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Background setting

Seidler et al. – Lancet Neurol 2024

Why is it important to improve radiation risk estimations 

for space missions?

▪ Missions from April 1961 – March 2024:

▪ Increase in duration

▪ Increase in number

▪ We aim to go beyond Low-Earth-Orbit (LEO):

▪ Only short-term Space Shuttle missions

▪ Mainly ISS missions within LEO

▪ Small sample sizes

Accurate prediction of space radiation risks beyond 

LEO is hampered by the lack of relevant human data 
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Solar particle events:

mainly high-energy protons 

(shielding is generally sufficient)

Galactic cosmic rays:

90% protons, 9% helium ions & 

1% HZE ions

(penetrate thick shielding material)

Background setting: Space Radiation beyond LEO
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Secondary radiation:

▪ Interaction of GCR with body tissue,

spacecraft shielding material…

▪ Neutrons can penetrate thick shields and

deep into organic tissues before interacting

with nuclei

▪ Significant fraction of the neutron fluence lies

in the region > 20 MeV up to several hundred

MeV as a result of GCR interactions with a

variety of simple shielding configurations

Background setting: Space Radiation beyond LEO

Simonsen et al. – PLoS Biol 2020/ Heilbronn et al. – Life Sci Sp Res 2015
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Radiobiology: key concepts

Stochastic 

Effects

Deterministic 

Effects
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Radiobiology: key concepts

Space radiation induced health risks:

▪ Acute radiation syndrome

▪ Degenerative tissue effects (cataract,

cardiovascular risks…)

▪ Central nervous system deficits

▪ Cancer

Chancellor et al. – Life 2014
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Radiobiology: key concepts

Not all ionizing radiation is equal:

LET = Linear Energy Transfer

In contrast to the stopping power, which focuses on the

energy loss by a charged particle moving through a

medium, LET focuses on the linear rate of energy

absorption by the absorbing medium as the charged

particle traverses the medium.

ICRU definition: “LET of charged particles in a

medium is the quotient dE/dl, where dE is the average

energy locally imparted to the medium by a charged

particle of specified energy in traversing a distance of

dl.”
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Radiobiology: key concepts

Not all ionizing radiation is equal:

RBE = Relative Biological Effectiveness

As the LET of radiation increases, the ability of

the radiation to produce biological damage

increases
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Radiobiology: key concepts

Not all ionizing radiation is equal:

RBE = Relative Biological 

Effectiveness

Comparison of dose values at isoeffect

Historically, 250 kVp X-rays or Cobalt-

60 gamma-rays are used as reference 

radiation quality
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Radiobiology: key concepts

Relative Biological Effectiveness: depends on…

Biology

▪ Biological endpoint

▪ Tissue microenvironment 

(oxygen, scavengers, …)

▪ Genetic radiosensitivity

▪ Cell-cycle phase
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Radiobiology: key concepts

Relative Biological Effectiveness: depends on…

Biology

▪ Biological endpoint

▪ Tissue microenvironment 

(oxygen, scavengers, …)

▪ Genetic radiosensitivity

▪ Cell-cycle phase

Physics

▪ LET

▪ Energy/Charge

▪ Dose

▪ Dose rate
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Radiobiology: key concepts

Relative Biological Effectiveness: depends on…

Physics

▪ LET

▪ Energy/Charge

▪ Dose

▪ Dose rate

Dose rate effects for low- and high LET radiation 
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Neutron Radiobiology: an old story

Neutron radiobiology: Past or Future?

▪ Studied in the early days of radiobiology

▪ Protection of workers in nuclear power plants

▪ Use of fast neutrons in radiotherapy

▪ Exposure of atomic bomb survivors

▪ Emerging field of radiobiology research at

accelerator-based research facilities:

▪ Particle therapy

▪ Space radiobiology
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Neutron Radiobiology: an old story

Neutron: Energy dependence of RBENeutron Survival Curves
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Neutron Radiobiology: weighting factor

Radiation weighting factor wR (ICRP) used for cancer risk 

estimations. Introduced for radiation protection 

purposes in order to account for the relative detriment of 

different types of radiation

▪ Pooling RBE data from different experiments

▪ Absorbed dose (Gy) to equivalent dose H (Sv)

𝐻 = 𝑤𝑅 ∗ D

▪ Depends on energy: maximum of 20 around 1 MeV. 

▪ Mean quality factor decreases with increasing 

neutron energy to values of < 5 for neutrons > 20 

MeV: continuous functions used by ICRP



GSI Helmholtzzentrum für Schwerionenforschung GmbH

Neutron Radiobiology: an old story

Chromosomal aberrations

Tanaka et al. – J Rad Res 1999
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Neutron Radiobiology: an old story

Nolte et al. – 2006

One of the few experiments conducted 

with high-energy neutrons using a 

relevant biological endpoint for cancer 

risk estimations

Chromosomal aberrations
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Neutrons on ISS:

▪ Neutrons of high energy contribute significantly to the ambient dose

equivalent of the crew on the International Space Station (ISS)

Neutrons in Space

Zeitlin et al. – Life Sci Sp Res 2023
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Neutrons on ISS:

▪ Neutrons of high energy contribute significantly to the ambient dose

equivalent of the crew on the International Space Station (ISS)

Neutrons in Space

Durante & Cucinotta – Rev Mod Phys 2011 /Zeitlin et al. – Life Sci Space Res 2023
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Neutrons on Mars:

▪ The Radiation Assessment Detector (RAD) onboard the Mars Science

Laboratory (MSL):

Neutrons in Space

Matthiä et al. – Life Sci Space Res 2017

▪ Neutron dose rate between 7 and 740

MeV of 5.1 ± 1.0 μGy/d (2.2% of the

total surface dose rate)

▪ Dose equivalent rate of 23.6 ± 4.1

μSv/d (3.8% of the total surface dose

equivalent rate)

▪ Extrapolation to 1 - 1000 MeV range:

neutrons 5% contribution to the

charged particle dose equivalent rate
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Neutrons and shielding:

▪ Many studies on the impact of the thickness of spacecraft aluminum

alloys for GCR shielding, have shown that secondary neutrons and light

ions are major contributors to the total equivalent dose, resulting in an

increase of the mean quality factor behind shield.

Neutrons in Space

Slaba et al. – Life Sci Space Res 2017
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What do we need to improve neutron radiation risk estimations for space:

▪ Limited RBE data for neutrons above 20 MeV leads to high uncertainties in

radiation risk estimations

▪ Lack of RBE data on relevant biological endpoints and in vivo data (e.g.

cardiovascular risks, central nervous system decrements, ..)

▪ Facilities to perform radiobiology experiments using high-energy neutrons:

▪ Field size of at least 5 x 5 cm2

▪ Uniform dose distribution

▪ Simulation/calculation of absorbed dose (Gy)

▪ Possibility to perform rodent experiments?

Research Gap
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Example of a recent in vivo CNS experiments with neutrons:

Research Gap

▪ Columbia University 

Radiological Research 

Accelerator Facility (RARAF)

▪ Primarily neutrons with a broad 

spectrum of energies (0.2–9 

MeV), ~19% consisted of 

inherent γ-rays 

▪ Mice were slowly rotated at a 

rate of 0.5 rotations/min around 

the neutron beam, providing 

isotropic irradiation
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Thank you for your attention!

Questions?

Contact: C.Vandevoorde@gsi.de


