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The challenge: high energy neutrons in space

Charged particles 
with energies up to 

a few TeV

Matter

Neutrons with 
energies up to 

a few TeV

● Primary cosmic radiation

● Shielding
● Human body
● Atmospheres
● Regolith

GCR  → 2.7 g/cm2 aluminium

Neutron dose depends on 
the energy spectrum, so 
spectral measurements 

are necessary

Neutron fluence to 
effective dose 
(ICRP/ICRU)
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The challenge: high energy neutrons in aviation

Charged particles 
with energies up to 

a few GeV

Matter

Neutrons with 
energies up to 

a few GeV Neutron dose depends on 
the energy spectrum, so 
spectral measurements 

are necessary

Neutron fluence to 
effective dose 
(ICRP/ICRU)

● Primary cosmic radiation

● Atmosphere
● Aircraft materials
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The challenge: high energy neutrons in proton therapy

Charged particles 
with energies up to 

250 MeV

Matter

Neutrons with 
energies up to 

250 MeV

 

Neutron fluence to 
effective dose 
(ICRP/ICRU)

Neutron dose depends on 
the energy spectrum, so 
spectral measurements 

are necessary

● Protons

● Shielding
● Human body



Neutrons in aviation
Commercial aircraft cruise at 9–12 km with 
reduced atmospheric shielding.

Exposure driven by:
• Galactic Cosmic Rays (GCRs)
• Solar Energetic Particles (SEP)

a

Dose contribution dominated by:
• Secondary neutrons
• High energy photons

Current status:
• Model-based (e.g. route + solar indices)
• Sparse airborne neutron data
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Neutrons dominate dose uncertainty 
and they are the most difficult 

component to measure.



Coronal mass ejections and solar flares impact the 
radiation field at high altitude. 

● Enhanced interplanetary magnetic field 
→ temporary reduction in GCR intensity 
(Forbush decrease).

● May be accompanied by increased solar 
energetic particle flux.
→ neutron-dominated dose increase at altitude.

Space weather produces 
time-dependent and 

energy-dependent changes 
in the neutron field, which 

cannot be fully inferred from 
ground-based monitoring alone.

Forbush 
decrease Increased 

proton flux
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Space weather at flight altitude
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Compact

Safe to operate

Neutron/gamma ray discrimination

Sensitive over a large range 
(1-120 MeV)

Flexible geometries

Spectral capability in situ

Silicon photomultipliers

Plastic scintillator
Silicon photomultipliers

PSD-capable plastic scintillator

Plastic scintillator with 
measured response functions

Plastic scintillator

Spectral unfolding with 
measured response functions

Design requirements for a neutron spectrometer in aviation
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Previous work

● Detector concept validated below 20 MeV.
● Monoenergetic response functions measured at PIAF 

(PTB, Germany) and AMANDE (ASNR, France).
● Energy range limited by scintillator size (upper) and 

efficiency simulation constraints (lower). AMANDE

PIAF

AmBe
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Research goals 

• Extend detector prototype to higher energies by increasing scintillator size.
• Combine simulation and measurement for response functions up to 120 MeV.
• Develop autonomous signal processing and data acquisition system.
• Characterise performance at fast- and high-energy reference neutron facilities.
• Evaluate stability under aviation-relevant temperature, vibration, and pressure 

conditions.

The primary aim of this research is to develop a self-contained, 
compact high energy neutron spectrometer. 



High energy neutron beam facility 
at iThemba LABS

• k = 200 cyclotron.
• Neutrons via Li(p,n).
• Ns-pulsed beams with ToF.
• Quasi-monoenergetic high energy 

neutron beams 30-200 MeV.

Cape Town, South Africa

~ 12 m 10
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Characterisations at iThemba LABS, September 2025   
(Ep = 150 MeV, 8.0 mm Li target, I ≈ 3 nA)

The detector was positioned at 8.0 m 
from the neutron production target at 0°.



12September 2025 (Preliminary)

electrons

escaping protons and deuterons

deuterons

alpha particles

Neutron-induced events

Gamma ray induced events

protons

Characterisations at iThemba LABS, September 2025   
(Ep = 150 MeV, 8.0 mm Li target, I ≈ 3 nA)
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Quasi-monoenergetic detector response functions are obtained by 
time-of-flight selection of the neutron energy, illustrated here for 115 MeV (ΔE = 10 MeV).

Characterisations at iThemba LABS, September 2025   
(Ep = 150 MeV, 8.0 mm Li target, I ≈ 3 nA)



1. Monoenergetic neutron interacts in plastic scintillator.
2. Energy deposition recorded for each recoil particle (step-wise).
3. Conversion to light output according to particle type and summed along total 

track.
4. Combine multiple events produce light output spectrum.
5. Gaussian broadening applied event-by-event to reproduce realistic result.

Simulation of response functions with Geant4
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3 4 5

En = 14 MeV 
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Extending simulations above 20 MeV

Simulations are insufficient above 20 MeV in 
isolation
• Poor knowledge of 12C reaction cross sections
• Model-driven transport largely unverified

High-energy measurements are essential to 
generate reliable response functions

Model 
prediction

Measured 
response

Validate 
against 

measurement

Tune 
physics 
models

Above 20 MeV:
● Transition from data → model driven 

transport
● More 12C reaction channels accessible
● Inelastic processes dominate

Detector response harder to predict:
● Multiple recoil particles per event
● Partial energy deposition increases
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• High-energy laboratory prototype tested up to 150 MeV (time-of-flight) at iThemba LABS.
• Simulated detector response functions validated below 20 MeV. 

Ongoing

• Extend validation of simulations above 20 MeV using measured response functions.
• Development of a compact on-board DAQ (PSD and spectrometry).

Future work

• Additional characterisation in aviation-relevant neutron fields.
• Flight-altitude measurements and long-term operation. 
• Integration into citizen science projects, e.g. Cosmic On Air.

Summary
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Thank you for your attention!
Questions?
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Detecting neutrons (and gamma rays) 

● Neutrons interact with scintillators via elastic scattering and 
inelastic reactions. 

● Recoiling particles (proton, alpha, 12C, etc.) carry a fraction of the 
incident neutron energy depending on the reaction.

● Gamma rays interact primarily by Compton scattering, producing 
recoil electrons.

● Charged particles deposit energy via the Coulomb interaction, 
producing scintillation photons (~420 nm) proportional to the 
deposited energy.

● Scintillation light is detected by a silicon photomultiplier (SiPM), 
producing a voltage pulse amplitude proportional to the light 
output.

● The time characteristics of the pulse depend on particle type, 
allowing for pulse shape discrimination (in certain scintillators)
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neutron

gamma ray

EJ-276 
scintillator 

SiPM 
array

Acquisition 
system

Recoil p (d, α, …)

Recoil e

γ-ray events

neutron events

AmBe



Solution neutron 
spectrum obtained 

using unfolding 
algorithm

Measured neutron pulse 
height spectrum (bin i)

Detector 
response 

matrix

Solution 
spectrum 

(bin j)

Neutron energy bin jLight output bin i

 

Unfolded spectrum
ISO

Light output bin i
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The reliability of the reconstructed spectrum depends on accurate detector response functions, 
which are not well described by simulations above 20 MeV and must be measured. 21

Spectrum unfolding



Light output parameter L
(long integral in MeVee) 

Pulse shape parameter S

HV photomultiplier            SiPM
 tS                    tL 

↳γ-ray 
events

neutron events

AmBe
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Pulse Shape Discrimination
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Salter High Altitude Balloon Test Flight #752NT
21 August 2025
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In-flight measurements
24 September 2025

EK773  Cape Town to Dubai                       EK203   Dubai to New York
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Energy spectra of neutrons produced by a proton beam of 
energy 150 MeV irradiating an 8.0 mm Li target 

(measured with a 2” x 4” BC-501A reference detector at 8.00 m at 0 degrees).

September 2025 (Preliminary)
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Simulation of response functions below 20 MeV

Light output as a function of recoil 
proton energy must be measured due to 
nonlinearities arising from the detector 
components at high energies.

At low energies, measurements by 
Laplace et al. (2020) were used.

A fifth order polynomial was fit to the 
data, for smooth interpolation.



In unfolding-based systems, the neutron 
energy spectrum is reconstructed using 
calibrated detector response functions.

A neutron spectrometer measures the energy 
distribution of neutrons, not just how many reach the 
detector. 

Outside of the laboratory, this is achieved using 
spectrum unfolding techniques. 

Detector systems for neutron spectrometry
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