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The prospect of manned space missions outside Earth’s orbit is limited by the travel
time and shielding against cosmic radiation. The chemical rockets currently used in the
space program have no hope of propelling a manned vehicle to a far away location such
as Mars due to the enormous mass of fuel that would be required. The specific energy
available from nuclear fuel is a factor of 10° higher than chemical fuel; it is therefore
obvious that nuclear power production in space is a must. On the other hand, recent
considerrations to send a man to the Moon for a long stay would require a stable, se-
cured, and safe source of energy (there is hardly anything beyond nuclear power that
would provide a useful and reliably safe sustainable supply of energy). National Aero-
nautics and Space Administration (NASA) anticipates that the mass of a shielding ma-
terial required for long travel to Mars is the next major design driver. In 2006 NASA
identified a need to assess and evaluate potential gaps in existing knowledge and un-
derstanding of the level and types of radiation critical to astronauts’ health during the
long travel to Mars and to start a comprehensive study related to the shielding design
of a spacecraft finding the conditions for the mitigation of radiation components con-
tributing to the doses beyond accepted limits. In order to reduce the overall space craft
mass, NASA is looking for the novel, multi-purpose and multi-functional materials
that will provide effective shielding of the crew and electronics on board.

The Laboratory for Neutronics and Geometry Computation in the School of Nuclear
Engineering at Purdue University led by Prof. Tatjana Jevremovic began in 2004 the
analytical evaluations of different lightweight materials. The preliminary results of the

design survey study are presented in this paper.
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INTRODUCTION

Increased understanding of space radiation
environment, development of novel materials with
better performance in various radiation fields, as
well as an exponential development of computer
hardware and improvements in computational
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models allow for advances in designing the radia-
tion shielding meeting dose limits for humans and
equipment devices during space travel. However,
there is no actual knowledge, evidence or the experi-
mental verification of the designs for complex mis-
sions such as a manned mission to Mars, or a long
stay at the Moon. The state-of-the-art approach to
missions to space was based on designing the craft
and the whole mission without taking into account
the effect of space radiation. The need for possible
design modifications would often be inspected after
the design of the craft has been completed. The de-
sign would be modified to meet the needs if identi-
fied [1]. Possible modifications would include the
improvement of essential radiation hardness of crit-
ical locations on board by choosing more eftective
materials, changing the mission profile, or adding
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more materials to improve the shielding against
outboard radiation. However, a manned long term
mission to deep space must include in the spacecraft
design the radiation shielding criteria from the very
beginning. Since it is impossible to expose the true
space craft to a true cosmic radiation field and test
the material performance in order to convert to the
acceptable shielding design, the analysis and design
of the space radiation shielding of the space craft
rely on theoretical modeling and computational
simulations. It is also becoming clearer that materi-
als only will most likely not be enough to protect
against cosmic radiation. Analysis point toward
more complex craft designs including radiation re-
pellant devices. One of such approaches is under de-
velopment in the Laboratory for Neutronics and

Geometry Computation (NEGE) at Purdue Uni-

versity and is focused at finding the way to encapsu-

late a spacecraft against radiation using a magnetic
tield generated at the front end of the craft.

The purpose of our current preliminary survey
study was to develop an overall comprehensive mate-
rial type & weight design area for the spacecraft shield-
ing assuming manned mission to deep space (be-
yond the Earth’s Moon). The material type&weight
design area is defined as the range of parameters that
would satisty the criteria imposed to the spacecraft
design, allowed radiation dose limits and spacecraft
weight. The Monte Carlo computer codes such as
COG, MCNP5, and MCNPX, [2, 3] are used to de-
velop this survey study related to the impact of space
radiation environment on the need for shielding and
protection of the crew and electronic devices on
board. The objective of this survey study is to avoid
exceeding the allowed levels of radiation exposures
and dose rates during the mission. The survey study
covers:

(a) identifying the prevailing types and sources of
penetrating radiation affecting the spacecraft
and mission to deep space (beyond the Earth’s
Moon), and selecting the space radiation-mix
field (fluence and energy),

(b) criteria for the space shielding design,

(c) analysis and calculation of the necessary
thickness of the most effective materials to at-
tenuate each individual type of radiation in
space (using two-dimensional Monte Carlo
analysis of the shielding performance of se-
lected materials) and determine the mass pen-
alty; combination of the identified materials
into a thin shielding wall and analysis of the
effect of the mixed radiation field and mass
penalty,

(d) three-dimensional modeling of the space craft
with occupants using the shielding design
from the two-dimensional studies, and

(e) analysis of the radiation dose limits in the
spacecraft and discussion on a set of recom-
mendations needed for future analysis and ex-
perimental studies.

PREVAILING TYPES AND SOURCES OF
PENETRATING RADIATION
AFFECTING THE SPACECRAFT AND
MANNED MISSION TO DEEP SPACE

Primary radiation. The definition of the space
radiation environment introduces by far the great-
est overall uncertainty in the radiation dose predic-
tion for manned mission to deep space. The major
radiation sources of interest to deep space travel are
galactic cosmic radiation (GCR) and solar energetic
particles (SEPs). GCR comes from the outside of
our solar system and provides a continuous, isotro-
pic radiation source. The GCR contains approxi-
mately 85% protons, 14% alphas [4, 5] (or 90%
protons, 10% alphas [5, 6]), less than 1% heavy nu-
clei, and negligible amount of electrons and posi-
trons. Table 1 shows the GCR abundances of nuclei
heavier than proton. Helium, carbon, and oxygen
display noticeable abundances. Elements that pre-
cede nickel are often ignored in human space flight
analysis because of their low abundances [8]. The
energies of GCR particles vary from a few MeV per
nucleon to 10'® MeV per nucleon; they span over
fourteen orders of magnitude!. Figure 1 shows the

Table 1. Relative GCR elemental abundances
(normalized 0-1000) for Z>1 and E>450 MeV [12]

Element Abundance
He 44700
C 1130
(@] 1000
B 329
N 278
Mg 203
Li 192
Ne 158
Si 141
Fe 103
Be 94
Al 36
Si 34
Na 29
Ca 26
Y 24
Cr 15
Ar 14
Ti 14
Mn 12
K 10
Vv 9.5
Cl 9
P 7.5
Se 6
Ni 6

L Flux of cosmic rays on the Earth's surface is falling approxi-
mately as the inverse-cube of their energy
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Figure 1. Differential energy spectra of GCR at solar
minimum and maximum [10]

differential energy spectra for H, He, O, and Fe. It
also depicts the fluctuation of GCR dependent on
the 10-12 year solar cycle. During the solar mini-
mum, an interplanetary magnetic field is the weak-
est, which allows more intergalactic particles to ac-
cess our solar system; therefore the GCR has its
largest intensity. The resulting doses from the mini-
mum and maximum solar cycle differ by a factor of
two. The change occurs mainly in the energy range
between 1 and 1000 MeV. GCR also fluctuates
from one solar cycle to another, showing different
ranges for the peak energies. Current models [9, 10,
11] can represent history measurements within
about 15% accuracy. Because of the unpredictable
nature of the GCR sources, usually an average en-
ergy is selected in order to asses the risks for manned
missions in deep space.

Solar energetic particle events (SEPEs) origi-
nate from coronial mass ejections in the sun that
happen unpredictably throughout the solar cycle,
usually around the solar maximum. SEPEs contain
large fluxes of protons and heavy ions, the sources of
potentially lethal radiation dose rates in a few to sev-
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Figure 2. Integral energy spectra [10]

eral hours. Figure 2 shows the integral energy spec-
tra (fluxes with the energy greater than a given en-
ergy, i. e. F(>E)) of averaged event fluxes at four
such large events. The VL, L, M/M, means very
large, large, and medium events according to
Nymmik’s classification [10]. The largest event re-
corded in recent history occurred in February of
1956 when secondary neutron levels were recorded
to have increased by more than 4000%. Because of
the unpredictable nature of SPEs, shielding design
will have to take into account a forecasted worst case
scenario in order to suitably protect the astronauts.

Table 2 summarizes the flux levels of most im-
portant external primary radiation sources found in
deep space of interest to shielding survey study pre-
sented in this paper. It can be observed that the deep
space radiation is mainly composed of protons. The
energy of protons varies from 1 keV to several of
GeV. The low energy protons from the solar wind are
negligible, and the energy of protons from the GCR
(as shown in fig. 1) mainly extends from 10 MeV to
hundreds of GeV. On the other side, the amount of
alphas present in space cannot be omitted, because
they can interact with craft materials and produce a
noticeable number of secondary radiation. Similarly,
very high energy alpha particles are omitted due to
their very small level of fluxes. The spectra of alphas
can also be seen in fig. 1. Though heavy particles are
important as primary radiation as well as sources of
secondary radiation, they are not included in this sur-
vey study due to their small flux levels and the limita-
tion of available numeric simulation tools and lack
the cross-section data.

Table 2. External primary radiation
sources [5, 8, 10]

Radiation | Type of

4 2 5
source radiation Energy Flux [em=2s71]
o Protons «
Solar wind (~95%) ~1 keV 2-10%at 1 AU
Protons
Galactic (~90%) | 10 MeV- 5
cosmic rays | Alpha 1010 GeV
(~10%)
Solar Vary

Vary between | Accurate prediction

energetic | between
events can not be made

particle events| events

* Astronomical unit

Secondary radiation. The high energy primary
radiation source is expected to be a source of rela-
tively large amount of secondary radiation pro-
duced by primary radiation interactions with the
craft and shielding materials. Neutrons are the most
important component of the secondary radiation
for space voyage because of their high penetrability.
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Figure 3. Calculations of elemental fluxes at 0 and
20 g/cm? of aluminum [13]

Though free neutrons do not exist in the primary ra-
diation due to their short lifetimes, a noticeable
amount of neutrons is generated through various
interactions of the primary particles in shielding
materials. These interactions span the full range of
ions (protons, helium, and high Z elements - HZE)
and energies (100 MeV per nucleon or higher). As
an example, fig. 3 shows the calculated flux before
and after 20 g/cm? of aluminum shielding [12]. Itil-
lustrates that though there is no neutron in the pri-
mary source, a large amount of neutrons are gener-
ated (note that the neutron flux is divided by 10).
Although the relative amounts of helium and other
HZE are low, their yields of secondary neutrons are
high. One example shows that behind 50 g/cm? of
water, about 15% of neutrons come from the he-
lium interactions, and another 16% from the HZE
interactions. Therefore, the main sources of space
radiation as indicated in tab. 2 that are of concern
for the spacecraft shielding design are:
e protons and electrons trapped in the Van Allen
belts (not analyzed in this study),
heavy ions trapped in the magnetosphere,
cosmic ray protons and heavy ions (including
alphas),
protons and heavy ions from solar flares, and
secondary radiation produced in spacecraft
(neutrons, protons, electrons, X and y rays).

Space radiation design criteria

Shielding materials. Space travel in the past
was limited to low Earth orbits (LEO) and
geosynchronous Earth orbits (GEO) holding down
the knowledge of necessary shielding for space mis-
sions. Both orbits, LEO and GEO, are within the

Earth’s magnetosphere and therefore, are protected
from a majority of GCRs. However, for a long
manned mission to space the shielding criteria must
be altered to protect the astronauts in a much
harsher environment. For extended spaceflight and
for interplanetary missions, there is an increasing
importance on the type of shielding used and its
ability to attenuate primary and prevent the forma-
tion of secondary radiation; some materials block a
large amount of GCRs but the secondary particles
they produce counteract this effect and are more
harmful to the internal environment. For example,
electrons produce penetrating X-radiation, or
bremsstrahlung, as they scatter and slow on atomic
nuclei. Cascades of secondary particles, similar to
those produced in the atmosphere, are also pro-
duced in spacecraft and can become very significant
for heavy structures. Therefore, it is not possible to
use just one material to effectively shield astronauts
from radiation in space; the shielding is thus ex-
pected to be complex involving a combination of
different materials.

The penetrating energetic radiation in space
generally has the adverse effect on the spacecraft
materials, components, and occupants. The unfa-
vorable effects refer to the changes in properties of
the materials or components that impair their func-
tionality, or physiological effects on occupants of
the craft that would compromise their well-being or
affect their functioning. Without providing satisfac-
tory shielding of the craft, the space radiation may
affect the whole mission resulting in its failure or
permanent injury of the craft, its occupants or ele-
ments vital for safe and secured travel.

Light weight shielding materials. Several differ-
ent materials are considered to replace or aid alumi-
num in shielding capabilities such as: liquid hydro-
gen, liquid methane, metallic hydrides (such as
LiHgos, YH,s, ZrH, 33, TiH;7), polyethylene
(PE) and water. In the past, structural and elec-
tronic components of the spacecraft were utilized in
order to provide additional shielding. The materials
that are best as shielding even for HZE particles are
those with low atomic mass and high amount of hy-
drogen. The polymers high in hydrogen content are
more efficient than aluminum. Also using food, wa-
ter and necessary components for the spacecraft
would provide an additional shielding. The PE is
ideal because of its lightweight and its richness in
hydrogen [4].

Radiobiological effects. One of the limiting fac-
tors for deep space travel is the exposure to possibly
high levels of radiation and the biological eftects on
the astronauts. Some assumptions can and have been
made and dose estimates can be calculated based on
experimental data and data received from NASA
deep space probes and Mars rover missions. For
long-duration interplanetary missions, most of the
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radiation dose will arise from cosmic rays, solar parti-
cle ions and secondary particles. Radiation particles
which are harmful to humans fall mostly in the en-
ergy range from 15 to 500 MeV because they possess
enough energy to damage the DNA. Particles with
energies above 500 MeV per nucleon pass through
the human body so quickly that there is not enough
time to transfer the energy to the tissue, [5]. Ex-
tended duration missions to Mars will pose an ele-
vated risk of radiation exposure due to the complex
nature of cosmic radiation. Radiation protection is
the limiting factor to the duration of manned mis-
sions. No limits have yet been set for deep space mis-
sions; the dose limit for the International Space Sta-
tion (ISS) are set at 200 mSv per year. Novel and
sensible shielding must be therefore constructed to
safely shield humans from the complex cosmic radia-
tion field. Because the radiation field in deep space
contains almost all types of radiation, the composi-
tion of different materials may allow for an effective
solution for the shielding during deep space mis-
sions. Eventually the shield will have to pass reviews
of cost, weight and production feasibility.

Most effective materials to attenuate each
individual type of radiation in space

Space radiation shielding is focused at the de-
sign, fabrication, testing, and insertion of multi-func-
tional materials that can serve as structural materials of
space vehicles and habitats while providing necessary
radiation shielding for the crew and systems. The de-
sign of radiation shields used to attenuate radiation
from any radioactive source depends upon the loca-
tion, intensity, energy distribution of the sources, and
permissible radiation levels at positions away from
these sources. Different materials exhibit different
abilities to shield against different radiation types.

This section summarizes the computational
survey study developed to evaluate the various mate-
rials that would provide best attenuation with the
smallest mass penalty to the overall weight of the
space craft. The study includes a brief theoretical
analysis proceeded with the design area obtained
from two-dimensional computational analysis based
on COG, MCNP5 and/or MCNPX Monte Carlo
codes [2, 3]. The computational model consists of an
infinite slab exposed to a planar monoenergetic
source of individual radiation types (fig. 4). In order
to obtain the equivalent dose, the quality factors of 1,
1, 10, 10, and 20 were used for photons, electrons,
neutrons (conservative value), protons and alphas,
respectively [6]. In addition, the weight of some of
the shielding materials is estimated assuming the size
of the space craft room to be 5 x 5 x 3 m (according
to the discussions having taken place with NASA
representative in April 2006).

Shielding Detector

Source

Figure 4. Two-dimensional computational
shielding model' (COG, MCNP5, MCNPX
codes)

High energy protons

Theoretical consideration. The most effective
materials to shield against protons are listed in tab.
3. Taking the density into consideration, only poly-
ethylene (PE), aluminum, iron, and hydrogen are
potential candidates for the shielding design. The
other materials of interest (to attenuate high energy
alpha, HZE or neutrons) are various types of PE
(PE with boron or lithium), and nano-carbon fi-
bers.

Table 3. Materials effective to shield
against the energetic protons

Material Z Density
[gem2]
Lead 82 11.37
Graphite 12 1.70
Iron 26 7.90
Tin 50 7.30
Tungsten 74 19.35
Polyethylene - 0.95
Hydrogen 1 0.07
Aluminum 13 2.71
Paraffin wax - 0.93
Mylar - 1.40

Figure 5 shows a linear proton range for vari-
ous materials as a function of incoming proton en-
ergy. It can be seen that lead, polyethylene and iron
all demonstrate similar shielding efficiency at ener-
gies between 100 and 200 MeV. The shortest dis-
tances that the proton can travel are observed to take
place in lead and iron, with ranges of 1 to 40 cm. PE

! The shield is placed 8 cm away from the planar source and

detector is placed after the shielding material
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is the next most effective shielding material, with
proton ranges from 5 cm up to 100 cm in the ana-
lyzed energy region. The density effectiveness is de-
picted in fig. 6. Not only do iron and lead prove to
be the least efficient at shielding with concern to
weight, but higher Z materials can also increase the
dose because of the secondary radiation.

Figure 7 shows the design area for the space-
craft room shielding against protons, «. ¢. the shield-
ing weight based on the range indicated in fig. 6 as a
function of energy. It can be seen that PE demon-
strates the anticipated performance, maintaining a

1cspA range: a very close approximation to the average path
length traveled by a charged particle as it slows down to rest,
calculated in the continuous-slowing-down approximation. In
this approximation, the rate of energy loss at every point along
the track is assumed to be equal to the same as the total stopping
power. Energy-loss fluctuations are neglected. The CSDA
range is obtained by integrating the reciprocal of the total stop-
ping power with respect to energy. It is higher than the Pro-
jected range in the analyzed cases.
Projected range: average value of the depth to which a charged
particle will penetrate in the course of slowing down to rest.
This depth is measured along the initial direction of the particle
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Figure 7. Weight of shielding for a room of
5 x 5 x 3 m and a thickness of CSDA range as function
of particle energy and material type [19]

small weight while effectively stopping the protons
of expected energies.

Numerical analysis. For the proton energy of
100 MeV and the geometry shown in fig. 4, the pro-
ton attenuation including formation of secondary
radiation is analyzed for various types of PE (densi-
ties are shown in tab. 11), aluminum and nano-car-
bon fibers (CnM), fig. 8 and tab. 4. The production
of secondary radiation varies with the atomic den-
sity of the shielding material. If hydrogen (H) is
used to shield against protons, no secondary radia-
tion is produced, while with increased Z more sec-
ondary radiation is created. A material with high H
content is ideal for shielding against protons, which
would reduce the formation of secondary radiation.
PE is a viable option for shielding because of its high
H content and low weight. PE loaded with another
clement (like boron or lithium) would enhance per-
formances because of improved structural integrity
and shielding against other radiation types (neu-
trons for example).

= Neutron Photon Electron Proton I
% 108403 I on Alpha Total
£
B
2
&
2
B
1.0E+01
g
[}
1.0E-01
1.0E-03
1.0E-05
W Aluminum B 5% boron loaded PE O Polyathulena
O 30% boron loaded PE O cnm @ without sheilding

Figure 8. MCNPX dose rates from 100 MeV proton
source without shielding, 3.7 cm of Al, 10.55 cm 5%
boron loaded PE, 8.33 cm 30% boron PE, and
10.55 cm CnM
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Table 4. With-to-without shielding dose ratio: 100 MeV proton energy; intensity .4 protons/s-cm?2-sr-MeV per

nucleon; dose without shielding 0.0932 Sv per year!

Material Thickness [cm]| Neutron Photon Electron Proton Alpha Total
Aluminum 3.7 5.06E+00 | 7.55E+00 | 1.58E+01 | 7.71E-02 | 2.34E-02 | 4.02E+01
Polyethylene 10.55 1.31E+00 | 1.02E+00 | 1.74E+00 | 4.16E-04 | 9.78E-03 | 1.14E+02
5% boron loaded PE 10.55 1.67E+00 | 1.04E+00 | 1.73E+00 | 4.82E-04 | 9.64E-03 | 1.14E+02
30% boron loaded PE 8.33 6.37E-01 | 4.00E-01 | 7.74E-01 | 3.45E-04 | 6.08E-03 | 9.03E+01
CnM 10.55 9.79E-01 | 8.74E-01 | 1.68E+00 | 3.32E-04 | 6.01E-03 | 1.14E+02
Without any shielding - 6.77E-05 | 5.22E-05 | 2.53E-05 | 9.96E-01 | 3.67E-03 | 1.00E+00
Table 5. Volume and mass density of hydrogen in various shielding materials [19]
Material H (liquid) LiH PE Water PAH CnM
Density [gem3] ~0.07 0.78 0.92 1.0 ~10 *
wt.% H 100 12.7 14.3 11.2 1-4 >20
Atom % H 100 50 67 67 >30 <30
H density "
(10 5.3 5.9 7.9 6.7 20

* No available data

The total dose rate from 100 MeV protons
without shielding is obtained to be 0.0932 Sv per
year. The dose rate from protons is 0.996 of the
overall dose without shielding; the aluminum gives
a 0.07 reduction from the proton dose without
shielding. Table 4 shows the dose rate ratios for the
analyzed materials indicating that the best shielding
materials are: 30% boron loaded polyethylene, fol-
lowed by the nano-carbon fibers, 5% boron loaded
polyethylene, and aluminum.

High energy alpha particles

Theoretical consideration. Alpha particles
from the cosmic radiation are in the energy range
trom 5 MeVper nucleon to over GeV per nucleon.
However, the expected flux of high energy alphas
from space is much smaller than that of high energy
protons. In survey studies, therefore, the effect from
alphas as primary sources may be neglected and the
protons from cosmic radiation could be considered
as the only source. In addition, greater thicknesses
are necessary to shield high energy protons (because
they are lighter than alphas); the expected density
thickness is around 20 g/cm?. However, alphas are
considered in this analysis in order to verify that
they can also be shielded by the same shielding ma-
terials used for protons.

The PE is considered to be the best “standard”
shielding material not only because of its efficiency

! The thickness of the material analyzed corresponds to the
density range at 100 MeV that would stop all incoming protons

to stop various types of radiation but also from the
point of manufacturing and durability. Further
studies on spacecraft shielding also demonstrate
that higher Z materials are worse not only because
they have a lower shielding efficiency but also be-
cause they increase the dose rates due to the produc-
tion of secondary radiation. On the other hand, Ad-
ams et al., from NASA, propose some “novel”
materials. These materials are: carbon nano-materi-
als (CnM), lithium hydride (LiH), hydro-
gen-charged palladium/silver alloys (Pd/Ag/H or
PAH), and borated polyethylene (BPE) [2]. The
carbon nano-materials contain H up to 20 wt%.
LiH is competitive with PE in shielding against the
cosmic rays due to similar H content. The PAH ma-
terials have higher volumetric H density; they may
have dual-use applications. The BPE material adds
to PE properties a larger neutron capture capability.
The properties of these materials related to hydro-
gen content are listed in tab. 5. H and water are also
included for comparison.

Figures 9 and 10 show the linear and density
CSDA ranges for different materials as a function of
alpha particle energies. In addition, pure H and C
are considered as well, since they are main constitu-
ent elements of the analyzed shielding materials.
From fig. 9 it can be seen that thicknesses for stop-
ping alphas of more than 1 GeV must be larger than
10 cm. However, in the energy range of interest, the
shielding thickness is in the range of just a few centi-
meters. The density range shown in fig. 10 for vari-
ous shielding candidate materials is compared with
the thickness of 20 g/cm? that corresponds to the
thickness used at the International Space Station. It
is accepted that this thickness will produce no sig-
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nificant secondary radiation for protons, the highest
contributor to cosmic rays. Because of the produc-
tion of secondary radiation, thicknesses greater than
this are not suggested (shielding efficiency is main-
tained almost constant while weight is increased).
Among the analyzed shielding materials, aluminum
gives the highest shielding weight for the same
shielding efficiency. For alphas of 200 MeV the
CSDA range in Al material is 3 g/cm?. This range is

—Al

1E+03

1E+02

1E+01

1E+00

1E+00 1E+01 1E+02 1E+03
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Figure 11. Weight of shielding materials for a room of
5 x 5 x 3 m and a thickness of CSDA range as a func-
tion of alpha particle energy

expected to be greater than for other materials.
Therefore, the thickness with the value of this range
is selected to compare other materials.

Figure 11 shows that shielding weights for a
spacecraft room of 5 x 5 x 3 mand energies of the al-
pha particles above GeV are around dozens of tons
which is not acceptable (since the whole spacecraft
weight would be expected to be around that value).
On the other hand, for energies in the range of inter-
est (up to 200 MeV), the weights are below the
tons, giving more promising selections.

Numerical analysis. For the energies of alpha
particles in the order of 200 MeV, the shielding
thickness must not be smaller than 3 g/cm?. The
materials considered in numerical study are PE,
BPE, CnM, LiH, and Pd/Ag/H. The numerical
model is shown in fig. 4. The case without the
shielding assumes only detector. The resulting total
dose in that case is 9 mSv per year, representing
4.5% of the 200 mSv per year limit. Table 6 shows
the with-to-without shielding dose ratios for vari-
ous shielding materials. It can be seen that all shield-
ing materials but PAH give a significant reduction
in dose rate. However, none of the novel materials
improved the efficiency of PE. CnM shows a slight

Table 6. With-to-without shielding dose ratio: 200 MeV alpha energy; intensity 4-10-5 alphas/s-cm?2-sr-MeV per
nucleon; 9 mSv per year dose without shielding

Material Neutron Photon Electron Proton Alpha Total
LiH 2.E+00 8.E-02 1.E-01 4.E-01 2.93.E-05 1.48.E-03
BPE 1.E+00 4.E-01 8.E-01 3.E-01 2.40.E-05 1.22.E-03
CnM 1.E+00 4.E-01 7.E-01 3.E-01 1.60.E-05 1.02.E-03
PAH 3.E+00 3.E+00 5.E+00 9.E-01 1.26.E+00 1.26.E+00

PE 1.E+00 4. E-01 8.E-01 3.E-01 1.87.E-05 1.14.E-03

Al 2E+00 2E+00 4E+00 4E-01 7.52.E-03 8.94.E-03
Without any

shielding 1.E-05 8.E-07 4.E-07 3.E-03 9.96.E-01 1.00.E+00
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and non significant improvement and only under
the assumptions that it contains 20 wt.% H with the
density similar to PE.

In order to verify the shielding performances of
the above materials for different energies of alpha
particles, 20 MeV and 2 GeV are selected. For 2 GeV
alphas, intensity is that of GCR maximum (conser-
vative approach: 4-107° alphas/s-cm?-sr-MeV per
nucleon). In these cases the total dose without shield-
ing reaches 0.3 mSv per year and 650 mSv per year,
respectively. Therefore, a reduction to less than a
30% is required to stay under 200 mSv per year limit
for higher alpha energies. For 20 MeV no change is
required. Tables 7 and 8 show the comparison of ef-
ficiency of different materials for 20 MeV and 2 GeV
alpha particles. For 2 GeV alpha particles, the mini-
mum required reduction is not achieved. Since the
used intensity for this energy is equal to that of the
whole GCR flux, it is expected to have much smaller
dose than obtained. For alphas of 20 MeV, it can be
observed that the BPE presents some improvement
inrespect to PE. In all cases, it can be understood that
Al is fairly the least efficient. Thus the thickness of
3 g/cm? seems acceptable for materials such as PE,
CnM, BPE (3 cm) and LiH (4 cm). With this value,
the weight of a room with the dimensions
abovementioned would reach nearly 2 tons. How-
ever, a 20 g/cm? thick shielding is analyzed to take

into account shielding against protons which pene-
trate longer distances than alphas of same energies.
The following multi-slab geometry was tested: fac-
ing the source, a layer of 5 cm Al (simulating the
spacecraft wall) corresponding to 13.5 g/cm? fol-
lowed by 6.85 cm PE that corresponds to 6.5 g/cm?
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1E-07
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Figure 12. MCNPX dose rate from alpha (intensity
50 MeV per nucleon - 4-10-5 alphas/s-cm?2-sr-MeV
per nucleon without shielding (DO0), with 5 cm of Al
plus 6.85 cm PE (D-Al5-PE7), and a GCR-like alpha
source (intensity 500 MeV per nucleon - 4-10-5
alphas/s-cm2-sr-MeV per nucleon) with 5 cm Al and
6.85 cm PE shielding (D Al5-PE7-GCR)

Table 7. With-to-without shielding dose ratio; 20 MeV alpha
energy; intensity 4-10-5 alphas/s-cm?2-sr-MeV per nucleon; 0.3 mSv per year dose without shielding

Material Neutron Photon Electron Proton Alpha Total
LiH 5.E-01 2.E-02 0.E+00 2.E-03 0.00.E+00 1.70.E-07
BPE 2.E-01 2.E-01 0.E+00 0.E+00 0.00.E+00 8.45.E-09
CnM 5.E-02 1.E-01 1.E-01 0.E+00 0.00.E+00 3.70.E-09
PAH 4.E-01 2.E-01 2.E-01 4.E-04 0.00.E+00 4.09.E-08

PE 2.E-01 2.E-01 3.E-02 0.E+00 0.00.E+00 8.89.E-09

Al 9.E-01 8.E-01 6.E+01 2.E-03 0.00.E+00 1.50.E-07
Without any

shielding 3.E-08 6.E-09 1.E-08 6.E-05 1.00.E+00 1.00.E+00

Table 8. With-to-without shielding dose ratio; 2 GeV alpha energy; intensity 4-10-5 alphas/s-cm?-sr-MeV per

nucleon; 650 mSv per year dose without shielding

Material Neutron Photon Electron Proton Alpha Total
LiH 4.E+00 2.E+00 2.E+00 3.E+00 9.08.E-01 9.29.E-07
BPE 4.E+00 2.E+00 2.E+00 3.E+00 9.11.E-01 9.32.E-01
CnM 4.E+00 2.E4+00 2.E-00 3.E+00 9.04.E-01 9.25.E-01
PAH 6.E+00 8.E+00 2.E-01 3.E+00 9.61.E-01 9.80.E-01
PE 4.E+00 2.E+00 2.E-00 3.E+00 9.08.E-01 9.29.E-01

Al 5.E+00 6.E+00 1.E4+01 3.E+00 9.42.E-01 9.64.E-01
Without any
shielding 8.E-05 9.E-07 5.E-08 1.E-02 9.89.E-01 1.00.E+00
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is added. Figure 12 shows the dose rate distribution
in the shield. It can be seen that without the shielding
the total dose is mainly due to alphas and it is not
larger than the limit. The Al layer drastically reduces
alpha dose but makes secondary radiation. The addi-
tion of PE layer reduces secondary radiation. There-
tore, the total dose at the inner side of PE layer is be-
low the 200 mS per year limit.

High and low energy photons

Theoretical consideration. Although high en-
ergy photons present energetic and penetrating
source of radiation, their abundances in space radia-
tion field are low and therefore they are not consid-
ered as primary radiation. However, photons are
produced as secondary radiation and this section
therefore reviews the best selection of light materi-
als for shielding against high and low energy pho-
tons. Photon interactions with materials take place
through the photoelectric effect, Compton scatter-
ing, and pair production. The photoelectric effect is
the dominant form of energy transfer at low photon
energies and low Z materials. Pair production is
considered to be a main form of energy deposition
at assumed average energy of 1 GeV important for
space shielding design. High energy photons
(gamma rays) are best shielded by higher Z materi-
als such as lead; however, due to their high density,
high Z materials such as lead remain an unaccept-
able choice for shielding of the space craft.

As an illustration we present the analysis of
the 1 MeV photon interactions with various mate-
rials. The mass attenuation coefficients g, for 1
MeV gamma rays are very similar for water, PE,
Pb, Al, B, and Li and are higher for H (tab. 9).
Mass attenuation coefficients allow analyzing the
impact of material density, p, in regards to the
gamma ray attenuation. This is shown by the in-
tensity relationship:

—Ly X
~ —e Hi Xy

or

1 _ e ~HmPXe
Iy
where /I, represents the ratio of intensity with and
without the shielding (penetration coefficient), u; is
the (linear) thickness of the shielding material, and
x;1s the linear attenuation coefficient. Another inter-
esting expression to consider is:
L :(ellm X )*P
Iy

which implies that for equal i, x;, penetration is a
negative exponential function of material density.
Figure 13 shows an I/ trend againstx; and it can be
seen that differences in penetration for the same
thicknesses are very significant for different density
materials. This effect can also be observed in linear
attenuation coefficients, shown in tab. 9. The im-
pact can be followed by comparing the coefficients
normalized to lead. While the ratios for p, are near
1009%, except for the hydrogen with a greater ratio,
the ratios for p,, are all under 24%, with the excep-
tion for the Pb.

Finally, it can be concluded that the penetra-
tion decreases exponentially as material density in-
creases. This means that the higher density materi-
als are better for shielding (by comparison of similar
Um). This behavior also implies that when p,x; <1
differences inp have a greater impact on I/ly; in-
versely, when g%, > 1, changes in density do not
have so much influence in penetration or attenua-
tion, 1 — I/I,. Although “the thicker shielding, the
better” is a true statement, its validity depends on
other conditions and criteria. In designing the space
shuttle shielding, for instance, there are two prob-
lems arising with the increasing thickness of the
shielding: size and weight. These two factors are
important for determining the material as well as its
shielding capability. By optimizing the size and
weight and the material efficiency, an effective
shield can be found. In respect to size, it is necessary
to select the desired penetration ratio while main-
taining a reasonable thickness of a shield, i. e. select-
ing the material with the smallest linear mean free
path: p; = 1/u;. The same principle applies for the

Table 9. Attenuation coefficients and densities for H, water, PE, Pb, Al, B, and Li, and their ratios to Pb

H Water PE Pb Al B Li
fim [cm?g 1] 0.13 0.07 0.07 0.07 0.06 0.06 0.06
Lo/t 178% 100% 102% 100% 87 83% 77%
s [em ] 1.06E-05 7.07E-2 6.82E-2 8.05E-01 1.66E-01 1.40E-01 2.94E-02
i/t 0% 9% 8% 100% 21% 17% 4%
p [gem™] 0.0000837 1 0.94 11.34 2.7 237 0.534
plprs 0% 9% 8% 100% 24% 21% 5%
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Figure 13. Penetration of 1 MeV photons vs. linear
thickness for Al, Pb,H, water, PE, B, and Li
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Figure 14. Linear mean free path of photons vs.
energy for Al, B, H, Li, Pb, PE, water, and Re
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Figure 15. Density mean free path of photons vs.
energy for Al, B, H, Li, Pb, PE, water, and Re

weight criterion; however, the variable is now the
unit mass, not shielding thickness; the material with
the smallest density mean free path, 1, = 1/u,, will
prove to be the most efficient one.

Figures 14 and 15 show respectively the trends
of the linear and density mean free paths as a function

of photon energy for H, water, PE, Al, B, Li, Pb, and
Re. The Pb and Re are both included as control ma-
terials considering their high capabilities to stop neu-
trons and gamma rays. The linear mean free paths for
these materials show a general behavior: they are
higher for lower Z materials. Re is the exception and
its high density, 21 g/cm3, is one of the main reasons.
All i) increases with energy in the range analyzed;
those of Pb, and Re reach a maximum at 3 MeV.
Clearly; this trends show that the material which re-
quires a smallest thickness is Re while H is the one
that requires the thickest shielding. The maximum
ratio between y of different materials is around 10°.
The density mean free path curves show that Pb is the
material that requires less mass for the same shielding
efficiency in the gamma ray energy range of interest.
However, around 1 MeV, the most mass-effective
material is H, while it is the least effective under 0.01
MeV. At this energy all density mean free paths are in
the order of a semi-order of magnitude of difference.
The maximum ratio between p,,, of different materi-
als is around 10*. Re and Pb behave very similarly. In
conclusion, the materials selected for making the
smallest and lightest shielding are Re or Pb. For ener-
gies around 1 MeV, H is selected under the weight
criterion.

Numerical analysis. The desired shield thick-
ness is estimated using the model shown in fig. 4
and adopting the design criteria for shielding
against gamma of the incoming gamma ray inten-
sity reduction to 10%. The results are shown in tab.
10 and can be compared visually in fig. 161. It can be
casily observed that several materials are good
gamma absorbers requiring small thickness and
therefore small weight. These materials are alumi-
num, silicon, copper, silver, cesium, gadolinium,
hafnium, rhenium, osmium, lead, and hydrogen.

Surface mass density [gcm2 |

B

Materials

Figure 16. Comparison of how much surface mass is
needed to decrease the initial intensity of 1 GeV
gamma rays to 10%

! Surface mass density is defined as the thickness of the
material multiplied by its density
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Table 10. Materials analyzed for shielding against gamma rays

Material Densi_ty Mass ‘attenuation Linear gttenuati_on Thickness Surface mas_s density

[gem?] coefficient [cm?g] coefficient [cm™] [em] [gem2]

Li 0.530 0.009 0.005 489.797 259.592
Be 1.850 0.011 0.021 111.129 205.588
B 2.370 0.014 0.032 70.916 168.072
PE 0.940 0.016 0.015 151.207 142.135
C 2.260 0.017 0.038 59.932 135.446
Water 1.000 0.020 0.020 113.989 113.989
Al 2.700 0.030 0.082 28.146 75.993
Si 2.330 0.033 0.078 29.588 68.940

P 1.820 0.042 0.077 29.839 54.306
Cu 8.960 0.057 0.513 4.493 40.255
Ag 10.500 0.082 0.861 2.674 28.080
Cs 1.870 0.089 0.166 13.866 25.930
Gd 7.900 0.098 0.777 2.965 23424
Hf 13.310 0.106 1.411 1.632 21.723
Re 21.040 0.109 2.293 1.004 21.125
Os 22.600 0.110 2.486 0.926 20.933
Pb 11.350 0.115 1.305 1.764 20.022
H 8.37E-05 0.116 0.000 237154.976 19.850

However, several of these materials cannot be con-
sidered for missions to deep space due to availabil-
ity, cost, and the thickness they require, and those
are Os, Re, Ag, Ht, and H. For example, an H shield
thickness of approximately 237 meters is needed,
which indeed is not feasible for a space craft. The
linear thickness of the selected materials for shield-
ing gamma rays needed to reduce the incoming
gamma rays of 1 GeV is compared in fig. 17. As it
can be seen, a very small amount of Pb, Gd, and
even Cu can be used against gamma rays. However,
the most important aspects to analyze are the physi-
cal and chemical properties of the materials as well

w
@

30

25

20

15 +

10 +

5

o] ‘ : . = E—=
Si Al Cs Cu Gd Pb

Materials

Thickness [cm]

Figure 17. Comparison of linear thickness required to
decrease the initial intensity of a 1 GeV gamma ray to
10% for selected materials

as the secondary radiation these materials will pro-
duce after primary gamma rays of 1 GeV pass
through. Silicon is a very brittle material and as such
it might not be a good shielding material. Although
chemically active, cesium can be used by introduc-
ing rigorous safety criteria of isolating the cesium
layer from the crew. Figure 18 shows the number of
events and potential secondary radiation from the
selected materials after the primary gamma rays
pass through. Most of the interactions are photo-
electric absorptions and Compton effects which
leads to a stream of electrons and secondary gamma
radiation. The comparison of energy depositions
due to all interactions in selected materials is de-
picted in fig. 19.
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Figure 18. Comparison of number of events (density)
for selected materials
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Figure 19. Comparison of energy deposited in
selected materials after interaction with 1 GeV
gamma rays

The high Z materials are the best in shielding
against gammas. However, these materials are not
tavorable due to enormous amount of secondary ra-
diation produced and the corresponding weight.
The materials such as aluminum, copper, silicon,
and cesium can be used. The design area (thickness
vs. attenuation) is shown in fig. 20. As it can be ob-
served, the required thickness to attenuate 90% of
the 1 GeV gammas for Al, Cs, Cu, and Si are 47 .4,
19.3, 7, and 49.2 cm, respectively.

High and low energy electrons

Electrons are not found to be primary source of
radiation in space. Their importance comes from
their appearance as trapped electrons in planet mag-
netic fields, with energies of 4 up to 7 MeV. They also
appear as secondary radiation. It implies that their
highest energy will be up to the maximum energy of
the space radiation, i. e. the energies above GeV.
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Figure 20. Design area for primary high energy
gamma rays: the thickness cut-off for 90% attenua-
tion of the 1 GeV gamma rays

Same materials as analyzed in previous sections are
therefore considered to estimate the efficiency
against high energy electrons: polyethylene (PE),
boron-loaded polyethylene (BPE), carbon nano-ma-
terials (CnM), lithium hydride (LiH), and hydro-
gen-charged palladium/silver alloys (Pd/Ag/H or
PAH). In order to analyze shielding for such parti-
cles, linear and density ranges for a wide range of en-
ergies and for various materials are assessed. Figures
21 and 22 show a plot of linear and density ranges for
the electrons of various energies and for various ma-
terials.

From these two figures it can be seen that the
lighter shielding would be made of H and Ag, for
electron energies below and above 100 MeV re-
spectively, while the smallest thickness is obtained
for Pd. In order to avoid secondary radiation, it is
desired to have the material with the lowest Z, in
this case it is H. PE is a very good alternative under
criteria of weight, size and secondary produced ra-
diation. Below 10 MeV, more probable energy
than 1 GeV, the PE shielding becomes the lightest
in addition to H. For 7 MeV electrons, the maxi-
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Figure 21. CSDA linear range of electrons vs.
energy for H, water, C, PE, Al, LiH, Pd, Ag, and B
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Figure 22. Density range of electrons vs. energy for H,
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mum range would be 5 g/cm? for Ag. Therefore, if
a thickness with this value is considered, the other
materials would have the overrange thickness. The
weight of a room of 5 x 5 x 3 m would be a few
tons. Thus PE is selected as one of the best elec-
tron-shielding materials for spacecrafts.

High and low energy neutrons

Theoretical consideration. High energy neu-
trons must be slowed before they can be captured
through inelastic scattering with high Z materials or
elastic scattering with low Z materials. Neutrons are
most eftectively shielded at all energies by a material
that is close to their mass, namely the hydrogen nu-
cleus. Therefore, dense compounds of low Z atoms
are preferred. Neutrons are not main constituents of
primary space radiation but they will be created
through spallation. This event occurs when highly
energetic protons collide with the atoms of various
materials ejecting many neutrons of high energy.
This secondary radiation source of neutrons must
be attenuated with an additional neutron-shielding
material. The most common polymer that shows
great potential in shielding against neutrons is PE.
A number of difterent PEs is available: pure PE,
7.5% lithium loaded PE, 5% boron loaded PE, and
30% boron loaded PE. Boron and lithium loaded
PE have very high neutron cross sections at low and
high energies. The densitie of the selected PE mate-
rials in comparison with alaminum are show in tab.
11.

Table 11. Polyethylene and aluminum densities

Material [gem™3]
5% boron loaded PE 0.9
30% boron loaded PE 2.52
7.5% lithium loaded PE 1.03
Pure PE 0.94
Aluminum 2.7

Numerical analysis. Neutron transport analysis
was performed using the same geometry as shown in
fig. 4. Modeling was performed using the COG
Monte Carlo code. The maximum neutron energy is
restricted by the data available in the cross-section li-
braries used by the COG. Selected neutron energies
ranged from 5 to 30 MeV. Figures 23 to 28 show the
neutron attenuation through selected materials for
different neutron energies and material thicknesses.
It can be seen that the 30% boron loaded PE has
good shielding response to highly energetic neu-
trons. Moreover, to slow the neutrons to thermal en-
ergies it would take far less thickness than using any
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Figure 23. Neutron attenuation vs. thickness for
different materials at 5 MeV
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Figure 24. Neutron attenuation vs. thickness for
different materials at 10 MeV

—o- 5% boron loaded PE
—x—7.5% lithium loaded PE
- %— Pure

—o— 30% boron loaded PE
—*— Aluminum

100.0% g
90.0%

80.0% S N
70.0% . T
60.0% LN
50.0%
40.0% |
30.0%

Neutron attenuation (1)
¥

20.0% —

10.0%

0.0%;5 2 4 6 8 10 12 14 16
Thickness [cm]

Figure 25. Neutron attenuation vs. thickness for
different materials at 15 MeV

other of the selected materials. A satisfactory attenua-
tion value of 15% of the initial energy was tentatively
adopted as a criterion to compare the efficiency of se-
lected materials. The highlighted area indicates the
thickness required to achieve this neutron attenua-
tion. Numerical values of the attenuation decrements
and neutron energy reduction after shielding materi-
als are summarized in tabs. 12 and 13, respectively.
The results point at 30% boron loaded PE as the best
candidate material.
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Figure 26. Neutron attenuation vs. thickness for
different materials at 20 MeV
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Figure 27. Neutron attenuation vs. thickness for
different materials at 25 MeV
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Figure 28. Neutron attenuation vs. thickness for
different materials at 30 MeV

Preliminary model: spacecraft room and
shielding design

According to the discussion with NASA ex-
perts, the living area of astronauts is modeled as a
room shown in fig. 29. The size of the room is set to
5 x5 x 3 m. The interior of the room is filled with air.
A numerical simulation model includes the distribu-

Figure 29. MCNPX spacecraft room model with
eight detector positions

tion of detectors (selected dimension is 1/10 of the
room size, i. e. 0.5 x 0.5 x 0.3 m) that are used to an-
alyze the flux distribution in the room.

The detector is assumed to be made of pure
water. Due to the symmetry of the room, the detec-
tors are placed at eight different positions as shown
in fig. 29. As already described protons and alphas
are the two main constituents of primary space radi-
ation field. This space radiation field was assumed
to be isotropic around the spacecraft room. Since
the nature of SPEs is still unpredictable, only GCR
was included in this stage of modeling. The inten-
sity and energy spectrum of radiation particles, pro-
tons and alphas, were based on the data shown in
fig. 1. The criterion for the ISS of 20 g/cm? was
adopted as density thickness of the composite
spacecraft room shielding. Aluminum has always
been used to manufacture spacecrafts and therefore
it is assumed also in this analysis as a material that
will be used to manufacture the spacecraft room.
Aluminum is also a good material to shield against
photons according to the previous analysis. The nu-
merical analyses on shielding against high energy
proton and alpha particles showed that PE is a good
material. Therefore, the combination of 0.5 cm Al
and 20 cm PE was selected to calculate the annual
dose distribution in the spacecraft room (see fig.
30). The total linear density of this combination of
materials is 20.3 g/cm?.

Al Polyethylene/CnM

Figure 30. Shielding combination



62

Nuclear Technology & Radiation Protection — 2/2006

Table 12. Neutron attenuation for a variety of materials, energies, and thicknesses

Neutron response
5 MeV
Sheild thickness 5% boron loaded | 30% boron loaded |7.5% lithium loaded .
Aluminum Pure polyethylene
[cm] polyethylene polyethylene polyethylene
0.5 98.6% 95.8% 98.2% 98.1% 98.5%
1 96.8% 90.6% 95.9% 95.9% 96.5%
5 68.5% 36.3% 63.6% 71.6% 67.2%
10 34.5% 6.8% 28.4% 41.0% 32.3%
15 15.9% 1.1% 11.4% 21.8% 14.2%
10 MeV
0.5 99.0% 97.0% 98.7% 97.9% 99.0%
1 97.8% 93.2% 97.4% 95.6% 97.7%
5 78.3% 51.2% 74.8% 74.1% 77.1%
10 49.4% 16.2% 43.4% 49.1% 47.2%
15 29.2% 4.4% 23.7% 30.9% 27.1%
15 MeV
0.5 99.0% 97.1% 98.9% 97.8% 99.0%
1 97.9% 93.8% 97.6% 95.6% 97.8%
5 81.4% 55.9% 78.5% 72.9% 80.3%
10 54.9% 20.6% 50.0% 47.2% 52.8%
15 34.9% 6.7% 29.4% 28.7% 32.6%
20 MeV
0.5 99.1% 97.5% 99.0% 98.8% 99.1%
1 98.1% 94.5% 97.8% 97.2% 98.0%
5 83.1% 60.0% 81.1% 78.8% 82.4%
10 59.0% 25.3% 54.7% 54.2% 57.2%
15 39.5% 9.4% 34.3% 34.5% 37.5%
25 MeV
0.5 99.1% 97.5% 99.0% 98.8% 99.1%
1 98.1% 94.4% 97.8% 97.3% 98.0%
5 84.4% 61.7% 82.2% 78.9% 83.6%
10 61.9% 27.7% 57.5% 54.1% 60.3%
15 43.1% 11.0% 37.7% 34.6% 40.8%
30 MeV
0.5 99.2% 97.5% 99.0% 98.8% 99.1%
1 98.1% 94.6% 97.9% 97.3% 98.0%
5 85.1% 62.8% 83.1% 78.9% 84.5%
10 63.8% 29.7% 59.2% 54.2% 62.3%
15 45.5% 12.6% 39.8% 34.6% 43.4%

The equivalent annual dose distribution in
the spacecraft room is shown in tab. 14. The dose is
highest at the corner of the room (position 8, fig.
29). This value is much higher than the allowed
dose level; other locations show much lower dose
rates. For example, the equivalent dose rates at po-
sition 6 and 7 (fig. 29) were the lowest, and the
closest to the safe level of the International Space

Station, 200 mSv per year. Table 14 also shows the
contribution of different kinds of radiation (in-
cluding the secondary radiation) to the total dose
level. Protons contribute 81~87% to the total
dose, alphas contribute around 10%, and the sec-
ondary neutrons give additional 5%. The dose
rates due to the secondary photons and electrons
are relatively low (on average below 1%).
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Table 13. Neutron energy after shielding for a variety of materials, energies, and thicknesses

Energy transmition
5 MeV
Sheild thickness 5% boron loaded | 30% b(Y)ron loaded |7.5% lithium loaded Aluminum Pure polyethylene
[cm] polyethylene polyethylene polyethylene
0.5 4.93E+00 4.79E+00 4.91E+00 4.90E+00 4.93E+00
1 4.84E+00 4.53E+00 4.80E+00 4.79E+00 4.83E+00
5 3.42E+00 1.81E+00 3.18E+00 3.58E+00 3.36E+00
10 1.73E+00 3.38E-01 1.42E+00 2.05E+00 1.61E+00
15 7.93E-01 5.28E-02 5.70E-01 1.09E+00 7.09E-01
10 MeV
0.5 9.90E+00 9.70E+00 9.87E+00 9.79E+00 9.90E+00
1 9.78E+00 9.32E+00 9.74E+00 9.56E+00 9.77E+00
5 7.83E+00 5.12E+00 7.48E+00 7.41E+00 7.71E+00
10 4.94E+00 1.62E+00 4.34E+00 4.91E+00 4.72E+00
15 2.92E+00 4.41E-01 2.37E+00 3.09E+00 2.71E+00
15 MeV
0.5 1.49E+01 1.46E+01 1.48E+01 1.47E+01 1.48E+01
1 1.47E+01 1.41E+01 1.48E+01 1.43E+01 1.47E+01
5 1.22E+01 8.39E+00 1.18E+01 1.09E+01 1.20E+01
10 8.24E+00 3.09E+00 7.51E+00 7.07E+00 7.92E+00
15 5.23E+00 1.01E+00 4.42E+00 4.31E+00 4.89E+00
20 MeV
0.5 1.98E+01 1.95E+01 1.98E+01 1.98E+01 1.98E+01
1 1.96E+01 189E+01 1.96E+01 1.94E+01 1.96E+01
5 1.66E+01 1.20E+01 1.62E+01 1.58E+01 1.65E+01
10 1.18E+01 5.06E+00 1.09E+01 1.08E+01 1.14E+01
15 7.90E+00 1.88E+00 6.86E+00 6.90E+01 7.51E+00
25 MeV
0.5 2.48E+01 2.44E+01 2.47E+01 2.47E+01 2.48E+01
1 2.45E+01 2.36E+01 2.45E+01 2.43E+01 2.45E+01
5 2.11E+01 1.54E+01 2.06E+01 1.97+01 2.09E+01
10 1.55E+01 6.94E+00 1.44E+01 1.35E+01 1.51E+01
15 1.08E+01 2.74E+00 9.42E+00 8.64E+00 1.02E+01
30 MeV
0.5 2.97E+01 2.92E+01 2.97E+01 2.96E+01 2.97E+01
1 2.94E+01 2.84E+01 2.94E+01 2.92E+01 2.94E+01
5 2.55E+01 1.88E+01 2.49E+01 2.37E+01 2.53E+01
10 1.91E+01 8.90E+00 1.78E+01 1.62E+01 1.87E+01
15 1.36E+01 3.79E+00 1.20E+01 1.04E+01 1.30E+01

In addition, a carbon nano-material (CnM)
is analyzed. As already introduced, the density of
CnM can be adjusted, thus storing a large amount
of hydrogen within the nano-structure, which
makes it effective in shielding against the protons
and neutrons. The previous survey study was
based on CnM with only 20% weight of hydro-
gen. A newly developed CnM which can store

67% weight of hydrogen [20] was used in this
simulation to compare the efficiency of the shield-
ing against the space radiation field. The equiva-
lent annual dose rates with the shielding 0of 0.5 cm
Al and 20 cm CnM were shown in tab. 15. The
density of the CnM is the same as that of PE, so
the total density of the shielding is kept the same,
20.3 g/cm?. In this case, the protons contribute
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Table 14. Equivalent annual dose rates [mSv per year]
in the spacecraft model room with the wall made of 0.5
cm Al and 20 cm PE

ff‘?;tg;; Proton | Alpha |Photon Electron| Neutron| Total
1 470.44|78.47| 0.58 | 044 | 2786 | 578
81.4% |13.6%| 0.1% | 0.1% | 4.8% | 100%

5 257.34(22.69| 043 | 0.00 | 19.68 | 301
85.7% | 7.6% | 0.1% | 0.0% | 6.6% | 100%

3 262.15|18.96| 0.45 | 0.00 | 20.37 | 302
86.8% | 6.3% | 0.1% | 0.0% | 6.7% | 100%

4 444873690 | 0.73 | 0.00 | 3329 | 516
86.3% | 72% | 0.1% | 0.0% | 6.5% | 100%

5 272.44144.90| 043 | 0.00 | 19.69 | 338
80.7% |13.3%| 0.1% | 0.0% | 5.8% | 100%

p 184.92|17.31| 041 | 0.00 | 15.78 | 219
84.7% | 79% | 0.2% | 0.0% | 7.2% | 100%

. 184.9913.38 | 0.36 | 0.00 | 15.88 | 215
86.0% | 6.4% | 0.2% | 0.0% | 7.4% | 100%

g 1945.20{320.30| 2.50 | 1.89 | 116.60 | 2386
81.5% (13.4%| 0.1% | 0.1% | 4.9% | 100%

Table 15. Equivalent annual dose rates [mSv per year]
in the spacecraft model room with the wall made of 0.5
cm Al and 20 cm CnM

g?glt;%r; Proton | Alpha |Photon| Electron |Neutron| Total
1 88.58 | 8.80 | 0.09 | 0.00 3.81 512
87.5% | 8.7% | 0.1% | 0.0% | 3.8% | 100%

) 43.06 | 2.32 | 0.06 | 0.00 2.33 242
90.1% | 4.9% | 0.1% | 0.0% | 4.9% | 100%

3 43.06 | 2.32 | 0.06 | 0.00 2.33 242
90.1% | 4.9% | 0.1% | 0.0% | 4.9% | 100%

4 75.17 | 4.00 | 0.10 | 0.00 4.08 | 421
90.2% | 4.8% | 0.1% | 0.0% | 4.9% | 100%

5 48.88 | 597 | 0.07 | 0.00 227 | 289
85.5% [10.4%| 0.1% | 0.0% | 4.0% | 100%

6 29.86 | 1.88 | 0.06 | 0.00 1.75 170
89.0% | 5.6% | 0.2% | 0.0% | 52% | 100%

. 29.86 | 1.88 | 0.06 | 0.00 1.75 170
89.0% | 5.6% | 0.2% | 0.0% | 5.2% | 100%

8 361.10|39.33| 0.44 | 027 | 1587 | 2107
86.6% | 94% | 0.1% | 0.1% | 3.8% | 100%

87~90% to the total dose, alphas contribute
around 6%, and the secondary neutrons give ad-
ditional ~5%. The dose rates due to secondary
photons and electrons remain low as in the previ-
ous case.

If the overall density thickness is increased,
the new shielding should naturally reduce the an-
nual dose rates. The additional model with 0.5 cm
Al and 40 cm CnM (giving 39.3 g/cm?) was in-

Table 16. Equivalent annual dose rates [mSv per year]
in the spacecraft model room with the wall made of
0.5 cm Al and 40 cm CnM

ﬁflgltgg; Proton | Alpha [Photon| Electron |Neutron| Total
) 255.30{11.12 | 0.32 | 0.00 | 13.47 | 280
91.1% | 4.0% | 0.1% | 0.0% | 4.8% | 100%

5 112.00| 4.72 | 0.18 | 0.00 7.64 125
89.9% | 3.8% | 0.1% | 0.0% | 6.1% | 100%

3 112.00| 4.72 | 0.18 | 0.00 7.64 125
89.9% | 3.8% | 0.1% | 0.0% | 6.1% | 100%

4 199.28 | 8.40 | 0.31 0.00 | 12.66 | 221
90.3% | 3.8% | 0.1% | 0.0% | 5.7% | 100%

5 151.75| 8.76 | 0.22 | 0.00 8.47 169
89.7% | 52% | 0.1% | 0.0% | 5.0% | 100%

p 8522|392 | 0.14 | 0.00 5.79 95
98.6% | 4.1% | 0.1% | 0.0% | 6.1% | 100%

; 5822|392 | 0.14 | 0.00 5.79 95
89.6% | 4.1% | 0.1% | 0.0% | 6.1% | 100%
649.30|35.64| 098 | 0.65 | 3448 | 721
8 90.0% | 4.9% | 0.1% | 0.1% | 4.8% | 100%

Table 17. Dose rate [mSv per year] comparison for
different combination of shielding materials

Position | 0.5 cm Al + 0.5 cm Al+ 0.5 cm Al +
(fig. 29)| +20cmPE | +20cm CoM | +40 cm CnM
i 578 512 280
100% 89% 55%
) 301 242 125
100% 80% 52%
3 302 242 125
100% 80% 52%
516 421 221
* 100% 82% 52%
5 338 289 169
100% 86% 58%
p 219 170 95
100% 78% 56%
; 215 170 95
100% 79% 56%
2386 2107 721
8 100% 88% 34%

cluded and the dose values are listed in tab. 16.
Protons contribute around 90% to the total dose,
alphas contribute 4~5%, and secondary neutrons
add 5~6%.

The comparison of the dose rates obtained
when using Al/CnM shielding to that using the
Al/PE shielding is summarized in tab. 17. It can be
seen that the equivalent annual dose rates decrease
11~21% with Al/CnM of the same density thick-
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ness, while it 1s almost 50% lower with 40 cm CnM
(corresponding to 39.3 g/cm? density thickness).

CONCLUSION

Radiation is a main concern for long term
manned missions to space. It also represents a limit-
ing criterion for the duration and distance of a
travel. The radiation in space is represented as a
complex radiation mix consisting of high energy
ions, protons, alphas, and electrons. With current
technology, it does not seem feasible for the entire
spacecraft to be shielded against all types of radia-
tion, as that would greatly increase the mass of the
ship. What needs to be done is to determine what
areas of the ship need to be shielded, taking into ac-
count living space, power and propulsion systems,
consumables, and repair needs. Lightweight mate-
rials must be utilized to keep the overall shield mass
low, to attenuate satisfactorily the expected mix of
radiation in space and assure the crew protection.
Examining the effectiveness of such materials ex-
posed to radiation fields of different intensities and
types and having an accurate numerical model to
predict the material irradiation is crucial in design-
ing the manned missions to outer space.

The design and evaluation of the required ra-
diation protection for the astronauts traveling to the
destinations beyond the Moon are both greatly af-
tected by the number of parameters all being driven
by immense degree of uncertainty:

(a) definition of the space radiation environment
important to develop and establish the space-
craft design criteria introduces by far the great-
est overall uncertainty in the radiation dose
prediction for manned mission to deep space,

(b) definition of maximum acceptable dose for as-
tronauts,

(¢) manned space craft is large and geometrically a
very complex system (no design for a manned
mission to deep space has been yet known) in
which the biggest uncertainty is introduced by
the uncertainty in mass distribution, and

(d) computational models are accurate as much as
the spacecraft design and mass distribution are
known; that is why all models are usually sim-
plified and as such used in developing the de-
sign areas for the number of parameters that
introduce the potential errors in estimates of
the maximum dose rates and material perfor-
mance in assumed radiation filed in space.
The adopted criteria (see section on the space

radiation designe criteria) for the analysis shown in

this paper, of keeping the annual dose rate below 200

mSv per year and the shielding density thickness

close to 20 g/cm?, indicate that the best materials are

PE and CnM. Further optimizations are necessary

and at this point highly dependent on the spacecraft

design. National Academy of Sciences in the USA

has recently established a Committee that has a two
year appointment to evaluate the best design for
shielding the astronauts against space radiation on
their travel to and stay at the Moon, and on the po-
tential travel to Mars.
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Manyen HITEJHBEPT, lllanhne IUA O, Hagap CATBAT,
®emuca JUMOH, IJon XOIIKHMHC, Tarjana JEBPEMOBHWH

AHAJ/IM3A 3AHNITUTE O 3PAYEILA ACTPOHAYTA HA IIYTY 10 MAPCA
- Kpurtepujymu, nperiegna cryauja u npelMMHHAPHH MoOje —

IloreHuujanHu JeT ca acTpOHayTUMa M3BaH 3eMIbHHE OpOUTE je OrpaHMYeH BPEMEHCKOM

KOMITOHEHTHOM IyTOBama Kao M aCHEKTHMA 3allITUTE Off KOCMHUKOT 3pauewa. [JaHallmha TeXHOIOrHja
CBEMUPCKUX paKeTa je Oa3supaHa Ha IIOrOHY KOjU KOPUCTH XEMMJCKO ropuBo. Te BpcTe MallluHa HeMajy
MoryhHocCT fia o6aBe Ayre JeTOBE Kao IITO je MyT 1o Mapca ca mocajioM 300T OFPOMHE KOJUYMHE TEYHOT
ropuBa IOTPEOHOT 3a TaKO iyra cBeMHUpcKa nyToBama. CrnenuguyHa eHepruja ocnobobheHa y HykiieapHOM
ropuBy je MuinoH nyta Beha of mcre gobujeHe M3 XEMHUjCKOT TOpHBa; CTOra je MOTHYHO jacHO jia je
HyKJIeapHO TOPHWBO jefinHa ONIyja Koja 6u omoryhmiia gyr nyt y ceemup. C apyre cTpaHe, IOTSHIMjaTHA
MIHcHja Koja OM YKIby4nsa TPAHCIOPT JbYAU U HBUXOB HEIITO Ny>KU OopaBak Ha Meceny O 3axTeBala
CTaOWITHO W CUTYPHO pellierhe 3a MPON3BOJbY eHepruje Ha Meceny (Ha mo4eTky 21. Beka He MOCTOjH HA
jemHO ApYro peliewmhe OCUM HyKIleapHe eHepruje Koje 61 OMOTYhHIIO CUTYPHO M IyTOTPajHO CHaOIeBambe
HeonxofgHOM cTpyjoM u TorotoMm). HACA cmaTpa fa je Maca U TeXXnHa MaTepHjaja HEOIXOIHOr 3a
3alITUTY Of 3padyera TOKOM Jyror myra o Mapca Jpyru HajBa>kKHUjU orpaHMuaBajyhul acekT MHcHje.
HACA je 2006. roqune upeHTH(UKOBaNa NOTpeOy fja ce eBajdyupa U aHaJu3upa NOTEHIUjalHa Be3a y
MO3HAaBaky UM pasyMeBamy HABOA U TUIOBA 3pavueca Off 3Hadaja 3a acTpoOHayTe TOKOM IyTa go Mapca.
HACA je c Tora 3amouena cBeoOyXBaTHY CTyAHMjy Koja Ou TpeOayio 3a ABE TOAWHE Jla MPOU3BENIEC
3a/]0BOJbaBAjyhH IM3ajH 3alUTUTE Off KOCMUYKOT 3payera Koju 61 OMO CacTaBHU [IEO CBEMUPCKE JIETETHULE
U 33/]0BOJbABAO KPUTEPHjyMe JO3BOJbEHUX HUBOA 3paueha. [la 61 ce cMamula CBeyKyIllHa Maca JeTe e
HACA je ¢doxycupaHa Ha UcTpakMBama Koja OM JoBeja 10 HOBHX MaTepujaiia (KOMIIO3WUTa) ca BUILE
HaMeHa ¥ Bullle (PyHKIMja, a KOju OU UCTOBPEMEHO IpPEACTaB/baM 3aJ0BOJbaBajyhy 3allTUTY Of
KOCMHUYKOT 3payema.
Jlabopartopuja 3a nmpopadyHe TpaHcIopTa HeyTpoHa u mopesnoBame reomerpuja (HEI'E) y mxonn 3a
HyKJIeapHU HHKewepuHr Ha [1ypajy YHuBep3ureTy Kojy Boau npogecop TaTjana JeBpemoBuh, 3anouena
je 2004. ropuHe eBanyanyjy pa3IMuATHX JAKAX MaTepHjajia 3a yIoTpeOy y CBEMUPCKUM JIETEIUIIMa Ka
Mapcy. [IpenumuHapHu pe3yaTaTy IperiefHe CTyuje IpUKa3aHu Cy Y OBOM pajy.

Kmwyune peuu: 0yza ilyitiosara y céemup, KOCMUHKO 3paderbe, 3auiininitia o0 3paverwa, Monitie Kapao
Meliooa, WpanHciuopil 3paderba



