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Abstract

Shielding for space microelectronics needs to
provide an acceptable dose rate with minimum
shield mass. The analysis presented here shows
that the best approach is, in general, to use a
graded-Z shield, with a high-Z layer sandwiched
between two low-Z materials. A graded-Z shield
is shown to reduce the electron dose rate by more
than sixty percent over a single-material shield of
the same areal density. For protons, the optimal
shield would consist of a single, low-Z material
layer. However, it is shown that a graded-Z shield
is nearly as effective as a single-material shield,
as long as a low-Z layer is located adjacent to
the microelectronics. A specific shield design de-
pends upon the details of the radiation environ-
ment, system model, design margins/levels, com-
patibility of shield materials, etc. Therefore, we
present here general principles for designing effec-
tive shields and describe how the computer codes
are used for this application.

I. INTRODUCTION

The natural space radiation environment con-
sists of three major components, electrons and
protons trapped in the earth’s magnetic field
(Van Allen belts), protons from solar flares, and
very high energy (> 0.1 GeV) charged particles
(galactic cosmic rays). Satellite microelectronics
are subject to these radiation environments, and
often must be radiation hardened to meet their
performance requirements.

The use of commercial, unhardened parts for
satellite missions has several advantages over the

use of radiation-hardened parts: lower cost, wider
selection, and state-of-the-art capability. How-
ever, the radiation hardness of commercial elec-
tronics parts is not well known and may vary
from batch to batch. Part requirements, includ-
ing design margins, are often introduced to bound
the variability, and significant radiation shielding
may be required to protect. these parts. Due to
severe weight restrictions, however, it is impor-
tant to avoid over-shieldjng.

The objectives of this study are: 1) to identify
several specific orbits where natural electrons and
protons are expected to provide a large dose to
shielded microelectronics, 2) to evaluate the rel-

. ative contributions of the primary and secondary

(bremsstrahlung) radiation, and 3) to compare
and evaluate shielding materials and to estab-
lish some design guidelines. The computational
tools required to design the shields are also de-

- scribed. The conclusions drawn here may apply

to a certain extent to other radiation effects be-
sides total dose to silicon-based microelectronics,
but other radiation effects are outside the scope
of this analysis.

Previous studies of optimal shield configu-
rations, Rossi, et al.[l] and Barpea, et al.[2],
were directed at tissue dose and are not directly
applicable to the shielding of microelectronics.
Rossi, et al. designed a multilayer shield of mini-
mum mass to provide a specified dose rate to hu-
man tissue. Their analysis, however, was based
on approximate electron and photon transport
models, which have been significantly improved
in recent years. Barnea, et al. designed a two-
layer shield to minimize the human-tissue dose
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rate for a given shield mass-thickness. Their con-
clusions are valid for the shielding of electrons
but may not be optimal for proton shielding.
Barnea’s study was based on Monte Carlo analy-
ses, which can be quite time consuming for per-
forming optimization studies, where many differ-
ent shield configurations must be analyzed.

II. SPACE RADIATION ENVIRONMENTS

The near-earth, trapped space radiation envi-
ronment, which extends from a few hundred kilo-
meters in altitude to about ten earth radii, can be
simply described by two regions. The outer zone
consists of mainly trapped electrons and the inner
zone consists of the slowly varying high-energy
protons accompanied by the trapped electrons.
The intensity and energy distribution of electrons
and protons vary greatly with orbit altitude and,
to a lesser extent, with orbit inclination. The op-
timal shield design depends on both the intensity
and the energy distribution of the radiation.

There are several computer programs for es-
timating the average values of the natural
trapped electrons and protons. The results pre-
sented here are from the commercial program
SPACE RADIATIONI3] and are based on the
AE8MAX([4] model of electrons at solar maxi-
mum and the APSMIN([5] model of protons at
solar minimum. Our purpose here is to identify
several specific radiation environments that are
fairly difficult to shield against and to determine
characteristics of various radiation shield materi-
als.

In order to compare the various electron and
proton spectra, we considered the dose to a thin
silicon detector shielded by aluminum, as a func-
tion of the altitude of the orbit for several alu-
minum shield thicknesses. Figure 1 shows the sili-
con dose from natural electrons for circular orbits
of 0° inclination, for altitudes up to 60,000 km.
The well-known double-humped electron distrib-
ution is clearly illustrated, with the location of
the peaks a weak function of the shield thick-
ness. The maximum microelectronics dose due
to natural electrons occurs near 4,000 km and
20,000 km altitude. The change in the shape of
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the curves for different shield thicknesses is a re-
sult of the spectral variation with altitude. The
curves for different orbit inclinations exhibit sim-
ilar characteristics.
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Fig. 1 Natural trapped electron dose in silicon
versus altitude for slab aluminum shields of
various thickesses.

Figure 2 shows the silicon dose from nat-
ural protons for altitudes up to 20,000 km, for
0°inclination. The maximum occurs at about
3,000 km altitude. For thicker shields, the maxi-
mum occurs at successively lower altitudes, where
the proton spectra are harder.
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Fig. 2. Nétmal trapped proton dose in silicon
versus alpitude for slab aluminum shields of
. various thicknesses.
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III. ELECTRON SHIELDING

Electron transport in matter is a complicated
function of several distinct physical processes.
Three of them are important for shielding space
electrons: 1) inelastic scattering from atomic
electrons, 2) elastic scattering from nuclei, and 3)
the production of bremsstrahlung photons. In-
elastic scattering of electrons results in energy

loss without significant directional change. In-

elastic scattering is characterized by a stopping
power, which is the electron energy loss per unit
path length. The electron stopping power (per
unit areal density) is roughly proportional to the
Z/A ratio, where Z is the atomic number and A
is the atomic mass of the shield material. The
Z/A ratio varies from 0.4 for tantalum, to 0.48
for aluminum, to nearly 1.0 for hydrogen. For
this reason, low-7Z materials are more effective

for inelastic scattering of electrons. . Physically,

the reason for this is that the inelastic scattering
is directly related to the density of atomic elec-
trons‘in the shield material. High-Z nuclei have
more neutrons than low-Z nuclei do. The addi-
tional neutrons add mass without increasing the
shield effectiveness.

Electrons also undergo elastic scattering inter-
actions with atomic nuclei, where electrons are
deflected without significant energy loss. Elas-
tic scattering interactions effectively reduce the
electron penetration though the shield by deflect-
ing. electrons from the primary direction. Un-
like inelastic scattering, the elastic scattering is

- roughly proportional to the Z2/A ratio, so that

high-Z materials are more effective for causing
elastic scattering. A combination of low- and
high-Z materials, by maximizing elastic and in-

elastic scattering effects, may provide the most

effective shield for electrons. .

The third physical process important in the
shielding of electrons is the production of
bremsstrahlung photons, which are emitted when
electrons change direction or energy. Photons
generally are harder to shield against than elec-
trons, so the production of bremsstrahlung can
significantly degrade shield effectiveness. Like
elastic scattering, bremsstrahlung production is

roughly proportional to the Z2/A ratio, thus
more photons are produced as electrons slow
down in high-Z materials. On the other hand,
high-Z materials are generally more effective in
attenuating  photons. This self-shielding effect
somewhat mitigates the bremsstrahlung penalty
of high-Z shields. - .

Because of the complicated interplay of the
various processes involved in electron slowing
down, it is not obvious which shield materials
are the most effective for a given orbit. To
make a quantitative assessment, we generated
dose-vs-depth curves for the Global Position-
ing Satellite (GPS) natural electron environment
(20,175-km altitude, 55° inclination, circular or-
bit, omnidirectional ‘electrons). We used the
CEPXS/ONELD{6] code package in these analy-
ses. '

Figure 3 compares the shielding effectiveness
of low-Z (polypropylene and aluminum), mid-Z
(kovar), and high-Z (tantalum) materials.
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Fig. 3 Dose-vs-depth for omnidirectional natural
trapped electrons at 20,175-km, 55°-inclination,
circular orbit for single-material slab shields.

Up to an areal density of about 1.75 g/cm?,
where electron dose dominates, tantalum is the
most effective shielding material. This region is
apparently dominated by elastic scattering. Be-
yond 1.75 g/cm?, however, tantalum is less ef-
fective and aluminum is a more effective shield-
ing material. Contribution to absorbed dose in



this region is dominated by the bremsstrahlung
photons, which is less for aluminum than for
tantalum. Aluminum is a better shield than
polypropylene, since, although bremsstrahlung
photons are produced in aluminum, they are also

attenuated more, resulting in a lower dose with
~ the aluminum shield.

Based on these results and previous arguments,
it seems feasible to design a layered shield to
take advantage of the large elastic scattering
cross section of high-Z materials and the low
bremsstrahlung emission from low-Z materials.
Figure 4 is a schematic diagram of a three-layer
shield design. A low-Z material (aluminum) effec-
tively shields the primary electrons due to its rel-
atively large stopping power for electrons. This
outer aluminum may be the satellite skin itself.
Next is a layer of high-Z material (tantalum),
which effectively scatters electrons and absorbs
the secondary bremsstrahlung photons. Finally,
a thin layer of low-Z material is located between
the high-Z material and the microelectronics to
suppress photo-electron emission.

high-Z material to shield
primary electrons and bremsstrahlung

shielded
electronic
component

\ N
low-Z material
to suppress photo-
electron emission

low-Z material to shield
primary electrons
(structural material)

Fig. 4 Schematic of a three-layer shield design.

Figurée 5 compares the shield effectiveness
of a pure aluminum shield with an alu-
minum/tantalum/aluminum multi-layer shield.

Silicon dose is shown for shields with combined
areal density >1 g/cm?. The layered shield in-
cludes a layer of aluminum, followed by 10 mils of
tantalum and 5 mils of aluminum. These thick-
nesses were chosen for demonstration purposes,
since the optimal values would depend on the
details of a specific design. For the shielding
thicknesses considered, the layered shield is at
least sixty percent better than a pure aluminum
shield. The benefits of the additional layer of
tantalum are twofold. Tantalum provides further
electron attenuation (the elastic scattering effect)
in the regiogn where electron dose dominates and
further pho;ton attenuation in the region where
bremsstrahlung dose dominates. However, a thin
layer of aluminum is necessary to reduce the sec-
ondary electron emission from tantalum. The
multi-layer shield is able to take advantage of the
large elastic scattering cross section of tantalum
and the 10\§v bremsstrahlung emission from alu-
minum. |
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Fig. 5 Slab shield dose-vs-depth comparison for
omnidirectional natural trapped electrons at
20,175-km, 55°-inclination, circular orbit.

IV. PROTON SHIELDING

A comparison of Figures 1 and 2 shows that
the proton component of the natural environment
may domirjate the microelectronics dose for alti-
tudes below about 9,000 km. Furthermore, pro-
tons are generally more difficult to shield than
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are electrons, For this reason the proton environ-

ment must be considered when designing a shield

for satellites designed to operate in the several-
thousand km altitude range. Solar-flare protons
are not specifically considered in this analysis,
but the conclusions drawn here are also applica-
ble to solar-flare protons.

Unlike electron transport, secondary particle
production due to protons usually can be ne-
glected. A notable exception to this is the neu-
tron production from high-energy proton inter-
actions, which is especially significant for high-Z
targets. However, except for very thick high-Z
shields (-5 g/cm? tantalum), the portion of the
silicon dose from neutrons is less than 10% of the
total and usually can be neglected|[7].

With the neglect of secondary-particle produc-
tion from proton interactions, proton shielding
is more straightforward than electron shielding.
Proton slowing down is dominated by inelastic
scattering with atomic electrons. For this rea-
son, the proton stopping power (per unit areal

- density) is roughly proportional to the Z/A ra-

tio.

In this work we used the LITXS/ONELD code
package(8] to model proton transport and slowing
down. The LITXS code generates proton cross
sections in the same format as the CEPXS code
does for electrons and utilizes the same trans-
port solver (ONELD), so that the modeling is
quite efficient. The LITXS/ONELD code models
one-dimensional geomeétries and has been exten-

sively tested against other existing codes such as
LAHET][9].

Figure 6 compares the silicon dose rate for
several pure shield materials for a proton spec-
trum at 3,000 km altitude and 0° inclination.
Although hydrogen is not a realistic candidate
for a shielding material, it is included here for
comparison purposes. Obviously, the lower-Z
materials are more effective proton shields. A
low-Z material such as polypropylene results in
more than a factor of two greater dose reduc-
tion than does a high-Z material such as tanta-
lum. Figure 7 shows the proton dose for the tan-
talum/aluminum shields compared with single-

material shields. The thickness of the front layer
is 0.5 g/cm? for both of the bilayer shields shown
in Fig. 7. :
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‘Fig». 6 Dose-vs-depth for natural trapped
protons at 3,000 km, 0° inclination.

The significance of Figure 7 is that a shield
with a high-Z layer may be nearly as effective as a’
pure aluminum shield, as long as there is a low-Z
layer adjacent to the microelectronics. Therefore,
the optimal electron shield, which consists of low-
7/high-Z/low-Z layers will be very effective for
shielding protons as well, as long as the last low-
Z layer is thick enough. - '
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Fig. 7 Comparison of single-material and
multi-layer shield effectiveness for natural
trapped protons.



Figure 8 compares the effectiveness of a pure
aluminum shield with the three-layer shield that
is optimal for shielding electrons. The multi-layer
shield is slightly less effective than the pure alu-
minum shield for shielding protons because of the
presence of the tantalum layer. The effect of the
tantalum is slight, however, since the tantalum
layer is relatively thin.
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Fig. 8 Comparison of single-material and
three-layer shield effectiveness for natural
trapped protons.

V. SUMMARY

We have described a methodology for designing
an optimal shield that consists of multiple layers
of different shield materials. For electrons the op-
timal shield consists of a high-Z layer sandwiched
between the two low-Z layers. For trapped elec-
trons, a layered shield can result in more than
a sixty percent reduction in dose over a single-
material shield of the same areal density. In many
applications the satellite structure and the part
package already provide the outer and inner low-
Z layers, so that the only addition required to the
system is the high-Z material.

For protons, the optimal shield would consist
of a single, low-Z material layer. However, it is
shown that including a high-Z layer does not sig-
nificantly degrade the proton-shielding effective-
ness, as long as a low-Z layer is situated adja-
‘cent to the microelectronics. The present study

has been litited to one-dimensional geometries,
but the me(f;hod can be extended to multidimen-
sional shields by using the recently-developed
code package CEPXS/TORTJ10}, which is a mul-
tidimensional extension of CEPXS/ONELD.
CEPXS/ONELD is readily available to the
user community from the Radiation Shielding In-
formation Center (RSIC) as code package CCC
544. At the present time, the LITXS code and
the version of the CEPXS code that is used as
a cross-section processor for TORT are research
tools, not jet released to the community.
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