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HIGHLIGHTS

e Effects of radiation damage on satellite parts and subsystems in the presence of various types of radiation in space.

e Use of commercial parts in satellites, taking into account economic considerations.

e Reducing the effects of radiation damage through radiation shielding.

e Using SPENVIS, SHIELDOSE, and MULASSIS software for shielding design in LEO orbit mission.
e Almost the same result simulation using all three software, SPENVIS, SHIELDOSE and MULASSIS.

ABSTRACT

The space radiation environment includes trapped protons and electrons, solar pro-
tons, galactic cosmic radiation, and neutrons, which can lead to electronic satellite
malfunctions. Radiation damage has destructive effects on the electronic components of
satellites. As a result of economic reasons and the presence of various limitations, the
utilization of commercial components has become common in short-term and low-altitude
missions. The most efficient method of protection against radiation is the use of shields.
The purpose of this study is to investigate the optimal shielding in a 3-year mission in
LEO orbit by considering the radiation resistance of commercial parts using SPENVIS
software, SHIELDOSE code, and MULASSIS software. The result of SHIELDOSE,
MULASSIS calculations is that the amount of thickness of different materials for the
radiation tolerance of commercial parts does not vary significantly in condensation
thickness. Furthermore, there is no need for complex protection and you can utilize
the usual protections. A comparison of the calculations obtained from MULASSIS and
SHILEDOSE to deliver the dose into the silicon target indicates that the values are very
similar and if there is a limitation in each of the capabilities of either MULASSIS and
SHILEDOSE, another can be utilized as a substitute software.
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1 Introduction

The space radiation environment consists of trapped pro-
tons and electrons, solar protons, galactic cosmic radia-
tion, and neutrons, which can lead to the disappointment
of electronic satellites (ASTRIUM, 2001; Maurer et al.,
2008). The environmental effects of space radiation are
categorized into three general categories, total ionizing
dose effects (TID), single-event effects (SEE), and dis-
placement damage effects (DD) (NASA, 1999). Radia-
tion has devastating effects on electronic components in
satellites, so the selection of components has particular
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importance. In general, there are three classifications of
component categories for space systems. Rad Hard, Rad
Tolerant, and COTS. Rad-Hard Designed for the long
term, these devices are constructed to endure high lev-
els of radiation over prolonged periods. These devices
are heavyweights, designed to handle exceptionally high
levels of radiation. Their structure and materials are se-
lected and improved to withstand the most severe radi-
ation environments. Every possible avenue is explored
when qualifying rad-hard devices. Every wafer lot un-
dergoes thorough testing, ensuring that each component
meets the highest radiation resistance standards. Rad-
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Tolerant: Customized for shorter durations, rad-tolerant
electronics are ideal for missions or applications with a
lifecycle of typically five years or less. They’re more like
sprinters, designed to perform optimally in short, intense
bursts. Rad-Tolerant: Suited for less harsh radiation en-
vironments, these devices can usually handle radiation ex-
posure ranging from 10 to 30 krad (Si). In certain situa-
tions, they may be adjusted to withstand slightly higher
doses, but they won’t match the resilience of rad-hard de-
vices.These devices undergo a more efficient, automotive-
like approval process, with one-time radiation characteri-
zation. Although they are tested to ensure radiation tol-
erance, the process is less exhaustive than with rad-hard
devices, reflecting their shorter operational expectancy
and less demanding radiation requirements (Center, 1996;
Poivey, 2017).

COTS products, which are also known as commercially
available off-the-shelf products, refer to pre-packaged
hardware or software that are modified after purchase to
meet the specific requirements of the buying organization.
Some spacecraft manufacturers have no choice but to uti-
lize Commercial Off-The-Shelf (COTS) components in or-
der to fulfill the requirements for the performance and cost
of a mission. Numerous COTS devices are currently func-
tioning effectively in outer space. To ensure mission relia-
bility, the location of COTS parts and sub-systems within
the entire construction is crucial and spacecraft simulation
software like TRAD’s FASTRAD can help identify areas
of the satellite structure that can offer improved levels of
shielding from radiation (Rojdev et al., 2015).

Most COTS components are resistant to radiation up
to 5 krad. Some of them fail before 1 krad. By the COTS
method, commercial components and subsystems are pur-
chased and they can be used in the satellite provided they
meet other environmental requirements (vibration, tem-
perature, etc.)

The advantages of using COTS instead of space-
class components are time efficient, up-to-date, and cost-
effective, and they cannot access, on the other hand, it is
increased using these components in smaller satellites in
LEO orbit. Most of the important components utilized in
radiation systems have silicon bases and are fabricated on
VLSI semiconductor technology, therefore the most stud-
ied radiation damage is focused on silicon. The most effec-
tive way to protect against radiation is to use the shield.
The shielding effect of various materials can be studied
using particle transport codes. For shielding, as well as
investigating the protective effect of different materials, it
can be optimized on the layout and structure of the shield.
Traditionally, aluminum has been the standard material
utilized in space applications to fulfill radiation shielding
and structural-functional requirements. But other mate-
rials are also used in this field, including polyethylene,
thallium, etc. In this study, various types of materials
have been used for shielding calculations (Rahman et al.,
2017; ASTRIUM, 2001; Wrobel, 1987).

Space radiation researchers have developed different
models to simulate the elements of the radiation environ-
ment. These models are based on data sets of different
space missions launched in different orbits.The protective
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effectiveness of different materials can be evaluated using
particulate transport codes. HZETRN, MCNP, GEANT4,
and SHIELDOSE-2 CODES are available independently
or in software packages such as OMERE and SPENVIS.In
this work, SPENVIS is used. The SPENVIS system is
developed by a group led by the Royal Belgian Institute
for Space Aeronomy (BIRA-TASB) for ESA’s Space En-
vironments and Effects Section through its General Sup-
port Technology Programme (GSTP). The development
team at BIRA-TASB maintains the system (Truscott et al.,
2004).

The Space Environment Information System (SPEN-
VIS) is a web application that provides models and tools
to space engineers and scientists to simulate the space en-
vironment around Mercury, Earth, Mars, and Jupiter but
also in the interplanetary medium. Furthermore, it al-
lows the users to merge and chain results between different
models enabling them to calculate the potential effects of
the environments specific to their (planned) mission. The
effects are categorized into the following groups: ionizing
dose, non-ionizing energy loss, radiation damage in so-
lar cells, single event upsets, spacecraft charging, atomic
oxygen erosion, and meteoroid and debris models (The
ESP models, d.d. https://www.spenvis.oma.be/help/
background/flare/flare.html#ESP).

SHIELDOSE and MULASSIS are implemented in
SPENVIS software. It is used this capability in this work.
SHIELDOSE is a computer code for space-shielding radi-
ation dose calculations. It determines the absorbed dose
as a function of depth in shielding materials of spacecraft,
given the electron and proton fluences encountered while
in orbit (Truscott et al., 2004). MULASSIS enables the
definition of a multi-layered, one-dimensional shield and
incident particle source, and using the Geant4 toolkit sim-
ulates radiation transport through the geometry, treating
electromagnetic and nuclear interactions. It started work-
ing in the field of space radiation as the country’s attention
to the design and construction of satellites. Most activ-
ity in this field is performed using the OMERE software
for determination and shielding calculations. This study
aims to investigate the best shielding in LEO missions by
considering the radiation resistance of COTS components
using SPENVIS software.

Table 1: Mission Orbit Specifications.

Parameter Value
Perigee altitude 500 km
Apogee altitude 500 km
Inclination 55°
Mission start 01/01/2023
Mission end 31/12/2025

2 Research theories

As mentioned in the introduction, shielding is significant
for utilizing COTS parts, so to discover a suitable shield,
first, it is necessary to calculate and simulate different
and appropriate materials. To consider the impact of TID
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Figure 1: Differential and integral flux of solar protons vs energy.
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Figure 2: Differential and integral flux of trapped electrons vs energy.

against the shield, different shields such as aluminum, tita-
nium, tantalum, iron, copper-tungsten alloy, and a bilayer
shielding sample (consisting of aluminum and tantalum)
have been studied and the amount of TID absorbed into
silicon has been calculated for different thicknesses.

3 Results

Protons and solar ions, trapped particles including elec-
trons, protons, and galactic cosmic rays are considered
the radiation sources of this orbit. The results of calcula-
tions using SPENVIS computer program are presented in
this section. In Figs. 1 and 2, the flux of some radiation
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sources is displayed.

As shown in Fig. 1, the energy range of solar protons
extends up to approximately 500 MeV. The flux of these
particles decreases with increasing energy.

As shown in Fig. 2, the energy range of trapped elec-
trons extends up to approximately 10 MeV. The flux of
these particles also decreases with increasing energy. Ac-
cording to the characteristics of the orbit and the radia-
tion sources, the dose curve is drawn vs thickness. Figure
3 shows an example of calculations performed with this
software The target material is silicone and the shield is in-
tended to be flat. The obtained dose of trapped electrons,
trapped protons, and solar protons and the total dose in
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Eqv Al absorber Actual absorber I T e Tr. electro | Tr. el.+Br
thickness thickness ~1appec et | S0 nst+ emss. Total
Total Bremsstra |+Tr. proto| (krad)
(mm) | (mils) | (gem?) | (mm) electrons | strahlung | protons | protons it 'ns
0.05 1.968 0.014 0.05| 2.13E+04| 2.04E+04| 4.37E+01| 0.00E+00| 8.21E+02| 2.05E+04| 2.05E+04|2.13E+01
0.1 3.937 0.027 0.1 1.11E+04| 1.06E+04| 2.63E+01| 0.00E+00| 4.96E+02| 1.06E+04| 1.06E+04|1.11E+01
0.2 7.874 0.054 0.2| 5.34E+03| 5.03E+03| 1.48E+01| 0.00E+00| 2.90E+02| 5.05E+03| 5.05E+03|5.34E+00
0.3 11.811 0.081 0.3] 3.43E+03| 3.22E+03| 1.02E+01]| 0.00E+00| 2.03E+02| 3.23E+03| 3.23E+03|3.43E+00
0.4 15.748 0.108 0.4| 2.48E+03| 2.33E+03| 7.91E+00| 0.00E+00| 1.50E+02| 2.33E+03| 2.33E+03|2.48E+00
0.5 19.685 0.135 0.5] 1.92E+03| 1.79E+03| 6.63E+00| 0.00E+00| 1.17E+02| 1.80E+03| 1.80E+03|1.92E+00
0.6 23.622 0.162 0.6] 1.55E+03| 1.44E+03| 5.79E+00| 0.00E+00| 9.64E+01| 1.45E+03| 1.45E+03|1.55E+00
0.8 31.496 0.216 0.8 1.08E+03| 1.01E+03| 4.64E+00| 0.00E+00| 7.18E+01| 1.01E+03| 1.01E+03| 1.08E+00
1 39.37 0.27 1| 8.00E+02| 7.39E+02| 3.80E+00| 0.00E+00| 5.75E+01| 7.43E+02| 7.43E+02| 8.00E-01
1.5 59.055 0.405 1.5| 4.30E+02| 3.88E+02| 2.68E+00| 0.00E+00| 3.91E+01| 3.91E+02| 3.91E+02| 4.30E-01
p 78.74 0.54 2| 2.55E+02| 2.23E+02| 2.06E+00| 0.00E+00| 2.97E+01| 2.25E+02| 2.25E+02| 2.55E-01
255 98.425 0.675 2.5 1.57E+02| 1.32E+02| 1.66E+00| 0.00E+00| 2.35E+01| 1.34E+02| 1.34E+02| 1.57E-01
3 118.11 0.81 3| 9.99E+01| 7.93E+01| 1.39E+00| 0.00E+00| 1.92E+01| 8.07E+01| 8.07E+01| 9.99E-02
4 157.48 1.08 4| 4.45E+01| 2.95E+01]| 1.07E+00| 0.00E+00| 1.39E+01| 3.06E+01| 3.06E+01| 4.45E-02
) 196.85 1.35 5| 2.28E+01| 1.13E+01| 8.70E-01| 0.00E+00| 1.06E+01| 1.22E+01| 1.22E+01| 2.28E-02
6 236.22 1.62 6| 1.35E+01| 4.33E+00| 7.49E-01| 0.00E+00| 8.43E+00| 5.07E+00| 5.07E+00( 1.35E-02
7 275.59 1.89 7| 9.14E+00| 1.62E+00| 6.65E-01| 0.00E+00| 6.85E+00| 2.29E+00| 2.29E+00| 9.14E-03
8 314.96 2.16 8| 6.90E+00| 5.80E-01| 6.02E-01| 0.00E+00| 5.71E+00| 1.18E+00| 1.18E+00| 6.90E-03
9 35433 243 9] 5.59E+00| 1.94E-01| 5.53E-01| 0.00E+00| 4.84E+00| 7.47E-01| 7.47E-01| 5.59E-03
10 393.7 27 10| 4.74E+00| 5.79E-02| 5.13E-01| 0.00E+00| 4.17E+00| 5.71E-01| 5.71E-01| 4.74E-03
12 472.44 3.24 12| 3.63E+00| 2.37E-03| 4.50E-01| 0.00E+00| 3.18E+00| 4.52E-01| 4.52E-01| 3.63E-03
14 551.18 3.78 14| 2.87E+00| 1.48E-05( 4.02E-01| 0.00E+00| 2.47E+00| 4.02E-01| 4.02E-01| 2.87E-03
16 629.92 432 16| 2.34E+00| 1.29E-07| 3.64E-01| 0.00E+00| 1.97E+00| 3.64E-01| 3.64E-01| 2.34E-03
18 708.66 4.86 18| 1.95E+00| 0.00E+00] 3.32E-01| 0.00E+00| 1.62E+00| 3.32E-01| 3.32E-01| 1.95E-03
20 787.4 5.4 20| 1.66E+00| 0.00E+00| 3.06E-01| 0.00E+00| 1.35E+00| 3.06E-01| 3.06E-01| 1.66E-03

Figure 3: An example of calculation of dose determination vs thickness in SHIELDOSE software.

silicon were calculated based on thickness. The output
from these tables is the dose curve regarding condensation
thickness (g.cm~2). The red horizontal line represents the
radiation tolerance of COTS components. The minimum
amount of thickness is obtained from the intersection of
two graphs. In Fig. 4, the dose curve is displayed in terms
of thickness for aluminum shielding.

This work has also been applied for Titanium, Tanta-
lum, Iron, Al + Ta bi-layer, and CW80 Copper-Tungsten
Alloy, and the results are summarized in Table 2. In
this table, the minimum amount of condensation thick-
ness (g.cm~2) for the radiation tolerance of COTSs for
different materials in this mission is obtained.

The minimum condensation thickness values for the
radiation tolerance of commercial parts in different mate-
rials are presented in Fig. 5. As shown in Table 2 and Fig.
5, the amount of thickness of different materials for the
radiation tolerance of COTS components does not differ
much in terms of condensation thickness in this mission.
The lowest and highest thickness is related to Tantalum
and Ta+Al (1 mm) combined shields.

To assessment dose quality, two capabilities of SPEN-
VIS, MULASSIS and SHILDOSE have been used. To vali-
date the two software, the dose values are calculated in the
same conditions. The results of this comparison are shown
in Fig. 6. As shown in this figure, the values obtained for
the dose are almost close to each other in thicknesses of 2
to 8 mm and follow the same order of magnitude, there-
fore, it can be concluded that if there is a limitation in
any of the capabilities of MULASSIS and SHILEDOSE,

another can be used as an alternative software.

Table 2: Minimum condensing thickness (g.cm™2) for radia-
tion tolerance of COTS components for different materials.

Shield material Thickness Condensation_ ;hickness
(mm) (g.cm™%)

Titanium 0.1798 0.0873
Tantalum 0.0485 0.0799
Iron 0.1029 0.0858
Al + Ta bi-layer 0.5000 0.1400
Aluminium 0.3000 0.0932
CW80 Copper- ) -0 0.0852

Tungsten Alloy

1.00E+02 = Radiation Tolerance of COTS
e TID in Al
1.00E+01 l
?c 1.00E+00
ke
N
E 1.00E-01
1.00E-02
1.00E-03
0 1 2 3 4 5 6

Thickness(g cm-2)

Figure 4: Total ionizing dose curve in terms of thickness for
aluminum.
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Figure 6: Comparison of total ionizing dose curve obtained
from MULASSIS and SHIELDOSE calculations in terms of
thickness for aluminum shielding in silicon.

4  Conclusions

It is important to have a good understanding of these
effects on the satellite to provide the required shielding
for mission planning and design. Radiation damage has
devastating effects on electronic components in satellites,
and the selection of components has a particular impor-
tance. The most effective way to protect against radia-
tion is to use a shield. The use of shields appears to be
the only practical tool to reduce the impact of radiation
on astronauts and satellite cargo. There are two trans-
port radiation codes used in this study. This work aims
to investigate the optimal shielding in LEO missions by
considering the radiation resistance of COTS components
using SPENVIS software. It will be a three-year mission
for a low-altitude orbit satellite (LEO).

The results of SHIELDOSE2 calculations show that
the amount of thickness of different materials, for the ra-
diation tolerance of commercial parts, does not differ much
in terms of condensation thickness in this mission. In other
words, if the basis of calculation is the condensation thick-
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ness of the different materials, then the amount of differ-
ent materials for radiation protection in this mission is
the same. The lowest and highest thickness is related to
Tantalum and Ta+Al (1 mm) combined shields. A com-
parison of the calculations obtained from MULASSIS and
SHILEDOSE to achieve the dose into the silicon target
indicates that the values are very similar and if there is
a limitation in each of the capabilities of MULASSIS and
SHILEDOSE, another can be used as an alternative soft-
ware. The general conclusion of the conservation design
topics in this mission is that there is no need to use com-
plex shielding and can also be used for this purpose.
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