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Astronauts on deep-space long-duration missions will be exposed for long time to galactic cosmic rays 
(GCR) and Solar Particle Events (SPE). The exposure to space radiation could lead to both acute and late 
effects in the crew members and well defined countermeasures do not exist nowadays. The simplest 
solution given by optimized passive shielding is not able to reduce the dose deposited by GCRs below 
the actual dose limits, therefore other solutions, such as active shielding employing superconducting 
magnetic fields, are under study. In the framework of the EU FP7 SR2S Project – Space Radiation 
Superconducting Shield – a toroidal magnetic system based on MgB2 superconductors has been analyzed 
through detailed Monte Carlo simulations using Geant4 interface GRAS. Spacecraft and magnets were 
modeled together with a simplified mechanical structure supporting the coils. Radiation transport 
through magnetic fields and materials was simulated for a deep-space mission scenario, considering for 
the first time the effect of secondary particles produced in the passage of space radiation through the 
active shielding and spacecraft structures. When modeling the structures supporting the active shielding 
systems and the habitat, the radiation protection efficiency of the magnetic field is severely decreasing 
compared to the one reported in previous studies, when only the magnetic field was modeled around the 
crew. This is due to the large production of secondary radiation taking place in the material surrounding 
the habitat.

© 2016 The Committee on Space Research (COSPAR). Published by Elsevier Ltd. All rights reserved.
1. Introduction

Future manned missions to Mars and lunar outposts will re-
quire the evolution of technology and quite fascinating engineering 
challenges. Among the technical problems to deal with, one of the 
most troubling is related to ionizing radiation (Durante and Cu-
cinotta, 2011; Cucinotta, 2013; Zeitlin et al., 2013). Reducing the 
health risks associated with space radiation is a fundamental pre-
rogative to allow the execution of long duration manned interplan-
etary missions. The solutions studied until today involve the use 
of passive and active shielding (ECSS E-10-04; Spillantini, 2011). 
The first is based on the loss of energy due to the interactions of 
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particles with the materials. The latter exploits magnetic fields to 
deflect particles.

The space radiation environment to be counteracted is mainly 
produced by two different components: Solar Particle Events (SPE) 
and Galactic Cosmic Rays (GCR).

SPE are occasional events, with possible high fluence concen-
trated in short periods (hours or days). Due to their relative low 
energy particles, they can be stopped by a passive shielded shelter 
(Cucinotta, 2013).

On the other hand GCR are very high energy particles arriv-
ing isotropically from outside the solar system. The GCRs, if not 
shielded, produce the largest contribution to the total effective 
dose (>500 mSv/y) in a long-duration interplanetary mission and 
shielding from GCR is still an open challenge due to their capabil-
ity to produce secondary particles when interacting with matter. 
For this reason other options than the passive shielding have been 
investigated during the years and, among those, the use of mag-
netic fields to deflect radiation is one of the most interesting ones.
td. All rights reserved.
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The use of large superconducting magnets to generate a shield-
ing field around the spacecraft dates back to 1960 and was sub-
sequently proposed in several configurations (Wilson et al., 1997;
Braun, 1969). However, previous works considered only the ability 
of the magnetic field in deflecting particles neglecting in this way 
the outcomes of the interaction of the charged particles with the 
magnetic materials necessary to generate the field (Braun, 1969;
Townsend et al., 1990; Hoffman et al., 2005).

This paper describes a toroidal magnetic system studied in the 
framework of EU FP7 SR2S Project (Space Radiation Superconduct-
ing Shielding). Monte Carlo simulations have been used to evaluate 
the effective shield capability considering the combined effects of 
the magnetic field and materials composing the magnet, the space-
crafts and a realistic supporting structure.

The aim of the work is not to provide the values cumulated 
by astronauts, but to compare the dose reductions with respect to 
free space for several realistic shielding structures.

2. Toroidal magnetic shield

2.1. Motion of charged particles in a toroidal magnetic field

An initial trade-off between different possible active shielding 
structures led to the adoption of a toroidal magnetic configuration 
(Battiston et al., 2013; Musenich et al., 2014). The toroidal field has 
in fact many advantages, including an isotropic protection around 
the habitat and a very low fringe field inside the internal mod-
ule. Clearly a toroid surrounding the spacecraft leaves the endcaps 
of the habitat module free of the field (and therefore protection), 
so eventual solutions including smaller end cap toroids could be 
considered to shield the side of the habitat not attached to other 
modules. Alternatively, passive or a combination of active and pas-
sive end cap can be used. However the treatment of this issue is 
beyond the scope of this work.

A scheme of the basic idea behind a toroidal shield is shown in 
Fig. 1. In the case of a charged particle moving radially, i.e. having 
zero angular velocity, the motion equation in an infinite toroidal 
magnetic field can be analytically solved. It can also be demon-
strated that a particle with zero angular speed θ̇ = 0 is the most 
penetrating one and therefore, as shown in Battiston et al. (2013)
the shielding power of the toroid can be written as:

Ξ =
Re∫

Ri

BϑdR = μ0 I

2π
ln

Re

Ri
(1)

where I is the total current flowing in the toroid, Re the outer 
radius and Ri the inner radius. The shielding power can be written 
also as a function of the particle properties:

Ξ = m0

q
c
√

γ 2 − 1(1 − sinϕ) (2)

where m0, q and γ are the particle rest mass, charge and Lorentz 
factor respectively. ϕ is the angle of incidence shown in Fig. 1.

Using (2) it is straightforward to calculate the maximum kinetic 
energy Kη of the particle that can be deflected by the toroidal field 
(Hoffman et al., 2005):

Kη = −m0c2

η

(
1 −

√(
q

m0c

Ξ

(1 − sinϕ)

)2

+ 1

)
(3)

where η is the number of nucleons, q the charge. If the angle of in-
cidence ϕ is set to −90◦ (corresponding to a direction of a particle 
entering perpendicularly in the magnetic field of the toroid, being 
the magnetic field clockwise oriented as shown in Fig. 1) the latter 
Fig. 1. Schematic view of a toroidal Space Radiation Superconducting Shield. The 
trajectories of two particles with different angle of incidence ϕ are shown.

Fig. 2. Ideal “cut off” kinetic energy Kn given as a function of the bending power 
for protons, alpha and iron nuclei.

equation defines the shield cut-off energy. Under the previous hy-
pothesis the ideal toroidal magnetic field with bending power Ξ is 
able to deflect all the particles having kinetic energy less than Kη

defined in (3).
This formula can be useful to perform a first check on the mag-

netic field reproduced in the simulation code, while, however, the 
actual capability to protect the crew must be evaluated including 
the interaction of the cosmic rays with the materials surrounding 
the astronauts.

In Fig. 2 the ideal “cut off” kinetic energy Kn is given as a func-
tion of the Bending Power, for protons, He and Fe ions.

2.2. Magnet winding and mechanical structure

The SR2S superconducting magnet was thought as composed by 
several racetrack coils supported by a mechanical structure, whose 
goal is to withstand the magnetic force.

In a toroidal magnet, it is necessary to support both intra-coil 
forces, which tend to enlarge each coil, and the radial, inward 
forces resulting from the interaction of all the coils. As a conse-
quence, the toroid needs one mechanical structure to support the 
intra-coil forces, and an inner one for the inward forces. In princi-
ple, under the hypothesis of perfect system symmetry, the magnet 
would not need any mechanical structure between the coils as no 
torque would be experienced by the coils. However, small mispo-
sitioning is possible in a real magnet therefore metal foam or light 
honeycomb will be present too to space out the coils.

Different requirements with respect to an Earth based mag-
net have been identified in the initial phase of the project. In 
particular, the mass density of the conductor and of all the mate-
rials composing the active shielding has to be minimized and the 
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mechanical structure should be optimized in order to reduce the 
whole mass; secondly the power consumption should be as low as 
possible compatible with an effective shielding; in addition a spe-
cial attention must be paid to safety and reliability issues (e.g. it 
is mandatory that the active shielding system must be thermally, 
mechanically and electromagnetically decoupled from the habitat).

After the requirements identification, a preliminary design has 
been studied for the magnet and for the mechanical structures 
supporting it where the toroidal field is generated by a super-
conducting magnet wound by titanium clad, with a magnesium 
diboride (MgB2) conductor with pure aluminum strip in parallel. 
The magnet is supposed to operate in persistent mode at 10 K, 
cooled by cryocoolers. A description of the magnet first design is 
reported in Battiston et al. (2013). Furthermore, when developing 
the preliminary mechanical design (not described in this work), 
the number of coils was raised to 120 to optimize the stress dis-
tribution.

Different choices of materials and structures have been eval-
uated in the first 2 years of the project, and the configurations 
described in the present study are based on two different con-
cepts of mechanical structures for a 10 m long toroidal magnet for 
two values of shielding power: 7.9 and 11.9 Tm. These BL values 
resulted out of an iterative trade-off process where the main con-
sidered criteria are the following: ideal flux reduction (according 
to eq. (1) and at least of 90%), compatibility with the SLS Block 
II NASA launcher, maximum magnetic field over conductor of 4 T 
(according to the specification of the cable considered) and mod-
ularity (possibility to subdivide the toroid in 4 and 6 segments; 
Battiston et al., 2013). In particular, the simulation results reported 
here are referred to:

A. a first structure based on a titanium alloy coil support with tie 
rods made of the same material, where the inward forces are 
supported by an aluminum alloy cylinder (Fig. 7) (A).

B. a second one, where the coil support is made of aluminum 
alloy and the coil inner forces are counteracted with aramid 
fibers wrapped around the racetrack (Fig. 7) (B). Inward forces 
are supported by a cylinder made of aluminum–boron carbide 
cermet, a composite material capable to support very high 
compressive stresses. This structure is more forward-thinking 
than the first one, but also lighter and in principle it is com-
posed by more effective passive shielding materials.

The mass of the systems and structures composing the config-
uration A is 315 tons while for the configuration B it is reduced to 
about 100 tons.

As regards the habitat used in our simulations, the Columbus 
module of the International Space Station has been chosen as a 
reference.

Finally, ancillary systems as the solar shield and the Meteorite 
and Debris Protection System (MDPS) have not been included in 
the simulation models because considered to have a low impact 
on the radiation transport through the active shielding systems.

3. Simulation models and methods

Three different sets of simulations are presented in this study. 
Each one was performed both with active shielding switched on, 
i.e. considering the magnetic field generated by the magnets, both 
considering the structures present in the configurations but with-
out the magnetic field, in order to determine the relative contribu-
tion of the magnetic field to the total dose reduction.

Details on the sets of simulations will be given below.
Simulations on the different configurations were performed 

using the GRASv3.3 code (Geant4 Radiation Analysis in Space) 
(Santin et al., 2005), based on the Monte Carlo simulation toolkit 
Geant4.9.6 (Agostinelli et al., 2003).

Physical processes considered in this work include: ionization, 
bremsstrahlung, photoelectric effect, Compton scattering, elastic 
and inelastic hadronic interaction, nuclear capture, and particle 
decay. In the simulations the physics list QBBC adopted also in 
SPENVIS1 was used. This list has been specifically created for ra-
diation biology, radiation protection and space applications and 
it includes combinations of selected interaction models to reach 
higher precision in a wide energy range. In particular QBBC in-
cludes BIC (Binary Ion Cascade), BIC-Ion, BERT (Bertini), CHIPS 
(CHiral Invariant Phase Space), QGSP (Quark-Gluon String Precom-
pound) and FTFP (Fritiof Precompound) models, Em opt3 was 
finally used as electromagnetic model (Agostinelli et al., 2003;
Ivantchenko et al., 2012).

In a preliminary phase of the project the SR2S TAS-Italia sim-
ulation framework was successfully tested against literature ex-
perimental data on mono energetic proton and ion beams in dif-
ferent materials. Moreover, to test the magnetic field models im-
plemented in GRAS, magnetic field values were extrapolated on a 
grid, matching the one obtained from the OPERA software.2 Finally 
initial simulations were run to check the particles paths and the 
maximum kinetic energy of the deviated particles results were in 
agreement with the formula (3).

In the following paragraphs the definition of particle types and 
energies and the geometry modeling procedure will be described.

3.1. Mission scenario and environmental model

The mission scenario used as reference for this work is a deep 
space trip during a solar minimum, characterized by a higher flux 
of GCR.

Being the SPE easily shielded by both passive and active means 
(Durante and Cucinotta, 2011; Cucinotta, 2013), the focus of this 
work was on the more problematic GCR population. The model 
used for the description of the GCR energy spectra was the “stan-
dard ISO15390 (ECCS 10-04 standard) model at solar minimum 
without magnetic cut-off” (ECSS E-10-04), considering ions with 
atomic numbers ranging from Z = 1 to 26. This leads to a worst 
case scenario for a deep space mission. Fig. 3 shows the spectra 
used in the simulations for a limited subset of ions (1H, 4He, 12C, 
14N, 16O and 56Fe) and Fig. 4 displays the relative contribution to 
the effective dose of each ion. These values were obtained weight-
ing the ISO15390 GCRs fluences with the ICRP 123 “fluence to dose 
conversion factors” (ICRP, 2013) considering the human body in 
deep space without any shielding.

The reference source was modeled as a shell with radius 9.5 m. 
GCR protons and ions were randomly generated on its surface ac-
cording to the ISO15390 spectra, and the fluence for each direction 
is proportional to the cosine of the angle between the source di-
rection and the local normal to the sphere surface (cosine law with 
angle from 0◦ to 90◦). These particles were then transported inside 
the modeled volumes.

To better characterize and compare the shielding performances 
it was then decided to focus the attention only on particles cross-
ing the magnetic field, therefore, at this stage of the study, the 
contribution to the dose from particles coming from the EndCaps 
regions was not considered, being it equivalent for each configura-
tion.

To do this, particles were generated only laterally with respect 
to the axial direction of the module, from a restricted area of the 

1 SPENVIS is the online ESA’s Space Environment Information System: 
www.spenvis.oma.be.

2 The OPERA software was used by INFN Genova to model the magnetic field, 
defining coils parameters (current, geometry, etc.).

http://www.spenvis.oma.be
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Fig. 3. Energy spectra showed for a limited subset of ions (1H, 4He, 12C, 14N, 16O 
and 56Fe) among those used in this work simulations.

Fig. 4. Relative contribution to the absorbed dose, dose equivalent and abundance of 
each ion after 5 g/cm2 of aluminum. These values have been obtained with Geant4 
and are in agreement with the data reported in Durante and Cucinotta (2011).

reference spherical source, confined to a cylinder (9 m long) placed 
outside the region occupied by the toroid (Barrel region), as shown 
in Fig. 5.

3.2. Geometric model

The complete geometric model used in the simulations was 
built using the Geometry Description Markup Language (GDML), 
which allows the definition of geometry data in the XML format 
(Chytracek et al., 2006).

In the next sections a brief description is given for each of the 
modeled structures considered in this work. As already said, two 
different complete configurations were simulated:

A. A first one based on titanium structures to support the coils 
(total mass 315 tons, then parametrically varied).

B. A second one based on aramid fibers support structure reduc-
ing the total mass to 104 tons and 147 tons for a bending 
power of 7.9 and 11.9 Tm respectively.

The reason for which two different structures were considered 
is that the initial approach of the project based on the use of 
the most ready technology, led to the adoption of a heavy sup-
port structure mainly composed by titanium (A), but the first set 
of simulations revealed a too high secondary particles production, 
in particular high-energy neutrons. This result highlighted the ne-
cessity to use a lighter structure keeping the same bending power 
and therefore led to the development of the second configuration 
model (B), as an attempt to improve the magnetic field efficiency 
Fig. 5. SR2S reference spherical source, confined to a cylinder (9 m long) placed 
outside the region occupied by the toroid (Barrel region).

with the aim of making this kind of technology more attractive for 
future developments. Two versions of the “B” configuration were 
then designed (B1 and B2) in order to support two different val-
ues of bending power (7.9 Tm and 11.9 Tm). A complete geometric 
description of the models will be provided in the next paragraphs 
and their main properties can be found in Table 1.

3.2.1. Reference habitat module
As a courtesy of Thales Alenia Space Italia, it was possible to 

use their geometrical models of the ISS Columbus module. The 
structures of the magnets and of the mechanical support systems 
have therefore been designed to be compatible with that habitat.

3.2.2. Magnet modeling
For the configuration A, the magnet has been modeled with 120 

racetrack coils made of a homogeneous material equivalent to the 
winding pack, composed by the conductor (Ti, Mg, B, Al), the insu-
lation (C, O, H) and the coil support (Ti) – see Fig. 6 and Fig. 7. To 
improve the computational performances, the model was properly 
simplified: as the titanium rods are uniformly distributed within 
each coil, it was decided to model them as a titanium cylinder 
with the same mass, as shown in Fig. 7.

Configuration B1 and B2 are modeled in a more detailed way. 
The coil support is made of an aluminum alloy and it is considered 
as a different volume from the conductor and the insulation (Fig. 6, 
Fig. 7). The coils tie rods are replaced by an aramid fibers bandage 
wrapped around each racetrack structure, as shown in Fig. 7 on 
the right.

Configuration B2 is built keeping the same conceptual design 
and the same materials of configuration B1 but adapting the mass, 
the shape and the size of each structure to support a magnetic 
field with higher bending power (11.9 Tm).

The supporting structure between the coils and the habitat 
needed to balance the inward magnetic forces arising in the 
toroidal configuration (Musenich et al., 2014; Calvelli, 2013) was 
here modeled as a cylinder made by aluminum alloy honeycomb 
for configuration A and by aluminum–boron carbide cermet for 
configuration B1 and B2.
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Table 1
Properties of the different configurations.

Configuration A Configuration B1 Configuration B2

Total mass 315 tons 104 tons 147 tons
Height 10 m 10 m 10 m
Winding cable material 57% Al, 9% MgB2, 23% Ti, 11% SiO2 57% Al, 9% MgB2, 23% Ti, 11% SiO2 57 %Al, 9% MgB2, 23% Ti, 11% SiO2

Former Titanium Aluminum Aluminum
Struct. cylinder mat Al honeycomb B4C/Al B4C/Al
Toroid int. radius 2.70 m 2.80 m 2.80 m
Toroid ext. radius 6.30 m 6.40 m 8.75 m
Bending power 7.9 Tm 7.9 Tm 11.9 Tm
MC simulation Variable density: 100%, 75%, 50%, 25%, 0% 

Field ON and OFF
Real design density field ON and OFF Real design density field ON and OFF
As the solar shield and the MDPS have a very low mass com-
pared to the other structures, they were not modeled in the simu-
lations.

Table 1 lists all the relevant data for the simulations.

3.3. Methods

In this paragraph an overview of the simulated quantities, to-
gether with the calculation hypotheses and uncertainties, is given. 
After that the two main categories of performed simulations are 
defined.

The selected quantities of interest were the dose (Gy/y) and the 
effective dose (Sv/y) received by the crew inside the habitat. These 
quantities were obtained converting fluence values registered in-
side the habitat into dose and effective dose using the “fluence to 
dose conversion factors” provided by ICRP 123 (ICRP, 2013). This 
procedure allows to obtain equivalent doses for each organ and tis-
sue of the voxelized ICRP reference phantoms (male and female), 
computed using the ICRP and the NASA quality factors. Assuming 
the crew movements during the mission as uniformly distributed 
inside the spacecraft, it has been believed a good approximation to 
calculate the average fluences of primary and secondary particles 
entering the surface of a 2 m diameter virtual sphere placed inside 
the module.

The computation of particle fluences and absorbed doses in 
GRAS requires a normalization procedure that takes into account 
the particle source properties. The pursued physical quantity Q real
(in this case the particle fluence or the deposited dose) is obtained 
with Equation (4):

Q real = F N · Q GRAS (4)

where Q GRAS stands for the simulated quantity, normalized to the 
incident simulated event, and F N is a normalization factor, which 
can be computed with Equation (5):

F N = Φ4ππ R2/Np (5)

where R is the source radius, Np the number of primary particles 
generated and Φ4π is the source fluence integrated over the solid 
angle computed as:

Φ4π (E) =
2π∫
0

dω

1∫
−1

Φ(E)d(cosϑ) = 4πΦ(E)

Uncertainties here considered are related only to the Monte Carlo 
code statistics. Epistemic uncertainties implied in the code, geo-
metric model approximations (including compositions of materi-
als), uncertainties in GCR fluxes (ISO 15390) (ECSS E-10-04), in 
the ICRP quality factors (ICRP, 2013) and in the employed physical 
models (ECSS E-10-04; Agostinelli et al., 2003) are not considered 
in this analysis. Since the goal of this work is to perform a compar-
ison among different solutions the above-mentioned uncertainties 
are assumed to be the same for each case.
The relative error for each energy bin, in the fluence analysis 
module of GRAS, is computed during the simulations. Then errors 
are propagated when applying the ICRP 123 quality factors.

3.4. Configurations used in the simulations

It follows a description of the two sets of simulations presented 
in this work.

3.4.1. Configuration A. Parametric analysis varying the mass
The first configuration used as input was the model relative 

to the mechanical structure “A”, having a total mass of 315 tons. 
The goal of this first set of simulations was to understand how 
the mass of the active shield, influences the effective dose on the 
crew inside the habitat, and so, the total shielding effectiveness. 
In particular, its impact on the capability to stop the incoming 
radiation and to generate secondary particles was evaluated vary-
ing parametrically the mass with the same geometrical model for 
two cases: magnetic field on and magnetic field off. For this pur-
pose, starting from the geometric model of configuration A, the 
density values of coils and supporting structures materials were 
virtually reduced in order to decrease the total mass, leaving un-
changed the designed realistic mass distribution around the crew 
module.

This choice is not realistic and no mechanical stress analyses 
were performed when varying the density, nevertheless it was very 
useful to understand the contribution to the total dose reduction 
and to the secondary particles production of the amount of mate-
rials placed around the habitat.

The following relative densities were taken into consideration, 
as a percentage of the real one:

• 0% of the total, with only the crew module modeled
• 25% of the total and the crew module modeled
• 50% of the total and the crew module modeled
• 75% of the total and the crew module modeled
• 100% of the total and the crew module modeled

3.4.2. Configuration B. Simulation of the mass optimized configuration
This second set of simulations was performed using as geomet-

rical input the model relative to the mechanical structures B1 and 
B2. When designing these configurations the challenge was to min-
imize the production of high energy neutrons which have a great 
impact on the dose with their neutral charge allowing them not to 
suffer the effect of the Lorentz force inside the magnetic field.

In a first part of the work (B1) a toroidal field with bending 
power of 7.9 Tm, equal to the one used in the configuration A sim-
ulations, was used, then increased to 11.9 Tm (B2) to study how a 
relevant growth of this parameter affects the radiation transport.

Source dimensions, normalization factors and other parameters 
are the same as those used in the simulations described previously.
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Fig. 6. SR2S geometrical models for configurations A and B1.

Fig. 7. SR2S geometrical models: details on the structure modeling assumptions (down).
4. Results

In the following paragraphs simulation results are shown and 
discussed. Fig. 8, Fig. 9 and Table 2 report for all the studied cases 
the simulation results in terms of sex averaged effective dose, 
computed using the ICRP123 fluence to dose conversion factors 
obtained through the ICRP reference human phantom. Since a re-
stricted lateral source was used for the simulations the obtained 
effective dose for each case is given as a percentage of the dose 
that an astronaut would get if in deep space without any shield-
ing (this situation is referred as the “free space” case) and not in 
terms of absolute effective dose in Sv. Results are initially given 
separating the contribution to the effective dose of GCR ions with 
atomic number Z ≤ 2 (1st row of Fig. 8) from the one of GCR ions 
with Z > 3 (2nd row of Fig. 8), given the different behavior of the 
two groups. Then the two contributions are summed up in Fig. 9.

Values referred to the Columbus habitat are obtained with both 
magnetic field off and on. In the latter case this means that the 
active shielding system model is not present in the simulation.

4.1. Configuration A

When analyzing the parametric analysis it is evident the im-
pact to the effective dose of the secondary particles (in particular 
neutrons) generated by the fragmentation of high-energy parti-
cles and their nuclear reactions with the structural materials, is 
described in a first approximation by the Bradt–Peters equation 
(Eq. (6)) (Durante and Cucinotta, 2011; Calvelli, 2013) for which 
the probability of fragmentation (cross-section σ ) is:

σ = πr2
0c1(E)

(
A1/3

P + A1/3
T − c2(E)

)2
(6)

where r0 is the nucleon radius (approximately 1.3 fm), c1 and 
c2 are semi-empirical terms, A P and AT the projectile and tar-
get atomic mass numbers. In order to diminish the production of 
the secondary particles, it follows from (6) that the active shield-
ing structure around the habitat should be designed with materials 
having the atomic weight AT as low as possible.

The first row of Fig. 8 shows that the Effective Dose for protons 
and alpha particles initially increases when increasing the struc-
ture mass varying the material density till 50%, corresponding to a 
structure of about 150 tons. Such an effect is due to the secondary 
particle production. For densities greater than 50% the stopping 
power of the structures materials prevails on the secondary pro-
duction and Effective Dose decreases reaching a value close to the 
one found in free space. The 100% density value corresponds to 
about 315 tons of materials and about 100 g/cm2 of areic mass. 
When instead the magnetic field is off, doses substantially behave 
with the same trends but have greater absolute values.
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Fig. 8. Monte Carlo simulations results for the configurations A and B. Z ≤ 2 in the first row and Z > 2 in the second row.

Fig. 9. Monte Carlo simulations results for the configurations A and B for Z = 1–26.
Table 2
Sex averaged effective dose [as a percentage of the free space dose, i.e. Effective 
Dose in deep space without shielding] resulting from the Monte Carlo simulations 
results for the configurations A and B.

Conf. type Field 0 Tm Field 7.9 Tm Field 11.9 Tm

Columbus 88.0% ± 4.72% 59% ± 4% –
Conf. A 25% 77.5% ± 4.19% 58% ± 2% –
Conf. A 50% 78.5% ± 2.36% 61% ± 2% –
Conf. A 75% 78.1% ± 1.93% 59% ± 1% –
Conf. A 100% 69.4% ± 1.41% 55% ± 1% –
Conf. B1 76.0% ± 0.90% 59% ± 1% –
Conf. B2 77.4% ± 0.81% – 56% ± 1%

Simulations show that the Effective Dose delivered by the HZE 
ions (Z = 3 to 26) is not evidently influenced by the magnetic 
field presence when realistic values of mass are considered (see 
Fig. 8, 2nd row); this can be explained by the low range values 
for the majority of HZE at the energies considered in the simula-
tions, namely less than 25 g cm−2. Even for the case where only 
the Columbus module is surrounded by a magnetic field, its mass 
is contributing in a major way into stopping the incoming ions. 
Increasing the structure mass, doses are then reduced to small val-
ues and the majority of HZE ions are stopped. As expected, for 
these primary particles the passive shielding contribution prevails, 
however as the structure thickness increases (for density values 
greater than 50%), the effective dose is reduced in a slower way. 
This is due to the secondary particles produced by the HZE ions 
interactions with matter, which continue their path in the volumes 
reaching greater depths.

Fig. 9 shows the values of the total Effective Dose considering 
the contribution of both light ions (Z = 1 and 2) and heavy ions 
(Z = 3 to 26).

Considering configuration A, with 100% of mass, the total lat-
eral effective dose is reduced by a factor of about 2. It should be 
recalled that this value is obtained considering only a fictitious lat-
eral source, addressing the problem of dealing with the endcaps to 
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the second part of the study (Fig. 5) and with the goal to compare 
the efficiencies of different toroidal solutions.

4.2. Configuration B

The results for the B1 and B2 configurations are shown in Fig. 7
next to the previous ones obtained in the parametric analysis. The 
total effective dose, for the field “on” case, is about 58.7% (B1 – 
7.9 Tm) and 56.5% (B2 – 11.9 Tm) of “free space” dose, values com-
parable to what obtained for Configuration A with the 25% of the 
total density (i.e. about 80 tons) which was 58.1% of “free space” 
dose. This means that Configuration B1 (104 tons) is quite equiv-
alent to Configuration A (25% density, 80 tons) from a radiation 
shielding point of view, keeping the same magnetic bending power 
of 7.9 Tm. Configuration B2 reduces the effective dose of about 
2.2% with respect to the B1 case but in spite of an increase of the 
bending power of about 50%, from 7.9 to 11.9 Tm.

It is to notice how the differences in doses between the “field 
on” and “field off” cases for all the configurations (A – 100% of 
density, B1 and B2) is ranging from about 14.7% of “the free space” 
effective dose for the configuration A, to 17.3% for B1 and to 20.9% 
for B2 (for a total dose reduction of 43.5%). Therefore, it was pos-
sible to increase the field effectiveness by choosing materials that 
optimize the radiation shielding, pointing out how it is necessary 
to combine passive and active shielding trying to reach the opti-
mum synergy between them.

Therefore, given the fact that configurations B1 and B2 use 
lower atomic mass number materials with respect to configura-
tion A, their total weight is less than configuration A, for a compa-
rable radiation protection. It is also important to note that while 
configuration B1 and B2 were designed taking into account the 
mechanical strength requirements resulting from an assessment on 
the arising magnetic forces, being therefore potentially achievable 
in a real case, for configuration A – 25% (25% of the total density) 
an adequate stress analysis was not performed but values of densi-
ties were virtually changed to obtain a better understanding of the 
mass impact on the physical mechanisms determining the active 
shielding performances.

5. Conclusions

The future human exploration of the Solar System depends on 
many technological challenges. Cosmic rays are one of the main 
showstoppers and the SR2S project aims to assess the feasibility of 
a space radiation superconducting magnetic shield.

The performed analyses with Monte Carlo simulations on the 
other hand showed for the first time that in a realistic situation 
the secondary particles, produced by the interaction of cosmic rays 
with the active shielding materials, are the major source of the 
crew radiation dose. Moreover a large part of the secondary par-
ticles are fast neutrons that cannot be deflected by the magnetic 
field, therefore their production drastically reduces the effective-
ness of the active shield.

The first attempt to deal with this issue was to decrease the to-
tal structure mass and to optimize the material choice, resulting 
in the design of configuration B1. The second attempt (configura-
tion B2) consisted of increasing the shielding power to 11.9 Tm. 
In both cases the resulting effective dose reduction of the active 
shield was not significantly improved compared to the “no-field” 
case with the same mass, reaching about 20% for configuration B2. 
Additional simulations have been started modifying structural ma-
terials to study the impact on neutron production, and they will 
the subject of a dedicated publication.

An effort to reduce the amount of material is necessary too. 
In this sense, further developments in the framework of the SR2S 
project will concern new configurations to achieve better dose re-
ductions. Open configurations which take advantage by a wide 
stray field were analyzed but resulted inefficient: they require huge 
magnetic structures to generate an effective shielding field. Other 
solutions are possible, including non-axial toroidal geometries, and 
will be investigated. Furthermore, once identified the most promis-
ing active configuration, the efficiency of the magnetic field will 
be analyzed performing a comparison with an optimized passive 
shield, having the same mass per unit area.

These results represent the estimated overall dose reduction 
based on the physics model (Agostinelli et al., 2003) available to-
day, that could suffers of all epistemic uncertainties described pre-
viously. For future study a reduction of the extrapolation energy 
range for the adopted physics models, depending on the availabil-
ity of the data, will be desirable.
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