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Abstract. The biggest risks in a mission to Mars are the long periods of time with the lack of gravity, the 
psychological effects due to isolation, the risk of contamination by diseases in confined space, and exposure to high 
doses of radiation. It is recognized that the latter poses the greatest scientific and technological challenge to a viable 
mission. In this work, we present estimates of the equivalent dose in an astronaut for three mission-to-Mars profiles 
proposed by NASA. For this, we performed Monte Carlo simulations of the energy deposited in the ICRU sphere 
taking into account the main radiation sources in space using the Geant4 simulation toolkit. The results show that the 
introduction of 10 cm equivalent Al shielding significantly reduces the equivalent dose, although our estimates are 
still above the dose limits adopted by NASA. These results show, however, that the values are in the range for 
optimization in terms of shielding solutions, as well as the choice of the most appropriate mission trajectories to 
minimize the dose to astronauts. 
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1. INTRODUCTION 

The human exploration of Mars is likely to be the 
biggest scientific and technological challenge in the 
coming decades. Getting astronauts to the Martian 
surface and returning them safely to Earth, however, is 
an extremely difficult engineering and safety challenge 
[1]. One of the biggest risks, if not the biggest risk to 
the health of astronauts, will be radiation exposure 
during the Earth’s exit, cruise to Mars and stay on the 
planet’s surface [2, 3].  

The main radiation sources of concern are the 
trapped particles in the Van Allen (VA) belts, the 
galactic cosmic radiation (GCR), and the solar 
energetic particles (SEP) events. The GCR originates 
outside the Solar System and are an isotropic and 
continuous radiation source formed by nuclei 
accelerated to extremely high energies (up to 1020 eV). 
This radiation source is composed of about 98% 
baryons and 2% electrons, where the baryonic 
component is made of ~85% protons (H nuclei), ~14% 
alpha particles (4He nuclei), and ~1% of heavier nuclei 
[4]. The GCR fluxes are modulated by the interaction 
with the solar wind, which is coupled to the intensity of 
the magnetic field of the Sun. The 11-year (magnetic) 
solar activity cycles and the GCR fluxes are inversely 
correlated, that is, the GCR flux is maximum at the 
solar minimum and vice versa [5]. 

As a result of the interaction of the GCR and solar 
radiation with the Earth’s magnetic field and 
atmosphere, charged particles become trapped in the 
magnetosphere, moving in spirals along the 
geomagnetic field lines until they are reflected back at 
the magnetic poles. The regions where the density of 
electrons and protons is much higher are known as the 
VA belts. The inner belt consists of electrons in the 
range of hundreds of keV and energetic protons with 
energies up to 1 GeV. These are formed in the decay of 
albedo neutrons produced by nuclear reactions of GCR 
and solar particles in the upper atmosphere and 
become trapped at an altitude between 200 and 6 000 
km. The outer belt consists mainly of high energy (0.1-
10 MeV) electrons trapped between 10 000 and 75 000 
km, although the size and composition of the outer belt 
can be strongly affected by geomagnetic storms related 
to solar flares and coronal mass ejections (CME) [6, 7]. 

Large SEP events are currently believed to be due to 
large, fast CMEs which can drive shocks in the low 
solar corona. These shocks are responsible for 
accelerating particles to relativistic energies [8, 9, 10]. 
These events are characterized by a sudden increase in 
the solar particle flux, up to several orders of 
magnitude higher than the GCR flux on time scales of 
tens of minutes to a few hours, and energies up to 
several hundred MeV/nucleon (in some cases up to a 
few GeV/nucleon). Their composition consists of 
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intense electromagnetic radiation as well as charged 
particles, mainly protons, but also electrons and 
heavier ions (10% helium and 1% of heavy ions), with 
energies ranging from a few tens of keV to GeV. The 
probability of occurrence of a SEP is greatly reduced 
during the solar minimum, although they can still 
happen under these solar conditions. The stochastic 
nature of these events in terms of occurrence and flux 
magnitude makes them one of the most limiting factors 
in human space exploration.  

Furthermore, Mars has a negligible magnetic field 
and the atmosphere has typical mass column densities 
of 20 g/cm2 (~22 g/cm2 at Gale Crater) which is about 
1/50 of the Earth’s column density of 1000 g/cm2, 
putting the Mars surface above the Pfotzer maximum 
[11, 12]. Thus, astronauts remaining a long time on the 
surface of the planet, without the adequate protection, 
will be exposed to primary GCR and possible SEP 
events, as well as to secondary particles produced in 
atmosphere and on the surface of the planet [13, 14]. 
Crucial information on the Martian radiation 
environment is now available through measurements 
of the Radiation Assessment Detector (RAD) inside the 
Mars Science Laboratory (MSL), on board the Curiosity 
rover that landed in Gale Crater on August 6, 2012 [15]. 

This paper presents an estimate of radiation dose 
exposure of an astronaut for each of three preliminary 
mission scenarios proposed by the National 
Aeronautics and Space Administration (NASA) [16]. 
The Geant4 [17, 18] toolkit is used to simulate the 
energy deposited in the ICRU sphere [19], representing 
the astronaut, due to each of the radiation sources 
mentioned above. Doses from trapped particles are 
calculated with particle fluxes retrieved from SPENVIS 
[20] using a highly elliptical injection trajectory [21]. 
The same tool is used to obtain the GCR for solar 
minimum (January 30, 2009) and solar maximum 
(January 30, 2014) conditions used as primary fluxes 
in the calculation of the dose received during the cruise 
to Mars. To understand the contribution to the dose 
due to secondary particles produced in the spacecraft 
structure, simulations are done without and with 
shielding. For the latter, we consider a 10 cm Al slab, 
which corresponds to ~27.8 g/cm2 Al-equivalent, that 
is comparable to the average shielding of the 
RAD/MSL [22] during its 235-day cruise to Mars. 
Comparisons between measured and simulated 
shielded fluxes and doses in the relevant energy range 
and solar conditions during transit are used to 
benchmark our simulations. The Martian radiation 
environment is simulated with the dMEREM [13, 14] 
model, providing the particle spectra resulting from the 
interaction of GCR in the Martian atmosphere and soil 
at the coordinates of the Gale crater. These particle 
spectra are then used as the input fluxes in the 
simulations of the energy deposited in the sphere. 

2. DOSE CALCULATIONS 

2.1. Dose quantities 

Protection quantities [23] are based on mean 
absorbed doses to organs and tissues of the human 

body. These include the equivalent dose in a tissue or 
organ T, 

 (1) 

and effective dose, 

 (2) 

where DT, R is the mean absorbed dose from radiation 
type R in a tissue or organ T, ωR is the radiation 
weighting factor that takes into account the relative 
biological effectiveness (RBE) of the radiation R, and 
ωT is the tissue weighting factor that takes into account 
the relative contribution of the organ or tissue T to the 
total harm to the health (detriment). The equivalent 
dose limits are not established for an individual person 
but for Reference Computational Male (HTM)and 
Female (HTF) [24]. However, the current 
recommendations [23] compute a single effective dose 
limit from the sex-averaged equivalent doses. 

NASA adopts dose limits recommended in [25] that 
establish different effective dose limits for male and 
female astronauts as well as an age at exposure 
dependence (see Table 1). Equivalent dose limits for 
deterministic effects in astronauts are shown in Table 2 
as a function of the time period of exposure. 

Table 1. Effective dose limits for astronauts adopted by NASA 
[25]. Stochastic effects limits correspond to a 3% excess 

cancer mortality for 10-year careers. 

Stochasticeffects (effective dose limit in Sv) 
Age at exposure (yr) Male Female 

25 0.7 0.4 
35 1.0 0.6 
45 
55 

1.5 
3.0 

0.9 
1.7 

Table 2. Equivalent dose limits adopted by NASA [25]. 
Deterministic effects limits are frequently expressed in Gray-

equivalent (Gy-Eq) to account for RBE values that do not 
equal the stochastic limit values shown in Table 1. 

Deterministic effects (equivalent dose in Gy-Eq) 
Time BFO Eye Skin 

Career (see Table 1) 4.0 6.0 
1 year 0.60 2.0 3.0 

30 days 0.25 1.0 1.5 
 

One important limitation of Eq. (1) is that the ωR 
depends only on the external field particle type and not 
on the characteristics of the internal field at the organ 
of interest. This limits the applicability of that equation 
in the case of neutron fields that are strongly modified 
by the transverse matter, or in the case of external 
mixed fields as it happens in space radiation exposures. 
Furthermore, for heavy ions with linear energy transfer 
(LET), L>200 keV/μm, the International Commission 
on Radiation Protection (ICRP) does not recommend 
the reference value of ωR=20 for ions. The preferred 
approach to compute the equivalent dose from 
exposure to high LET mixed space radiation is to use 
the LET-dependent equivalent dose HT(L)=QT(L)DT(L), 
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where DT(L) is the differential dose integrated in the 
volume of the organ or tissue T, and Q(L) is the quality 
factor for the LET L. However, it is important to stress 
that the current lack of knowledge in the RBE for heavy 
ions, results in large uncertainties in predicting the 
value of Q (L) in space radiation environments. 

In this work, we are not interested in accurate 
tissue or organ equivalent dose calculations, or in 
detailed evaluation of the effective dose in reference 
phantoms. The main goal is to compare dose estimates 
for different mission profiles and to assess the potential 
effect of secondary particles produced by shielding. For 
this, we assume a simple model, where the astronaut is 
modelled by the ICRU sphere immersed in an 
expanded and aligned external field. The 
corresponding equivalent dose is computed as, 

           (3) 

where m=14.137 kg is the mass of the ICRU sphere. 
The energy deposited flux inside the ICRU sphere is 
scored and integrated to give the total deposited 

energy, dep , rate. 

2.2. Input radiation models 

The three mission profiles considered in this work 
differ in terms of exposure to radiation by the time 
spent in each of the mission stages (Earth exit and 
return entry, out- and inbound transit, and stay on 
Mars). The short-stay mission provides Mars stay 
times of 30 to 90 days with a round trip total time of 
400 to 650 days. This mission requires a large amount 
of energy to be expanded in transit, even after taking 
advantage of either a Venus swing-by (on either the 
inbound or outbound leg) or a deep space propulsive 
maneuver in order to reduce Mars and Earth entry 
speeds. The Venus swing-by brings the spacecraft 
inside the orbit of Venus, where it would be subject to 
more intense solar particle flux and higher fluxes in 
case of a SEP event. Furthermore, the crew would 
spend 90% of the time in the zero-g space environment 
with little time for recovery in Mars. 

Two long-stay missions are considered: i) a Mars 
stay up to 500 days with a round trip total time of 
about 900 days. The energy requirement for these 
missions is the lowest of the three mission profiles at 
the cost of a long transit time around 250 days. This 
trajectory provides an opportunity to send a larger 
payload but exposes the crew for a longer time to the 
space radiation environment; and ii) a Mars stay above 
600 days with a total time for the round trip also of 
900 days. This is only achievable with a significant 
increase in the propulsion energy in order to shorten 
transit time (one-way travel between 120 to 180 days). 
This fast transit mission maximizes the stay on Mars 
and reduces considerably the exposure time to space 
radiation. Table 3 summarizes the time spent in each 
stage of the three mission profiles as well as the most 
relevant radiation sources considered in the 
simulations. 

Table 3. Time spent in each stage for three mission profiles 
proposed by NASA [16] and the radiation sources considered 

in the simulations 

Mission 
stage 

Earth 
exit and 

entry 

Out and 
inbound 
transit 

Stay on Ma 

Radiation 
source 

VA 
belts GCR/SEP 

Mars radiation 
environment 

(from GCR/SEP) 

Short stay 
1.5 

hours 224+291 days 30 days 

Long stay i) 1.5 
hours 

224+237 days 458 days 

Long stay 
ii) 

1.5 
hours 150+110 days 619 days 

 

The trapped particles and the GCR fluxes were 
retrieved from the SPENVIS system [20] that models 
the space environment along a trajectory or in a 
coordinate grid. For trapped particles, we used the AE-
8 (electrons) and AP-8 (protons) maps that contain 
omnidirectional integral fluxes in the energy range 
0.04−7 MeV electrons and 0.1−400 MeV protons for 
solar maximum and solar minimum conditions. The 
GCR fluxes were obtained with the ISO-15390 model 
[26] that describes variations in 1−105 MeV GCR 
particles (electrons, protons, and Z=2 to 92 nuclei) in 
near-Earth space beyond the Earth’s magnetosphere. 
This model accounts for variations in the fluxes with 
solar activity and in the large-scale heliosphere 
magnetic field (that are assumed to be proportional to 
the Sun’s polar magnetic field) throughout 22-year 
cycles. The angular distribution beyond the Earth’s 
magnetosphere is taken isotropic. 

 
Figure 1. SPENVIS [20] primary particle fluxes used in this 
work for trapped particles (triangles) and for GCR (stars) at 

solar minimum (January 30, 2009) and solar maximum 
(January 30, 2014) conditions. The SEP (circle) event flux 
corresponds to the event observed in December 13, 2006. 
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Fig. 1 shows the particle fluxes for the VA belts 
(electrons and protons) and the GCR (protons, alpha 
particles, oxygen and iron nuclei) used in our 
simulations. The GCR fluxes were evaluated at 1 AU 
(taken as representative of the average GCR flux for a 
trajectory including a Venus swing-by) for the 
conditions of solar minimum (January 30, 2009) and 
solar maximum (January 30, 2014) of cycle 24. The 
SEP event proton flux used in our simulations, shown 
in the figure, corresponds to the measured flux of the 
intense, high-energy signal observed on December 13, 
2006 [13]. 

The Martian radiation environment was obtained 
from ESA’s model, dMEREM [13, 14] that calculates 
particle fluxes through detailed Monte Carlo 
simulations based on the Geant4 [17, 18] toolkit. Fluxes 
are simulated for primary and secondary particles in 
the energy range of the GCR fluxes, and for neutrons 
down to thermal energies. dMEREM includes a pre-
processor to define the atmospheric density profile and 
composition, and another to specify the surface 
composition and density. For the present simulations, 
we used a 50 km-high atmosphere composed of CO2 
(corresponding 96% of the total composition). The soil 
composition was obtained from in situ measurements 
by the Curiosity rover at the Gale crater [27, 28]. 

Fig. 2 shows the energy distribution of primary and 
secondary particle fluxes due to GCR protons predicted 
by dMEREM for the Gale Crater soil composition. The 
secondary particle fluxes are dominated by albedo 
neutrons down to the eV region and by a gamma 
contribution between a few tens of keV and 1 MeV. The 
high energy part of the spectrum is dominated by 
downward going protons and neutrons produced in the 
atmosphere. 

 
Figure 2. Primary and secondary particle fluxes obtained with 

dMEREM [13, 14] from GCR alpha particles near solar 
maximum (July 15, 2015) condition. These were used to 

assess the Martian radiation doses. 

2.3. Simulation parameters 

Simulations were carried out for expanded and 
aligned external fields of electrons in the energy range 
0.1−50 MeV (VA belts); protons in the energy range 
1−103 MeV (VA belts, SEP events, and Martian 
radiation environment); and protons, alpha particles, 
oxygen, and iron nuclei in the energy range 1−105 MeV 
(GCR). The latter two were taken as representative of 

the heavy ions composition in the GCR flux. Additional 
input fields (obtained from dMEREM simulations) of 
photons between 1 keV and 90 MeV, and neutrons 
between 1 eV and 1 TeV, were also considered in the 
simulations to assess the Martian radiation doses (see 
Fig. 2). 

The energies of all particle types were sampled from 
a probability density function of the form 1/ε, where ε 
is the energy of the primary particle. The simulated 
deposited energy flux was than weighted with a factor 
that normalizes this probability density function to the 
flux of the radiation source under consideration. The 
number of simulated primary particles was 106. The 
number of particles that deposited energy in the sphere 
contributing to the dose was used to determine the 
statistical uncertainty in our calculations. The average 
uncertainty in dose values was estimated to be ~0.5%. 

Due to the low energy albedo neutrons present on 
Mars, a Geant4 physics model that contains a high 
precision neutron package to transport neutrons below 
20 MeV down to thermal energies was used in all 
simulations (Geant 4 Physics list QGSP_BERT_HP). 

3. RESULTS AND DISCUSSION 

3.1. Validation with RAD/MSL data during cruise 
to Mars 

Charged particle spectra were measured during the 
MSL cruise to Mars with the RAD [29] mounted on 
board the Curiosity rover inside the spacecraft. The 
rover was placed between the heat shield (below the 
rover) and the descent stage (above the rover). The 
percentage of shielding for different Al equivalent area 
densities in the RAD field-of-view (FOV) are reported 
in [22]. The values range between 1 and 85 g/cm2 with 
a (weighted) mean of ~27.5 g/cm2 and median of ~5 
g/cm2. However, one should note that the different 
components in the MSL around the RAD provide a very 
heterogeneous shielding distribution in the FOV (see 
supplementary material in [30]). 

Figure 3 shows the comparisons between the 
simulation of stopping protons flux from GCR and the 
measured flux by RAD between June 11 and July 14, 
2012. The simulations were done with the Geant4 
based software package MULASSIS from SPENVIS 
[20]. The free space proton and alpha particles GCR 
fluxes were also taken from SPENVIS for June 30, 
2012 (variations of GCR fluxes in the measurement 
period are small). Simulations were done for 5 g/cm2 
(RAD median shielding value), 10 g/cm2 (Al-equivalent 
shielding depth that better reproduces RAD 
measurements) and 27.5 g/cm2 (RAD weighted average 
shielding) Al thickness. The 10 g/cm2 Al-equivalent 
shielding depth corresponds to a division in the 
shielding distribution of 52.5%−47.5% (very similar to 
median value 50%−50%). The highest flux is obtained 
for a shielding depth corresponding to 27.5 g/cm2 
whereas the lowest flux is for 5 g/cm2. The secondary 
proton flux is produced by nuclear proton and alpha 
reactions on Al. For thin shielding (5 g/cm2 in this 
case), the alpha reactions do not contribute as much as 
for thick shielding (27.5 g/cm2) to the secondary 
protons. In the energy range considered (10-100 MeV) 
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the proton stopping power is dominated by the 
electronic component and their range varies between 
0.17 and 10 g/cm2. Thus, for Al equivalent shielding 
above ~10 g/cm2, the high energy component of the 
secondary proton flux decreases considerably as more 
protons are down-scattered to the lower component. 

 
Figure 3. Comparison between the stopping protons flux 

measured by RAD and the mean, median and optimal 
shielded proton fluxes from Al simulated with MULASSIS 

and Geant4. 

3.2. Equivalent dose for each mission profile 

Equivalent doses for each mission profile were 
determined from the absorbed dose rates for each 
particle type and integrating it over the time periods of 
each mission stage as shown in Table 3. The total 
equivalent doses were then estimated with Eq. (2) for 
solar minimum and solar maximum conditions. The 
results are shown in Fig. 4 for simulations without 
shielding and in Fig. 5 for simulations with a 10 cm Al 
slab to simulate the spacecraft structure. 

Without shielding the total mission, the equivalent 
dose limits are exceeded in all three scenarios by more 
than one order of magnitude, whereas with shielding 
the total equivalent dose decreases on average 67%. 
Still, the total equivalent dose exceeds, on average, the 
maximum dose limit in about 77%. It should be noted 
that the contribution of the VA belts decreases almost 
11300 times when shielding is considered, since up to 
100 MeV these particles are stopped by the Al slab. 
This makes the GCR the most significant contributor to 
the mission equivalent dose when shielding is 
considered, with about 92% on average over the three 
mission profiles. 

Furthermore, no significant differences were found 
between the GCR contributions for solar minimum and 
for solar maximum conditions. We note that our 
calculations were done for solar maximum and solar 
minimum conditions in cycle 24, corresponding to 
solar modulation potentials of Φ=606 MV (January 
2014) and Φ=302 MV (January 2009), respectively. 
For these potentials, there are small differences in the 
flux for solar maximum and solar minimum conditions 
below 1 GeV, as shown in Figure 1, and hence also no 
large differences are found in the dose (~25 % 
difference). Guo et al. [31] computed the doses for solar 
maximum with Φ=1200 MV in cycle 22 and solar 
minimum with Φ=250 MV in cycle 24. Therefore these 
authors had got a much larger difference than the one 

obtained in our calculations. Using the linear 
correlation of the dose with the solar modulation 
potential, as proposed by these authors, D=755-0.44Φ, 
where the fit constants correspond to the response for 
the stopping particles in RAD, the difference is just  
~27 % for the solar conditions used in our simulations. 
The unshielded dose rate for near-Earth interplanetary 
space in the solar minimum of 2009 was estimated by 
Mrigakshi et al. [32] to be 370 μGy/day, using the 
BON2010 model, 395 μGy/day with the CREME  
96 model, 398 μGy/day, using CREME 2009 model, 
469 μGy/day with the Mathiἃ/Oulu model, and  
472 μGy/day using the Mathiἃ/ACE GCR model. These 
values are close to the value of 564 μGy/day that we 
estimated using the ISO-15390 model. Mrigakshi et al. 
[32] obtained a factor of 3-4.5 between dose rates in 
near-Earth interplanetary space, however, this resulted 
from comparing the 2009 solar minimum and the solar 
maxima from January 1970 to October 2011. 

 

 

Figure 4. Equivalent dose for each mission profile and 
radiation environment in a) minimum and b) maximum solar 

conditions without shielding (full black lines represent the 
total equivalent dose and the dashed lines represent the dose 

limits range for astronauts from Table 1). 

The proton SEP flux observed in December 13, 
2006 (see Fig. 1) was also simulated to estimate a  
14 days integrated dose if one of these events occurs 
during transit. The unshielded dose from the SEP event 
is 6.40 Sv. Since these events develop in a very short 
period of time, this value must be compared against the 
deterministic dose limits for 30-day exposure shown in 
Table 2. Thus, without shielding, the SEP equivalent 
dose exceeds both eye and skin limits by a large factor. 
However, when considering shielding, the equivalent 
dose from the proton SEP reduces drastically to less 
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than 20 mSv, due to the short range of protons below  
1 GeV in Al. 

 

 

Figure 5. Equivalent dose for each mission profile and 
radiation environment in a) minimum and b) maximum solar 

conditions with a 10 cm Al shielding (full black lines 
represent the total equivalent dose and the dashed lines 

represent the dose limits range for astronauts from Table 1). 

4. CONCLUSIONS 

In this work, the radiation dose exposure of an 
astronaut in terms of equivalent dose in the ICRU 
sphere were estimated for three mission to Mars 
profiles proposed by NASA. For this, the Geant4 toolkit 
was used together with the relevant input particle 
fluxes retrieved from the SPENVIS and a measured 
particle flux for the SEP event. The simulations were 
validated against measurements with RAD/MSL data 
during cruise to Mars. 

Table 4. Summary of the equivalent doses calculated in this 
work (Min. and Max. designate minimum and maximum 

solar conditions, respectively). 

Equivalent dose (Sv)  
No shielding With shielding 

Profiles Min. Max. Min. Max. 
Short stay 
Long stay i) 
Long stay ii) 

7.83 
7.69 
6.40 

7.22 
7.14 
6.09 

2.93 
2.81 
1.74 

2.51 
2.44 
1.53 

SEP event 6.40 0.02 
 

Table 4 summarizes our results. It is clear that 
adequate shielding is mandatory to make a mission to 
Mars viable. Although equivalent dose values with a 10 
cm Al shielding are still above NASA limits, they are in 

a range where it is foreseeable that optimization in 
passive shielding materials composition layouts, as well 
as active shielding (using superconducting magnetic 
coils to deflect charged particles), and optimized 
trajectories can lower them to the acceptable range. 

The contribution from the December 2006 SEP  
(20 mSv) with shielding is under the 30-day limit for 
deterministic effects for the BFO, eyes lens and skin. 
However, due to the stochastic nature of these events 
in terms of the number occurrences and flux 
magnitude, doses from SEP events put the most serious 
exposure risks on a long space mission. In addition, 
many activities on the surface of Mars will be made 
outside the shelters, without adequate protection in the 
event of a SEP event. It is, therefore, crucial to develop 
reliable SEP forecast models. 

For the conditions of the solar cycle 24 used in this 
work, there is no significant difference between 
predicted doses due to GCR in solar minimum and 
solar maximum conditions, because the solar 
maximum of January 2014 is atypically weaker than in 
the previous cycles. However, we notice that the higher 
probability of SEP occurrence during solar maxima 
must also be considered in the choice of mission dates. 

Future assessments of radiation exposure in 
manned missions to Mars should include organ 
equivalent dose calculations using a detailed 
anthropomorphic computational phantom in the 
simulations. Other materials and more complex 
shielding structures should also be considered. These 
simulations are useful to optimize mission profiles in 
order to reduced radiation exposure. However, one 
should point out that even for very detailed and 
realistic simulations, they will result in equivalent 
doses estimates with a high degree of uncertainty, since 
the quality factors for heavy ions are poorly known. 
This calls for a greater investment in studies of 
radiobiology with high LET ions to improve the 
knowledge of their RBE. 
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