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Motivation (1/5)
Needfor in vivo ballisticcontrol in particletherapy

Uncertaintysources : 

Dose calculation: Planification (from CT images, RBE), patient positionning, anatomic
variations duringtreatment, movingorgans/ tumor

ĄMargins

Strategies: 
Planification: dual-energyor proton CT, Monte Carlo simulations
Online control: nuclearfragmentation products
ÅPET: a posteriori
ÅPrompt radiation: gamma, protons (ions heavierthan protons)

[Knopf, PMB 2013]
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[RoellinghoffPMB 2014]

160 MeV protons in PMMA (Cyclotron)

ü Ion per ion taggingat 107- 108 Hz
Carbonions fromǎȅƴŎƘǊƻǘǊƻƴǎ όIL¢Σ /b!hΧύΥ Microbunchduration >20 ns
Synchro-cyclotronproton beams(IBA S2C2): Nanobunchduration ~8 ns (104 p/bunch)

TOF Ý reductionto 1 proton/bunchnecessary

Prompt-gemissionis correlatedto ion range

TOF: reduction of neutron-inducedbackground

ü Synchronizationwith beamHF
Possible with Cyclotron proton beams(IBA-C230)

Motivation (2/5) 
Time of Flight prompt-gamma imaging with 1D collimated camera

However: 
Phase changes with beamenergy
Limitations by bunchlength(0.5 ς4 ns)

[KrimmerNIMA 2017]
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ÅHeterogeneitiesinfluence ion range and prompt-gamma yield

95 MeV/u carbonions in PMMA

2 mm collimation slit

ÅGamma imaging: compromise betweenspatial resolutionand efficiency
(statisticsissue)

Proposedsolution by IBA: 

Knife-edgecamera 

(~2 cm spatial resolution)

ÅUltra-fast timing resolutionwill improvespatial resolution

[Pinto Med Phys2015]

Motivation (3/5) 
Spatial resolution issue

[Richter, RaOn2016]
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CLaRyScollaboration (IPN Lyon, CPPM Marseille, LPC Clermont, LPSC Grenoble)

Potentiallyhigherdetectionefficiencythan collimateddevices

ÅBeamhodoscope: line-coneintersection

ÅTOF resolution< 500 psĄ real time Compton imaging

Motivation (4/5) 
Compton imagingwith beamhodoscope

[LeyPhD 2015]
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Å Prompt-gtiming

Å Averagetime and shaperelatedto proton range
Å 5mm range shift measurablewith single spot
Å Requireshigh timing resolution(< 1ns)
Å Limitations:

Å Cyclotrons

Å Bunchtime spread

Å Prompt-gPeak Integral[KrimmerAPL 2017]

Å 2-4 ns time window selection: PG issuedfrom patient
Å Yielddependson energydeposited, beamposition

Å Bothmethodswouldbenefit from fastand high-resolutionbeam-taggingsystem

[Hueso-Gonsalez PMB 2015]

[PetzoldtPMB 2016]

Motivation (5/5) 
Prompt-gamma counting solutions
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Beamtagginghodoscope development: LPSC MoniDiamproject
(within CLaRyScollaboration)

Existingdevelopment(CLaRyS) :

Array of scintillating fibres
coupled to multichannel 
photomultiplier tubes (PMT).
Fast readout with µTCA 
acquisition under test. 

Foreseendevelopment:

MoniDiam: diamond based hodoscopeand its dedicated integrated 
fast read-out electronics for 100 psresolution

Diamond Assets :

Ç Intrinsicradiation hardness
Ç Fast signal risetimeenables timing precision of  a few tens of ps
Ç Lownoise

Issues :
Ç Cost
Ç Availability of large area

Solution :Assembly of double-side stripped diamond, polycrystalline or DOI

Limitations :

Ç Radiation hardness
Ç PMT count rate capability

(107 cpsper PMT)
Ç Time resolution 500 psς1 ns

711/28/2017 D.Dauvergne - ADAMAS 2017



First tests: single disk-shapemetallizeddiamonds
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Diamond detector characterization: test benches at LPSC 
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Charge collection efficiency (single crystal)

0.5 × 0.5 cm2 × 300 µm 
DOI  Audiatec(Augsburg)

holes

electrons

0.45 × 0.45 cm2 × 518 µm 
Single crystal-E6

Data acquisition: 

Wavecatcher 500 MHz Wave-runnerLecroy4GHz 

3.2 Gs/s, 8 channels 40Gs/s
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Beam test at GANIL : 95 MeV/u 12C 

t̀ = 18 ps È= 7 %

12C
sc-CVD DOI-CVD Wavecatcher

500MHz, 3,2Gs/s 

Monocrystalline :
sc-CVD E6 + DBA III
0.45 x 0.45 cm2 x 518 µm

Hetero-epitaxial :
DOI-CVDAudiatec+ CividecC2
0.5 x 0.5 cm2 x 300 µm

Timing resolution Mono vs DOI Energy resolution DOI

Depositedenergy~40 MeV
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Beam test at GANIL : Time of flight measurements 

Wavecatcher

12C
sc-CVD pc-CVD PMMA cibles(d= 5, 10, 15 cm)

LaBr trigger

d

Simulation G4 : 
TOF distribution LaBrvs. sc-CVD E6 

t̀exp ~ 400ps

ҟt ~ 2,2 nsҟt ~ 1,3ns
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Beamtest at ESRF : XBIC source at 8.5 keV

1 mm2

Poly-crystalline DOI

10 x 10 mm2 x 500 µm pc-CVD 5 × 5 mm2 × 300 µm DOI-CVD  

diamond

Ionizingparticle

Continuous energy deposit (0 to 4 MeV) Timing resolution

Current response map

Spot ~ 1 um
~ 1500 photons/bunch
Bunchwidth = 100ps

Non-homogenous
response

t̀ = 45 ps

sc-CVD E6
0.45 x 0.45 cm2 x 518 µm

DOI-CVDAudiatec
0.5 x 0.5 cm2 x 300 µm
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