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Abstract

We present a preliminary feasibility assessment of a magnetic shield designed to protect a
space probe from cosmic radiation via magnetic deflection using neodymium permanent
magnets. This work is grounded in theoretical considerations whose preliminary indica-
tions are intended to serve as the basis for future Monte Carlo simulations and laboratory
validation. The novelty of our approach lies in the use of a magnetic shield; its competitive-
ness with conventional passive absorbing shielding is not investigated here but warrants
dedicated future work. The primary objective is to protect a spacecraft from the flux of
charged particles emitted by the Sun. To this end, we combine theoretical modeling and
numerical simulations, followed by the construction of a prototype for laboratory testing
and, potentially, for future experimental validation at the CubeSat scale.

Keywords: space radiation protection; magnetic shielding; permanent magnets; solar
particle events (SPEs); radiation deflection; crewed space missions

1. Introduction
Space missions beyond low Earth orbit expose astronauts to a harsh radiation envi-

ronment dominated by Solar Particle Events (SPEs) and Galactic Cosmic Rays (GCRs) [1].
SPEs consist predominantly of protons with energies up to several GeV and can deliver
life-threatening doses under unshielded conditions [2], whereas GCRs, though less intense,
are highly penetrating and responsible for long-term health risks [3]. Current radiation
protection strategies rely primarily on passive shielding (e.g., polyethylene, aluminum), but
the required mass grows rapidly with the desired protection level, making such approaches
costly for deep-space missions [4].

Active shielding using electromagnetic fields has been proposed as a lighter alterna-
tive [5]. However, most concepts employ superconducting magnets, which face significant
challenges in spaceflight owing to cryogenic requirements and structural complexity [6].
Permanent magnets, by contrast, offer intrinsic field stability and simplicity; yet, their
application to radiation deflection has received little attention.

In this work, we present a first-order feasibility study of a magnetic shield based on
neodymium permanent magnets. We develop a simplified analytical model to estimate the
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deflection of a collimated proton beam (representing SPEs) by a constant magnetic field
of finite volume. We provide rough estimates of mass, size, and deflection efficiency for
different magnet configurations and compare the performance with conventional passive
shielding. The aim is to assess whether permanent magnets can offer a mass-competitive
solution for directional protection during solar particle events.

The paper is organized as follows: Section 2 addresses the space radiation environment
and the rationale for dedicated protection. Section 3 introduces our concept of radiation
protection via a passive magnetic deflector comprising an array of permanent (neodymium)
magnets. Section 4 provides preliminary indications of the magnetic shield’s efficiency.
Finally, Section 5 presents our conclusions and outlines directions for future work.

2. Space Radiation Protection
Conventional shielding relies on passive materials with low atomic number (e.g.,

polyethylene, water, aluminum) to absorb or fragment incoming particles [4]. However,
the required mass scales with stopping power; for a Mars mission, cumulative exposure
can reach ∼ 1 Sv, exceeding NASA’s career limits [7]. A storm shelter providing adequate
shielding against a large SPE may weigh up to tens of tons.

Active shielding using electromagnetic fields offers the potential for mass reduction
by deflecting charged particles rather than absorbing them. Several concepts have been
proposed, including electrostatic shields, plasma shields, and magnetic fields generated by
superconducting coils [5]. Superconducting magnets can produce strong fields (∼1 T) over
large volumes, but they require cryogenic cooling, which poses reliability and power chal-
lenges for spaceflight [6,8]. Permanent magnets, in contrast, are simple, robust, and require
no power, but they produce weaker fields (typically 0.1–1 T at the surface) over limited vol-
umes. Their feasibility for space radiation protection has not been systematically explored.
In this work, we assess whether a practical magnetic shield using permanent neodymium
magnets could provide a mass-competitive alternative for directional SPE protection.

3. A Possible Magnetic Shield
In light of the preceding considerations, we decided to investigate a radiation shielding

concept based on the magnetic deflection of incoming charged particles, aiming to provide
protection while keeping the shield mass within practical limits for space missions [9].
Figure 1 provides a conceptual sketch of the problem. This is, in principle, achievable
using permanent magnets, but it will, of course, require a thorough analysis of efficiency,
feasibility, and cost.

In this paper, we address the theoretical foundations of our proposed shielding mech-
anism, providing preliminary indications of its feasibility.

Magnetic Deflection of a Collimated Charged-Particle Flux

As an initial step, we approach the problem using several simplifying approximations.
The effectiveness of a permanent-magnet system for deflecting collimated particle

radiation can be estimated using a relatively simple approach. This approach is intended to
determine whether further development of the shielding system is warranted. It is worth
recalling that our scheme, as proposed below, aims at the efficient deflection of particles
arriving from a given direction and within a specific energy range. This scenario applies
well to active Sun conditions, when bursts of high-energy protons are emitted and may
pose a hazard to a space probe along its trajectory.
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Figure 1. Simple schematization of the cosmic bombardment onto a space probe (from [9]).

The next phase of the study will involve extensive practical simulations, both nu-
merical and laboratory-based, followed by testing on specific space missions scaled to the
CubeSat level. In this way, we will properly assess the actual capability of the proposed
mechanism in terms of reliability, efficiency, and estimated costs, with a view to possible
practical application in crewed space missions.

The framework adopted is the study of the performance of a single cylindrical perma-
nent magnet in deflecting a hypothetical, collimated (i.e., non-isotropic) beam of identical
and monoenergetic charged particles. This type of beam serves as an idealized representa-
tion of SPEs.

The additional assumption of a simplified estimate of the magnetic field produced
by the magnet in its surrounding environment will provide a reliable estimation of the
system’s deflection effectiveness through simple geometric evaluations, without the need
for numerical simulations.

Let us consider a cylindrical permanent magnet of length L and radius R, with sym-
metry axis z such that z = 0 on the upper surface (see Figure 2). The magnetic flux density
along z is given by

B(z) =
B0

2

(
L + z√

R2 + (L + z)2
− z√

R2 + z2

)
. (1)

From Equation (1), if L ≫ R, at the center of the magnet (z = −L/2) we have B ≈ B0,
while on both the top (z = 0) and bottom (z = −L) plane surfaces of the magnet, B ≈ B0/2.

In the case L ≫ R, within a volume of order L3 containing the magnet, the magnetic
field intensity remains of the same order of magnitude. This implies that, as a first-order
approximation for evaluating the deflection capability of the cylindrical magnet, we may
consider the magnetic field generated by the cylindrical magnet as approximately constant
within a sphere of radius (

√
2/2)L containing the magnet, and zero outside it. For a

cylindrical (permanent) neodymium magnet characterized by a fairly standard value
B0 = 1 T, with a specific weight of ρ = 7 g cm−3 [10–13], we considered three cases:

• R = 10 cm and L = 100 cm; it weighs ∼ 56 kg and produces a field of order 10−2 T
over a volume of a few m3;
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• R = 1 cm and L = 100 cm; it weighs ∼ 0.6 kg, which is about two orders of magnitude
less than the previous case, producing a field also about two orders of magnitude
weaker (∼10−4 T) over the same volume of a few m3;

• R = 10 cm and L = 1000 cm; it weighs ∼ 560 kg and produces a field of order 10−4 T
over a volume of a few thousand m3;

Z

L

R

N

S

a) b)

c) d)

Figure 2. Panel (a): single magnetic cylinder; panel (b): field lines of the single cylindrical magnet (in
blue, while in yellow the region of almost constant field); panel (c): the magnetic field generated by the
cylindrical permanent magnet (in grey) is approximately constant within the (yellow) parallelepiped
and nearly zero outside; panel (d): array of four cylindrical permanent magnets producing an
approximately constant magnetic field in the yellow volume and nearly zero outside.

With reference to Figures 2 and 3, consider a magnetic field of intensity B = const.
inside a parallelepiped of dimensions L × L × S and B = 0 outside. To completely deflect
unidirectional and monochromatic particle radiation from a target of size L × L, the de-
flection angle θ between the incoming particle trajectory and the deflected trajectory must
satisfy θ > arctan(L/d), where d is the distance between the parallelepipedal screen and
the target.

For incoming protons of 1 MeV kinetic energy, the gyroradius in the presence of a
constant B = 10−2 T is 14.5 m. Taking L = 10 m and S = 5 m, the proton trajectory
deflection angle should be at least θ = arcsin (5/14.5) ≃ 20.2◦. Consequently, the distance
between the screen and the target must be d > L/ tan θ = 10m/ tan 20.2◦ = 27.2 m.

Of course, this threshold distance increases with a reduction in the magnetic field
strength and/or an increase in the incoming proton energy.
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Figure 3. Deflection schemes, ranging top-down from partial to total protection (lowest panel) of the
L × L target by a magnetic L × L × S shield placed at distance d.

Preliminary estimates indicate that the goal of efficiently deflecting (20%) SPEs at
moderate energies (0.1 MeV ≤ E ≤ 10 MeV) could be achieved while keeping the weight
below 300 kg by employing an array of 1482 Neodymium–Iron–Boron (NdFeB) cubic
magnets (the most powerful commercially available), each of size 3 cm × 3 cm × 3 cm,
arranged on an approximately square (1.17 × 1.14 m) 2D grid. The grid dimensions
correspond to 39 magnets along the 1.17 m side and 38 along the 1.14 m side, yielding
39 × 38 = 1482 magnets. Each magnet provides a surface field of ∼1 T. This structure is
expected to deflect about 20% of the incoming solar particles, thereby protecting a target of
area comparable to the battery shield at a distance of 2–3 m.

On the other hand, a configuration based on cylindrical magnets instead of cubic
ones, with similar performance but stronger directionality in the generated field, would
comprise 1283 magnets of 3 cm diameter and 3 cm height, packed in a honeycomb pattern
over a comparable area. The number 1283 is derived from the hexagonal close-packing
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density (π/(2
√

3) ≈ 0.9069) applied to the same 1.17 × 1.14 m area, accounting for the
footprint of each cylinder. The weight would be approximately 230 to 280 kg, with a high
degree of modularity. We believe this weight could be competitive with traditional passive
shielding, although this merits further investigation. The advantage of cubic magnets is that
they completely fill the container structure without leaving voids. Conversely, cylindrical
magnets offer better directionality, i.e., a more focused field than cubic magnets, and are
therefore better suited for deflecting charged particles arriving from a known direction.

4. Preliminary Indications on the Magnetic Shield Efficiency
In the context of developing a suitable architecture for a magnetic radiation shield,

it is necessary to obtain preliminary indications of both the efficiency and feasibility of
such devices. To this end, Figure 4 shows the protection effectiveness of a device of the type
described in the previous section for a field intensity of B = 0.01 T, and for two example
cases: (S = 1 m, d = 100 m, L = 10 m) and (S = 10 m, d = 100 m, L = 10 m). Effectiveness
is defined as the fraction of solar protons actually deflected from their impact trajectory
toward the target.
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Figure 4. Protection effectiveness as a function of the incoming proton energy for B = 0.01 T, for the
two example cases with parameter sets (S, d, L).

Note that the device essentially acts as a high-pass filter, deflecting all protons with
energies below an energy threshold Et, which, in the examples of Figure 4, is Et = 0.5
MeV and Et = 50 MeV, while maintaining 50% protection up to ∼6Et. The most important
parameter is therefore the threshold energy Et, which is shown as a function of the magnetic
field intensity in Figure 5 for the same example cases of Figure 4.

Regarding the energy distribution of incoming solar protons, we refer to the compre-
hensive catalog of solar energetic protons compiled from SOHO/ERNE data for solar cycles
23 and 24 [14]. It appears that most SPEs fall within the approximate range 20–100 MeV.

Finally, in Figure 6, we plot, as a useful comparison, our evaluation of the surface
density of an aluminum protection shield required to screen against mono-energetic protons
of a given kinetic energy.
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Figure 5. Cutting (threshold) energy as a function of B for two cases.
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Figure 6. Surface density (g cm−2) of an aluminum shield required to stop mono-energetic protons of
kinetic energy K, as computed from NIST PSTAR CSDA range data [15].

A precise comparison between the performance and potential advantages of the
magnetic screen and the standard passive screen would require an analysis of numerous
aspects and degrees of freedom in the realization of the magnetic shield (geometry of the
magnet distribution, granularity of the magnetic structure, dimensions and location of the
structure, etc.). This lies beyond the scope of the present paper but is certainly of great
importance for the eventual realization of the device.

Here, we provide only rough indications. The 1/100 Tesla field, which would protect
against protons of energies up to a few MeV and a few tens of MeV in the cases of the
upper and lower curves of Figure 5, respectively, can be produced, for example, within a

https://doi.org/10.3390/aerospace13070602

https://doi.org/10.3390/aerospace13070602


Aerospace 2026, 13, 602 8 of 10

1 m-size cubic distribution of neodymium magnets corresponding to a volume density of
50 kg/m3—which indeed corresponds to a screen weight of 50 kg.

Finally, two aspects should be considered when comparing magnetic and material
shielding. First, below a certain energy threshold, a magnetic field can provide com-
plete protection by deflecting charged particles away from the protected volume, whereas
aluminum shielding only reduces the particle flux through energy loss and attenuation.
Second, in this paper, the magnetic field produced by the permanent magnets has been
approximated as uniform and confined to a cubic region; this simplification is conservative,
because real magnetic field lines extend outside the cube and may further enhance particle
deflection and, consequently, overall shielding effectiveness.

5. Conclusions
This work presents a preliminary assessment of a magnetic shielding strategy for space

radiation protection, based on the active deflection of charged particles via permanent
neodymium magnets. Our primary motivation is the critical need to mitigate exposure
to high-energy particles, particularly during Solar Particle Events. To this end, we have
analyzed the viability of generating localized magnetic fields capable of altering the tra-
jectories of incident charged particles. We note, however, that large SPE storms may be
accompanied by bursts of electromagnetic radiation that could also cause damage. For
such events, the passive magnetic shield is, of course, ineffective.

A possible extension of our proposed approach to the persistent flux of Galactic cosmic
rays lies beyond the scope of this paper and is left for future investigation.

The adoption of an active magnetic shield would certainly be advantageous in terms
of weight compared with complete passive shielding of a crewed spacecraft, whose surface
area cannot be less than approximately 100 m2.

The simplified model presented here considers the magnetic field generated by cylin-
drical permanent magnets to provide an initial estimate of the deflection capability for
mono-energetic, collimated particle beams. These approximations, while neglecting com-
plex particle dynamics and magneto-geometrical interactions, offer insight into the scale of
field intensities and volumes required for effective deflection. The analysis indicates that
magnetic fields of the order of 10−2 T can produce significant deflection angles for low-
energy protons (e.g., 1 MeV) over practical distances, suggesting that directional shielding
of sensitive spacecraft regions is feasible under realistic constraints.

It is important to note that the magnetic field strength inside the spacecraft would be
low enough to be harmless to the crew and not interfere with internal electronic devices
(with the possible exception of magnetic compasses or sensors).

The proposed scheme overcomes some of the inherent limitations of superconducting
magnet systems, such as cryogenic requirements and mechanical complexity, by exploiting
the intrinsic field stability and structural simplicity of permanent magnets. However, this
comes at the cost of reduced field tunability and potentially limited shielding volume.

Further development will involve detailed numerical simulations of particle–magnet
interactions under realistic space radiation spectra, multi-particle species, and angular
distributions, as well as the inclusion of spacecraft structural effects and secondary radia-
tion production. Laboratory validation using charged-particle beams and scaled magnet
configurations will serve as a precursor to potential CubeSat-level in-orbit demonstrations.

Ultimately, the results support the plausibility of a magnetostatic shielding architecture
as a complementary or alternative strategy to conventional passive systems, particularly
for targeted protection during transient high-flux events. This approach could represent
a scalable and mass-efficient component within an integrated space radiation protection
framework for future crewed missions beyond low Earth orbit.
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Finally, although preliminary, this concept represents a potentially scalable element
in an integrated hybrid shielding system combining magnetic deflection and lightweight
passive materials.

Limitations and Open Issues

We acknowledge that the present first-order assessment rests on several simplifying
assumptions that will need to be addressed in subsequent work. First, our analytical model
assumes a perfectly collimated, monoenergetic proton beam and a constant magnetic field
over a finite volume; realistic SPE spectra, angular distributions, and field inhomogeneities
require numerical simulations (e.g., Geant4 11.4.1 or COMSOL 6.3) to validate the deflection
estimates. Second, the interaction of primary protons with the high-Z materials (Nd, Fe,
B) of the permanent magnets may generate secondary neutrons and gamma rays, whose
additional dose contribution should be evaluated. Third, long-term exposure to space
radiation could partially demagnetize the neodymium magnets, potentially reducing
their effectiveness over multi-year missions; experimental studies on demagnetization
under simulated space conditions are needed. Results in this regard are necessarily very
preliminary and difficult to apply to realistic long-duration space travel scenarios (for a
discussion of this topic, see [16]). Fourth, although the expected static magnetic field inside
the spacecraft is low (≤0.01 T) and generally considered safe for crew and most electronics,
its electromagnetic compatibility with sensitive on-board instruments (e.g., magnetometers,
compasses) requires case-by-case verification. Finally, a full trade-off analysis comparing
the mass, volume, and cost of the proposed magnetic shield with optimized passive
shielding (e.g., polyethylene or water) is left for a dedicated follow-up study. Addressing
these aspects will form the core of our future research, including Monte Carlo simulations,
laboratory beam tests, and a potential CubeSat-based in-orbit demonstration.
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