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ABSTRACT

Space Radiation Estimation for The Turkish Lunar
Mission

Burak BEKTASOGLU

Department of Physics
Master of Science Thesis

Supervisor: Asst. Prof. Murat HUDAVERDI
Co-supervisor: Prof. Dr. M. Bilge DEMIRKOZ

One of the biggest challenges for space missions is space radiation effects. Space
radiation is very dangerous to the health of astronauts on manned missions and can
cause spacecraft electronic systems and solar panels to malfunction. It can even cause
a task to be terminated. For this reason, the situation that the spacecraft will be in
during the mission should be well known. Therefore, various simulations and tests
must be performed to prepare for the space mission. In this way, precautions are

taken in a way that electronic components and astronauts can withstand.

The trajectory used in space missions should be determined in such a way that it
best suits the purpose of the mission and that the spacecraft is exposed to the lowest
possible radiation dose. Because the less radiation the spacecraft will be exposed to,
the easier it will be to take precautions on the spacecraft and reduce the cost of the

mission.

In this study, a radiation environment simulation was made for the 2023 Turkish Lunar
Mission to be carried out within the scope of the National Space Program. First, an
estimated mission profile for the 2023 Lunar Mission was designed and a trajectory
simulation was made. Second, data on the space particle environment on orbit were
obtained for the estimated date of the mission. In addition, a model satellite was
designed to be used in simulations. Finally, the particle flux data and the modeled
satellite were used in the Geant4 simulation. The simulation found the radiation dose
rate that the satellite will be exposed to in the 2023 Turkish Lunar Mission.
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OZET

Tiirkiye Ay Misyonu icin Uzay Radyasyon Tahmini
Burak BEKTASOGLU

Fizik Anabilim Dali

Yiiksek Lisans Tezi

Danigsman: Asst. Prof. Murat HUDAVERDI
Es-Danisman: Prof. Dr. M. Bilge DEMIRKOZ

Uzay gorevleri icin en biiyiik zorluklardan biri uzay radyasyon etkileridir. Uzay
radyasyonu insanli gorevlerde astronotlarin saghigi icin oldukca biiyiik bir tehlike arz
eder. Uzay araclarinin elektronik sistemlerinin, giines panellerinin bozulmasina hatta
gorevin sonlanmasina sebep olabilir. Bu nedenle uzay aracinin gérev boyunca icinde
bulunacagi durum iyi bilinmelidir. Bunun icin cesitli simiilasyonlar ve testler yapilarak
uzay gorevine hazirlik yapilmalidir. Bu sayede elektronik bilesenlerin ve astronotlarin
dayanabilecegi sekilde 6nlemler alinmaktadir. Uzay gorevlerinde izlenen yoriingenin,
gorevin amacina en uygun sekilde ve uzay aracinin olabildigince diisiik miktarda
radyasyon dozuna maruz kalacag: sekilde belirlenmesi gerekmektedir. Bu calismada,
Tiirkiye'nin Milli Uzay Programi kapsaminda gerceklestirecegi Ay Gorevi icin bir
radyasyon ortami simiilasyonu yapilmustir. Ilk olarak, 2023 Ay Gorevi icin tahmini
bir yoriinge olusturuldu ve belirlenen tarihte yoriinge iizerinde uzay aracinin maruz
kalacag1 parcacik ortami verileri elde edildi. Devaminda, modellenen yériingedeki
parcacik akis: bilgisi elde edildi. Son olarak bu bilgilerle, modellenen uydunun 2023
Tiirkiye Ay Gorevinde icinde bulunacagi radyasyon ortami Geant4 kullanilarak simiile
edildi.

Anahtar Kelimeler: Ay gorevi, uzay radyasyonu, uzay ortami.

YILDIZ TEKNIK UNIVERSITESI
FEN BILIMLERI ENSTITUSU
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1

INTRODUCTION

1.1 Literature Review

Since it can cause the electronic systems in the spacecraft to malfunction and even
cause the end of the mission, space radiation is one of the biggest problems to be
taken care of in space missions. According to a report published by NASA in 1999,
the US National Geophysical Data Center has recorded 4500 satellite anomalies or
malfunctions due to space radiation effects in the last 25 years. This is an example of
how serious the effects of space radiation are [[1]. Space radiation is a greater threat in
manned missions. Space radiation can produce acute effects on astronauts. Astronauts
are exposed to radiation at effective doses in the range of 50-2000 millisievert (mSv).
In the long run, this can cause diseases such as cancer, circulatory system disorders,
and cataracts [[2]]. Various measurements are taken on all space missions in history, and
some of them are radiation measurements. These measurement results can be used to
prepare for future missions. During the mission, the spacecraft is exposed to trapped
particles, solar particles, and galactic cosmic rays [13]. The effects of these particles on
the electronic systems in the spacecraft can be examined under 3 headings. The first is
the total ionizing dose effect, the second is the solar particle effect, and the third is the
displacement damage [|4]. Before a mission, preparation is made for space radiation

based on measurement results from previous missions and simulation and test results.

The shield of the spacecraft plays a very important role in this. However, the shield
for protection from radiation cannot be made in any thickness. Because as the shield
thickness increases, the weight of the spacecraft increases and as the weight of the
spacecraft increases, a stronger propulsion system is required [5]]. The stronger
propulsion system brings with it more weight. You can’t put more fuel in a spacecraft
either, because more fuel requires a larger fuel tank. A Larger fuel tank requires
larger spacecraft. Thus, again, the weight of the spacecraft and the cost of the mission
increase. Therefore, the shielding required for the protection of electronic components
and astronauts is a sensitive issue, and the requirements must be well defined, and the

right tests performed. How much radiation a spacecraft will be exposed to during the



mission depends on the date and orbit of the mission. Two examples can be given for
this situation, respectively. Missions during peak solar activity are very risky because
the risk of solar particles malfunctioning in the spacecraft increases considerably. A
spacecraft in the Van Allen Belts, which originates from the Earth’s magnetic field,
must spend as little time in these belts as possible for the purpose of the mission.

Therefore, planning is based on mission date and orbit.

1.2 Objective of the Thesis

On February 9, 2021, Turkey’s 10-year National Space Program was announced. One
of the goals of this program is to perform an unmanned Moon Mission in 2023. The
aim of this thesis is to simulate the space radiation environment that the spacecraft will
be exposed to during the 2023 Turkish Lunar Mission. For this purpose, many studies
such as satellite design, orbital planning, and simulation algorithms have been carried
out. During the studies, different methods were tried and the best possible method
was chosen according to the results. The project was carried out in partnership with
Yildiz Technical University Space Science and Technology Research Group and Middle
East Technical University-IVMER (Space and Accelerator Technologies Research and
Application Center), and the results were regularly presented to the Presidency of
Defense Industries.

1.3 Hypothesis

Simulation results for the space radiation environment may differ from actual results.
The first reason for this is the uncertainties in particle models. The second reason is the
occurrence of unexpected effects such as strong solar flares. In addition, the models
used in the simulation must be chosen correctly. In this study, first of all, an orbit was
created using the General Mission Analysis Tool (GMAT) and the Space Environment
Information System (SPENVIS) was used to simulate the particle environment in the
orbit. A predicted satellite model made using AutoCAD was simulated using Geant4
(for Geometry and Tracking) with particle environment data. The same processes were
tested for another mission to demonstrate the accuracy of this method. This mission is
the Chandrayaan-1 mission accomplished by the Indian Space Research Organization
(ISRO) in 2008. During this mission, the Chandrayaan-1 satellite made measurements
with the detector named Radiation Dose Monitor (RADOM). Measurement data and
simulation results were compared. In this way, the method used to simulate the

radiation environment for the 2023 Turkish Lunar Mission was tested.



2

SPACE RADIATION ENVIRONMENT

Space radiation affects all space missions and all satellites and has three sources.
The first source is the trapped particles found in the Van Allen Belts, the second
source is solar particles and the third is galactic cosmic rays. The effects of space
radiation on the electronic systems of spacecraft can be examined under four headings.
These effects are total ionizing dose, single event effect, displacement damage, and
spacecraft charging. These effects differ based on mission duration, mission date, and
orbit used on the mission. The trajectory used for the 2023 Turkish Lunar Mission in
this project is a partially advantageous trajectory in terms of space radiation damage,
as the spacecraft is not planned to be in the Van Allen Belts for a long time and the
mission period is not planned too long. However, the date of the 2023 Turkish Moon
Mission is a bit of a disadvantage, as the mission is in a period when the effects of
the Solar Cycle-25 increase. Because in 2023, the probability of a deterioration in
the electronic systems of the spacecraft due to solar effects is higher than in the solar

minimum period.

This thesis study was carried out by considering all these effects and the result obtained
was compared with a previous mission that was performed. In this part of the thesis,

the sources and effects of space radiation are mentioned.

2.1 Trapped Radiation

The fluid movement in the Earth’s liquid iron core causes the formation of a magnetic
field around the Earth [|6]. It is also called geomagnetic field. The Earth’s magnetic
field interacts with the solar wind and this interaction causes an electrical current layer
formation. It is known as magnetopause. The region enclosed by the magnetopause
is known as the magnetosphere [7]]. The green line in Figure represents
magnetopause and the thin yellow line shows magnetic field lines. The sunward side
of the magnetosphere compresses by the solar wind, and shock waves are created on

that side represented by a dark green line named Bow Shock.
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Figure 2.1 The Earth’s magnetic field lines, magnetopause. Adapted from [8]]

Energetic proton and electron populations trapped in the Earth’s magnetosphere
constitute the Earth’s radiation belts that cause trapped particle radiation. The
movements of the charged particles in the Earth’s magnetic field are given in Figure
The particles rotate around the magnetic field line and move back and forth along
the line. They also drift east or west depending on their charge [|9]].

/y _dr'kf(‘-'\'/ﬂk'" o<

%! Trapped Particie o
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Figure 2.2 Motion of charged and energetic particles in the Earth’s magnetic field.
Adapted from [9]].



The radiation belts were discovered by James Van Allen in 1958 with Geiger counters
flying on the Explorer 1 satellite [[10]. That’s why these belts are also known as Van
Allen Belts. These belts are two toroidal-shaped distinct belts that surround the Earth
[11]]. The first one is called the inner radiation belt and the second one is called the

outer radiation belt. Inner and outer Van Allen radiation belts are given in Figure 2.3

INNER VAN ALLEN BELT OUTER VAN ALLEN BELT

Figure 2.3 Inner and outer Van Allen Belts. Adapted from [[12]].

Protons are located in just one radiation belt, while electrons are located in two belts
[13]. The inner belt extends from about 0.1 to 2 R and the outer belt extends from
approximately 3 Ry to 9-10 Ry [[14]. The main zones of the inner belt and outer belt

are centered at around 1.5 R; and 4 Ry, respectively.

Space Environment Information System (SPENVIS) was used to obtain the fluxes of
the trapped particles. SPENVIS is developed by the Royal Belgian Institute for Space
Aeronomy for European Space Agency’s (ESA) Space Environments and Effects Section
[15]]. There are different models for trapped particles in SPENVIS. Information of
AP-8/AE-8 and CRRESPRO/CRRESELE for proton and electron are given in Table
The model chosen for the trapped particles is the AP-8 and AE-8 models. The
accuracy of the method used for the 2023 Turkish Lunar Mission simulations has
been demonstrated according to the simulation results for the Chandrayaan-1 mission.
The results of CRRES models and AP models are shared for the simulations for the
Chandrayaan-1 mission [11]]. However, the CRRES model from these models was not
used for the Lunar mission. This is because the energy gap in the results obtained
from the CRRESPRO and CRRESELE models is not wide. Extrapolating for flux values
at higher energies will detract from reality. For this reason, In this study, the AP-8 Max

model for protons and the AE-8 Max model for electrons were used.
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Table 2.1 SPENVIS proton and electron models for Van Allen Belts. Adapted from [EI]

PROTON MODELS

Model Coordinate Range | Energy Range (MeV)

AP-8 1.14 <L <6.60 0.10-400.00
CRRESPRO | 1.00 <L <£5.50 1.10-90.40

ELECTRON MODELS

Model Coordinate Range | Energy Range (MeV)

AE-8 1.14 <L <£12.00 0.04-7.00
CRRESELE | 2.50 <L <£6.80 0.50-6.60

CRRESPRO and CRRESELE models developed by U.S Air Force Research Laboratory
[[16]]. AP-8 and AE-8 models were developed by NASA in the 1980s as a result of the
data collected from 1958 to 1970 and made available by U.S. National Space Science
Data Center (NSSDC) 17]]. The energy range for the proton in the AP-8 model is
between 1.00x10~! MeV and 4.00x10? MeV, and for the electron in the AE-8 model,
the energy range is between 4.00x107> MeV and 7 MeV 19]. The distribution of
protons with energies higher than 10 MeV and electrons with energies higher than 1
MeV in the Van Allen belts are given in Figure and Figure respectively [9]].
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Figure 2.4 Proton flux in Van Allen Belt. Adapted from [EI]
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Figure 2.5 Electron flux in Van Allen Belts. Adapted from [@].

In space missions, it is necessary to stay in the regions with dense particle flux in Figure
and Figure [2.5 as short as possible. The high particle flux in these regions may
cause undesirable adverse effects on the spacecraft or -in manned missions- the crew.

2.2 Solar Particle Events (SPE)

Solar particle events (SPEs) are another source of space radiation. Solar particle events
can give radiation hazards to electronic components on spacecraft and humans in
crewed missions [20]]. Solar energetic particles consist of energetic protons, electrons,
alpha particles, and heavy ions up to the iron and their energies can up to a few GeV.
Solar flares occur on the surface of the Sun due to nuclear reactions taking place in the
Sun. Coronal mass ejections (CMEs) occur near the region of the solar flare. CMEs are
large bubbles of plasma (Figure emanating from the Sun’s outer atmosphere, and
shockwaves are formed before coronal mass ejections. Solar particles are accelerated
by the shockwaves and their speed can approach the speed of light [21]].



Figure 2.6 Coronal Mass Ejection. Adapted from [.

The flux of SPEs increases or decreases according to the Sun’s 11-year cycle. Solar
flares occur several times a day during the solar maximum period, while they occur
much less frequently during the solar minimum period. Of the 11-year solar cycle, 4
years are the solar minimum period and 7 years are the solar maximum period [[23]].
Figure shows the difference between the sun’s maximum and minimum periods.

Figure 2.7 Coronal Difference between solar maximum and solar minimum.

Adapted from [24]].



There are several solar particle models in SPENVIS. These models are examined under
two headings (Table [2.2). These are solar proton models and solar heavy ion models.

Table 2.2 Solar particle models in SPENVIS. Adapted from [125]].

Solar Proton Models
Solar Accumulated and Peak Proton and

1 Heavy Ion Radiation Environment
(SAPPHIRE)
9 Emission of Solar Protons
(ESP)
3 Model of Jet Propulsion Laboratory
(JPL-91)
4 The Rosengvist Model
5 The King Model

Solar Heavy Ion Models
Solar Accumulated and Peak Proton and
1 Heavy Ion Radiation Environment
(SAPPHIRE)
Prediction of Solar Particle Yields
2 | for Characterizing Integrated Circuits
(PSYCHIC)

The models used in SPENVIS to obtain the solar particle flux on the mission orbit are
the combined versions of the models. Combined versions of these models are given
in Table In all models except the King Model, the ion range can be selected as

desired from hydrogen to uranium.

Table 2.3 Models available in SPENVIS for particle flux in orbit. Adapted from [[15].

SAPPHIRE (Total fluence)
SAPPHIRE (Worst event fluence)
SAPPHIRE (1 in n year event fluence)
ESP-PSYCHIC (Total fluence)
ESP-PSYCHIC (Worst event fluence)
King Model

QN U BA|W|IN| -

In this study, the ESP-PSYCHIC model was used for solar particles. Because the
proton energy value is constrained due to the incomplete nature of the datasets of
the King and JPL models. In addition, according to the Fluence-Energy comparison
of the ESP-PSYCHIC model and the SAPPHIRE models, the ESP-PSYCHIC model was
thought to be more reliable because it created the intermediate value on the graph,
and therefore the ESP-PSYCHIC model was preferred [[26]. ESP-PSYCHIC model was
developed by the National Aeronautics and Space Administration (NASA) and has an
energy range of 1.00x107! MeV - 5.00x10% MeV [15]].
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2.3 Galactic Cosmic Rays (GCR)

The energetic flux of particles caused by supernovas and their remnants outside the

solar system are known as galactic cosmic rays (GCRs). Galactic cosmic rays are the

most penetrating type of ionizing radiation, and their distribution in the interstellar

medium is thought to be isotropic. It also constantly bombards the Earth from all

angles. The energy range of GCR particles can range from a few tens to 10x10%

eV/nucleon [[11]]. Galactic cosmic rays consist of from hydrogen to iron in the periodic

table but 99% of galactic cosmic rays are hydrogen and alpha particles. Heavy ions

form of remaining 1% of GCRs [27]]. The relative abundance graph in the galactic

cosmic ray is given in Figure
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Figure 2.8 GCR element abundance graph. Adapted from .

For galactic cosmic ray particles, there are four different models in SPENVIS. These
models are given in the Table [129]].

Table 2.4 Galactic cosmic ray models in SPENVIS. Adapted from ||

ISO 15390 Model

CREME 96 Model

CREME 86 Model
Nymmik Model

DWW N =

10




The CREME96 Model is fundamentally different from the CREME86 and corresponds
to the GCR maximum in 1986-87. The CREME86 model, on the other hand, gives
different results according to various space weather indices. The Nymmic model is the
same as the ISO 15390 model, except that the flux increases with decreasing energy
for particles below 10 MeV [[30]. For this reason, in this study, the ISO 15390 model
was thought to be more efficient and was used in simulations. The ISO-15390 model
was developed by Lomonosov Moscow State University-Skobeltsyn Institute of Nuclear
Physics and Royal Belgian Institute for Space Aeronomy (BIRA-IASB). This model takes
into account the variation in GCR intensity versus the solar cycle, using the 12-month
average number of Sunspots [[30]]. In addition, the time delay in the GCR flux was
taken depending on the solar cycle and the magnetic stiffness of the particles. There
are no abnormal cosmic rays in this model [29]. ISO 15390 standard model particle
energy range is between 1.00 MeV and 1.00x10> MeV.

2.4 Space Radiation Effects on Electronics

Space radiation can affect the electronic systems of spacecraft and the health of
astronauts in manned missions in various ways. For this reason, it is an important
issue how resistant spacecraft is to space radiation, and in this study, the effects of
space radiation on spacecraft electronic systems are emphasized. In this context,
space radiation can have an effect in 3 ways. These are total ionizing dose (TID),
single event effect (SEE), and displacement damage (DD). Total ionizing dose and
displacement damage are cumulative effects [4]]. Tests for these effects can be made
in Turkey at the Middle East Technical University Defocusing Beamline (DBL) at the
Turkish Energy, Nuclear and Mining Research Council SANAEM Proton Accelerator
Facility. At the Proton Accelerator Facility, protons can accelerate up to 30 MeV of
kinetic energy, and ESA ESCC No. 25100 Standard Single Event Effect Test Method
and Guideline is considered for these SEE tests. Also, TID tests can be performed at

the Gama Irradiation Facility at the same location [[31] [[32].
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2.4.1 Total Ionizing Dose (TID)

The gradual space radiation that a spacecraft’s electronic system components are
exposed to throughout its mission life creates a total ionizing dose effect by
accumulating free charge [[33]]. Ionization results from the interaction of a material’s
atoms with charged particles or high-energy photons. Photon-induced ionization
occurs when the secondary electrons formed by the high-energy photon form
electron-hole pairs. Proton and other charged particles also cause ionization by
forming electron-hole pairs. This degradation begins when the total ionizing radiation

tolerance of the electronic system reaches its tolerance limit [34].

During the mission, it is possible to model the space environment in orbit where
the spacecraft will travel [[34]]. Photon sources and particle accelerators are used to
test electronic components against this effect [33]]. Thus, it is understood how long
the electronic component will withstand these effects. The total ionizing dose is the
measure of deposited energy per unit mass. According to The International System
of Units (SI), the unit used for TID is Gray (Gy). 1 Gy equals to 100 rad. The total
ionizing dose (TID) effect usually occurs in conjunction with single event effects (SEE)
and displacement damage (DD) [[34]].

2.4.2 Single Event Effects (SEEs)

The single event effect (SEE) is caused by an ionizing particle that creates
a free charge as it passes through the sensitive region of the electronic
component [35].  Figure shows the single event effect mechanism.

Device

lon
Normal

S p+ Drain Source

Depletion
Region

P Substrate

Figure 2.9 Single event effect mechanism. Red line shows heavy ion path in device.
Blue (dashed) arrow indicates recoil ion generation by a proton and an atom in the
semiconductor lattice. Adapted from [[35]].
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Single event effects fall into two categories. These are soft errors and hard errors. The
soft errors category consists of single event upset, single event transient, single event
snapback, and single event functional interrupt. The hard errors category consists of
single event latch-up, single event burnout, and single event gate rupture [36]]. Single
event effects and their definitions are given in Table

Semiconductor memory devices have many capacitors, and the sensitivity increases as
these memory systems get smaller. Hard errors are caused by mechanical faults such
as poor solder, connector failure, and the damaged component needs to be replaced,
and these are repeatable errors. However, soft errors are caused by alpha particles
or cosmic rays and cause changes in the data stored in memory and are temporary,
non-repeating errors. Correct data can be reloaded into the memory cell when a soft
error occurs. If the soft error is not corrected, it can create a system failure or be

mistaken for a system failure [[37]].

Table 2.5 Soft and hard errors. Adapted from [38][139].

FI;;:‘ Error Error Explanation
Soft Single Event Upset Change of logic cell or microprocessor state
(SEU) and not destructive.
Soft Single Event Transient Transient voltage excursion in an
(SED) integrated circuit.
Soft Single Event Snap-Back Localized warming up after
(SESB) high current state.
Soft Single Event Functional Component deterioration
Interrupt (SEFI) (reset or lock-up).
Single Event Latch-Up Potentia? devastating dargage.
Hard A low impedance and high
(SEL)
current path are formed.
Single Event Burnout ) )
Hard (SEB) Regenerative feed-back, and high current.
Hard Single Event Gate Rupture of the dielectric layer or
Rupture (SEGR) gate oxide.

2.4.3 Displacement Damage (DD)

An energetic particle (proton, electron, neutron, and heavy ion) can cause a
displacement of an atom by elastic or inelastic collision from its normal lattice position
in a semiconductor, and it is known as displacement damage [[40]. If the displaced
atom moves to the non-lattice position, this defect is called an interstitial [[41]. In
silicon, the resulting interstitial silicon and vacancy pair is called the Frenkel defect
(Figure|2.10).
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Figure 2.10 Single event effect. Adapted from [42].

Interstitials or gaps formed as a result of the collision cause the formation of allowed
energy states in the band gap in the semiconductor material. This affects the
performance of electronic devices [[40]. This type of damage, for example, can do
quite a bit of damage to solar panels. It causes an increase in the resistance of the

solar cells, thus reducing the energy production of the solar cells [[41]].

Non-ionizing energy loss (NIEL) is calculated as the energy lost per unit mass of a
particle as it moves through the material. NIEL has the same unit as linear energy
transfer (LET) [40].
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3

TRAJECTORY PLANNING

Mankind began its Moon missions with the Union of Soviet Socialist Republics and the
United States. Beginning with the Luna-1 satellite mission in 1959, the Moon missions
continued with the Luna satellite series and the Ranger missions in the 1960s. The first
lunar impact was performed on the Luna-2 mission. The first manned Moon landing
mission was made by the United States on July 20, 1969, with the Apollo-11 mission
[43].

The distance between the Moon and the Earth is roughly 384400 km [44], but this
distance varies between 356500 km and 406700 km [|45]. Various orbits have been
used in missions to cover this distance. Basically, two issues are interrelated here,
these are the cost of the space mission and the duration of the mission. Shortening
the spacecraft’s arrival time to the Moon increases the cost of the mission. Here, of
course, issues such as whether the mission is manned or not and the purpose of the
mission are very effective [43]. The orbit used in the Luna-2 mission to directly hit
the Moon’s surface and the orbit used in the Apollo 11 mission are given in Figure 3.1
and Figure Although both missions were lunar missions, the purpose of these two
missions and the use of very different spacecraft required different mission profiles.
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Figure 3.1 Luna-2 mission trajectory profile. The Luna-2 mission is the first to touch
the Moon. Adapted from [43].

Figure 3.2 Apollo 11 mission profile. In the mission, it entered the 34-hour Moon
transfer orbit after one and a half orbits in the Earth Parking Orbit at an altitude of
about 185 km. After completing its transfer orbit, it entered lunar orbit. While in
lunar orbit, the Lunar module, which contained two of the three astronauts in the
crew, separated from the crew module attached to the service module and landed on
the Moon. This mission is the first manned Moon mission in human history. Adapted

from IEI



In lunar missions, the distance and duration of transfer orbits may differ. While
the Luna-2 orbit given in Figure took 1 day and 10 hours (34) hours, the
Moon transfer orbit in the Apollo 11 mission given in Figure took 3 days
(72 hours). In addition, in the Luna 9 mission, the lunar transfer orbit took 79
hours (3 days and 7 hours), while the Lunar prospector took 4 days and 9 hours
(105 hours). These lunar transfer trajectories are given in Figure [46].

Maon

34-Hour
LS 4J1[J.Jr‘

3-Day
3

\
5Day &

arth

Figure 3.3 Transfer trajectories. Adapted from [[46].

In lunar missions, the mission profile usually starts with the park orbit, and then the
Hohmann transfer orbit is used. The Hohmann transfer orbit uses 2-body dynamics.
Of the two bodies on a Moon mission, one is the Earth and the other is the spacecraft on
the Hohmann transfer orbit extending from the Earth Park orbit through the Keplerian
ellipse to the Moon. Delta-v (Av) would have to be large for spacecraft following this
orbit to be captured by the Moon. The Hohmann transfer profile for a Moon mission

and the calculation of simply delta-v (Av) are given below [[47]].
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Figure 3.4 The velocities of a spacecraft reaching the Moon by Hohmann transfer
from the Earth Parking Orbit at an altitude of 300 km. Adapted from [[43]].

Equation [3.1]is used to find the orbital velocity of the spacecraft on parking orbit at
an altitude of 300 km before the trans-lunar injection [43[][48].

y=\— (3.1)

The Earth radius (R;)[49]]: 6378.142 km (Equatorial radius referans)
Altitude (R,): 300 km
R=R;+R, (3.2)

Total Distance (R): 6678.142 km = 6678142 m
Newtonian constant of gravitation (G) [|50]: 6.6743 x 10~ kg 'm3s2
The Earth mass (M;) [51]: 5.9722 x 10**kg

L \J (6.6743 x 10-11kg—m3s-2)(5.9722 x 10%*kg) (3.3)
- (6678142m) '
v =7.725km/s (3.4)
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Equation is used to find the Av required for trans-lunar injection. The distances
in Equation 3.5 are shown in Figure 3.5][[52]].

2!

Figure 3.5 r; is the radius of the small circular orbit and r, is the radius of the large
circular orbit. The transfer orbit between two circular orbits is the Hohmann transfer
orbit. Adapted from [|52]].

2R
Ay =1L (=2 -1 (3.5)
R, \ \R, +R,

R, =R=R,+R, = 6678142m (3.6)
GM
p=GM,\ B\ ZE =y =7.725km/s = 7725m/s 3.7)
R, R
R, =Dy +R; (3.8)

D,,:Distance of the Moon from the Earth

D,; = 384400000m , Ry =6378142m (3.9)

R, =390778142m , 2R, =781556284m (3.10)
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R, +R, = 397156284m (3.11)

781556284m
Av = (7725 782090500 m 4 3.12
v=( m/s)(\J 397156284m ) (3.12)
Av=3111m/s =3.111km/s (3.13)

The perigee velocity of the spacecraft in the Hohmann transfer orbit is the sum of its
velocity in the circular orbit and the Av velocity and is given in (3.14l This result is
found in Figure

vp = v+ Av = (7.725+ 3.111)km/s = 10.836km/s (3.14)

Equation (3.15|is used to find the velocity of the spacecraft when it reaches lunar orbit.

The values in the equation are given in Figure

i.= M5 = R,

fl—{
£\
et a

Earth
b

Y

Figure 3.6 Assuming that a spacecraft in an elliptical orbit with a semi major axis a
and a semi minor axis b will go to the Moon by making a Hohmann transfer, its
velocity when it enters the Lunar Transfer Trajectory will be ul and when it finishes
the transfer orbit its speed will be u2. Here you can make calculations using the
angular momentum formula. r1 can be taken as the sum of the Earth radius and the
altitude of the earth park orbit, and r2 as the sum of the Earth radius length and the
distance to be reached at the end of the transfer trajectory. v; instead of u; and v,
instead of u, were used in transactions. Adapted from [48]].
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Angular momentum is L=mvr. Therefore we can get Equation [48].

Vlrl - erz (3.15)

v, = 10.836km/s , r; =6678.143km , r,=390778.142km (3.16)

b= vir;  (10.836km/s)(6678.143km)
2o, 390778.142km
In order for the spacecraft with a speed of 0.185 km/s to be captured by the Moon

with a speed of 1.022 km/s [53], the propulsion system must be operated and one or
more burns should be made.

=0.185km/s 3.17)

There are also low-budget mission profiles from the Hohmann transfer. Ballistic
capture method is one of them. Ballistic capture method was used for Japan’s Hiten
space probe. This method consumes less fuel and therefore requires a lower budget.
The trajectory of the Hiten probe is given in the Figure [47]. Of course, to use
such orbits, your mission objective must allow it.

Ballistic
Capture
12M19/90

»
% Manosuvrs 1

Figure 3.7 Hiten mission profile. Ballistic capture method was used in this mission.
Adapted from [43]].
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When the mission profile of the 2023 Turkish Lunar Mission was first studied, the
Hohmann transfer orbit was also among the options. Various orbits have been created
and results for each compared, but one of the goals of the 2023 Lunar Mission
is to collect as much scientific data as possible. For this reason, a longer mission
plan was made instead of mission planning such as going directly to the Moon, and
the data of the Chandrayaan-1 mission were used in these studies. The profile of
the Chandrayaan-1 mission is similar to the mission profile considered for the 2023
Turkish Lunar Mission [54]]. During the mission, the Chandrayaan-1 satellite measured
the radiation dose rate with the Radiation Dose Monitor (RADOM) on the satellite.

For this study, some of the data of this measurement were shared by Prof.
Dr. Tsevetan Dachev from the Bulgarian Academy of Sciences. The shared
part of the data consists of the initial orbit of the mission. Since the purpose
of this thesis is to find the radiation dose rate that the spacecraft will be
exposed to during the 2023 Turkish Lunar Mission, the first orbital portion of the
Chandrayaan-1 mission was simulated exactly and compared with real mission data
[11]. Thus, the relationship between the results of the method used and the
actual data was obtained. The mission profile of Chandrayaan 1 is given in Figure
During the nearly 10-month mission, the Chandrayaan-1 satellite gradually

increased its peak in its orbit around the Earth and reached the Moon [54].

Figure 3.8 10: Initial Orbit. EBO: Earth Bound Orbit. LTT: Lunar Transfer Trajectory.
ILO: Initial Lunar Orbit. LO: Lunar Orbit. OLO: Operational Lunar Orbit
[55][56][57]]-

Chandrayaan-1 spent about 13 days in orbit around the Earth and reached the Moon
in about four and a half days. After 4 days of orbit correction around the Moon,
Chandrayaan-1 was in a 100 km circular orbit for about nine and a half months and
completed its mission. The perigee, apogee, and periselene, aposelene distances of
Chandrayaan-1’s orbits throughout the mission are given in Table [541].
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Table 3.1 Chandrayaan-1 mission phases [|54]].

Orbit Distance Orbit Distance
Igi%il Perigee: 254.4 km Imtgi];?nar Periselene: 507.9 km
(10) Apogee: 22860.7 km (ILO) Aposelene: 7510.1 km
Ear(;};b]?flilnd Perigee: 299.2 km (])“;lbri?rz Periselene : 200.6 km
(EBO-1) Apogee: 37908.1 km (L0-2) Aposelene: 7502.4 km
Earth Bound Perigee: 336.6 km Lugar Periselene: 183.0 km
Orbit 2 Apogee: 74715.9 km Orbit 3 Aposelene: 255.2 km
(EBO-2) pogee: . (LO-3) P : .
Earth Bound Perigee: 347.9 km Lur}ar Periselene: 101.7 km
Orbit 3 Apogee: 165015.7 km Orbit 4 Aposelene: 255.2 km
(EBO-3) pogee: . (LO-4) p : .
Earth Bound Perigee: 459.6 km Operational | o jone: 101.9 km
Orbit 4 Apogee: 266613.0 km Lunar Orbit Aposelene: 102.8 km
(EBO-4) | PO8e€ ' (OLO) P T
Lu??;j:f;;’fer Perigee: 972.8 km
(LTT) Apogee: 379860.2 km

One of the documents used for trajectory planning of the 2023 Turkish Lunar Mission
is the article of Burak Yaglioglu, the Project Manager of the Turkish Lunar Mission
at TUBITAK Space Technologies Research Institute. The article was published in the
December issue of the "Anahtar Dergi", the journal of the Ministry of Industry and
Technology of the Republic of Turkey [58]]. Details of the modeled trajectory are given
in Section 3.1l
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3.1 Trajectory to the Moon

According to the article published in the journal of the Ministry of Industry and
Technology, in the 2023 Turkish Moon Mission, the spacecraft is planned to start
the mission with an orbit with a perigee of 300 km and an apogee of 125,000 km
[58]]. The spacecraft will then perform two orbit-raising maneuvers. After spending
approximately one month in this part of the mission, it will be injected into the lunar
transfer trajectory, which takes 5 days, and the spacecraft will reach the Moon. After
reaching the Moon, the spacecraft will spend one month to placing in a circular polar
orbit of 100 km [58]]. The spacecraft will make a hard landing after completing its
mission by collecting various data for 3 months in polar orbit of 100 km. The estimated
mission profile is designed in 3 stages and these stages are given below.

1. Earth Bound Orbit

2. Lunar Transfer Trajectory

3. Lunar Orbit

The estimated mission profile of the 2023 Turkish Lunar Mission is given in Figure|3.9

Figure 3.9 I0: Initial Orbit. EBO: Earth Bound Orbit. LTT: Lunar Transfer Trajectory.
ILO: Initial Lunar Orbit. LO: Lunar Orbit. OLO: Operational Lunar Orbit.

There are various programs for trajectory planning, such as the System Tool Kit (STK)
and the General Mission Analysis Tool (GMAT). These programs use gravitational
fields with varying accuracy and offer a graphical environment [59]. In this study,
the General Mission Analysis Tool was used in trajectory planning. General Mission
Analysis Tool is open source software developed with contributions from NASA, the

private sector, and the public [60]]. Images of trajectory simulation from GMAT are
given in Figure and Figure[3.11]
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3.1.1 Earth Bound Orbits

The chosen date of the mission is 13 June 2023. The orbital planning of the model
satellite starts at 14:00:00.000 according to the UTC time zone. The inclination of
the trajectory is nearly 29.6 degrees. According to the predicted mission profile, the
apogee will be raised by a series of two orbital burns that will be performed after the
initial orbit. The perigee and apogee of the initial orbit are 300 km and 125000 km
respectively. After completing nearly 13 days (number of orbits is 6) in IO, propulsion
system engines will run, and the satellite will perform an orbit-raising maneuver.
According to the predicted mission profile, with this maneuver, the apogee will be
raised to 175000 km (EBO-1). After orbiting for 10 days (number of orbits is 3) in
EBO-1, the second orbit raising maneuver will perform to raise the apogee to 225000
km. The number of orbits in EBO-2 is 1. The IO, EBO-1, and EBO-2 parts of the
mission take approximately 27 days in total. The GMAT view of the designed orbit is

given in Figure|3.10

Figure 3.10 Earth Bound Orbits of the mission. I0: Initial Orbit. EBO: Earth Bound
Orbit. The gray circular line above shows the orbit of the Moon. The blue line
represents the +Z axis, the red line the +X axis, and the green line the +Y axis.
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3.1.2 Lunar Transfer Trajectory

On 10 July 2023, nearly 27 days after the start of the mission, the modeled satellite
will perform a trans-lunar injection burn. The lunar transfer trajectory will take 5 days,
and 32 days after the start of the mission, the modeled satellite will have reached the
Moon. It is thought that the hybrid propulsion system produced by DeltaV in Turkey
will be used in the first maneuver in this part of the mission [58]]. The image of the
lunar transfer trajectory from the GMAT program is given in Figure The gray
circular line represents the Moon’s orbit, and the yellow curved line represents the

transfer orbit the spacecraft used to reach the Moon.

Figure 3.11 Lunar Transfer Trajectory (LTT). The blue line represents the +Z axis,
the red line the +X axis, and the green line the +Y axis.
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3.1.3 Lunar Orbit

Once the spacecraft is placed in lunar orbit, it is expected to take a month to place
on a 100 km circular orbit. Meanwhile, the satellite, which continues to collect data,
will spend 3 months in a 100 km circular orbit and complete its mission [58]. While
obtaining the particle flux for the lunar orbit, it was assumed that the spacecraft was in
a circular orbit at an average lunar distance of 384,400 km for 4 months. Therefore,
estimation of aposelene and periselene altitudes in lunar orbit was not considered
necessary. You can find the orbital altitudes and departure dates for this part of the
mission in Table

Table 3.2 Estimated mission plan of 2023 Turkish Lunar Mission. Dates are written

as DD/MM/YYYY. The altitude of Lunar Orbit 2 and deadline information for Lunar

Orbit 1 were not written, as no predictions were made about the lunar orbit. (AFMS:
Altitude From Moon Surface)

Orbit Deadline in Orbit | Altitude of Orbit
Initial Orbit 26/06/2023 Perigee: 300 km
(I10) 03:10 Apogee: 125000 km
Earth Bound Orbit 1 06/07/2023 )
(EBO-1) 02:19 Apogee: 175000 km
Earth Bound Orbit 2 10/07/2023 )
(EBO-2) 19:50 Apogee: 225000 km
Lunar Transfer Trajectory 15/07/2023 )
(LTT) 19:15 Apogee: 393000 km
Lunar Orbit 1 AFMS: 6203 km
(LO-1) i (Initial Altitude)
Lunar Orbit 2
(LO-2) 14/08/2023 -
Operational Lunar Orbit 100 km Circular
(OLO) 12/11/2023 Polar Orbit
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4

MODELING OF LUNAR MISSION SATELLITE

A model satellite design was needed for use in the Geant4 simulation. However, since
the design of the vehicle to be used in the 2023 Turkish Lunar Mission could not
be reached while these studies were being carried out, an estimated satellite design
was made within the scope of this study. While designing the estimated satellite to
be used in the Geant4 simulation for the 2023 Turkish Lunar Mission, the design of
the Chandrayaan-1 [55/] and LRO (Lunar Reconnaissance Orbiter) [|61] satellites was
inspired. The sole purpose of the design is to obtain a satellite model to be used in
the Geant4 simulation. The modeling of the satellite to be used in the mission was
completed with the contributions of Turkish Lunar Mission Project Manager Burak
Yaglioglu from TUBITAK Space Technologies Research Institute and used in the Geant4
simulation. The spacecraft model has 4 tanks to represent the chemical propulsion
system. Also, the model contains a predicted model of the hybrid propulsion system.
While making predictive modeling for the hybrid propulsion system, it was inspired
by the images shared by the Turkish Space Agency in various sources. The hybrid
propulsion system was made by DeltaV Space Technologies Inc. in Turkey with local
and national resources [|58]. There is one antenna and one solar panel on the satellite.
In addition, a laser altimeter-like device was placed outside the satellite to represent
any payload to be placed outside the satellite [62]]. AutoCAD [|63] and FreeCAD [64]
were used to design the satellite. GDML file is required to import the design into
Geant4 simulation. GUIMesh was used to obtain the GDML file.
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4.1 GUIMesh

A geometry desired to be used in Geant4 simulation can be defined using C++ code
and the passage and interaction of particles from that geometry can be simulated.
However, this method is not useful for complex geometries. It is more useful to obtain
the design of the geometry desired to be used in Geant4 simulation as a STEP file and
to import the STEP file into Geant4. To obtain a STEP file, it is necessary to design
in Computer-Aided Design (CAD) programs, but the STEP file must be converted to
GDML format for it to be readable by Geant4. GUIMesh, a program that embeds
the libraries of the open source CAD program FreeCAD, can be used to convert it to
GDML format and have the geometry read by Geant4. Thanks to GUIMesh, material
assignments can be made to each geometry in the STEP file. GUIMesh user interface
is given in Figure In Figure the name of a representative object appears in
the Volume List section on the middle screen, and the material assigned to the object

appears in the Volume Properties section on the right screen [[39][|65]].

GUIMesh

Convert STEP files into GDML

Menu Volume List Volume Properties

OBJECT1
Find FreeCAD Dir Name: OBJECT1

Read STEP Material: G4_Al
Volume: 0.2827433388230599 cm3
World Size

Mass: 0.7631242714834386 g
Save Properties
MMD: 0.1 mm Write GDML: Yes

Load Properties

Change Material
Material Manager <

Change MMD
Write GDML
Change GDML Option

Exit Program
Skt

Status:
FreeCAD loaded
STEP file loaded

Figure 4.1 GUIMesh user interface.

Material assignments are made in Geant4 format. Ported version of GUIMesh from
Python 2 to Python 3 was used. This version was taken from Middle East Technical
University-IVMER (Space and Accelerator Technologies Research and Application
Center) [39]]. In this study, the satellite model was designed in AutoCAD and the
created STEP file was imported into FreeCAD. The STEP file created in FreeCAD was

loaded into GUIMesh and the material was assigned to each object in the model.
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4.2 Model Satellite Structure

The estimated satellite model design was made using AutoCAD to be used in the
Geant4 simulation. An image of the model satellite is given in Figure The
predicted satellite model was designed as a cube and its edge length is 2.5 m. The
length of the antenna on the model satellite is 1.5 meters. The distance of the solar

panel to the model satellite is 1 meter and its dimensions are 2.25m x 2.25m.

i\

Figure 4.2 Dimensions of model satellite.

The volume of 90cm x 249.6¢cm x 249.6¢m above the section where all the tanks are
located was left empty for the payload. All the walls of the model satellite were made
of aluminum with a thickness of 2 mm. The reason why all the walls of the satellite
are modeled at this thickness is that the same selection was made in the simulation
studies for the Chandrayaan-1 mission [|66]]. Figure {4.3[shows a view of the estimated
satellite model from a different angle. The material of the arms of the solar panel and

the antenna was chosen as aluminum.
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Figure 4.3 Different view of the model satellite.

The model satellite has chemical propulsion tanks and a hybrid propulsion system
[58]]. The propulsion system of the model satellite is given in Figure In the design
of the chemical propulsion system, the design of the fuel tank, oxidizer tank, and
ignition system were not modeled separately. A tank with a length of 145 cm and
a radius of 45 cm was made to represent the chemical propulsion system. The wall
thickness of the tank is 2 mm, and the material is aluminum. The nozzle length is 20
cm, the radius is 12 cm, and it is designed as stainless steel [67].

The reason for modeling the hybrid propulsion system of the model satellite is to
ensure that the interior of the model satellite is as similar as possible to the satellite
to be used in the mission. Because the more similar the modeled satellite is to the
satellite to be used in the mission, the more realistic the result obtained with Geant4
simulation will be.
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Figure 4.4 Chemical and hybrid propulsion systems of the model satellite.

The hybrid propulsion system consists of 1 engine and 4 oxidizer tanks. An aluminum
structure with a thickness of 2 mm was made to represent the engine of the hybrid
propulsion system. It is equipped with 1 mm thick carbon fiber [68]][[69]. The length of
the structure with the engine is 73 ¢cm and the radius is 19 cm. The oxidizer tanks are
designed in aluminum with a length of 81 c¢m, a radius of 18 cm, and a wall thickness
of 2 mm. The thickness of the upper and lower skeletons is 1.5 cm and is designed as
aluminum material. The pipes are made of aluminum. The diameter of the pipes is
1 cm, and the wall thickness is 2 mm. The picture of the modeled hybrid propulsion

system is given in Figure [4.5|and [4.6]
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Figure 4.6 A view of the hybrid propulsion system of the model satellite from a
different angle.
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5)

SPACE ENVIRONMENT ESTIMATION FOR THE MISSION

The data of the space environment in which the spacecraft will be in the Turkish Lunar
Mission were obtained in SPENVIS. The data was obtained by dividing the mission
into two parts in SPENVIS. The first part of the estimated mission profile consists
of the Earth Bound Orbits + Lunar Transfer Trajectory and the second part of the
estimated mission profile consists of Lunar Orbits. In both parts, the dates are the
same as the dates in the predicted mission profile. The images of trajectories obtained
from SPENVIS for the two parts of the mission given in Section |3|are given in Figure
and Figure While obtaining data from SPENVIS for the second part of the
mission, Initial Lunar Orbit (ILO), Lunar Orbit (LO), and Operational Lunar Orbit
(OLO) around the Moon are not defined in SPENVIS. Instead, data was collected for
a circular orbit at the Moon’s average distance from the Earth, 384,400 km. This
situation is also described in Section Figure shows the altitude-dependent
graph obtained from SPENVIS for the estimated trajectory that the spacecraft will be
on the first part of the mission. In Figure the altitude-dependent graph obtained
from SPENVIS is given for the circular trajectory in the second part of the mission.
Particle flux-energy and fluence-energy graphs from SPENVIS are given in Section|[5.]]
for the first part of the mission, and in Section for the second part of the mission.
For the first part of the mission, sees the effects of trapped particles, solar particles,
and galactic cosmic ray particles, while the second part of the mission sees the effects
of solar particles and galactic cosmic ray particles. The reason why the effect of the
trapped particles is not seen in the second part of the mission is that the effect of the
Van Allen belts ends long before the Moon distance. Details about the graphics are

given in the relevant sections.
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Figure 5.1 Earth bound orbits and lunar transfer trajectory in SPENVIS. The colored
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Figure 5.2 Lunar orbits in SPENVIS. The colored bar on the right gives the altitude.
The altitude increases as the color approaches red.
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5.1 Data for the Earth Bound Orbits and Lunar Transfer Trajectory

Particle flux-energy and fluence-energy graphs from SPENVIS are given below for the
first part of the mission. Graphs of trapped particles are given in Section|5.1.1} graphs
of solar particles are given in Section [5.1.2] graphs of galactic cosmic ray particles are

given in Section|5.1.3

5.1.1 Trapped Particles Data

For the first part of the mission, the spacecraft will pass through the Van Allen belts
according to the predicted orbit and for that reason, data for trapped particles were
obtained from SPENVIS. Energy-Integral Flux-Differential Flux graphs of trapped
protons and trapped electrons are given in Figure [5.3] and Figure One of the
factors affecting the data in the graphs is the mission trajectory. Another factor that
affects the data in the graphs is the duration of the mission. Since the spacecraft will
not be in the inner and outer belts for a long time the effect of trapped particles on
the spacecraft will be as little as possible. Due to the trajectory, in the trapped particle
graphs obtained from SPENVIS, the integral flux is less than the differential flux at low
energies, but the integral flux exceeds the differential flux at high energies (Section
5.1.1). This is an expected situation. Because when we have very high differential flux
values at low energies and try to integrate over these values, the value of the integral

may be smaller than the differential value.
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Figure 5.3 Trapped protons Energy-Differential Flux-Integral Flux graph.
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5.1.2 Solar Particles Data

The graphs Figure through Figure [5.14] are solar particle graphs obtained from
SPENVIS for the first part of the mission. It was mentioned in Chapter 3| that the
mission date was set for 13 June 2023 in the estimated orbit simulations. As this
date is close to 2025, the solar maximum year of the solar cycle 25, the fluxes of
the solar particles are high. The particles chosen to study the solar particle effect are
hydrogen, helium, carbon, nitrogen, oxygen, neon, magnesium, silicon, sulfur, and
iron. These particles were selected according to their abundance ratio [70][|71]]. In
the solar particle graphs, except for the hydrogen graph in the first part of the mission,
the other graphs show that the integral fluence is more than the differential fluence.
Especially in terms of mission date, the effect of solar particles was expected to be
high, so it is expected that the integral fluence is more than the differential fluence.
However, it is thought that the protons in the Van Allen belts cause the integral flux to

be higher than the differential flux in the hydrogen graph.
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38



ESP-PSYCHIC Total Fluence: Solar lons

o L e ot L L L L e L L L B B I L L e i

—
(=3
=

Differential Fluence of He (cm™%4(MeV/n)™!)

Integral Fluence  «voveeene

|

L

=y
=

Differential Fluence

)
\

10%

108
108

q

10°

Integral Fluence of He (cm™?)

10°

192

-
WDI||||\\|||||||||\|||||||\||||||||||\|||\||||||||||r

1
& 100 200 300 400 200

Energy (MeV/n)

Figure 5.6 Solar Helium Energy-Differential Fluence-Integral Fluence graph.
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Figure 5.8 Solar Nitrogen Energy-Differential Fluence-Integral Fluence graph.
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Figure 5.9 Solar Oxygen Energy-Differential Fluence-Integral Fluence graph.

40



ESP-PSYCHIC Total Fluence: Solar lons

L NS UL L L N L LB L N N L L L O L L L L L L L L

10°

Integral Fluence  «evveeee

Differential Fluence

2
I

—
—
|
Y
[
e
— >
N 3
= =
p—
] o~
o =
10*
=z o
4— 10* —
o w
=z
§ 10% q6
GJ 2
45}
2 10 8
L a
_ 10 O
= 3
o4} Ll
- .
107
£ =)
C
@
1072 I_I | T T O | L b 141 111 I | T T T ‘ | 1 11 I | I T T T I | |_I-107‘1 é
¢} 100 290 300 400 500 5
Energy (MeV/n)

Figure 5.10 Solar Neon Energy-Differential Fluence-Integral Fluence graph.
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Figure 5.12 Solar Silicon Energy-Differential Fluence-Integral Fluence graph.
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Figure 5.13 Solar Sulfur Energy-Differential Fluence-Integral Fluence graph.
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Figure 5.14 Solar Iron Energy-Differential Fluence-Integral Fluence graph.

5.1.3 Galactic Cosmic Ray Data

For the first part of the mission, galactic cosmic ray data are given in all flux-energy
graphs from Figure to Figure The particles chosen to study the galactic
cosmic ray effect are hydrogen, helium, lithium, beryllium, boron, carbon, nitrogen,
oxygen, neon, magnesium, silicon, and iron. These particles were selected according
to their abundance ratio [28]. Although the exact cause of differential flux breaking
points in graphs is not known clearly, but it is thought that these breaking points are

due to mission segments.
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Figure 5.15 GCR Hydrogen Energy-Differential Flux-Integral Flux graph.
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Figure 5.16 GCR Helium Energy-Differential Flux-Integral Flux graph.
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Figure 5.18 GCR Beryllium Energy-Differential Flux-Integral Flux graph.

45



lon Spectrum (GCR)

10‘{]000;‘ T T T LT h0T T L] I\Illl T T I\Ill\l T T IIIllll T T 1 IIIIIE1O_3 ;I‘|-..‘
E E ~
- | =
L B ~
T ol | 2
» 10000 410" =
- F 3 —
| c 3 T
— L £l |
7 %)
~ - A i
| s |
= 0.1000 —10%
E = v
— = - ™~
o C 8 ]
Y
[e) = T g—
X poiook <10 0
= E 3 Y
I - 1 3
— b= -1 —
oo Integral Flux o
9 o010 49 =
£ : Differential Flux 3 =
C a c
- Gl Q
I 1 O
[~
P =&
O‘GDDW i‘ 1 1 JI\III‘ 1 1 lI\lIII 1 1 I\Ill\l 1 1 IIIIIII 1 L1 IIIIIl:]0 E
10° 10' 102 10° 10 10°

Energy (MeV/n)

Figure 5.19 GCR Boron Energy-Differential Flux-Integral Flux graph.
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Figure 5.20 GCR Carbon Energy-Differential Flux-Integral Flux graph.
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Figure 5.21 GCR Nitrogen Energy-Differential Flux-Integral Flux graph.
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Figure 5.22 GCR Oxygen Energy-Differential Flux-Integral Flux graph.
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5.2 Data for Lunar Orbits

5.2.1 Solar Particles Data

For the second part of the mission, all the graphs, from Figure to Figure |5.36
gives information about fluence and energy of solar particles. Data obtained from
SPENVIS and these particles are hydrogen, helium, carbon, nitrogen, oxygen, neon,
magnesium, silicon, sulfur, and iron, as in Section These solar particles were
selected according to their abundance ratio [[70][[71]. In this part, as mentioned in
Chapter (3| and Section [5.1.2} solar particle fluence expected to be higher because of
the mission date. Due to predicted mission profile, satellite will be on Lunar Orbits.
When particle fluence is getting higher, the integral fluence is getting higher than
differential fluence. That’s why in the solar particle graphs, except for the silicon in
the second part of the mission, the integral fluence is more than the differential fluence
at high energy. It is not known why the integral flux in the silicon graph is less than

the differential flux as the energy increases.
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Figure 5.32 Solar Neon Energy-Differential Fluence-Integral Fluence graph.
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Figure 5.34 Solar Silicon Energy-Differential Fluence-Integral Fluence graph.
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5.2.2 Galactic Cosmic Ray Data

In graphs from Figure to Figure galactic cosmic ray flux and energy data
are given, for the second part of the mission. Galactic cosmic ray particles were
chosen based on their abundance ratios, as in the simulations for the first part of
the mission. These particles are hydrogen, helium, lithium, beryllium, boron, carbon,
nitrogen, oxygen, neon, magnesium, silicon, and iron. These are the most abundant
12 particles [28]. The exact cause of the differential flux breakpoints in the graphs
is not clearly known. However, these breakpoints are thought to originate from the

mission segments.
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Figure 5.42 GCR Carbon Energy-Differential Flux-Integral Flux graph.
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Figure 5.48 GCR Iron Energy-Differential Flux-Integral Flux graph.
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6

GEANT4 SIMULATION

Using Monte Carlo methods to simulate the passage of particles through matter
[72], Geant4 is built to handle complex geometries and physics models. Geant4
was developed by a worldwide, Cern-based collaboration of physicists and software
engineers, and is the continuation of the Geant (Geometry and Tracking) software
series. Maintenance processes are also carried out by Geant4 cooperation. Geant4
toolkit is written in C++ language. It has a very wide range of functionality, including
tracking, geometry, physics models, and hits. It has different application areas [73]].
High energy physics, space science, and medical physics are examples of Geant4’s
areas of use [74].

6.1 Simulation Result

In the 2023 Turkish Lunar Mission, under the predicted conditions, the satellite
will be exposed to 2.766+0.089x107! Gy s™! in the first part of the mission and
2.438+0.078%x 1072 Gy s~! in the second part. The error rates of the simulation results
for both parts of the mission correspond to approximately 3.2% of the results found.
While calculating the error, the average energy value, the average energy value error,
the number of particles entering, the error of the number of particles entering (with
Poisson statistics) were obtained in each BIN in the histograms obtained as a result of
the simulation. With Error propagation, the energy error in each histogram was found
first. Then the total energy error was found using the energy errors in each histogram.
Using the error of the total energy in the error propagation, the error in the radiation
dose rate was found. In Geant4 simulations, the step size is 0.1 mm. During the first
part of the mission, namely Earth Bound Orbits and Lunar Transfer Trajectory, 72.47%
of all particles that cause the dose rate to which the spacecraft is exposed are electrons,
27.48% are protons and the remaining particles are alpha particles, and heavy ions.
In the second part of the mission, that is, around the Moon, 93.80% of the particles
that cause the dose rate are protons and the remaining particles are alpha particles
and heavy ions.
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7

METHOD COMPARISON SIMULATION WITH
CHANDRAYAAN-1 MISSION

Chandrayaan-1 is the first lunar mission under the Indian Space Research
Organisation’s (ISRO) Chandrayaan programme and the mission was done in
2008. The trajectory of the Chandrayaan-1 mission was mentioned in Section
Chandrayaan-1 satellite carried 11 scientific instruments and one of those instruments
is Radiation Dose Monitor (RADOM) [|75]. Chandrayaan-1 measured radiation dose
throughout the mission with RADOM [[11]. For this study, some of the data of the
radiation dose measurement made in the mission was accessed. The data reached
was given by Tsvetan Dachev from the Bulgarian Academy of Sciences. The trajectory
and date from which the data was obtained were simulated exactly. By comparing
the simulation result with the result obtained in the mission, the relationship between
the method followed and the real data was examined. For comparison, first of all,
SPENVIS was used to obtain the particle environment data of that orbit at the time
the data was collected. Secondly, RADOM was modeled with real dimensions and
materials using AutoCAD. Then, using FreeCAD and GUIMesh, the GDML file was
created from the STEP file of the design. Finally, Geant4 simulation was performed
using the RADOM model and particle environment data obtained from SPENVIS.

7.1 Orbit in Chandrayaan-1 Mission Data

The Chandrayaan-1 satellite completed one orbit between 07:43:21 and 14:21:40 on
October 22, 2008. The perigee and apogee of this orbit was approximately 255 km
and 22840 km [[11], respectively. The image of the orbit obtained by GMAT and it is

given in Figure|7.1
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(a) Image from above.

(b) Image from back.

Figure 7.1 GMAT view of the Chandrayaan-1 orbit between 07:43:21 and 14:21:40
on October 22, 2008.(The part of settling into orbit from the Earth is not included in
the data.)
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7.2 Modeling of RADOM

The 256 channels spectrometer RADOM measured dose by using silicon
detector. Silicon detector is 0.3 mm thick and its area is 2cm?.
RADOM, shielded by 1.0 mm aluminum, 0.1 mm copper, 0.2 mm
plastic material and 15 layers of aluminized kapton. Its dimensions are
10cm x 4cm x 2cm [[76]. A photo of RADOM is provided in Figure

Figure 7.2 Photo of RADOM. Adapted from .

Figure shows the model of the RADOM detector made with AutoCAD. For
Geant4 simulation, a cube with 1.5 meters of was made to represent the satellite,
under the detector. The walls were made of 2 mm thick Al, the base and top were
made of 5 mm thick Al, and three fuel tanks were made around the center. The wall
thickness of the tank was also made of 2 mm Al [66].

|

Figure 7.3 AutoCAD design of RADOM.
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7.3 SPENVIS Data of Chandrayaan 1 Mission

The particle environment of the orbit specified in Section was simulated
in SPENVIS. The orbital parameter of the mission is given in Figure
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Figure 7.4 Orbit parameters [[15]].

It is the trapped particles in the Van Allen Belts that have the most impact on the
spacecraft in this orbit. Orbit-flux plots of trapped protons and trapped electrons are

given in Figure and Figure respectively.
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Energy-flux graphics of trapped protons and trapped electrons are given in Figure 7.7

and Figure 7.8} respectively. In Figure[7.7]and Figure 7.8 integral flux is higher than

differential flux. According to the trajectory, this is a typical situation because the

spacecraft had been in the approximately central zone of inner Van Allen Belt and

outer Van Allen Belt. But integral flux is getting close to differential flux for high

energies in trapped electron graph. The reason for this approximation is the apogee

of the orbit. Apogee is not in the main zone of the outer Van Allen Belt.
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Figure 7.8 Energy-Differential Flux-Integral Flux graph for electron in Van Allen
Belts [|15]].

The solar particle flux on this orbit is zero. Galactic cosmic ray data were used only for
hydrogen, helium, carbon and oxygen, as the flux of other particles was observed to
be much lower. The energy-differential flux-integral flux plots of these four particles
were combined in MATLAB and given in Figure
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Figure 7.9 Energy-Differential Flux-Integral Flux graph for GCR particles [15]. In
this graph, you can see the proportions of hydrogen (%90), helium (%9) and other
particles (%1) that constitute the galactic cosmic rays mentioned in Section

7.4 Geant4 Simulation Result and RADOM Measurement

The RADOM modeling, trajectory and SPENVIS data given above were used in the
Geant4 simulation. According to the simulation result, the radiation dose that RADOM
should be exposed to is 2.348+0.449x10™> Gy s~!. The error rate corresponds
to approximately 19.1% of the simulation result obtained. For the orbit where
Chandrayaan-1 was located between 07:43:21 and 14:21:40 on October 22, 2008,
RADOM measured the radiation dose rate as 4.004 x107® Gy s™* [[11]].

Table 7.1 Comparison between Chadnrayaan-1 RADOM measurement result and
Geant4 simulation.

Dose Rate
Chandrayaan-1 RADOM Data 4.004 x107° Gy s}
Simulation Result 2.348+0.449%x107° Gy s
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CONCLUSION

In this study, simulation studies were carried out to find the radiation dose to be
exposed to the spacecraft in the 2023 Turkish Lunar Mission. The results are given
in Section [l Comparison results made to test the reliability of the method used in the

study are given in Section

The Chandrayaan-1 simulation result was approximately 6 times greater than the
dose measured by RADOM. This is an expected difference because, according to
the simulation results performed before the Chandrayaan-1 mission, the flux values
obtained from SPENVIS were found to be 200 times the flux measured during the
Chandrayaan-1 mission [[11]]. In this study, SPENVIS values of the same date were
used. Therefore, SPENVIS data is almost identical. According to the simulation result,
it should be expected that the modeled RADOM will be exposed to more radiation.
The method used is reliable, but the ratios between the real and the simulation results

should be taken into account.

It is thought that there are basically three reasons for the high radiation dose rate to
which the spacecraft will be exposed during the mission under the specified conditions.
The first is the size of the model satellite. The second is the uncertainties of the models
used [[11]]. This uncertainty often causes high particle flux. High particle flux also
causes a higher radiation dose. Another reason is that the solar particle contribution
was found to be high in the data obtained from SPENVIS. This is because the estimated
date of the mission to be performed is at a time when Solar activity continues to

increase due to Solar Cycle 25 [[77].

The modeled satellite, the determined mission date, and the majority of the designed
mission profile were based on predictions. If the estimated conditions change, the
simulation results will change. For this reason, since the satellite model and mission
profile in this study will not be exactly the same as the orbit and satellite to be used in
the 2023 Turkish Lunar Mission, the dose rate to be measured in the mission will also
differ.
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