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Definition
Both short- and long-term health risks from exposure to galactic cosmic rays (GCRs) and solar
energetic particles (SEPs) are potentially limiting
factors in the human exploration of deep space.
A signiﬁcant portion of the risk is attributable to

the presence of high-energy heavy ions in space,
particles that do not exist on the surface of the
Earth and which are known to cause biological
damage disproportionate to the physical dose they
impart. Large uncertainties remain in our knowledge of the biological effects of high-energy
heavy ions, particularly at the low dose rates
encountered in space (Cucinotta 2015).
In conventional radiation protection, three principles apply: (1) minimize the duration of the exposure; (2) maximize the distance from the source;
(3) place shielding between personnel and the
source whenever possible. In space, the ﬁrst two
principles cannot be readily applied, and the utility
of shielding is severely limited by the high cost of
launch and by the fact that many GCRs have high
energies and cannot be stopped by practical
shielding depths. There are scenarios in which
SEPs can be a major concern, but typically they
can be shielded by conventional means, and the
GCRs are more problematic for planning longduration missions into deep space.
The value of shielding must be evaluated in
terms of quantiﬁable effects. At ﬁrst glance, this
may seem to be a trivial statement, but the questions of exactly which effects are relevant, and
how to evaluate them, have no deﬁnitive answers
at present. This inherent uncertainty has spawned
varying approaches to radiation protection of
astronauts by the world’s space agencies. The
underlying problem is estimation of risk to a
small population of healthy individuals that
receive radiation doses that are far lower (and
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accumulated at a far lower rate) than the doses
received by the cohort of atomic bomb survivors
in Japan or by cancer patients who have received
radiation therapy. Risk estimates must be obtained
by extrapolation, typically using the linear
no-threshold (LNT) model, which in itself is controversial. In contrast, it is comparatively straightforward to study the effect of shielding on
physical dose (energy deposited per unit mass,
SI unit of J kg1, denoted by Gray, abbreviated
as Gy), or on dose equivalent, which is the dose
modiﬁed by a relatively simple biological effectiveness weighting function (SI unit of Sievert, or
Sv). Dose equivalent can be used to estimate the
likelihood for cancer induction for terrestrial
exposures, but whether it accurately describes
the cancer risk from exposure to space radiation
is an open question. Nonetheless, for the sake of
simplicity in evaluation shielding questions, dose
and dose equivalent are used here. The more complicated analyses that are necessary for detailed
risk estimations could conceivably lead to conclusions about shielding effectiveness that differ
from those reached by studying dose and dose
equivalent. Furthermore, the physics transport
models that are used to predict details of the
radiation ﬁeld at points inside a shielded vehicle
and an astronaut’s body are in a constant state of
development and subject to signiﬁcant change
over time as models improve.
Measurements and calculations of dose and
dose equivalent depend on knowledge of the linear energy transfer (LET) spectrum in water that is
present in the radiation environment of interest.
LET is closely tied to the concept of ionization
energy loss, or dE/dx, which is discussed in detail
below. Dose is obtained by integrating over the
LET spectrum; dose equivalent is obtained by
integrating the LET spectrum weighted by a biological response function referred to as the quality
factor (ICRP 1991). Typical terrestrial sources of
radiation (other than radon) have low LET. Space
radiation contains both low- and high-LET
components.
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Detailed Description
The three principles of radiation protection are
difﬁcult or impractical to apply to human spaceﬂight. First, because radiation dose rates are generally far too low to cause acute effects, mission
durations have to date been driven by other considerations, more or less rendering the ﬁrst principle inoperable. The second principle does not
apply in space, because the sources are omnipresent: GCRs impinge from all directions, as do
SEPs, except in the early stages of a solar event.
This leaves only the third principle, shielding, as a
possible means of mitigating exposures. Many
approaches to the shielding problem have been
suggested, including active shields using magnetic or electrostatic ﬁelds. Unfortunately, the
high cost of launch, coupled with the high energies of GCRs, makes shielding against them by
either active or passive methods highly
problematic. Shielding is far more effective
against SEPs, and in typical solar events, even
modest depths can reduce exposures to acceptable
levels owing to the generally low energies of the
particles compared to GCRs. We begin by
describing the sources of energetic particle radiation in space, followed by an overview of the
physical processes relevant to transport of these
particles through matter. We then discuss
approaches to shielding, both “bulk” and active,
highlighting the difﬁculties associated with all
current technologies. Throughout, it is helpful to
make use of existing calculational tools to illustrate the complex interplay of the physical effects
that inﬂuence shielding. Those used here include:
• The Badhwar-O’Neill GCR Flux Model
(O’Neill et al. 2015.
• The Proton Stopping-Power & Range
Tables database, PSTAR (Berger 1992)
• The Particle and Heavy Ion Transport System
(PHITS), a Monte Carlo simulation code (Niita
et al. 2006.
• The Online Tool for the Assessment of Radiation in Space, OLTARIS (Singleterry 2011)
Aside from the PSTAR database, none of these
tools is unique for its application, and their use
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here is a matter of convenience and does not
constitute an endorsement. One could just as
well use, e.g., the Nymmik et al. model of GCR
ﬂuxes (Nymmik et al. 1996), the GEANT4 Monte
Carlo package (Agostinelli et al. 2003), among
other choices, and the conclusions reached
would be similar if not identical.
In describing the kinetic energies of particles in
the space radiation environment, it is convenient
to use units of mega-electron volts (MeV) for
protons and MeV/nucleon or MeV/nuc for heavier
ions. Since a hydrogen nucleus consists of a single
nucleon (a proton), the terms are interchangeable
when discussing these particles.
Sources of Energetic Particles in Space
In deep space, the galactic cosmic rays are a
continuous, low-level source of radiation exposure, and solar energetic particles are a sporadic,
potentially high-level source. In low-Earth orbit
(LEO), there is a third component, energetic protons and electrons in the South Atlantic Anomaly
(SAA), a region of trapped particles through
which orbiting spacecraft ﬂy a few times per
day. The SAA is not a concern for deep space
missions, but traversal of the more intense outer
belts of trapped particles is of some concern.
GCRs and the Solar Cycle

The origin of cosmic rays has been debated since
their discovery over 100 years ago (Hess 1913).
An excellent recent review was written by Blasi
(2013). A full understanding of the mechanism or
mechanisms by which GCRs are accelerated continues to be elusive. As the name implies, GCRs
are produced within the Milky Way galaxy, not in
the solar system, and can enter the heliosphere if
they possess enough energy to overcome the barrier posed by the Sun’s “magnetic bubble,” which
extends to at least 120 AU (Stone et al. 2013).
There is now strong observational evidence that
cosmic ray acceleration largely occurs in supernova remnants through diffusive shock acceleration (Baade and Zwicky 1934). The accelerated
particles then undergo diffusive transport in the
galactic magnetic ﬁeld. The spectrum of GCRs
that impinges on the heliosphere is referred to as
the “LIS” for local interstellar spectrum. GCRs in
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the LIS are diffusively transported through the
heliosphere, under conditions that vary signiﬁcantly throughout the course of the approximately
11-year solar cycle. At solar maximum, when the
solar magnetic ﬁeld is strongest, low-energy
GCRs do not reach the inner heliosphere; conversely, at solar minimum, lower-energy ions are
able to penetrate.
Solar activity, which has its visible manifestation in the form of sunspots, is linked to the
strength of the interplanetary magnetic ﬁeld
(IMF), which determines the potential barrier presented to incident GCRs in the LIS. Sunspots have
been observed for over 400 years, and the cyclic
nature of solar activity was noted more than
170 years ago (Schwabe 1844). Several excellent
reviews of the current state of knowledge of the
solar cycle can be found in the literature
(Hathaway 2010; Charbonneau 2014). There is
general agreement that dynamo processes drive
the cycle, but, as in the case of GCR acceleration
mechanisms, our understanding of the fundamental physics is incomplete. This knowledge deﬁcit
precludes accurate long-term prediction of solar
activity and consequently makes long-term predictions of GCR modulation unreliable.
Despite the existing knowledge gaps, much is
known about the GCRs, and the high-energy portion of the spectrum (kinetic energies above
1–2 GeV/nuc) is much less affected by solar modulation than is the low-energy portion. Highenergy GCR ions present the greatest – possibly
insurmountable – challenges to any shielding
method. The difﬁculty of the problem can be
gleaned from Fig. 1, which shows cumulative
distribution functions (CDFs) as functions of
energy for protons and helium under solar minimum and solar maximum conditions. Protons
comprise about 88% of GCRs, and helium ions
about 10% of GCRs. These two types of ions are
dominantly low-LET sources. Fluxes were calculated using the 2014 version of the BadhwarO’Neill GCR model (O’Neill et al. 2015). The
remaining 2% of the GCR ﬂux is approximately
equally divided between electrons and heavy ions,
that is, those with charge Z >2. The latter are the
source of high-LET radiation in space, and it is the
exposure to this high-LET radiation that presents
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Space Radiation
Shielding, Fig. 1 Model
calculations of cumulative
probability distributions for
protons and helium ions in
the galactic cosmic rays, at
solar minimum and solar
maximum

the greatest uncertainty in assessment of health
effects.
CDFs are a useful way to look at GCR spectra
in the context of shielding, as the distributions can
be used in combination with the range-energy
relation (given below) to easily determine the
fractions of particles that might be stopped in
various shielding scenarios. Note that under
solar maximum conditions, about half of GCR
protons have energies above 1 GeV. At solar minimum, the 50% point of the distribution is reached
at about 700 MeV. The helium CDF at solar maximum is remarkably similar to that for protons at
solar minimum; here again the 50% point is
reached at about 1 GeV/nuc, whereas at solar
maximum, it is reached at about 1.7 GeV/nuc.
The intensity of GCRs in unshielded
interplanetary space is largest at solar minimum;
in the recent deep minimum of 2009–2010, the
rate of protons and helium with energies above
180 MeV/nuc was about 6 cm2 s1. During a
typical solar maximum, the comparable rate is
suppressed, to about 2 cm2 s1. Corresponding
dose rates in tissue are moderate, about
500 microGy/day (5  104 Gy) at solar minimum and about 160 microGy/day for a typical
solar maximum. The solar minimum estimate is
consistent with results obtained by the MSL-RAD

detector during the Curiosity rover’s transit from
Earth to Mars in 2011–2012 (Zeitlin et al. 2013a).
This is about a factor of 600 greater than the
annual cosmic ray background dose rate at sea
level on Earth but orders of magnitude less than
the rate at which acute health effects begin to be
seen (when doses of at least 0.7 Gy are received,
typically over a span of minutes). It is well known
that subacute radiation exposures cause an
increase in cancer rates, but health effects of
chronic low dose rates are extremely difﬁcult to
assess (Brenner et al. 2003).
SEPs

Solar energetic particles are produced by the Sun
sporadically, with events occurring most often at
or near solar maximum. Compared to GCRs,
SEPs have low energies, typically below
100 MeV/nuc. SEPs also typically have a lower
abundance of heavier ions than do GCRs. Rare
events with signiﬁcant ﬂuxes of high-energy ions
have been observed (Tylka and Dietrich 1999),
but usually SEP spectra are “soft,” that is, the ﬂux
distributions peak at low energies, with modest or
negligible ﬂuxes at energies of concern for astronauts in a vehicle or habitat. However, very large
particle ﬂuxes of low-energy ions can be a concern for astronauts when they are in lightly
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shielded environments, for example, when doing
an extravehicular activity (EVA) far from shelter.
Our knowledge of SEP events is mostly
derived from data obtained since the start of the
Space Age, when particle detectors began to be
launched into orbit to measure particles and ﬁelds
in the vicinity of Earth. One notable exception to
this is the Carrington Event of 1859 (Cliver and
Dietrich
2013;
Smart
et
al.
2006).
R.C. Carrington, a British amateur astronomer,
was making observations of sunspots when he
observed a brilliant but short-lived white-light
solar ﬂare. The Coronal Mass Ejections (CME)
associated with the ﬂare was extremely fast, and
reached Earth within 17 h, causing a huge geomagnetic storm that was (eventually) the ﬁrst to be
understood as having its origin in solar activity. Of
course, no measurements of either primary or
secondary particle ﬂuxes were possible at the
time, and determination of such ﬂuxes from ice
cores is highly uncertain (Wolff et al. 2012).
Nonetheless, the Carrington Event is sometimes
considered a worst-case scenario for SEP events
(Townsend et al. 2006), with particle ﬂuxes possibly high enough to cause acute health effects,
depending on assumptions about the energy spectrum (Stephens et al. 2005).
EVA Exposures

Although SEP events typically do not produce
enough high-energy particles to be a concern for
a reasonably well-shielded crew, there are scenarios in which large exposures from SEPs are possible. Of these, a highly plausible case would be
astronauts performing a sortie on the lunar surface, in which they drive a rover to a destination
several hours away from the main habitat. For the
most part, even in such an exposed situation,
enough time elapses between the onset of a SEP
event and the arrival of particles at 1 AU that there
is sufﬁcient time to reach shelter (Reames 1999).
However, in January 2005 an intense SEP event
occurred in which less than an hour elapsed
between a solar ﬂare and the arrival of ﬂareaccelerated particles at 1 AU (Mewaldt et al.
2005). The observation of such an event shows
that a portable shelter of some sort will be required
for such sorties.
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The South Atlantic Anomaly (SAA) is a region
centered near the east coast of Brazil where the
Earth’s inner trapped particle belt dips to its lowest
altitude. Spacecraft in low-Earth orbit (LEO) may
pass through the SAA several times per day, during which time dose rates are observed to rise
dramatically (Reitz et al. 2005), even inside relatively well-shielded vehicles such as the International Space Station (ISS). Roughly half the
accumulated dose received by astronauts on the
ISS is attributable to SAA passes. The dose in the
SAA is due to protons and electrons (low LET),
and inside a shielded vehicle, to secondary neutrons produced by the trapped protons. The large
majority of trapped protons in the SAA have
energies below 100 MeV, similar to typical SEP
distributions.
Shielding Physics Overview
Evaluating the effects of shielding is based on
comparison of the radiation ﬁelds “before” and
“after” the shield. Ideally, a shield would allow for
no “after” particles, i.e., every incident particle
would be stopped or otherwise absorbed in the
shield. This is feasible with very low-energy laboratory sources such as alpha or beta emitters. In
scenarios involving more energetic particles, such
as at terrestrial particle accelerators, shielding is
designed so that all incident charged particles are
stopped, and though secondary radiation emerges
from the shield, it is far less intense and less
harmful than the incident particles. Unfortunately,
in space, neither of these cases is realizable in
practice: some or much of the primary GCR radiation will penetrate any practical depth of
shielding, and sometimes interactions make the
radiation emerging from the shield more biologically effective than the primary particle was. For
SEPs and most trapped particles, conventional
notions of shielding against these particles by
stopping them can be applied effectively, because
energies and hence ranges are modest.
Electromagnetic Interactions: dE/dx and the
Range-Energy Relation
For purposes of assessing health risks to
crewmembers, the threshold for deﬁning an
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“energetic” charged particle can be considered to
be the energy at which a particle has sufﬁcient
range to penetrate the most minimal shielding an
astronaut might be under. We are therefore
concerned with the fundamental relation between
a particle’s energy and its range in matter, i.e., the
range-energy relation. This can be derived from
integration of the differential energy loss equation
ﬁrst developed by Bethe (Bethe 1930). The original Bethe equation, which describes ionization
energy loss – that is, the electromagnetic interaction between a charged particle and the atomic
electrons of the medium is traversing – has been
further reﬁned to yield a formalism that is accurate
to roughly 1% over a large span of particle energies and types (Olive et al. 2014).The change in
energy of a charged particle, dE, traversing an
inﬁnitesimal depth of matter, dx is given by:
dE
¼
dx
kr

Z 

 2

Z
A mat b proj

!
#
2me b2
2
 b
log 
I 1  b2
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where k is a constant, Z refers to atomic number,
A to mass number, b is the velocity of the moving
particle relative to the speed of light, I is the
ionization potential of the medium, and r its density. The subscript “mat” refers to the material
being traversed (often referred to as the target,
here as the shield), while “proj” refers to the
projectile, that is, the energetic particle that is
losing energy. It is sometimes helpful to consider
the term in brackets to be approximately constant
or at least slowly varying with projectile energy;
though crude, this approximation sheds light on
the fundamental dependence of energy loss on the
charge and velocity of the projectile (Z2/b 2) and
on the charge to mass ratio of the target material
(Z/A)mat. Integration of the dE/dx versus energy
curve yields the range-energy relation for any
given combination of projectile and target. To a
very good approximation, the proton range for a
given energy and material can be scaled to obtain
the range of an ion with the same velocity
(or energy per nucleon) having charge Z and
mass number A according to (A/Z2). This means

that 4He ions have almost exactly the same range
as protons for the same energy per nucleon.
The range-energy relation is crucially important when considering shielding against the space
radiation environment. In some cases, charged
particles can be shielded against by “ranging
them out,” that is, by providing a sufﬁcient depth
of shielding mass that the particles lose all their
kinetic energy in the shielding before reaching a
biological target. For example, alpha particles
emitted by radioactive nuclei have typical energies of a few MeVand generally can be stopped by
a single sheet of paper. In contrast, a proton with
kinetic energy of 1 GeV (roughly the average for
GCRs) has a range exceeding 1.5 m (greater than
400 g cm2) in aluminum. For purposes of radiation protection of humans in space, it is necessary
to consider what particles might penetrate the
thinnest portion of a spacesuit, which is the only
protection for an astronaut performing an EVA,
including sorties on the lunar surface. The thinnest
part of the Enhanced Mobility Unit used on the
ISS is about 0.2 g cm2 or 0.74 mm (Moyers et al.
2006); the energy for a proton to penetrate this
depth is about 15 MeV, and electrons with energies above about 500 keV can also penetrate this
depth. These energies are orders of magnitude
greater than the energies of solar wind particles,
so that source can be dismissed from consideration of health risks to astronauts. However, virtually all GCRs and many SEPs have sufﬁcient
energy to penetrate this part of the space suit.
A more typical situation might be inside a thinhulled spacecraft, with shielding on the order of
10 g cm2 of aluminum (about 4 cm) interposed
between the crew and free space; this depth is
sufﬁcient to stop a 100 MeV proton and therefore
provides protection against most SEPs and a small
fraction of GCRs.
The energy dependences of dE/dx (left) and
range (right) are shown in Fig. 2 for protons in
aluminum. The calculations were made using the
PSTAR program, which is available on a public
website maintained by the US National Institute
of Standards and Technology (http://physics.nist.
gov/PhysRefData/Star/Text/PSTAR.html). The
steeply rising portion of the dE/dx curve below
about 300 MeV is sometimes referred to as the
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Space Radiation Shielding, Fig. 2 Calculations of proton energy loss (left) and range (right) in aluminum, made using
the NIST PSTAR database

“one over beta squared” region. This is where
particles can readily be stopped in modest depths
of material, because of the rapid increase of dE/dx
with penetration depth. At higher energy, in the
relatively ﬂat portion of the curve, dE/dx remains
nearly constant with increasing depth. Put another
way, highly energetic particles have a more or less
constant rate of slowing down in a shield, and this
rate is insufﬁcient to stop the large majority of
GCRs.
The graphs in Fig. 2 should be evaluated in
conjunction with Fig. 1, which shows that the
GCR environment consists mostly of protons
and helium ions with energies above a few hundred MeV/nuc. Taken together, the implication is
clear – even a substantial shield consisting of
10 cm of aluminum (27 g cm2) would not be
enough to stop the large majority of these ions,
even at solar minimum. To stop even half the
proton ﬂux at solar maximum would require a
full meter depth of aluminum, which is clearly
impractical. Another way to look at this relation
is to consider the fraction of energy a particle loses
in traversing a given depth of material. Figure 3
shows the fractions lost by protons in aluminum
and water. Water is included in the comparison
because it is hydrogenous, and, for reasons that
will become clear in the discussion of nuclear
interactions, hydrogenous shields are expected to
be highly effective shields against GCR heavy

ions. The curves in Fig. 3 show that hydrogen is
slightly more effective in stopping particles than is
aluminum, per unit areal density. But even with
this more effective material, stopping protons or
helium ions with energies above a few hundred
MeV/nuc requires many tens of (g cm-2) of
material, the same conclusion one would reach
based on dE/dx in aluminum.
Nuclear Interactions
Electromagnetic interactions are extremely
important in shielding, as described in the preceding section. These interactions are well understood from both the theoretical and experimental
perspectives. Nuclear interactions are equally
important but are, however, not nearly as well
understood from the theoretical perspective. Electromagnetic interactions between a projectile and
the surrounding medium are dominantly due to
interactions with the atomic electrons of the
medium and are described by quantum electrodynamics (QED), which has proven to be extremely
accurate. Nuclear interactions are, in contrast, collisions between the projectile and a nucleus in the
medium. All of the participating particles contain
smaller constituents (nuclei contain nucleons, and
nucleons contain quarks and gluons). From the
perspective of space radiation shielding, the
most important nuclear interactions are protonnucleus and nucleus-nucleus collisions. Because
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Space Radiation Shielding, Fig. 3 Fraction of initial
energy lost by protons in 1 g cm2 of material, calculated
for aluminum and water using the NIST PSTAR database

the fundamental particles involved are quarks and
gluons, one might hope that quantum chromodynamics (QCD) could describe their interactions
with accuracy comparable to that with which
QED describes electromagnetic interactions.
However, nucleons are bound states of quarks
and therefore exist in the “non-perturbative”
energy domain in which QCD calculations are
highly problematic. There is, accordingly, no fundamental theory that describes these interactions
from ﬁrst principles, though work is ongoing in
this ﬁeld (Detmold 2015). In the absence of a
fundamental theory, nuclear physicists have
developed semiempirical models which are incorporated into various Monte Carlo simulation
packages, with varying degrees of accuracy
(Sihver et al. 2007; Ronningen et al. 2013; Oh
et al. 2015).
Electromagnetic interactions are dominantly
elastic collisions, that is, collisions in which
energy is transferred from one particle to another,
but the incoming particles retain their identities.
Nuclear interactions may also be elastic, but
inelastic collisions dominate at high energies and
are critical in space radiation shielding. Inelastic
collisions produce secondary radiation that may
have signiﬁcantly different potential for causing
biological damage than the incident radiation. The
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alteration of the radiation environment can go in
either direction, that is, the secondary radiation
may be less damaging than the primary, or it
may be more damaging, depending on the details
of the incident ﬂux and the shield.
In the context of space radiation shielding,
there are two main cases to consider within the
broad category of nuclear interactions, protonnucleus collisions and nucleus-nucleus collisions.
In this context, “nucleus” refers to all elements
other than hydrogen on the periodic chart, i.e.,
helium and heavier nuclei. The effects of nuclear
interactions on the radiation environment behind
shielding are very different for the two cases:
proton-nucleus collisions tend to make the environment behind the shield more hazardous
(Cucinotta et al. 1991), whereas nucleus-nucleus
collisions tend to do the opposite.
Proton-Nucleus Collisions

Protons may collide with nuclei in the medium,
with a variety of outcomes, probabilities which
depend upon the projectile energy and the composition of the target material. The simplest case is
a proton traversing hydrogen, so that only protonproton collisions occur. Even in this case, secondary particle production is possible if the energy of
the incident proton is large enough. In the framework of considering “before” and “after” radiation, consider a case in which an incident highenergy proton (with, say, 1 GeV or greater kinetic
energy) collides with a nucleus. Even if the interaction is peripheral (that is, a grazing collision),
signiﬁcant energy can be transferred from the
projectile to the target, so that one or more
nucleons are removed from the target nucleus.
Thus the “after” radiation consists of the initial
energetic proton along with one or more nucleons
removed from the target. Compared to the situation that would have existed had there been no
collision, the shield has made the radiation environment worse. Furthermore, for sufﬁciently
energetic protons, charged and neutral pions may
be created, and these particles (or their decay
products) can have enough energy to pass through
the remaining depth of the shield.
It is generally the case for incident protons that
secondary production makes the “after” dose
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greater than the “before” dose, regardless of the
shielding material, assuming that the proton energies are high enough and the shield is not so thick
that it stops a large share of the incident protons.
This is the result of inelastic collisions in which it
is possible to produce secondary particles, in
some cases large numbers of them. Some of
these may be “knockouts,” while others are “target fragments,” that is, low-energy particles
released when the struck nucleus, excited by the
collision, decays to a ground state via emission of
nucleons. A charged target fragment such as a
proton or helium nucleus will typically have
high LET and a short range due to the low kinetic
energy imparted in the decay process and as a
result may not leave the shield. Nonetheless,
such particles may be locally damaging, particularly when produced inside a biological target. In
some scenarios, the contribution of target fragments from interactions occurring inside an astronaut’s body may account for up to half the
equivalent dose (Cucinotta et al. 2006).
Target fragments may include neutrons, which
can leave the shield even if their energies are low
(~1 MeV), since they do not lose energy via
dE/dx. Neutrons are thus able to penetrate to
inhabited regions of a vehicle, where they become
part of the complicated radiation ﬁeld to which
astronauts are exposed. Neutrons are capable of
penetrating large depths of matter and can deliver
a dose to tissue in the form of high-LET recoil
protons.
Results from simulations of water and aluminum shields of 10 g cm2 depth are shown in
Table 1 to illustrate these effects. The Particle
and Heavy Ion Transport System (PHITS)
Monte Carlo code (Niita et al. 2006) was used
with geometry similar to a particle beam experiment, with a pencil beam of monoenergetic protons of various energies entering the shields. The
doses due to particles before and after the target
were computed, and the ratios are shown for the
two shield materials. These calculations are meant
to be illustrative and are by no means deﬁnitive
given the relatively small samples that were generated. The two important points are that the dose
behind shielding is invariably greater than the
dose before it, for these energies (all of which
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are sufﬁcient to penetrate 10 g cm2), and that
the ratio increases with increasing proton energy
due to enhanced secondary production. At high
energies, the ratios behind the aluminum shield
are higher than those behind the water shield.
Given that GCRs are mostly protons and that a
large share has energy above 1 GeV, the inherent
difﬁculty of the shielding problem starts to
become clear from these considerations.
In summary, nuclear interactions between a proton and a nucleus in a shield generally result in a
worsening of the environment inside the shield
compared to the case where the incident proton
passed through the shield without interacting. The
increase in dose behind the shield is a strong function of the incident proton energy, but at typical
GCR energies, even a few tens of (g cm-2) of
shielding depth tends to have a deleterious effect.
Similar concerns arise in the area of proton therapy
for cancer treatment (Paganetti 2002).
Nucleus-Nucleus Collisions

Incident nuclei with Z > 1 may also undergo
nuclear interactions as they traverse a shield.
Even though the interactions may, like protonnucleus collisions, produce a large number of
secondary particles, shielding generally reduces
the hazard from heavy ions due to the effects of
nuclear fragmentation. Although heavy ions represent only about 1% of the GCR ﬂux, their contribution to dose in unshielded space can be on the
order of 50%. This disproportionate contribution
can be understood by examining the Bethe equation above, noting that the energy loss (which is
directly related to dose imparted) is proportional
to Z2, that is, to the square of the projectile’s
charge. This simple scaling can be used to roughly
estimate relative shares of dose; e.g., though protons are about eight times more abundant than
helium ions, the latter are four times more ionizing, so the dose from protons is roughly twice as
large as that from helium ions. Similarly, the ﬂux
of C, N, and O ions combined is about a factor of
15 less than that of He, but the dose per ion is
about ten times larger for the heavier ions, thus
their combined dose contribution is about twothirds as large as that from helium.
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Space Radiation Shielding, Table 1 Proton beam simulations with 10 g cm2 Shields
Proton
energy
(MeV)
500
1000
3000
5000

Dose after/dose
before aluminum
target
1.07
1.17
1.48
1.38

Dose after/dose
before water
target
1.11
1.17
1.29
1.27

In nuclear fragmentation, one or more
nucleons are stripped from the projectile, yielding
fragments that continue with approximately the
same direction and velocity as the incident ion.
For a ﬂux of highly energetic ions incident on a
thin shield, where the incident ions are not significantly slowed by dE/dx, the dose behind the
shield will be less than that incident on the shield.
This is driven by the Z2 dependence of dE/dx; to
take a simple example, consider an incident highenergy carbon ion (Z = 6) that undergoes a peripheral collision with a nucleus in the shield and
breaks into a boron ion (Z = 5) and a proton.
The incident ion imparts a dose proportional to
Z2 = 36, while the fragments impart a dose proportional to the sum of the squares of the charges,
which in this case is 26. Relative to the incident
dose, the dose seen behind the shield is thus
(26/36), or 72%, as large. Given that the dose
from GCR heavy ions is roughly half of the total
dose and that nuclear fragmentation cross sections
are relatively large, this mechanism provides an
achievable means of reducing the dose contribution from heavy ions, at the expense of an
increased ﬂux of light ions (protons, helium,
etc.) and neutrons.
The probability for nucleus-nucleus collisions
is well described by a simple geometric approximation in which the projectile and target nuclei are
treated as overlapping spheres. The energyindependent geometric cross-sectional formula
ﬁrst proposed by Bradt and Peters (1950) and
later modiﬁed by Townsend and Wilson (1986)
describes these interactions with reasonable accuracy and a minimal number of free parameters
over a wide range of projectiles, targets, and energies. Given the cross section (s) for a particular

interaction, the probability of its occurrence in a
shield of depth x is given simply by exp(x/l)
where l is the mean free path, related to the cross
section by:
l¼

A
N As

where A is the mass number of the shield material
and NA is Avogadro’s number. A numerical example may be helpful. Consider a high-energy GCR
silicon ion (Z = 14, A = 28) incident on an
aluminum shield. The Wilson et al. crosssectional formula predicts a charge-changing
cross section of 1.66 barns, which yields a mean
free path of 27 g cm2. Thus in an aluminum
shield of 10 g cm2 depth, about 30% of incident
silicon ions will undergo fragmentation. If instead
a water shield is used in the calculation, the predicted fraction of silicon ions undergoing fragmentation rises to about 49%. The differences in
fragmentation in various materials are the basis on
which hydrogenous shields were found by Wilson
et al. (1995) to offer superior performance compared to heavier materials such as aluminum. The
advantage arises because of the relatively large
nuclear cross section per unit mass on hydrogen
target nuclei.
The Z2 dependence of dE/dx also means that
relatively more heavy ions range out in a moderately thick shield than do protons or helium ions.
However, the same physical effect can result in an
increased dose, by slowing a heavy ion down
signiﬁcantly so its dE/dx (and hence LET)
increase, provided it neither stops nor fragments
in the shield.
Competing Effects

To summarize the preceding discussion, Table 2
provides a list of the physical mechanisms at work
as an incident particle enters a shield and the
possible outcomes related to these effects.
The probabilities of the different outcomes for
each mechanism depend on the charge and energy
distributions of the incident radiation, the composition of the shield, and in the case of dose equivalent, details of the quality factor used in the
integration
over
the
LET
spectrum.
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Space Radiation Shielding, Table 2 Important physical
processes in space radiation shielding
Possible
Mechanism Affects beneﬁt
Ionization Charged Low-energy
energy loss particles particles are
stopped in the
shield

Protonnucleus
collision

Protons

Nucleusnucleus
collision

Ions
with
Z >1

A small
fraction of
low-energy
protons may
stop in the
shield due to
energy lost in
collisions
Fragmentation
into lower-Z
ions results in
decreased dose
behind shield

Possible
detriment
Particles are
slowed but not
stopped in
shield, have
larger LET
after shield
than before
Production of
secondary
radiation
causes
increased dose
behind shield

Though dose is
decreased after
fragmentation,
dose
equivalent may
increase

A manifestation of the competing effects can be
seen in the Bragg curves (dose vs. depth) for
heavy ion beams used in radiation therapy
(Zeitlin 2012) and for radiation biology experiments (Zeitlin et al. 1998). For particular combinations of beam ion and energy, e.g., carbon at
290 MeV/nuc in water, dose versus depth curves
may be ﬂat or nearly so over many centimeters of
depth, indicating that the competing effects of
ionization energy loss and fragmentation balance
each other. In other cases, e.g., for the 1 GeV/nuc
56
Fe beam used in many biology studies, dose
falls monotonically with depth as fragmentation
is the dominant physical process, until the depth at
which the iron ions stop is reached; at that point,
the curve turns up but never reaches the initial
value, because so much of the initial beam has
been fragmented before it can come to rest. At low
energies, heavy ion Bragg curves may be monotonically increasing, as energy loss dominates
over fragmentation.
Radiological Quantities in Detail
To evaluate the effectiveness of shielding in any
particular exposure scenario, it is necessary to

construct a quantitative framework that reﬂects
the potential of the radiation ﬁeld either outside
or inside the shield to cause biological harm. The
simplest approach is to consider the radiation
dose, deﬁned to be the energy deposited per unit
mass at a given point in the ﬁeld. Dose is a purely
physical quantity, and while there is no doubt that
shielding that reduces dose is valuable, it is well
known in radiation biology that dose alone is
insufﬁcient to describe the biological effects of
particles of various types. That is, for a given
dose, biological effects may be very different
depending on the type of particle that delivered
the dose. Recognizing this fact, the ICRP has long
deﬁned LET-dependent quality factors for cancer
induction, including the widely-used version
denoted ICRP 60 (ICRP 1991). The ICRP 60 quality factor Q is deﬁned to be a function solely of
LET, i.e., Q(L). This is a useful approximation, as
LET and its proxy lineal energy are measurable
quantities, but in the NASA framework of risk
assessment (Cucinotta et al. 2012), the LET
dependence has been replaced by a Z2/b2 dependence that is more reﬂective of track structure. In
the ICRP 60 deﬁnition, for LET below 10 keV/mm
(i.e., low-LET radiation), Q is identically 1;
between 10 and 100 keV/mm, Q rises according
to Q(L) = 0.32 L – 2.2, reaching a peak value of
30 at 100 keV/mm; and above 100 keV/mm, Q falls
according to Q(L) = 300/L1/2. This piecewise
function was derived by evaluating a variety of
radiobiology data with considerable scatter: that Q
(L) is accordingly highly uncertain should be kept
in mind.
The dose equivalent is often written as H, and is
given by H = <Q> D, where D is the dose and
<Q> is the dose-weighted average quality factor.
Because heavy ions have high LET, they have a
strong effect on <Q>. For instance, in unshielded
free space, even though the ﬂux of GCRs consists of
99% low-LET particles having Q of 1, <Q> is
predicted to be between 6 and 7, depending on the
state of solar modulation.
Assessment of Bulk Shielding Against GCRs
Knowledge of the space radiation environment, the
physics of shielding against space radiation, and a
radiological framework (dose and dose equivalent)
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are the necessary pieces for assessing space radiation exposures. These pieces can be, and have been,
assembled into various space radiation transport
codes. An easy-to-use interface to a transport
model, OLTARIS, has been provided to researchers
by scientists at the NASA Langley Research Center
(Singleterry 2011). Passive or “bulk” shielding as
provided by the hull of a spacecraft, or by regolith in
a buried habitat on the Moon or Mars, can readily be
evaluated with OLTARIS for various space radiation environments.
Important calculations of GCR shielding were
provided by Wilson et al. (1995). Using the stateof-the-art calculation tools, the authors showed
that the dose equivalent from GCRs would be
most reduced by a shield comprised of liquid
hydrogen, while shields composed of heavier elements such as aluminum give only a very modest
attenuation. The transport code provided by
OLTARIS is an updated version (Slaba et al.
2010) of the HZETRN code (Shinn and Wilson
1992) used in the earlier calculations. OLTARIS
also makes updated environment models available. It is instructive to revisit the earlier calculations with these new and improved tools. Rather
than repeat the full set of shields, the calculations
have been run for hydrogen and aluminum, in
keeping with the original work. The GCR ﬂux
model developed by Matthiä et al. (2013) was
chosen, for solar conditions corresponding to the
2001 maximum. Results for dose (left panel) and
dose equivalent (right panel) are shown in Fig. 4.
Remarkably, for the aluminum shield, the dose is
greater at depths up to and including 100 g cm2
than it is in the unshielded environment. This is
due to the production of secondary particles in the
shield, which outweighs the effects of heavy ion
fragmentation. This result is in stark contrast to
that for the pure hydrogen shield, which produces
a steep decrease with depth over the ﬁrst 10–20 g
cm2, with the curve starting to level off at greater
depths. There is comparatively more fragmentation of heavy ions and much less secondary production in the hydrogen shield.
Results for dose equivalent are in one sense
similar to those for dose, in that the hydrogen
shield clearly performs much better than the aluminum shield. However, in dose equivalent, the
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aluminum shield can be said to have a net beneﬁt
in that dose equivalent values at depth are less
than in free space; this is not the case for dose. The
apparently better performance in terms of dose
equivalent is again due to heavy ion fragmentation. Even in dose equivalent, the curves level off
or even rise slightly as depth increases beyond
50 g cm2. This shows that there is no beneﬁt in
going beyond this depth of shielding, and only
marginal reductions in dose equivalent are seen in
going from 20 to 50 g cm2 in either material.
These results are qualitatively very similar to
those calculated in 1995 and also demonstrate
that conclusions about shielding effectiveness
may be sensitive to the biological response
model, which in this case is represented by Q(L).
The value of <Q> at a particular depth can be
inferred from the ratio of dose equivalent to dose.
This is an approximate indicator of the number of
heavy ions that have survived traversal of the
shield. At a depth of 20 g cm2 of hydrogen
shielding, <Q> is 1.4, indicating that the heavy
ions have largely been attenuated. The advantages
of hydrogenous materials as heavy ion shields
have been conﬁrmed both in the laboratory using
particle beams (Zeitlin et al. 2006) and using the
CRaTER instrument in lunar orbit (Spence et al.
2010) to study GCR shielding by tissueequivalent plastic (Zeitlin et al. 2013b).
While the preceding discussion suggests that
pure hydrogen shields would enable safe
interplanetary travel, it should be noted that at
present, there is no workable design for such a
spacecraft. Hydrogen for use as fuel, and in the
form of water for the crew’s use, may be abundant
on such spacecraft, but hulls and cryogenic containment vessels, presumably quite massive and
made of aluminum or other structural material,
will still be needed. These will be the outer shell
or shells and will compromise the overall shield
performance. Furthermore, though a hydrogen
shield would signiﬁcantly attenuate the ﬂux of
high-LET primary GCRs, other sources of highLET exposure would persist inside the shielding,
notably secondary neutrons, and high-energy
GCR protons that pass through the shield that
would still create high-LET secondaries via
proton-nucleus interactions in the body. The latter
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Space Radiation Shielding, Fig. 4 OLTARIS calculations of dose versus depth and dose equivalent versus depth for
aluminum and hydrogen targets, for heliospheric conditions corresponding to the 2001 solar maximum

effect is not accounted for in the preceding
calculations.
Assessment of Bulk Shielding Against SEPs
While practical depths of bulk shielding provide
modest reductions in the GCR dose equivalent,
the same depths are highly effective in reducing
exposure to SEPs. The September 1989 SEP event
was chosen. This event may have had the hardest
energy spectrum of any event in the Space Age
(Tylka and Dietrich 2009), so that it could represent the worst-case scenario. This spectrum can be
invoked for transport calculations in OLTARIS,
and Fig. 5 shows the results for dose equivalent
versus depth for aluminum and hydrogen shields.
These are “event-integrated” dose equivalents,
that is, the accumulated totals over the full duration of the event. The sharp decrease with depth
shows that, unlike GCRs, the large majority of
SEPs are stopped. At 5 g cm2 depth, the shields
give reductions in dose equivalent of 4–5 orders
of magnitude compared to unshielded space.
Hydrogen is again more effective than aluminum,
but even aluminum provides sufﬁcient protection
at 20 g cm2 given the current exposure limit of
250 mSv to the blood-forming organs (Durante
and Cucinotta 2011).

The effectiveness of bulk shielding against
SEPs is a direct result of the fact that the large
majority of accelerated particles have energies
below 100 MeV/nuc. The range of a proton with
this energy is about 4 cm, or 10 g cm2, in aluminum. Thus in many SEP events, virtually all of the
incident particles can be stopped in a modest
shield. There is still some production of secondaries that penetrate the shield, but as described in
the preceding, this is far less probable at typical
SEP energies than at typical GCR energies.
Active Shielding
Active approaches to space radiation shielding,
that is, the use of powerful magnetic or electrostatic ﬁelds, or plasma “bubbles” surrounding a
spacecraft, have been repeatedly proposed for
more than 50 years (Levy 1961; Landis 1991;
Calvelli et al. 2014; Bamford et al. 2014). However, little progress has been made toward their
realization. Proposed active shielding concepts
were thoroughly reviewed by NASA in 2005
(Adams et al. 2005), and shortly thereafter several
important papers were published (Townsend
2005; Parker 2006; Spillantini et al. 2007) that
also examined these concepts. All reviews
reached generally pessimistic conclusions as to
the viability of active shielding with regard to
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2015) indicate that secondary production signiﬁcantly degrades the performance of a proposed
toroidal magnetic shield, again raising doubts
about viability. Comparisons of active and passive
shields must also take into account the advantages
of relatively lightweight hydrogen-rich passive
shielding materials and of the propensity for
high-energy protons to penetrate any shield and
create high-LET energy depositions in tissue via
nuclear interactions.
Brief summaries are given here of the concepts
that underlie proposals to use conﬁned magnetic
ﬁelds and electrostatic ﬁelds to protect against
space radiation.
Magnetic Shielding
Space Radiation Shielding, Fig. 5 Calculated eventintegrated dose equivalent values as functions of shielding
depth for the large SEP event of September 1989. The
OLTARIS code described in the text was used for the
calculations. Both aluminum and hydrogen shields are
effective against SEPs, but hydrogen is more effective, as
is also the case for GCRs

protecting against GCRs. The situation is slightly
more hopeful for protecting against SEPs, but the
preceding discussion shows that passive shielding
is generally adequate for that task. The interested
reader is referred to these articles for detailed
descriptions of the proposed shielding methods
and the serious technological hurdles that remain
before any type of active shielding is ready for
spaceﬂight. Although these reviews are a decade
old at the time of this writing, the underlying
physics is obviously unchanged, and no enabling
technological breakthroughs have been made in
these areas.
Despite the many difﬁculties, work continues
in the area of active shielding, with some apparent
progress (Westover et al. 2014; Del Rosso 2015).
But, as observed by Townsend (2005), active
shields will require massive support structures
and may require complex infrastructure to operate
and maintain; the primary question is whether
such shields offer improved protection against
energetic particles compared to bulk shielding
having the same total cost. Recent simulations
that include support structures (Vuolo et al.

A charged particle moving in a magnetic ﬁeld
!

!

experiences a vector force F , given by F ¼ q

!
!
!
v  B where q is the charge of the particle, v
!

its velocity vector, and B the magnetic ﬁeld
vector. The force is exerted in the direction perpendicular to the plane formed by the velocity and
magnetic ﬁeld vectors. A charged particle’s trajectory is therefore bent in a magnetic ﬁeld, raising the possibility that a crewed spacecraft could
be protected from SEPs and GCRs by strong
magnetic ﬁelds that deﬂect incident charged particles away from inhabited areas of the craft.
However, there are severe practical difﬁculties
shielding against GCRs, stemming from the fact
that many of them have high energies and therefore require very high ﬁeld strengths to cause
signiﬁcant deﬂection. For example, as pointed
out by Parker (2006), deﬂecting a proton with
2 GeVof kinetic energy in a space of a few meters
requires a ﬁeld strength of about 20 T, much
higher than the ﬁelds attained with large superconducting magnets in experimental high-energy
physics experiments such as those at the Large
Hadron Collider. The mass and power consumption of such systems quickly become problematic,
and in addition there are safety questions, as a
huge amount of energy would be stored in a static
ﬁeld, release of which would be extremely dangerous in the event of a sudden magnet quench.
Designs must also minimize the strength of fringe

Space Radiation Shielding

ﬁelds in inhabited regions of a spacecraft, as the
health effects of long-term occupation of high
ﬁeld regions are unknown but quite possibly
detrimental.
The experience of the Alpha Magnetic Spectrometer (Barao 2004), a large particle detector
attached to the ISS, may be instructive with regard
to present capabilities. An advanced, cryogenically cooled superconducting magnet with ﬁeld
strength of 0.87 Tesla at its center was built (Blau
et al. 2002) but was not ﬂown. It was to be the ﬁrst
large superconducting magnet in space, but in
2010, it was replaced by a permanent magnet
with roughly one-ﬁfth the ﬁeld strength. The
change was necessitated by tests that showed the
superconducting magnet ran warmer than
expected, meaning it would deplete its supply of
liquid helium more quickly than planned and consequently shorten the lifetime of the experiment.
Of course this does not preclude successful
deployment of future superconducting magnets,
but it is an indicator that even with the most
advanced technology presently available, such
an undertaking still presents many challenges,
even on a smaller scale than would be required
to shield a crewed interplanetary spacecraft.
Electrostatic Shielding

Like magnetic shielding, electrostatic shielding
can provide signiﬁcant protection against the
space radiation environment in principle. The
basic idea of an electrostatic shield is to create a
region of space outside a spacecraft with an
intense electric ﬁeld to deﬂect charged particles
away from the crew. Perhaps the simplest such
concept calls for two concentric conducting
spheres with opposite, large static charges on
them (Towsend 1984). The inner sphere would
be the hull of the spacecraft, with crew inside,
bearing a positive charge, while the outer sphere
would be built speciﬁcally for the purpose of
holding negative charge. The two spheres would
in essence form a large capacitor with the ﬁeld
conﬁned to the space between them. There are
several problems with this approach. First,
avoiding vacuum breakdown in this conﬁguration
requires that the conducting spheres be hundreds
of meters in radius. Second, the arrangement
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requires extreme stability, i.e., the spheres must
be held rigidly in place, requiring signiﬁcant additional mass. Finally, the most severe problem with
this concept is the huge electrostatic potential
required to deﬂect high-energy, highly charged
GCRs: this is on the order of 109 volts, roughly
two orders of magnitude greater than is currently
feasible. A far more sophisticated design has been
put forward by Tripathi et al. (2008), making use
of lightweight gossamer structures. Preliminary
tests using scaled-down structures show some
promise (Stiles et al. 2013), but new challenges
emerged even in small-scale tests, and the
required electrostatic potentials remain far beyond
what is presently possible.
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