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

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

• Coupling with Monte Carlo neutron fields calculations

CMOS technology

Chemical treatment Detector reading Tracks analysis

Single use

No real-/me

Time consuming 
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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 )
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AlphaRad3 (2017) 
• Specially designed CMOS sensor for parallel detection of thermal and fast neutrons

• Compact and easy to use (real-time, integrated electronic, low power consumption)

Neutron detection

• Neutrons are converted into:
- protons (nfast, PE)
- alpha particles (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 detection 
efficiency < 0.1% !
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AlphaRad3 (2017)
• CNAO (April 2023): test of a prototype for autonomous measurements

• It works !   

But: 
- detection efficiency can be improved

- counting (thresholds on ADC signal)   
can be done by the CMOS itself

nThermal
nFast
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AlphaBeast (2023)
• New sensor designed in 2023 (coll. C4PI-IPHC platform)
• 6 different diodes configurations (matrix M0-M5)
• 3 internal thresholds (counters)

M5
(44%)

M4
(30%)

M3
(60%)

M2M1M0

M0-2 < 20%
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AlphaBeast (2023)
• New sensor designed in 2023 (coll. C4PI-IPHC platform)
• 6 different diodes configurations (matrix M0-M5)
• 3 internal thresholds (counters)

• CNAO (May 2023): very 1st measurements* with new sensor

nThermal
nFast

very preliminary !
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* Bias parameters not optimized



Thermal neutron detection
• 10B converter on top of the sensor

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

Alpha energy on AlphaBeast (Geant4 MC)
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Thermal neutron detection
• 10B converter on top of the sensor

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

Alpha deposited energy 
on AlphaBeast (Geant4 MC)

CNAO/IN2P3 – AlphaBeast – 24/10/2023 6

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Edep [MeV]

0

500

1000

1500

2000

2500

3000

3500

N



Alpha particles measurements
• Alpha detection 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 detection 
efficiency > 99% !

M4M3 M5

CNAO/IN2P3 – AlphaBeast – 24/10/2023 7



0 0.2 0.4 0.6 0.8 1 1.2
Edep [MeV]

1

10

210

310

410

N

Fast neutron detection
• PE converter (1 mm)

M. Vanstalle PhD (2010) 
𝚫Emin detec;on ≈ 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

(Geant4 MC)
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Fast neutron detection
• PE converter (1 mm)

M. Vanstalle PhD (2010) 
𝚫Emin detec;on ≈ 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

(Geant4 MC)
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Proton measurements
• Icube 4 MeV Van de Graaf accelerator (Au target RBS)

• Deposited energy sub-structures
Eproton ≈ 0.6 MeV 

✔ ✘

CNAO/IN2P3 – AlphaBeast – 24/10/2023 9



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 collection efficiency

Alpha

Proton
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AlphaBeast energy calibration

• 2nd hypothesis: charge collection inefficiency with depth in epitaxial layer

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

Charge collection efficiency 
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AlphaBeast energy calibration

• 2nd hypothesis: charge collection inefficiency with depth in epitaxial layer

Alpha

Proton

CNAO/IN2P3 – AlphaBeast – 24/10/2023 12



0 1000 2000 3000 4000 5000 6000
ADC

0

0.005

0.01

0.015

0.02

0.025

Fr
eq
ue
nc
y

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

Thresh. 1
(300)

Thresh. 2
(2100)

Thermal ≈ 60%

Fast ≈ <0.1%

Thermal ≈ 33%

Fast ≈ 73%

Detec;on 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) 
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Conclusion & Outlook

Important steps for the development of a 4D neutron monitoring system:

1) Prototype for autonomous measurements (AlphaRad3 – CNAO 04/2023)

2) Characterization of new CMOS sensor AlphaBeast
 - alpha detection efficiency ≃ 100%
 - energy calibration alpha / protons
 - internal threholds setting (counters)

Next steps?

• tests in radiotherapy room (ICANS - Strasbourg)

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

• applications @ CNAO for radiation protection (BNCT, … ?)
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