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Abstract

In this study, we confront future trends in air
travel concerning polar route frequencies and
cruising altitudes with the associated risk arising
from cosmic radiation. Furthermore, we identify
and evaluate a radiation shielding concept based
on both the cryoplane technology as well as on
novel nanomaterials. Besides its beneficial im-
pact on the climate, liquid hydrogen as a long-
term alternative fuel is shown to allow for sub-
stantial co-benefits in radiation shielding, which
could open up economic ways for flying beyond
and above Earth’s natural protection.

1 Introduction

The growing demand of mobility of our soci-
ety is associated with a continuing increase of
air travel. Cross-polar routes directly connecting
North America and Asia are subject to an explo-
sive growth and future high-speed commercial air
traffic will be flying in ever higher altitudes. In
view of these developments, the associated level
of exposure of aircrew, frequent flyers and air-
craft electronics to cosmic radiation becomes un-
der intense scrutiny and of increasing interna-
tional concern. In the study at hand, we iden-
tify and evaluate a radiation shielding concept,
which is based on the so-called cryoplane tech-
nology [1, 2, 3], which considers liquid hydro-
gen as a long-term alternative fuel as a substitute
for kerosene [4]. While this technology option is
coventionally solely investigated in the context of
reducing the climate impact of air traffic, it is our
aim to reveal synergy effects, which in combina-

tion with recent advances in nano-science, could
lead to a substantial reduction in the cosmic ra-
diation exposure of humans in aviation. We dis-
cuss in more detail the radiation fields at aircraft
altitudes and their impact on humans and equip-
ment in Sec. 1.1, introduce some general aspects
about efficient neutron shielding in Sec. 1.2 and
finally in Sec. 1.3 further motivate the investiga-
tion of the cryoplane technology combined with
nanophysics for radiation shielding in aviation.

1.1 Cosmic Radiation Exposure in Air Traf-
fic

The term cosmic radiation collectively comprises
highly-energetic primary radiation, mainly pro-
tons and Helium nuclei, which originate from the
sun as well as from outside of the solar system. It
furthermore includes the cascades of secondary
cosmic radiation, composed of an electromag-
netic component – X-ray and Gamma-radiation –
as well as of electrically charged and uncharged
subatomic particles, created when the primaries
enter the atmosphere and interact with its con-
stituents. The intensity of the various radiation
components, which move downwards in the at-
mosphere, is a function of their energy and de-
pends mainly on altitude. From typical cruising
altitudes of long-range airliners to sea level the
total particle flux reduces by about a factor of
300 almost linearly with altitude [5]. The rea-
son is that the density of the atmosphere and thus
its ability to absorb cosmic particles increases to-
wards the ground, providing some natural radi-
ation protection of the Earth. To a smaller ex-
tend, the in-flight exposure grows with latitude,
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as the fraction of charged particles shielded by
the Earth’s magnetic field decreases towards the
magnetic poles. The exposure rate at 70 degrees
north or south latitude is about four times larger
than at 25 degrees such that the total radiation ex-
posure on long-haul cross-polar flights is signif-
icantly increased compared to short-haul flights
confined to the mid-latitudes. Finally, solar flares
can raise the cosmic radiation flux by a factor of
10 to 20 for brief periods of time [6, 7].

The exposure to increased levels of cosmic
ionizing radiation in aviation is under scrutiny
for two reasons. Firstly, for humans it can lead
to chromosome damage and increases the risk of
certain types of cancer. Sixty-five epidemiologi-
cal studies find consistently elevated incidence of
breast cancer in female aircrew members and of
melanoma in both male and female aircrew [8].
Estimated annual exposure to aircrews equals, if
not exceeds, the allowable limits for the average
nuclear power plant worker [9]. Frequent-flyer
business passengers are more likely to be exposed
to even higher doses than the aircrew, because
flight hours are not restricted for passengers. For
example, five 13-hour cross-polar flights from
New York to Tokyo and back, or a single round-
trip during a solar storm, already exceed the max-
imum recommended levels for annual radiation
doses for the general public [9]. Secondly, single
energetic cosmic particles can cause disturbances
to microelectronic components onboard of air-
crafts and have become an increasingly impor-
tant safety issue, since the first reports of in-flight
occurrences in the early 1990’s. In particular,
the continuing trend to smaller, denser, faster and
more power-efficient integrated circuits increases
the susceptibility. Reduced transistor voltages
imply lower thresholds for calculation errors in-
duced by the ionizing field charge from a single
energetic particle [10].

The risks associated with radiation exposure
in air traffic are expected to further gain signif-
icantly in importance in the near future due to
the Earth’s drifting magnetic poles. In fact, the
magnetic north, currently in the Canadian Arc-
tic, roughly 1600 km away from the geographic
North Pole, is moving towards Siberia at about

65 km per year [11]. The more it drifts south-
ward and thus towards areas with high air traffic
demand, the larger becomes the cosmic radiation
exposure in aviation. This is especially problem-
atic in periods, when solar activity and thus the
probability for high level solar storms rises as is,
for example, currently the case. The occurrence
of solar flares in general greatly enhances the op-
erating costs for airlines, since flights are sent to
lower altitudes or cross-polar flights have to be
rerouted away from the Poles.

While polar routes usually offer direct ser-
vice, fuel costs and flight times are significantly
increased, if the rerouting requires intermediate
gas stops. The associated economical penalties
are expected to gain in importance, given that
the annual number of cross-polar flights has risen
from a couple of hundred to almost 104 within the
last decade and thus on average corresponds to
the largest annual growth rate in air traffic within
this period [12, 13]. For example, at present,
a couple of percent of the Revenue Passenger
Kilometers (RPK) of international flights are pro-
vided by polar routes, however, the associated av-
erage RPK growth rate is with impressive 37%
per year roughly 8 times larger than for inter-
national flights. This continuing trend mirrors
the rapid growth of Asian markets, which drives
economic bonding with North America and thus
boosts the demand for polar routes in comparison
to other segments of air traffic. As a guideline for
airline route planning and to enable the assess-
ment of cost and risk of polar routes, scientists
at the NASA Langley Research Center currently
develop the Nowcast Atmospheric Ionizing Radi-
ation for Aviation Safety (NAIRAS) model with
the aim of measuring and monitoring cosmic ra-
diation levels in aviation with real-time immedi-
acy [14].

Concerns regarding the cosmic radiation ex-
posure carry even more authority for future high-
speed air traffic at higher altitudes as demon-
strated by radiation measurements on board of
the supersonic airliner Concorde during its oper-
ation time until 2003. In fact the cosmic radia-
tion intensity has a maximum at altitudes varying
from roughly 16 to 25 km above sea level [6, 18].
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Fig. 1 Fraction of the total effective dose rate
respectively provided by neutrons (solid), pro-
tons (dashed) and X-rays/Gamma-radiation (dot-
ted) up to an energy E.

Aircraft flying both at high altitude and at polar
latitudes can thus encounter as much as 12 to 20
times the radiation levels found at normal cruis-
ing altitudes at lower latitudes [6].

It is thus timely to think about concepts for
protective shielding against cosmic radiation in
air traffic. Considering that additional weight
introduced by protection supplies directly trans-
lates into an increase in fuel costs, this is indeed a
technically challenging issue. While such a solu-
tion is required to be of minimal weight penalty,
it has yet to be efficient in shielding highly ener-
getic radiation. In general, the penetrating ability
of each type of electromagnetic or particle radi-
ation through matter depends both on its energy
as well as on the matter’s atomic structure, since
these govern the probability for different interac-
tion types to proceed. This implies, for exam-
ple, that the biological response to ionizing radi-
ation varies with the type of particle as well as
its energy and is furthermore specific to cell or
tissue type. The so-called effective dose quanti-
fies the radiation hazard by incorporating appro-
priate weighting factors for each type of radiation
as well as for various organs and tissue of the hu-
man body [9]. For illustration, we have plotted
in Fig. (1) the estimated fraction of the energy-

Fig. 2 Mass attenuation coefficient χ as a mea-
sure for the effectiveness of neutron shielding
in relation to the mass penalty for low-density
Polyethylen (LDPE), low loading Boron Nitride
Nanoparticle (BNP) and Boron Nitride Nanotube
(BNNT)/polymide composites (based on data of
Ref. 15) as well as for aluminum as a benchmark.

integrated effective dose rate for neutrons, pro-
tons and X-ray/Gamma-radiation provided to the
total effective dose per flight hour at typical cruis-
ing altitudes of about 10 km at the geomagnetic
poles and at solar minimum. We have deter-
mined the dose rates by folding the correspond-
ing particle fluence spectra [17] with the respec-
tive energy dependent effective dose conversion
coefficients [9, 18, 19, 20]. One observes that
neutrons provide roughly half of the total effec-
tive dose rate, while the main contribution comes
from high energy neutrons in the MeV to GeV
energy range with velocities of up to about 90%
of the speed of light. In the next subsection we
will hence focus on radiation shielding concepts
for high energy neutrons.

1.2 Shielding Concepts for High Energy
Neutrons

One possible way of efficiently attenuating
highly energetic, very fast neutrons is provided
by radiation shielding concepts involving mate-
rials, which comprise constituents with comple-
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mentary properties in the following sense. The
first constituent material contains a large amount
of hydrogen and thereby guarantees an efficient
slow down and energy loss of very fast neutrons
by means of elastic collisions, a process called
thermalization. Its efficiency relies on the fact
that neutrons have nearly the same mass as hy-
drogen nuclei (protons) such that in each colli-
sion a maximum of their kinetic energy is trans-
ferred to the hydrogen nuclei. The second con-
stituent of the shielding solution is characterized
by a high ability to absorb slow, thermal neutrons
such as boron or compounds thereof. However,
as recent experimental data indicate, nanomateri-
als including boron-containing nanostructures of
various dimensions such as nanoparticles, nan-
otubes or nanoplates enable efficient shielding
of thermal neutrons with much less volume and
weight compared to purely hydrogen-containing
or macroscopic boron particle-containing materi-
als [21]. The data further suggest that the size,
conventionally ranging between 1 and 100 bil-
lionth of a meter in at least one dimension, as well
as the geometry of the nanostructures could have
a sizable effect on the shield performance as we
have illustrated in Fig. (2).

As concerns the first shielding component re-
quired to attenuate highly energetic neutrons in
aviation, one natural way would be to use liquid
hydrogen (LH2) as implemented in the so-called
cryoplane technology, which we will discuss in
some more detail in the next subsection.

1.3 Cryoplane Technology and Tank Layout

LH2 provides a long-term technological option
as alternative fuel, which could reduce the cli-
mate impact of air traffic. Compared with con-
ventional kerosene engines, the main benefit of
this so-called cryoplane technology is the elimi-
nation of both CO2 and particle emissions, while
a lower NOx emission index is also expected. As
a long-term perspective, future hydrogen fuelled
electric aircraft may be both CO2 and NOx emis-
sion free, when equipped with a fuel cell power
system [22].

However, challenges for the cyroplane tech-

nology emerge from the four times larger storage
volume than kerosene for the same energy con-
tent and the additional requirement of pressur-
ized storage. For reasons of volume and weight,
for aviation, hydrogen as alternative fuel must
be cooled down to the liquid state (LH2, 20 K)
and thus necessitates very good insulation of the
strorage tanks or pipes. Yet, a large volume
of liquid hydrogen within the tanks is beneficial
for attenuating highly energetic neutrons, since
a large number of hydrogen nuclei (protons) are
placed at the disposal for slowing down inci-
dent neutrons by elastic collisions. As concerns
the incorporation of liquid hydrogen tanks, new
aircraft configurations are required. Here, with
regards to the increase in energy consumption
of LH2, the optimal tank layout for the aero-
dynamic efficiency and construction weight has
been found to depend on the aircraft category [1].

In the study at hand, it is our aim to evalu-
ate the theoretical potential of the cryoplane tech-
nology combined with recent advances in nano-
science to reduce the radiation hazard to humans
arising from cosmic radiation at aircraft altitudes.
In our analysis, we account for the angular distri-
bution of the atmospheric spectrum of neutrons,
which turns out to play a significant role for the
identification of tank layouts suitable for radia-
tion protection. For this reason, we will focus on
a particular liquid hydrogen tank architecture. It
features tanks on top of the fuselage spanning a
substantial fraction of the length of the aircraft
and bears a large potential for shield weight (and
wetted area) trade-offs.

Firstly, we analyse the modifications to the
original energy spectrum of cosmic neutrons af-
ter propagating through the hydrogen tanks and
after being attenuated by elastic collision with
hydrogen nuclei. This will on the one hand
allow us to determine the fraction of neutrons
slowed down to thermal energies before enter-
ing the cabin. On the other hand, it motivates
the investigation of the shielding effectiveness of
novel boron-containing nanomaterials, for exam-
ple, applied as thin films, foams or pastes at the
ceiling of the cabin interior, in relation to the
mass penalty. Finally, we will be able to derive
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bounds on the achievable reduction in the effec-
tive dose within the aircraft cabin.

The paper is organized as follows: after set-
ting the stage for our analysis, in Sec. 2, we de-
termine the net distance a neutron has random-
walked after a certain number of elastic collisions
with hydrogen nuclei. In Sec. 3, we determine
an upper limit on the initial neutron energy, for
which the attenuation to thermal energies is guar-
anteed for realistic tank dimensions. In Sec. 4,
we consider the moderating ability of the hy-
drogen tanks with respect to the high-energy tail
of the atmospheric neutron spectrum and derive
bounds on the total achievable reduction in the
effective dose from neutrons in Sec. 5. Further-
more, in Sec. 6, we provide an estimate of the
mass penalty resulting from efficiently shielding
the cabin from the thermal neutron flux by means
of nanomaterials. Finally, in Sec. 7 we conclude.

2 The Neutron Slow-Down Distance

In reference [20], the angular distribution of cos-
mic radiation at typical cruising altitudes (10.7
km) has been investigated by means of the
Monte Carlo computer code FLUKA. It has been
demonstrated that at these altitudes, the assump-
tion of isotropic irradiation is only justified up to
some particle-specific maximal energy. Above
this energy, anisotropies quickly develop, re-
sulting in a dominant incidence of downward-
directed particles, while the particle radiance is
exponentially suppressed for increasing solid an-
gle. For neutrons, this transition from isotropic
to downward-peaked irradiation starts at roughly
10 MeV.

In the following, it is our aim to estimate the
theoretical potential of attenuating cosmic neu-
trons by means of the cryoplane technology. We
therefore consider configurations, which feature
LH2 tanks at the top of the fuselage of the aircraft
as depicted in Fig.(3). For the purpose of illustra-
tion, we assume the tanks as well as the airframe
to be roughly described by cylinders with cross-
sectional radii Rt and Ra, and take the tanks to
be positioned symmetrically around the vertical
axis of the aircraft with a length Lt , which spans

Fig. 3 Left: The cross-sectional view of the cabin
with radius Ra and the three LH2 tanks with ra-
dius Rt , and the definition of the angle Φ as well
as the characteristic dimension D (see Eq. (1)).
Right: An alternative configuration for the stor-
age of LH2. The figure on the right is adopted
from Ref. [3].

a substantial fraction of the aircraft’s body. Un-
der these assumptions, from the viewpoint of a
passenger seated at the center of the aircraft the
fraction FΩ of the full solid angle Ω = 4π covered
by hydrogen tanks is given by,

FΩ =

π−ϑR
ϑ

ΦR
0

sin(θ)dθdφ

4π

=
3
π

arcsin
(

1
1+(Ra/Rt)

)
(1+4(Ra/Lt)2)

1
2

, (1)

where we have used that Φ = 6arcsin(Rt/(Rt +
Ra)) and ϑ = arctan(2Ra/Lt)� 1, while the last
inequality assumes Ra � Lt . One observes that
FΩ and thus the radiation protection of the pas-
senger in the center of the aircraft grows with in-
creasing length Lt and with increasing tank radius
Rt for fixed radius of the airframe cross-section
Ra. For simplicity, as indicated in Fig. (3), we
will in the following take D as the effective thick-
ness of the hydrogen moderator. Let us point
out that even if the number or shape of the tanks
on top of the fuselage is varied (cf. Fig. (3)
on the right for an example), one typically ar-
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rives at 0.25 ≤ FΩ ≤ 0.36 for viable configura-
tions [1, 2, 3, 23].

The next issue we will investigate, is the
slow-down distance of fast neutrons impinging
on the liquid hydrogen tanks. The achievable ef-
ficiency of attenuation depends on how far a neu-
tron with initial energy Ei has random-walked be-
fore its energy is moderated to a much smaller
energy En. This distance, however, varies with
the energy of the neutron and decreases with
increasing number of experienced elastic colli-
sions, while the neutron traverses the interior of
the tanks composed of liquid hydrogen atoms.

Between two collisions, a neutron with en-
ergy E j travels the average distance λ j, called
the mean free path, and is scattered through µ,
the average cosine of the scattering angle in the
laboratory system. However, λ j depends on the
scattering cross-section σs, which describes the
probability of a collision to take place and in
general, can thus be energy dependent. While
it varies rather strongly with neutron energy for
Ei > 0.1 MeV, only for neutron energies Ei < 0.1
MeV, it is a reasonable approximation to assume
λ j = λ̄ ' const., since in this case the cross-
section is fairly energy independent. Therefore,
the general form of the root-mean-square of the
average distance squared, Rrms =

√
〈R2〉 – the net

displacement of a neutron after n collisions – de-
pends on the following sum of energy dependent
λ j [24],

Rrms =
√

2

[
n

∑
j=1

λ
2
j +

n−1

∑
j=1

λ j

n

∑
k= j+1

λk µk− j

] 1
2

,

(2)
which only for λ j = λ̄ ' const. reduces to,

Rrms =
[

2n
1−µ

] 1
2

λ̄, (3)

where µ = 2/3A in the laboratory system, with
A denoting the atomic mass and A = 1 as well
as µ = 2/3 for hydrogen. Here, the number n
of elastic collisions governs the energy loss of a
neutron from an initial energy Ei to an energy En,

which on average, is determined by,

n =
1
ξ

ln
(

Ei

En

)
, with

ξ = 1− (A−1)2

2A
ln

(
A+1
A−1

)
, (4)

where ξ, the mean energy loss per collision, is
fixed by the atomic weight A of the scattering nu-
clei. One observes that since A = 1 for hydro-
gen, the average energy loss per collision is max-
imized with ξ = 1 in comparison to other nuclei
with A > 1 and ξ < 1. For example, an average
number of 18 collisions suffices to thermalize a
neutron with Ei = 2 MeV that is to reduce its
energy by roughly 8 orders of magnitude to the
thermal energy En = 0.025 eV.

It should be noted that in reality, both the free
path lengths and scattering angles will cover a
broad distribution, while Eqs. (2)–(4) refer to re-
sulting average values. This implies that even
if the neutron traverses a moderating medium,
which has an extension smaller than the total av-
erage mean free path λ, the probability that it un-
derwent one or even more interactions with hy-
drogen nuclei (protons), does not vanish. This
is captured in the exponential relation describing
the drop in intensity I0 of a parallel neutron beam
of a given energy E to an intensity I(x) after pass-
ing through a sample of thickness x,

I(E,x) = I0(E)e−
x

λ(E) , with

λ(E) =
1

Nσ(E)
, (5)

where N denotes the atom density, which is N =
4.23 ·1022 cm−3 for liquid hydrogen at 20 K, and
σ is the total cross-section. One observes that
in order for most neutrons of a given energy
to unimpededly propagate through the modera-
tor such that I(x)/I0 ' 1, the thickness x is re-
quired to be significantly smaller than the total
mean free path x � λ.

In general, Eq. (5) implies that while the neu-
trons traverse the hydrogen tanks, their energy
spectrum will be modified in an intricate way. In
order to derive a first estimate of the attenuation
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efficiency of the liquid hydrogen tanks with re-
gards to cosmic neutrons, we will therefore take
the following simplifying approach. We will in
a first step determine the average slow-down dis-
tance Rrms(Ei) required according to Eq. (2) for
neutron thermalization as a function of the ini-
tial neutron energy Ei. In a second step, we will
compare this distance with the extension D, as-
suming realistic ranges for the geometrical pa-
rameters describing the tank architecture and the
aircraft. We will then be able to consider two
limiting cases, the first one resulting for initial
neutron energies Ei, for which Rrms(Ei) . D. In
this case, a substantial slow-down of the imping-
ing neutrons will be achieved by the modera-
tor down to thermal energies. For the second
case, Rrms(Ei) > D, as discussed before, Eq. (5)
then implies that a small fraction of neutrons
1− e−D/λ will have had at least one interaction,
when traversing through the moderator. We will
derive both an upper and a lower bound on the
resulting reduction in the effective dose rate and
thereby demonstrate that the result is fairly insen-
sitive to the number of collisions assumed here.
This approach will thus allow us to estimate the
attenuation efficiency of the hydrogen filled tanks
for all neutron energies of the atmospheric spec-
trum, up to the very highest initial energies.

3 Neutron Thermalization by Liquid Hydro-
gen

In general, the requirement that an impinging
neutron with energy Ei is thermalized – that is
attenuated to thermal energies, while traversing
the moderator – can be determined from Eq. (4)
and translates into the following condition on the
required average number of collisions,

nt = 17.50+ ln
(

Ei

MeV

)
, (6)

where we have used that A = ξ = 1 for hydro-
gen as well as inserted En = 0.025 eV for the en-
ergy of the thermalized neutron. In Fig. (4), we
have plotted the average distance Rrms,t resulting
from n = nt , which is required for thermalizing a
neutron with initial energy Ei. For comparison,

Fig. 4 The average distance a neutron random-
walks within a liquid hydrogen moderator after
one collision, Rrms,1, (dashed line) and after nt
collisions, Rrms,t, when it is thermalized (solid
line) as a function of its initial energy Ei.

we have also displayed the average net displace-
ment Rrms,1 of the neutron after being scattered
the first time. Interestingly, for high initial neu-
tron energies Ei, the average displacement Rrms,t
of a neutron after n = nt collisions for thermal-
ization is of the same order of magnitude as the
average displacement Rrms,1 after the first scat-
tering event. The reason is that, as mentioned be-
fore, the elastic neutron-proton scattering cross-
section exhibits a strong energy dependence be-
tween 0.1 MeV and 1 GeV, decreasing by 3 or-
ders of magnitude, while it is fairly constant for
energies below 0.1 MeV with a slight rise at ther-
mal energies [26]. Accordingly, at high neutron
energies, already after the first collision, the mean
free path is greatly reduced such that the sum in
Eq. (2) defining Rrms,t fairly quickly converges to
its final value (after nt collisions). This is op-
posed to the thermalization process of neutrons
with energies < 0.1 MeV, because in this case,
the mean free path is fairly independent of energy
leading to equally large contributions λ̄ after each
collision as described by Eq. (3).

Let us recall that the atmospheric neutron flux
at aircraft altitudes can be taken to be isotropic
for energies < 10 MeV. According to Fig. (4),
this implies that neutrons of the isotropic part
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of the spectrum are thermalized after passing
through an average moderator thickness of 30
cm. In this case, a passenger in the center of
the aircraft is subject to a thermal neutron ra-
diance in a fraction FΩ of the solid angle (see
Eq. (1)), while being still affected by the unatten-
uated neutron radiance incident from solid angles
not covered by the hydrogen tanks. As mentioned
in the introduction and as we will demonstrate in
Sec. 6, the thermal neutron flux can be efficiently
absorbed by the help of thin layers of boron con-
taining nanomaterials, for example, applied at the
ceiling of the aircraft cabin.

Consequently, we are now in a position to
determine the achievable reduction in the effec-
tive dose rate for a moderator thickness D > 30
cm and for neutrons with Ei ≤ 10 MeV. For this
purpose, we take the particle fluence rate (corre-
sponding to the particle radiance integrated over
the full solid angle) multiplied by FΩ and folded
with the appropriate energy dependent conver-
sion coefficients between neutron fluence rate
and effective dose rate. Since typically, 0.25 ≤
FΩ ≤ 0.36, we arrive at a reduction in the effec-
tive dose rate between 25% and 36% for the pas-
senger seated in the center of the aircraft, with
respect to all neutrons of the atmospheric spec-
trum with Ei ≤ 10 MeV. Let us note again that
this result holds as long as the thickness of the
hydrogen moderator is larger than 30 cm.

As mentioned before, around energies Ei &
10 MeV, anisotropies in the neutron radiance
quickly develop, which leads to a strong domi-
nance of downward-directed neutrons. It is there-
fore justified to assume that the great major-
ity of these highly energetic neutrons need to
pass through the hydrogen tanks, before having
a chance of hitting a passenger seated at the cen-
ter of the aircraft. As long as D & Rrms,t(Ei),
on average, the attenuation efficiency still suf-
fices to thermalize all neutrons before they leave
the moderator and enter the cabin of the aircraft.
For example, assuming a moderator thicknesses
of 1.50 m as well as FΩ = 0.36, the majority
of neutrons of the spectrum with initial energies
10MeV ≤ Ei ≤ 87MeV would be downward-
directed, pass through the hydrogen tanks, and

become thermalized.

4 High-Energy Neutron Attenuation

In this section, we estimate the achievable reduc-
tion of the effective dose rate resulting from neu-
trons with initial energies Ei, for which the ex-
tension D of the moderator is smaller than the
mean free path, D < Rrms,t(Ei). As mentioned
before, for D > 30 cm this corresponds to Ei >
10 MeV such that we can in the following take
these highly energetic neutrons to be dominantly
downward-directed. With respect to the passen-
ger in the center of the aircraft, this means that
while the attenuation efficiency of the hydrogen
moderator decreases according to Eq. (5), prac-
tically all neutrons of the atmospheric spectrum
with energies above Ei > 10 MeV pass through
the hydrogen tanks. As discussed before, Eq. (5)
then implies that a small fraction of neutrons
1−e−D/λ will have at least one interaction, when
traversing through the moderator. As a first step,
in order to gain a conservative lower bound on
the reduction of the resulting neutron effective
dose equivalent, we will thus assume that the
fraction of neutrons 1− e−D/λ(E) will have one
interaction, when traversing through the modera-
tor, while we neglect the fraction of neutrons with
more than one interaction. In a second step, we
derive an upper bound on the achievable reduc-
tion in the effective dose equivalent, by assuming
that the number of interactions of the fraction of
neutrons 1− e−D/λ(E) was sufficient for thermal-
ization. Note that interestingly, as discussed in
Sec. 3, the average displacement Rrms,t of a neu-
tron after n = nt collisions for thermalization is of
the same order of magnitude as the average dis-
placement Rrms,1 after the first scattering event at
large neutron energies > 0.1 MeV.

Our results for the effective dose equivalent
per energy interval are depicted in Fig. (5) and
demonstrate that between 87 and several hundred
MeV a non-negligible reduction in the effective
dose equivalent per energy and time interval can
be achieved. One also observes that the depen-
dence on the assumed number of collisions is
rather weak. In the next section, we present our

8



SHIELDING COSMIC RADIATION

Fig. 5 Effective dose rate per energy interval in
units of micro-Sievert (µSv) per hour per MeV as
a function of the neutron energy E for the atmo-
spheric spectrum (dashed) as well as the lower
(solid) and upper (dotted) limit for the neutrons,
which have passed through the liquid hydrogen
moderator with an average extension of D = 1.5
m.

results for the achievable total neutron effective
dose reduction at the center of the cryoplane con-
sidering the full range of neutron energy in the
atmospheric spectrum.

5 Reduction in the Effective Dose Rate

In Fig. (6), we compare the effective dose rate
EISO resulting from all neutrons of the atmo-
spheric spectrum up to an energy Ei with the cor-
responding upper and lower bounds in the aircraft
cabin derived for the considered cryoplane con-
figuration with FΩ = 0.36 and an average depth
of filling of the hydrogen tanks of D = 1.5 m. For
energies Ei < 10 MeV, one observes that since the
neutron radiance is isotropic, only the fraction
FΩ actually passing through the hydrogen tanks
is thermalized and shielded before entering the
cabin such that the effective dose rate still grows
in proportion to the corresponding dose value of
the atmospheric spectrum. For 10MeV < Ei <
87MeV, the majority of neutrons is downward-
directed and can be attenuated to thermal ener-
gies, since D > Rrms,t(Ei) (cf. the discussion in

Fig. 6 Effective dose rate for neutrons up to an
energy Ei in micro-Sievert (µSv) per hour for the
atmospheric spectrum (dashed) as well as the cor-
responding lower (solid) and upper (dotted) limit
at the center of the cryoplane assuming an av-
erage depth of filling of the hydrogen tanks of
D = 1.5 m.

Sec. 3). Accordingly, in this energy range, neu-
tron moderation is most efficient: one observes
that EISO only slightly grows in the case of the
upper bound derived in the last section, while be-
ing constant in the case of the lower bound. The
reason is that in the first case, we assumed neu-
trons with energies Ei > 87 MeV to have at most
one elastic collision within the tank such that a
few highly energetic neutrons are down-scattered
to energies > 32 MeV according to Eq. (4) for
n = A = ξ = 1. In the second case, we assumed
the same fraction of neutrons to have been ther-
malized. In conclusion, one arrives at an impres-
sive reduction of the total neutron effective dose
rate in the center of the aircraft between 45% and
48% compared with its value in the free atmo-
sphere.

6 Absorption of Thermal Neutrons

This section aims at estimating the mass penalty
resulting from introducing a second shielding
component to absorb the thermal neutron flux,
which is generated by the attenuation of high en-
ergy neutrons within the hydrogen tanks. This

9
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could, for example, efficiently be realised, by
applying a thin layer of a boron-containing
nanocomposite in the form of a film, paste or
foam at the ceiling of the aircraft cabin. For
this purpose, let us recall that the mass attenu-
ation coefficient χ discussed in the introduction
is a metric for the shielding performance in rela-
tion to the mass penalty. Together with the den-
sity ρ of the neutron absorbing material, it there-
fore determines the material thickness required
to shield a certain fraction of an incoming neu-
tron beam with initial intensity I0. The half- x1/2
and tenth-thickness x1/10, which refer to the ma-
terial thickness required to absorb 50% and 90%
of the thermal neutron flux such that the trans-
mitted flux respectively is I(x1/2) = 1/2 I0 and
I(x1/10) = 1/10 I0, are given by,

x1/2 =
ln(2)
χρ

(7)

x1/10 =
ln(10)

χρ
' 3.32x1/2, (8)

where ρ is the density of the nanocomposite
layer. Approximating the geometry of the aircraft
cabin again by a hollow cylinder, we can then es-
timate the respective mass penalties ∆M1/2 and
∆M1/10 resulting from coating a fraction Fφ of
the lateral area at the ceiling of the aircraft with a
nanocomposite layer of thickness x1/2 and x1/10,

∆M1/2 = Fφ ρAx1/2 ' ln(2)
FφA

χ
(9)

∆M1/10 ' 3.32∆M1/2, with (10)
A = 2πRaLt , (11)

where Fφ = Φ/2π = 3arcsin(Rt/(Rt + Ra))/π in
correspondance to the fraction of the solid angle
covered by the hydrogen tanks in Eq. (1). For
example, for Ra = 1.9 m, Rt = 1 m and Lt =
25.0 m, Fφ = 0.3 and χ = 1.7cm2/g for boron-
nitride nanotube (BNNT)/polyimide nanocom-
posites with 5% BNNTs (cf. Fig. (2)), this would
result in x1/2 = 3.1 mm and x1/10 = 1.03 cm
and mass penalties of ∆M1/2 = 407.2 kg and
∆M1/10 = 1352.1 kg. ∆M1/2 seems to be an ac-
ceptable mass penalty, which presumably would

result in an increase of mission fuel below 0.5%
even for a short- to medium range aircraft, while
at the same time yielding an efficient reduction of
the thermal neutron fluence by 50%. For achiev-
ing a further reduction of the thermal neutron
intensity to 10%I0, the associated mass penalty
∆M1/10 does not seem justifiable. Note, however,
that besides a high neutron shielding efficiency,
boron-nitride nanotubes embedded in a polymer
matrix have been found to exhibit extremely high
strength, optical transparency and UV shielding
ability at minimal weight penalty [21]. In prin-
ciple, this would allow for multifunctional ap-
plications of boron-nitride nanotube containing
nanocomposites besides radiation protection in-
cluding use for structural integrity and thus indi-
rectly reduce the associated mass penalty.

7 Conclusions

In the study at hand we confronted future trends
in air travel such as increased polar route fre-
quencies and cruising altitudes with the associ-
ated risk arising from cosmic radiation. We iden-
tified and evaluated a radiation shielding con-
cept based on the cryoplane technology and re-
cent advances in nanoscience. As a key result,
we demonstrated that as a surplus to its bene-
ficial impact on the climate, liquid hydrogen as
future option for aircraft fuel bears a significant
potential for cosmic radiation protection. To this
end, we analysed the cosmic radiation fields at
aircraft altitudes, demonstrating that in air traf-
fic the dominant hazard to humans arises from
highly energetic cosmic neutrons. We consid-
ered a tank layout, where the tanks are positioned
on top of the fuselage extending over a substan-
tial fraction of its longitudinal extension. For a
passenger in the center of the aircraft, this archi-
tecture was found to be beneficial even for at-
tenuating highly energetic neutrons with energies
above 10 MeV. Since these neutrons are mainly
downward-directed, most of them pass through
the tanks before entering the cabin. In contrast,
at lower energies, the neutron radiance is fairly
isotropic such that a smaller fraction of the flu-
ence passes through the tanks before penetrat-
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ing the interior of the aircraft cabin. Still, a
trade-off exists between the anisotropic fluence
and the significantly reduced mean free path be-
tween elastic collisions at lower neutron energies.
More, precisely, the average net displacement a
neutron travels within a liquid hydrogen moder-
ator until it is thermalized – decreases with neu-
tron energy. For realistic geometrical parameters,
on average, the extension of the tank was found
to be sufficient to slow-down and thermalize all
neutrons incident on the tank with original ener-
gies below roughly 50−90 MeV.

We verified that for example, thin films,
foams or pastes of boron-containing nanocom-
posites applied to the ceiling of the cabin could
effectively absorb these thermal neutrons at min-
imal weight penalty. Thus, we demonstrated that
by combining a hydrogenous neutron moderat-
ing medium with a boron-containing strongly ab-
sorbing material a considerable fraction of neu-
trons could be completely removed from the
spectrum within the cabin interior. Finally, we
derived both a lower and an upper bound on
the achievable reduction of the effective dose
rate EISO for neutrons. Considering a passenger
seated in the center of the aircraft and an average
moderator thickness of D = 1.5 m, we for exam-
ple, arrived at a reduction of the neutron induced
EISO between 45% and 48%.

Let us in the following summarize a few key
facts relevant for the interpretation of this result.
First of all, while neutrons provide with roughly
50% the dominant contribution to the total effec-
tive dose in the cabin, the presence of the liquid
hydrogen filled tanks is expected to further re-
duce the effective dose induced by cosmic pro-
tons, which account with roughly 40% for the
second largest contribution. It should further be
noted that the stated decrement in the neutron ef-
fective dose is merely due to the presence of the
hydrogen tanks and the boron-containing nano-
material applied to the ceiling and does not in-
clude the effects of further scattering processes
within the cabin. The latter, however, provide a
sizable, position dependent additional total dose
reduction of up to 25%, arising from particle in-
teractions with other hydrogenous material, for

example, polymeric material such as cellulose
containing baggage or cargo, as well as humans
within the fuselage. While this effect is present in
any aircraft configuration, the cryogenic technol-
ogy offers considerable advantages in radiation
protection over a kerosene fuelled aircraft: the
volume of liquid hydrogen is four times larger
at the same energy content as kerosene, the hy-
drogen content is 33% larger than of hydrocar-
bon fuel like kerosene and the tank layout on
top of the fuselage allows to attenuate downward-
directed, highly-energetic neutrons. Clearly, the
effective dose rate will vary with the passenger
seat position, increasing towards the windows,
and furthermore will grow with hydrogen fuel
consumption. Yet, in summary, we can infer
that combined with nanotechnology, the cryo-
genic technology bears a significant potential for
economic radiation protection in air traffic, while
at the same time allowing a sustainable growth
of aviation with an extremely low impact on the
environment.
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