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Radia%on protec%on 

Hadrontherapy &
Space radia1ons

Dosimetry Radioac1vity

• Ion fragmenta,on 
(secondary par,cles)

• Monte Carlo models

• Radia,on therapy 
(photons, protons, ions)

• Medical imaging (radiology)

• Low levels of radioac,vity 
(cleaning / dismantling)

• Nuclear ac,va,on (neutrons)
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Figure 5. H∗(10) cartography inside the 75 MeV (left) and the 178 MeV treatment
rooms (right).

Table 2. Comparison of H∗(10) measurements with the Berthold, Wendi-2 and Hawk
counters.

75 MeV 178 MeV

Measurement Berthold) Wendi-2 Hawk Berthold Wendi-2 Hawk
point (µSv.Gy−1) (µSv.Gy−1) (µSv.Gy−1) (µSv.Gy−1) (µSv.Gy−1) (µSv.Gy−1)

1 26 23 30 185 195 165
2 13 13 16 110 129 110
3 7 8 7 – 335 –
4 4 4 3 – 155 –
5 12 13 14 230 255 241

while neutrons <50 keV only deposit 5% of the dose. At this energy range, the Berthold,
Wendi-2 and Hawk have a similar response, provided they are calibrated at the same energy
range. In addition, the highest H

∗
(10) levels were measured at the closest distances to the beam

line and for angles !90◦; namely position #1 for the 75 MeV and position #3 for the 178 MeV.
This is mainly due to the fact that neutrons with the lowest energies are emitted with high
angular deviations with respect to the beam line. The observation of an H

∗
(10) maximum at

such close positions could also be due to the contribution of secondary protons interacting in
the detectors or moderators (Trompier et al 2007). In addition, measured H

∗
(10) values show a

symmetrical distribution of neutrons around the beam line element since similar ambient dose
equivalent values were registered at points 2 and 5 located at ± 90◦ alongside the isocenter for
the 75 MeV proton beam. Finally, and although H∗(10) measurement positions were farther
for the 178 MeV beam when compared to the 75 MeV beam, the H

∗
(10) values were up to

∼100 times higher for the highest energy beam. This observation was expected since neutron
generation is directly proportional to the proton beam energy. H∗(10) cartography (normalized
to the proton dose (D) delivered to the SOBP plateau) within the treatment room was also
simulated in MCNPX. Figure 5 shows the simulation results which indicate that the main
generators of secondary neutrons are found at the level of the beam line elements (red color).

Next, simulated H
∗
(10) values were compared to the mean values measured by the three

instruments (cf figures 6(a) and (b)). Both measured and calculated H
∗
(10) were normalized to

the proton dose (DT) delivered to the SOBP plateau. Again simulations showed that H
∗
(10)/DT

values decrease as the distance to the isocenter increases and as the angular direction (θ )

2757

Þ Coupling Monte Carlo calcula0ons and real-0me detec0on 
of radia0on fields
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Development of a 4D neutron monitoring system 

 Development of a drone-borne gamma spectrometry system

Radia%on protec%on 

• Ion fragmenta,on 
(secondary par,cles)

• Monte Carlo models

• Low levels of radioac,vity 
(cleaning / dismantling)

• Nuclear ac,va,on (neutrons)

Hadrontherapy &
Space radia1ons

Dosimetry Radioac1vity

• Radia,on therapy 
(photons, protons, ions)

• Medical imaging (radiology)



Neutron monitoring system

Project 1: Cross-sec0on of Light Ions and Neutrons Measurements (CLINM)
- Master project FOOT-Xn
- ANR fundings 2023-2026 (coordinated by M. Vanstalle (IPHC))
- secondary parMcles from ion fragmentaMon (hadrontherapy / space radiaMons)
- parallel measurements of radiolysis effects (radiochemistry team (IPHC))
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Courtesy of M. Vanstalle



Neutron monitoring system

Project 2: 𝛃-emiBers radionuclides produced by cyclotron ac0va0on (Sim𝛃-AD)
- BPI fundings 2022-2025 (coordinated by JM. Horodynski (iRSD))
- characterizaMon of neutron fields around cyclotrons  
- calculaMon soXware for acMvated components inventory
- collaboraMon with IBA (accelerator) and TRAD (MC simulaMon)
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Courtesy of JM. Horodynski



Neutron monitoring system
Solid Nuclear Track Detector (CR-39)

• Goal is to develop a 4D neutron monitoring system:
sensor network (3D - space)
real-Mme monitoring (1D - Mme)

• Coupling with Monte Carlo neutron fields calculaMons

Chemical treatment Detector reading Tracks analysis

Single use

No real-/me

Time consuming 
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J. Farah, Phys. Med. Biol. 59 (2014)
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AlphaRad3 (2017) 
• Specially designed CMOS sensor for parallel detecMon of thermal and fast neutrons

• Compact and easy to use (real-Mme, integrated electronic, low power consumpMon)

Neutron detecMon

• Neutrons are converted into:
- protons (nfast, PE)
- alpha par,cles (ntherm, 10B)

2.5 mm

Silicon layer ≈ 7-8 μm
Epitaxial layer ≈ 14 μm

Bulk 

64x64 micro-diodes

N. Arbor et al., PMB 62 (2017)
N. Arbor et al., NIM A 888 (2018) 

alpha detec1on 
efficiency < 0.1% !
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(XFAB 0.35 𝜇m)



AlphaRad3 (2017)
• CNAO hadrontherapy center (April 2023): test of a prototype for autonomous measurements

• It works !   

To do list: 
nThermal

nFast
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detec,on efficiency can be improved
coun,ng (thresholds on ADC signal) 
can be done in the CMOS itself



AlphaBeast (2022)
• New sensor designed in 2022 (collaboraMon with C4PI-IPHC pla_orm)
• 6 different diodes configuraMons (matrix M0-M5)
• 3 internal thresholds (counters)

M5
(44%)

M4
(30%)

M3
(60%)

M2M1M0

M0-2 < 20%
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Thermal neutron detection
• 10B converter on top of the sensor

• Conversion efficiency ≈ 4%
Duarte et al., 2022

Alpha deposited energy 
in AlphaBeast (Geant4 MC)
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Alpha particle measurements
• Alpha detecMon from 241Am source with various distances 

• Measurements for distance d = 35 mm (<Ealpha> ≈ 1.25 MeV)

Ealpha ≈ 5.48 MeV (d = 0 mm)

ℇdet ≈ 59%
(ℇgeo ≈ 60%)

ℇdet ≈ 29%
(ℇgeo ≈ 30%)

ℇdet ≈ 43%
(ℇgeo ≈ 44%)

Intrinsic alpha detec1on 
efficiency > 99% !

M4M3 M5
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Fast neutron detection
• PE converter (1 mm)

M. Vanstalle PhD (2010) 
𝚫Emin detecMon ≈ 100 keV

ó
Proton Emax ≈ 10 MeV 

T = 4Mmn

(M +mn )
2 E cos

2θ ≈
4A

(A+1)2
E cos2θ

Example: 
neutron E = 50 MeV
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Proton deposited energy 
in AlphaBeast (Geant4 MC)

Proton spectrum from 50 MeV neutron beam 
(Geant4 MC)



Fast neutron detection
• PE converter (1 mm)
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Proton spectrum from 50 MeV neutron beam 
(Geant4 MC)



Proton measurements
• Icube 4 MeV Van de Graaf accelerator (Au target RBS)

• Deposited energy sub-structures
Eproton ≈ 0.6 MeV 

✔ ✘
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✔ ✘



Proton measurements
• Icube 4 MeV Van de Graaf accelerator (Au target RBS)

• Deposited energy sub-structures
Eproton ≈ 0.8 MeV 

✔ ✔
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✔ ✔



Proton measurements
• Icube 4 MeV Van de Graaf accelerator (Au target RBS)

• Deposited energy sub-structures
Eproton ≈ 0.9 MeV 

✔ ✔
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✔ ✔



Proton measurements
• Icube 4 MeV Van de Graaf accelerator (Au target RBS)

• Deposited energy sub-structures
Eproton ≈ 1.1 MeV 

✔ ✔
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✔ ✔



AlphaBeast energy calibration

• 1st hypothesis: 100% charge collecMon efficiency

Alpha

Proton
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AlphaBeast energy calibration

• 2nd hypothesis: charge collecMon inefficiency with depth (epitaxial layer)

   alpha parMcles deposit energy in 3-4 𝜇m
 protons deposit energy at different depths (btw 0 to 15 𝜇m) 

Charge collec,on efficiency (hypothesis) 
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AlphaBeast energy calibration

• 2nd hypothesis: charge collecMon inefficiency with depth (epitaxial layer)

Alpha

Proton
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AlphaBeast settings (on-going)
• 3 internal thresholds to be set for autonomous counMng

Thresh. 1 (300) Thresh. 2 (2100)

Thermal ≈ 60%

Fast ≈ <0.1%

Thermal ≈ 33%

Fast ≈ 73%
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AlphaBeast signals from fast (1 MeV) and thermal neutrons
(Geant4 MC)

DetecMon efficiency :
ℇth ≈ 1 %
ℇfast ≈ 0.1 % (10 MeV)

Geometrical efficiency :
ℇgeo ≈ 4 % (cm-2) 

Total efficiency :

ℇth ≈ 4x10-4 hit/(n.s-1.cm-2) 
ℇfast ≈ 4x10-5 hit/(n.s-1.cm-2) 



Next steps?

System characterisa0on

• Measurement of 3D charge collecMon map 
     using alpha/proton micro-beam facility (AIFIRA – LP2i Bordeaux)

• Detector response in mixed field (gamma, proton, neutrons, …)
• Study of direct 28Si+n reacMons

Applica0ons

• Secondary neutron fields from ion beam interacMons (ANR CLINM project)

• Neutron fields around cyclotrons (BPI Sim𝛽-AD project        technology transfer)

• ApplicaMons @ CNAO for radiaMon protecMon (BNCT        technology transfer)
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AlphaBeast neutron measurements 
radiotherapy room (ICANS)

AlphaRad3 amplitude map 
(proton - AIFIRA)
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C. Leuvrey
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H. Lebbolo



Drone-borne Gamma Spectrometry
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• Development of a drone-borne system with dedicated analysis framework:
  low-alMtude oriented measurements ( < 10 m)
  focus on screened contaminaMon (soil, trees, buildings, …) 

% total detec*on from each sub-volume

1s spectrum (2m – 1Mbq 137Cs source)
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Brownfields Emergency services Former Uranium mines

Nuclear plants (dismantling)

• Various possible applicaMons:

Security

Drone-borne Gamma Spectrometry



MERCURE System @ IPHC
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• Drone-borne system developed at IPHC laboratory (SATT Conectus fundings)

• Analysis soXware for environmental radioacMvity monitoring with drone

• Laboratory tests: 

 - 137Cs, 60Co, 241Am sources (surface, 12.2 cm depth in soil)

 - 137Cs ac/vity: 895 kBq (point source)

 - flight al/tude: 2 meters

 - flight speed: 1 meter/second

Terremys drone Gamma spectacular NaI (3’’x3’’) 
(+IPHC GPS/acquisi[on)

+



Attenuation (air, soil) corrections
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• Experimental correcMons depend on various parameters: contaminaMon distribuMon (3D), 
landscape, alMtude, …  

• Useful informaMon can be extracted directly from measurements (spectra)
Þ Full spectrum reconstruc0on + machine learning



Attenuation (air, soil) corrections
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• Experimental correcMons depend on various parameters: contaminaMon distribuMon (3D), 
landscape, alMtude, …  

• Useful informaMon can be extracted directly from measurements (spectra)
Þ Full spectrum reconstruc0on + machine learning

• « Natural » background (40K, 238U, 232Th, 137Cs) deconvoluMon using Monte Carlo spectra

5s acquisi*on (2m)

137Cs



Attenuation (air, soil) corrections
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• Experimental correcMons depend on various parameters: contaminaMon distribuMon (3D), 
landscape, alMtude, …  

• Useful informaMon can be extracted directly from measurements (spectra)
Þ Full spectrum reconstruc0on + machine learning

• Machine learning algorithms trained on MC database

• EsMmaMon of most probable asenuaMon correcMon to access « true » acMvity

Training: altitude
 materials
 source distribution
 radionuclides

surface 12 cm 
depth



Radioactivity mapping

• Spectrum-by-spectrum calculaMons of 137Cs acMvity
• AutomaMc correcMon of natural radioacMvity, alMtude and auto-asenuaMon in soil

Drone above 137Cs source

Surface raw

12cm deep raw



Radioactivity mapping

• Spectrum-by-spectrum calculaMons of 137Cs acMvity
• AutomaMc correcMon of natural radioacMvity, alMtude and auto-asenuaMon in soil

Surface raw Surface corrected

12cm deep raw 12cm deep corrected

Drone above 137Cs source



SMARTIUM start-up
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• January 2019 : MERCURE SATT maturaMon project (18 months)

• End 2020 : incubaMon phase

• End 2021 : startup creaMon

• Today : 3 full-Mme people 
                   (CEO (J. Thomann) + 2 data scienMsts / physicians (G. Bourgase, E. Wilhelm)

• Close collaboraMon with IPHC-DeSIs team 

Embedded MC/AI solu0ons for radiological 
measurement data analysis

IPHC PhD students



SMARTIUM start-up
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Phase 
1

Phase 
2

Source non 
écrantée

Source 
écrantée

• Compact drone-borne system (coll. IPHC & SDIS 67)
• AutomaMc screening correcMons (rubbles, vehicles, …)
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Ques%ons ?


