

Courtesy of CAL
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Range monitoring with Prompt Gamma (PG) rays
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The PG vertex distribution is spatially and temporally 
correlated to the absorbed dose

• 1 MeV < EPG < 10 MeV
• PG emission ~ ps
• PG yields ~ 1%/proton/cm 



Range monitoring with Prompt Gamma (PG) rays
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• PG yields ~ 1%/proton/cm 

The PG vertex distribution is spatially and temporally 
correlated to the absorbed dose

Development of dedicated detectors with high sensitivity

• Ideally, one PG profile per spot, or spot grouping to increase statistics
• Millimetric proton range accuracy with limited statistics 

Standard approach: 
106 ÷ 108 protons delivered per spot

@ S2C2 accelerator: 
IBA “blind golfer” algorithm  

Pencil Beam Scanning in proton therapy

Constraints and expected performances
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Prompt Gamma Timing (PGT)
Proposed by G. Pausch team at Oncoray

SIMULATION

Indirect measurement of proton range from the 
distribution characteristics of:

TOF = Tstop – Tstart 

Tstart from:
• Beam RF signal (original approach)
• Beam monitor 

target

proton

! detector

Tstart (from RF)

Tstop

Golnik et al. Phys. Med. Biol. 59 (2014) 5300
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Advantages and challenges in Prompt Gamma Timing (PGT)

Towards a new approach: Prompt Gamma Time Imaging (PGTI) with TIARA 

Outline

Detector development
Experimental validation of TIARA
Future perspectives



Advantages : no need for collimation

7

No collimation means:
• Relatively high detection efficiency (easy to upgrade) 
• Compact and light detection system 
• Reduced  amount of material to avoid secondary 

neutrons and PGs
=> Impact on Signal To Noise ratio

Gamma camera
Det. Efficiency :  
! ~ 10-5

Compton camera
Det. Efficiency : 
! ~ 10-5 ÷ 10-4

Prompt Gamma Timing

*Pictures from CLaRyS collaboration

e.g.   
"!  ~ 0.2 ;   S   = 4 cm2 ;   r   = 20 cm 
" ~ 10-4  per detector module

Physical collimator

Electronic collimation
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TOF distribution: Tstop - Tstart

Advantages: TOF neutron rejection

• 148 MeV protons impinging on a 
human head phantom (ICRP110)

• 30 perfect detectors surrounding 
the phantom (d=15 cm)

• Ecut = 3 MeV

Ideal example

Primary PGs
Neutrons
Secondary PGs

Primary PGs
Neutrons
Secondary PGs

148 MeV 
proton

! detectors

Testa et al. Radiat Environ Biophys 49, 337–343 (2010)

• 95 MeV/u 12C beam on PMMA
• BaF2 at d>50cm from target

Experimental proof 
(CLaRyS* collaboration)

A TOF resolution of ~ 1 ns is enough to reject most neutrons 
* IP2I, LPSC, CPPM, CREATIS 

SIMULATION
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Challenges in PGT optimisation

1) Time resolution on reference time (Tstart)   
=> Development of a dedicated beam monitor

2) Time resolution of PG detector (Tstop)        
 => Development of a dedicated ! detector (TIARA)

3) Beam temporal structures

At single-event scale : improve time resolution

At pencil beam scale : improve detector sensitivity

1) SNR and background

2) Detector arrangement

SIMULATION
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Improve time resolution: beam temporal structure

CHAPTER 1. TREATMENT MONITORING IN PARTICLE THERAPY 12

corresponding bunch (tstart). This implies that the TOF time resolution is eventually dominated by
the accelerator bunch time-width (of the order of few ns) while the PG detector time resolution is
often negligible.
In order to overcome this bottleneck and improve the precision of the PGT technique, Petzoldt
et al. (2016) have suggested to play with the accelerator settings in order to minimise the bunch
time-width. With a cyclotron C230 from IBA, they observed that the bunch width becomes nar-
rower for smaller slit openings and for increasing beam energies, and they were able to reduce the
bunch duration down to 230 ps at 225 MeV proton energy.
Another (ideal) method to avoid the impact of the bunch width on time resolution would be to use
a beam monitor capable of tagging in time each separate ion so as to actually measure the TOF
for each ion-PG couple. Obviously, the feasibility of this approach depends on the type of accel-
erator used. Table 1.3 shows how di↵erent the time structure can be among the various clinical
accelerators in operation, with some being clearly more favourable for PGT and PG imaging in
general. For synchrotrons, for example, an average of one 12C ion delivered every 10 ns could
be realistically detected by a fast monitor but, as the instantaneous intensity increases, it becomes
more and more challenging to build a detector fast enough to follow the accelerator output. Unfor-
tunately for us physicists, IBA, the leading accelerator provider worldwide, has recently declared 1

that they will only pursue the production of S2C2 synchrocyclotrons in the future, aiming at even
higher instantenours intensities. This is certainly a challenge for detector development, but the
community has no choice but to adjust.

As in any experiment, the accuracy on proton range measurement with PGT not only depends on

Synchrotron Cyclotron Synchro-cyclotron
(CNAO) (IBA, Varian) (S2C2 IBA)

12C protons

Typical intensity (ions/s) 107 109 1010 1011

Macro-structure
Period (s) 4�5 ? 10�3

Spill duration (s) ⇠2 ? 8⇥10�6

Ions/spill 107 109 ? 108

Micro-structure
Period (ns) ⇠500 10 16

Bunch width (ns) ⇠100 0.5�2 8
Ions/bunch 1–10 n.a. 200 105

Table 1.3: Typical intensities and time structures of existing accelerators for particle therapy. Output
is continuous for cyclotrons, while particles are delivered in spills of a few seconds or a millisecond for
synchrotrons and synchrocyclotrons respectively. The IBA S2C2 accelerator also presents a bunched micro-
structure of 16 ns period and 50% duty cycle. The intensities are intended at the extraction: for systems
with passive energy selection as the S2C2, the actual intensity available for treatment at isocentre is much
lower (about 1% of the nominal value). The CNAO synchrotron displays a bunched structure with a period
that depends on the particle accelerated and its energy; averaged values are presented in the table. The
number of protons/bunch is not available (n.a) at the moment (data analysis on going).

1. J. Smeets, Prompt Gamma Imaging with a 2030 proton therapy system, Oral communication, Young Investig-
ator Workshop on Prompt Gamma Imaging in Particle Therapy, July 6-7, virtual

Temporal structures 
of main accelerators

At the time-scale of ! detectors (ns)

Cyclotron/

synchro-cyclotron

~100 ns

Synchrotron

10-20 ns

In red, protons producing a PG

*

* values at extraction
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Temporal structures 
of main accelerators

At the time-scale of ! detectors (ns)

Cyclotron/

synchro-cyclotron

~100 ns

Synchrotron

10-20 ns

It was me

I didn’t 
do it !

S2C2 synchro-cyclotron: 8 ns bunch width, 7 p/bunch, thin target

Jacquet et al. Scientific report (2023) 13:3609

EXPERIMENT

In red, protons producing a PG

*

* values at extraction
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Temporal structures 
of main accelerators

At the time-scale of ! detectors (ns)

Cyclotron/

synchro-cyclotron

~100 ns

Synchrotron

10-20 ns

Lower the beam intensity to Single Proton Regime (SPR)

SPR Nominal Intensity

# incident protons1st spot
enough statistics 

cumulated to make a 
decision  

check points

Dauvergne et al, Front. Phys. 8:567215 (2020)

Reduce bunch-width related time uncertainty

It was me

I didn’t 
do it !

S2C2 synchro-cyclotron: 8 ns bunch width, 7 p/bunch, thin target

Jacquet et al. Scientific report (2023) 13:3609

EXPERIMENT

In red, protons producing a PG

*

* values at extraction
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Challenges in PGT optimisation

1) Time resolution on reference time (Tstart)   
=> Development of a dedicated beam monitor 

2) Time resolution of PG detector (Tstop)        
 => Development of a dedicated ! detector (TIARA)

3) Beam temporal structures

At single-event scale : improve time resolution

At pencil beam scale : improve detector sensitivity

1) SNR and background

2) Detector arrangement

SIMULATION

13Challenges in PGT PGTI with TIARA Detector development TIARA Validation Perspectives 8/35



Improve detector sensitivity: SNR and background

In order to maximise the SNR 
• Increase detection efficiency 
• Avoid detector pile-up
• Reject background 
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A practical example
• 148 MeV protons
• 30 perfect detectors
• Energy threshold = 3 MeV

Electrons
Few, mostly rejected with acquisition threshold

Protons
Few, cut on the E vs TOF distribution

Neutrons
TOF rejection does not work at PG profile fall-off
Þ Affect proton range measurement

Secondary PGs
Same energy and timing of primary PGs.
=> Affect proton range measurement

148 MeV 
proton

! detectors

SIMULATION, ideal detector
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Improve detector sensitivity: detector arrangement
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Downstream

Placing the gamma detector upstream 
is more advantageous for background 
reduction, but the fall-off is less sharp

148 MeV 
proton

Downstream
detector

Upstream
detector

Downstream detectors could provide a 
more accurate proton range 

measurement but neutrons affect the 
determination of the fall-off.

SIMULATION
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SIMULATION

PG primary
Neutrons
PG secondary
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Improve detector sensitivity: detection efficiency
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Downstream
Upstream TOF distributions from detectors placed at 

different angles cannot be summed up in 
the time domain.

But, we need to increase the number of 
detectors in order to:
• Increase the detection efficiency
• Have a uniform response all over the 

proton range (for dosimetry)
• Build a system compatible with IMPTFig. The two TOF distributions 

are produced by the same 
proton beam, but they extend 
on different time ranges as the 
PG TOF  contribution depends 
on the detector position.

MC simulation, ideal detectors

Experiment, CTR=124 ps rms 
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Towards a new approach: Prompt Gamma Time Imaging (PGTI) with TIARA 



The TIARA (Tof Imaging ARrAy) detector

Beam monitor 
(Tstart)

Tproton

TPG

TIARA module 
(rd, Tstop)

A dedicated detection system: TIARA

• 30 compact detectors surrounding the 
anatomical region of interest

• No collimator => high detection efficiency
• Light and cheap

Targeted time resolution = 100 ps rms

Cherenkov detectors instead of conventional scintillators
• Faster 
• Shorter pulses and low LY (pile-up)
• Higher density => higher det. efficiency
• Very low sensitivity to background (threshold process)! 
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Cherenkov-based gamma detector
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From PGT to Prompt Gamma Time Imaging

A dedicated image reconstruction: PGTI

Allows combining the response of multiple detectors:
• Increase the detection efficiency
• to reach uniform sensitivity all over the ion range
• for IMPT compatibility
• From range monitoring to PG imaging
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Issue: TOF distributions from detectors placed 
at different angles cannot be summed up in 
the time domain.

TOF = tstop � tstart =

2 unknowns:        rv = PG vertex         vp  =proton speed    

<latexit sha1_base64="OBvRX0pJ9lDbgEhC8iLONttrGL4="></latexit>

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

SIMULATION: ideal detectors

Tproton

TPG
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First approach: biased PGTI reconstruction

Method
Non-iterative binary search for zeros to find the PG vertex 

distribution (rv)

Input data 

• Patient’s CT scan to calculate Tproton
• Detectors’ position rd (centroids)

Features
• Event-by-event reconstruction during acquisition and very fast 

convergence => Real-time first spot probing

DOES NOT provide actual PG distribution in case of anatomical variation but sensitive enough to detect a variation from TPS

output

Experimental 
data

Preliminary
MC in TPS 
conditions

Trivial function

<latexit sha1_base64="+BTYkchdZcnMZK8Ixp6tDCWKZG8="></latexit>

TOF = Tproton(rv, vp) + TPG(rv, rd)
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TOF: one histogram per detector

M. Jacquet 
PhD thesis

Hypotheses:  1) solution along the beam axis (1D)
                 2) proton time curve is known 
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A unique PG vertex distribution

From range monitoring 
to PG imaging
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Biased PGTI reconstruction: MC validation

Jacquet et al. Phys. Med. Biol. 66 (2021) 135003;

SPR scenario: 108 protons, 100 ps rms

Nominal intensity: 109 protons, 1 ns rms

M. Jacquet 
PhD thesis

MC validation
• 100 MeV protons
• Air cavity of variable thickness 

(1 mm steps)
• 30 detection modules (1 cm3)
• 0.6% overall detection efficiency
• SNR = 1 (very conservative!)

Reference profile = 1 cm thick air cavity

! detectors
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proton PG
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Measured 
parameter

CTR 
(RMS)

# protons # PG
Accuracy 

at 1 "
Accuracy at 

2 "
Beam 

Intensity
Goal

Range shift

100 ps 107 3 x 103 2 3
SPR Pre-treatment 

probing100 ps 108 3 x 104 1 1

1 ns 109 3 x 105 1 2 Nominal On-line 
monitoring

Biased PGTI reconstruction: MC validation

Jacquet et al. Phys. Med. Biol. 66 (2021) 135003;

M. Jacquet 
PhD thesis

Range accuracy is a compromise 
between time resolution and 

proton statistics

Reference profile = 1 cm thick air cavity
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y = 0.591x -0.583
R2 = 0.9982

100 ps CTR, 108 incident protons

Linear fit

2æ sensitivity

1æ sensitivity

1.0 1.1 1.2 1.3 1.4 1.5
Air cavity thickness [cm]

y = 0.573x -0.547
R2 = 0.9939

1 ns CTR, 109 incident protons

Linear fit

2æ sensitivity

1æ sensitivity

MC validation
• 100 MeV protons
• Air cavity of variable thickness 

(1 mm steps)
• 30 detection modules (1 cm3)
• 0.6% overall detection efficiency
• SNR = 1 (very conservative!)

! detectors

100 MeV 
proton PG
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Measurement of lateral beam displacement with TIARA and COG

Possible to distinguish a lateral beam 
displacement of 2 mm (2") at PB scale

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

108 protons / ~30000 PGsSIMULATION

<latexit sha1_base64="tPmAYfYMm0pvRvCcqGT7XlKyc3E="></latexit>

YCOG =
1

N

NDetX

i=1

yini

With a position sensitive beam monitor, possible to determine the beam direction
 => 1D PGTI reconstruction is relevant

x

y

Jacquet et al. Phys. Med. Biol. 66 (2021) 135003

M. Jacquet 
PhD thesis

! detectors

100 MeV 
proton

PG
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Detector development

Beam monitor 

The TIARA block detector



TIARA beam monitor

Performances for single protons
• DTR = 51 ps # at 63 MeV
• Detection efficiency = 100%
• Spatial resolution =  

~1.8 mm # for single protons
 <<1 mm for the beam barycentre

Gafchromic film

Proteus One at 148 MeV

Position (0, 5) mm Position (5, 0) mm

Medicyc at 63 MeV

• Time resolution < 100 ps #
in the clinically relevant 
energy range

• Beam energy measured  by 
TOF at Medicyc (63 MeV) 
with 0.3% accuracy.

Spatial resolution

Time resolution

25 x 25 x 1 mm3 plastic scintillator (EJ-204) readout by SiPMs

A. André
PhD thesis

André et al. IEEE TRSMS 2024 

25Detector development: beam 
monitor
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TIARA block detector

Cherenkov detectors (PbF2) coupled to SiPMs HPK 6075
• short pulses and low LY (pile-up)
• high density => high det. efficiency, very compact
• very low sensitivity to background (threshold process)! 
• NO energy measurement 
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TIARA module How we measure the CTR

Read-out:

Wavecatcher IJCLAB

Custom front-end

<latexit sha1_base64="YE15Emv6MfRPGSrPMmHwoKv80L8=">AAACDXicbVDLSgMxFM34rPU16tJNsAqCUGZKUTdCsS5c1tIXtOOQSdM2NMkMSUYoQ3/Ajb/ixoUibt27829M21lo64HAuefcy809QcSo0o7zbS0tr6yurWc2sptb2zu79t5+Q4WxxKSOQxbKVoAUYVSQuqaakVYkCeIBI81gWJ74zQciFQ1FTY8i4nHUF7RHMdJG8u3jcq16X4BX8KZW9RMeirGpzmZVp484R0bw7ZyTd6aAi8RNSQ6kqPj2V6cb4pgToTFDSrVdJ9JegqSmmJFxthMrEiE8RH3SNlQgTpSXTK8ZwxOjdGEvlOYJDafq74kEcaVGPDCdHOmBmvcm4n9eO9a9Sy+hIoo1EXi2qBczqEM4iQZ2qSRYs5EhCEtq/grxAEmEtQkwa0Jw509eJI1C3j3PF++KudJ1GkcGHIIjcApccAFK4BZUQB1g8AiewSt4s56sF+vd+pi1LlnpzAH4A+vzBy+7mcg=</latexit>

CTR2 = DTR2
mon +DTR2

�

CTR = Coincidence Time Resolution;  DTR = Detector Time Resolution

Cu/PMMA
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** coincidence with plastic monitor

Setup

9

TIARA block detector: improvement of CTR and detection efficiency

All data are for 63 MeV protons and 3V OV.

Jacquet/André 
PhD theses
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T
52

Prototype v1 v2 v3 v4 v5
Crystal 1 cm3 PbF2 2 cm3 PbF2 (1.5 cm)3 PbF2 1.5⇥1.5⇥2 cm3 PbF2
SiPM HPK3050 HPK6075
Nb. of SiPMs 1 4
Objective Simple design Improve detection e�ciency Compact layout

Improved or equal time resolution Compact layout
Front-end Commercial LPSC, single channel Hybrid read-out Parallel read-out Hybrid read-out
Beam monitor FE Cividec C2 LPSC LPSC
Beam test June 2021 April 2022 December 2022 June 2023 December 2023
CTR (ps FWHM) 317⇤ 256 222 208 251⇤⇤

beam monitor DTR (ps FWHM) 157 157 68 68 120
PG DTR (ps FWHM) 275 202 211 197 220

Table 3.2: ⇤ this is an average of three measurements, while plot 3.13, left shows the best result. Other CTR are best results. a di↵erence of the order of 10 ps
can be expected for di↵erent modules of the same type at di↵erent positions.
⇤⇤This CTR was obtained in coincidence with the plastic beam monitor, the other with a sc diamond
In the meantime, diamond front-end was also improved with the development of a custom preamplifier (see section ??).
time resolutions are all measured at 63 MeV at medicyc
all ctr obtained at 3 OV. at 6 ov, the DTR of proto 5 is 190 ps FW

3 years of R&D
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PMMA

(beam dump) 

1 mm Cu target

AirAir

65 MeV 

protons

Raw data!

CTR = 112 ps # at 63 MeV, SPR

TIARA block detector: SNR (version v3) 

Beam size 
~ 2 mm "

BM
target

Thin target

A. André
PhD thesis

Medicyc (cyclotron, 63 MeV)

upstream

28Detector development: # module TIARA Validation PerspectivesChallenges in PGT PGTI with TIARA 21/35



PMMA

(beam dump) 

1 mm Cu target

AirAir

65 MeV 

protons

Raw data!

CTR = 112 ps # at 63 MeV, SPR

TIARA block detector: SNR (version v3) 
Medicyc (cyclotron, 63 MeV)

Two sources of background

• protons from beam monitor

• protons from target
Beam size 
~ 5.8 mm "

Beam size 
~ 2 mm "

BM
target

protons from 
target

protons from 
beam monitor

Thin target

Thin target

PGs

IBA S2C2 (synchro-cyclotron, 148 MeV)

A. André
PhD thesis

upstream
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PMMA

(beam dump) 

1 mm Cu target

AirAir

65 MeV 

protons

Raw data!

CTR = 112 ps # at 63 MeV, SPR

TIARA block detector: SNR (version v3) 
Medicyc (cyclotron, 63 MeV)

Two sources of background

• protons from beam monitor

• protons from target
Beam size 
~ 5.8 mm "

Beam size 
~ 2 mm "

BM
target

protons from 
target

protons from 
beam monitor

Thin target

Thin target

Thick target

PGs

Background still 

negligible with 

thick target!

IBA S2C2 (synchro-cyclotron, 148 MeV)

A. André
PhD thesis

upstream
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TIARA block detector: detection efficiency A. André
PhD thesis

<latexit sha1_base64="0PQ37fGTxIid+yHtKhee/v88rcg=">AAACQHicbVA9SwNBEN3z2/gVtbRZDIJVuBNRGyFoY6lgPiAJYW8ziYt7u8funBiO+2k2/gQ7axsLRWyt3HxIovHBwOPNDPPmhbEUFn3/2ZuZnZtfWFxazq2srq1v5De3KlYnhkOZa6lNLWQWpFBQRoESarEBFoUSquHteb9fvQNjhVbX2IuhGbGuEh3BGTqpla82ILZCakVP6Q9tpV3QGW2giMBOqELhWEW4x8H5NJQJZOl4TMeYZa18wS/6A9BpEoxIgYxw2co/NdqaJxEo5JJZWw/8GJspMyi4hCzXSCzEjN+yLtQdVcy5aKYDBxndc0qbdrRxpZAO1MmNlEXW9qLQTUYMb+zfXl/8r1dPsHPSdI/HCYLiw0OdRFLUtJ8mbQsDHGXPEcaNcF4pv2GGcXSZ51wIwd+Xp0nloBgcFQ+vDguls1EcS2SH7JJ9EpBjUiIX5JKUCScP5IW8kXfv0Xv1PrzP4eiMN9rZJr/gfX0DAwKzIQ==</latexit>✏ = ✏geo ⇥ ✏int ⇥ ✏opt

Incident particle

<latexit sha1_base64="hfDxe2ME/iGqgy5m15u4LQTj3vQ=">AAACCXicbVC7SgNBFJ2Nrxhfq5Y2g0GwCrsS1DJoYxnBPCAJYXZykwyZfTBzVwzLtjb+io2FIrb+gZ1/42SzhSYeuHA4596Ze48XSaHRcb6twsrq2vpGcbO0tb2zu2fvHzR1GCsODR7KULU9pkGKABooUEI7UsB8T0LLm1zP/NY9KC3C4A6nEfR8NgrEUHCGRurbtIvwgNk7iSdjSJMuRFpI4yVhhGnat8tOxclAl4mbkzLJUe/bX91ByGMfAuSSad1xnQh7CVMouIS01I01RIxP2Ag6hgbMB91Lsg1SemKUAR2GylSANFN/TyTM13rqe6bTZzjWi95M/M/rxDi87CUiiGKEgM8/GsaSYkhnsdCBUMBRTg1hXAmzK+VjphhHE17JhOAunrxMmmcV97xSva2Wa1d5HEVyRI7JKXHJBamRG1InDcLJI3kmr+TNerJerHfrY95asPKZQ/IH1ucP+QWbzA==</latexit>✏opt

Signal
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Very low light yield of Cherenkov detectors:
The optical efficiency gives the probability that 
an event occurring in the crystal is actually 
detected by the SiPMs. 



TIARA block detector: detection efficiency A. André
PhD thesis
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Comparison experiment-simulation with detection 
efficiency taken into account: 

detector at 13 cm from the beam axis

Interactions in the crystals do not 

justify the observed background



TIARA block detector: detection efficiency A. André
PhD thesis
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Comparison experiment-simulation with detection 
efficiency taken into account: 

detector at 13 cm from the beam axis

Interactions in the crystals do not 

justify the observed background

The background is mainly due to 

protons detected by the SiPM



TIARA block detector: detection efficiency A. André
PhD thesis
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Comparison experiment-simulation with detection 
efficiency taken into account: 

detector at 13 cm from the beam axis

Interactions in the crystals do not 

justify the observed background

The background is mainly due to 

protons detected by the SiPM

Simulation:
detector at 25 cm from the beam axis

No background detected when the detector 

is moved away from the beam axis



Experimental validation of TIARA

Measurement of proton range accuracy at MEDICYC cyclotron

Final test of 8-channel TIARA prototype at P1 synchro-cyclotron

TIARA characterisation with protons and carbons at CNAO synchrotron
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2021. Range accuracy with version v1 (63 MeV, SPR, cyclo)
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1) PG profiles from time to space domain with simplified reconstruction

2) Comparison with reference conditions 2) Range shift sensitivity

@ 63 MeV, SPR
• Can measure a proton range 

shift of 4 mm at 2 sigma
• Better than anticipated by  MC 

simulations

Jacquet et al. Scientific report (2023) 13:3609

Only 600 PGs!!

M. Jacquet
PhD thesis
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2023. Range accuracy with version v5 (63 MeV, SPR, cyclo)
The thin target is translated 

from 0 to 10 mm in steps of 1 mm
1. TOF distributions (~6600 PGs)

upstream module

2. TOF integral distributions

Measurement of 
proton range shift3. Range accuracy

A. André
PhD thesis

or 2.9 mm range accuracy at 
2! at the statistics of 2021 
experiment

Experimental proton range accuracy: 
1.65 mm at 2# for 3000 PGs (~ 107 protons)
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2023. Range accuracy with version v5 (63 MeV, SPR, cyclo)
The thin target is translated 

from 0 to 10 mm in steps of 1 mm
1. TOF distributions (~6600 PGs)

upstream module

2. TOF integral distributions

Measurement of 
proton range shift

Experimental proton range accuracy: 
1.65 mm at 2# for 3000 PGs (~ 107 protons)

3. Range accuracy

Initial MC 
prediction

Simplified PGTI reconstruction: MC validation

8

Jacquet et al. Phys. Med. Biol. 66 (2021) 135003;

CTR 
(RMS) # protons # PG Sensitivity 

at 1 !
Sensitivity 

at 2 !
Beam 

Intensity Goal

100 ps 107 3 x 103 2 3 Single proton 
regime

Pre-treatment 
probing100 ps 108 3 x 104 1 1

1 ns 109 3 x 105 1 2
Nominal On-line 

monitoringn.a. 108 3 x 104 2 4

Sensitivity is a compromise 
between time resolution and 

proton statistics

MC validation

• 100 MeV protons
• Air cavity of variable thickness
• 30 detection modules (1 cm3)
• 0.6% overall detection efficiency

SPR scenario: 108 protons, 100 ps rms Nominal intensity: 109 protons, 1 ns rms

SIMULATIONS

5/12PSMR2024, 20-23 May 2024 Isola d’Elba, Italy

A. André
PhD thesis

or 2.9 mm range accuracy at 
2! at the statistics of 2021 
experiment
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2024. Validation with version v5 (100 MeV, SPR, sync-cyclo)

8 channels TIARA prototype
Irradiation of RANDO 
anthropomorphic 
phantom with sinus 
empty…

… and sinus filled with 
ultrasound gel.

BM

A. André
PhD thesis
M. Pinson
postdoc

100 MeV 
protons
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2024. Validation with version v5 

40

Worst case, downstream
Other modules have mostly 

negligible background

Example of background analysis

All data after background subtraction: comparison sinus empty/filled

A. André
PhD thesis

Beam direction

Between 500 and 1000 PGs per detector

On-going analysis 
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Protons from synchrotron (100 MeV, I = 6 × 106 p/s) A. André
PhD thesis

Calibration
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

Preliminary 
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Protons from synchrotron (100 MeV, I = 6 × 106 p/s) A. André
PhD thesis

Calibration Measurement
Signal from monitor not bunched 

at the gamma detector time-scale

1 cm PMMA 
targetx

Box 19 (upstream)

Time resolution slightly 

degraded (148 ps rms) as 

this is not Single Proton 

Regime.

Box 19 (upstream)

• Negligible background with 

target/patient in place

• Evaluation of proton range 

measurement accuracy on-going

Box 16 (downstream)

Protons from 
monitor stopped 

in the target

Preliminary 
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Carbon ions from synchrotron (200 MeV/u, I = 7.5 × 106 ions/s) Preliminary 

Calibration Measurement
1 cm PMMA 
targetx

Box 19 (upstream)

Same time resolution as 

protons (148 ps rms) at a 

clinically relevant intensity!

Box 19 (upstream)

• Negligible background upstream

• Downstream modules not useful

• Evaluation of ion range measurement 

accuracy on-going

Box 16 (downstream)

Protons from 
target

M. Pinson
postdoc

Protons from 
monitor

PG from monitor
PGs from 

fragmentation tail

False coincidences

x

Signal from monitor, not bunched
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Carbon ions from synchrotron (200 MeV/u, I = 7.5 × 106 ions/s)

Calibration Measurement
1 cm PMMA 
targetx

Box 19 (upstream)
Box 19 (upstream)

• Negligible background upstream

• Downstream modules not useful

• Evaluation of ion range measurement 

accuracy on-going

M. Pinson
postdoc

Protons from 
monitor

PG from monitor
PGs from 

fragmentation tail

False coincidences

Preliminary 

x

Signal from monitor, not bunched

Range shift measurement

Same time resolution as 

protons (148 ps rms) at a 

clinically relevant intensity!
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Conclusions (so far)

ü Works with all common accelerators: cyclotron, synchro-cyclotron, 
synchrotron

ü Proton range accuracy < 2 mm (2") for 3000 PGs, SPR and a simple 
target geometry

ü 8-channels prototype developed and tested with complex anatomies 
(analysis on-going)

ü Encouraging preliminary results for carbon ions 

PGTI as a range monitoring technique 

Year Experiment #PGs # protons
Energy 
(MeV)

Accuracy 
at 2"

2020 TIARA, MC 3000 ~107 100 3

2021 TIARA, 
experimental

600 <<107 63 4

2023 TIARA, 
experimental 3000 ~107 63 1.65

Performance evolution in SPR
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Conclusions (so far)

ü Works with all common accelerators: cyclotron, synchro-cyclotron, 
synchrotron

ü Proton range accuracy < 2 mm (2") for 3000 PGs, SPR and a simple 
target geometry

ü 8-channels prototype developed and tested with complex anatomies 
(analysis on-going)

ü Encouraging preliminary results for carbon ions 

FLASH ?

PGTI as a range monitoring technique 

Year Experiment #PGs # protons
Energy 
(MeV)

Accuracy 
at 2"

2020 TIARA, MC 3000 ~107 100 3

2021 TIARA, 
experimental

600 <<107 63 4

2023 TIARA, 
experimental 3000 ~107 63 1.65

Performance evolution in SPR
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2 years Post-doc position starting as soon as possible 

Learning methods for dosimetry in hadrontherapy with 
Prompt-Gamma Time Imaging

https://www.cppm.in2p3.fr/web/en/jobs/jobs/index.html
Contact: Y. Boursier, CPPM, Marseille

(boursier@cppm.in2p3.fr) 

Positions available in the TIARA collaboration 

LPSC

PhD position starting October 2025

TOF-based proton imaging with TIARA

Contact: S. Marcatili, LPSC, Grenoble 
(sara.marcatili@lpsc.in2p3.fr)


