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Abbreviations and Acronyms

3D Three-Dimensional
Ar Argon
ESA European Space Agency
GCR Galactic Cosmic Rays
H Hydrogen
He Helium
ISRO Indian Space Research Organisation
MHD Magnetohydrodynamics
NASA National Aeronautics and Space Administration
Ne Neon
O Oxygen
QHN Quasiy-neutral hybrid model
SRC Solar Cosmic Rays
u Unified atomic mass unit
U.S. United States
h 1/s: Electrical resistivity
ho Permittivity in the free space
m0 Permeability in the free space
s Electrical conductivity
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Chapter 1

Introduction

Comprehending the Moon's environment, especially its plasma weather, has gain
increased attention due to recent developments in space technology and a renewed
interest in space research. Since the plasma found around the Moon may endan-
ger human property and life, future crewed space missions should pay particular
attention to this subject.

The weather at the Moon is signi�cantly in�uenced by plasma, a highly ionised
gas, which forms a crucial part of the lunar environment. The Moon's plasma
environment is created from solar wind exposure, galactic cosmic rays and solar
�are particles. These three source of radiation directly hit the Moon's surface and
penetrate at di�erent depths, due to the absence of a protective atmosphere, thus
potentially producing either volatile elements � such as Hydrogen, Helium, Carbon
and Nitrogen �, or scattering reactions [35] [19]. Thus, it becomes essential to
understand the plasma environment of the Moon and its possible adverse e�ects on
prolonged space missions on the Moon.

The complex system that makes up the Moon's plasma environment is known to
be in�uenced by the solar wind, the Earth-Moon system, and the Moon's location in
the Earth's magnetotail [35]. Thus, considering these elements and how they inter-
act is crucial to fully understand this ecosystem. Previous research has attempted
to determine the e�ect of the lunar plasma environment on human resources and
lifestyles [10]. Despite these e�orts, our knowledge of the Moon's plasma environ-
ment and its possible e�ects on human resources and lives still needs to be expanded.
These gaps must be �lled to guarantee the security and success of upcoming crewed
space missions.

Therefore, the aim of this thesis is to analyse characteristics of the lunar plasma
environment in order to eventually facilitate the development of a model describ-
ing the plasma environment when the Moon is located the magnetosheath, and
magnetotail regions, including magnetic tail lobes and plasma sheet. This aim will
be accomplished by modelling lunar plasma environment and verifying simulations
based on data collected in previous work [22].

This study proposes a simulation approach to understanding the Moon's plasma
environment when the Moon is located in di�erent plasma regions. The proposed
approach uses simulations to plot the Moon's orbit and position in the Earth's
magnetosheath and magnetotail, including magnetic tail lobes and in the plasma
sheet. Thus, the research aims to answer the primary question: what does the
simulation of the lunar plasma environment look like when the Moon is located in
di�erent plasma regions.

In order to achieve the research aims, simulations in di�erent regions along the
Moon's orbit with hybrid model simulations. The simulations will be performed
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8 CHAPTER 1. INTRODUCTION

using a self-consistent 3-dimensional (3D) quasi-neutral hybrid model [22]. These
simulations, which will be the main contribution of this study, will be performed
using representative plasma values � e.g. density, bulk velocity, temperature and
the magnetic �eld � in a simulation box using Paraview, a software to perform
data analysis and visualisation. The data for the simulation environment will be
provided from [22]; the thesis will be validated by comparing and analysing data
plots obtained from the simulations.

The thesis is con�ned to depicting the plasma environment and radiation changes
in regions of magnetosheath and magnetotail, including the magnetic tail lobes and
the plasma sheet. Other regions around the orbital period will not be considered in
this study.

The thesis is structured as follows: Chapter 2 details the most important space
missions to the Moon. Chapter 3 addresses the physical characteristics of the Moon,
including the Moon's orbit and the radiation environment. Chapter 4 introduces the
simulation model. Chapter 5 presents and analyses the results obtained from the
simulations. Finally, Chapter 6 concludes the thesis by discussing the model and
suggesting directions for future work.



Chapter 2

Lunar Missions

Many missions have studied the Moon, the �rst ever being the Soviet Union's Luna
1 in 1959. Since then, many countries have sent spacecraft to the Moon, including
the United States, China, Europe and India. Some missions were designed to orbit
the Moon, while others involved sending landers or rovers to the lunar surface to
collect data and rocks. One of the most remarkable missions to the Moon was the
Apollo 11 mission by NASA, which, in 1969, saw the �rst men walking on the Moon
[27].

The success of the Apollo missions generated an incredible amount of excitement
and interest in space exploration. It was a common belief that humans were on the
brink of a new era of space exploration with the potential for further missions on
the Moon and even other worlds: Mars. However, as the years passed, the public
interest in space exploration decreased, and the constant con�ict among countries
was another reason to shift the attention to more important things such as clean air
and food. There was not enough political interest anymore to support the expenses
and e�orts, and the U.S. demonstrated to the Soviet Union that they could build
something so big in a small timestamp.

Today, many countries are interested in the Moon for various reasons: technology
research, scienti�c research and even mining materials. The incredible scienti�c
discoveries of the last years and the breakthrough developments of new technologies
have led to new space exploration missions. There are currently no manned missions
to the Moon, although several robotics missions are ongoing and planned.

Some countries have recently achieved great goals on the Moon. China's Chang'e
missions have explored, with rovers and orbiters, the dark side of the Moon collecting
data and samples [30]. In addition, private companies such as SpaceX and Blue
Origin have announced plans to send missions to the Moon in the following years.
Some university projects are also planned to be launched towards the Moon in the
next few years.

Humans will come back to the Moon too. The U.S., in an international e�ort
and partnership with Japan, Europe and Canada, is designing the most ambitious
Moon exploration program yet: the Artemis program. The main goal is to achieve
a ten days �yby to the Moon in 2024 and, eventually, land with humans between
2025 and 2027 [18].
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10 CHAPTER 2. LUNAR MISSIONS

2.1 The Race to the Moon by the Soviets and the
Americans

On July 20th, 1969, American astronauts Neil Armstrong and Buzz Aldrin became
the �rst humans to land on the Moon during a mission called Apollo 11 on the
Apollo program by NASA, on the successes of the Mercury and Gemini programs,
with a total cost of more than $25 billion [27]. This event was the climax of the
Space Race between the United States and the Soviet Union.

Apollo 11 landed on the Moon in 1969, but NASA tried for many years before-
hand to learn as much as possible about our closest celestial neighbour. However,
most of the lunar surface was a mystery: no detailed maps, and the Moon's far side
still needed to be seen by any satellite. The Soviet Union was one of the leading
players in the Space Race and made signi�cant e�orts to go to the Moon during
the 1960s and 1970s. The Soviet space program �rmly focused on developing the
technologies and systems needed to send spacecraft and astronauts to the Moon.
Several attempts were made to launch missions to the lunar surface.

Figure 2.1: The famous photo of Buzz Aldrin on the Moon, taken by Neil Armstrong,
shows the re�ection of Armstrong, the lunar module, the American �ag, and Earth
in Aldrin's helmet visor. This iconic image captures the signi�cance of the Apollo
program and its impact on human history [1].
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Between 1958 and 1969, the two countries sent dozens of probes and landers;
initiated in 1959, the Luna program, was a signi�cant triumph of the Soviet space
program, involving a series of robotic missions to the Moon and representing a major
milestone in space exploration. The Luna program included a series of spacecraft
used to explore the lunar surface and conduct scienti�c experiments, which achieved
several notable milestones, including the �rst spacecraft to impact the lunar surface
and the �rst spacecraft to achieve a soft landing on the Moon. The success of the
Luna program established the Soviet Union as a major player in lunar exploration
and sparked international interest and collaboration. The closest NASA had come
to the Moon was a �yby of the Pioneer 4 space probe. On February 3rd, 1966, Luna
9 - the Soviet's probe - became the �rst probe to achieve a soft landing and send
back images, proving that a lander would not sink into the dusty lunar soil [20].

The Saturn V ("Saturn �ve") rockets used for the Apollo missions to the Moon
were the biggest, most powerful ever made. However, a rush to launch the astronauts
led to a tragic accident during a routine test for Apollo 1 on the launchpad at
Kennedy Space Center on January 27th, 1967. The spacecraft caught �re, and the
three astronauts aboard, Gus Grissom, Ed White, and Roger Cha�ee, were killed.
The accident was a devastating blow to the U.S. space program, leading to numerous
safety improvements and changes to the design of the Apollo spacecraft [20].

The Apollo spacecraft consisted of three parts: the Command Module, the living
quarters for the astronauts; the Service Module, which contained the propulsion and
support systems for the spacecraft; and the Lunar Module, used to land on the Moon
and take o� again [20].

In the meantime, by 1967, the Soviets had developed a new generation of space-
craft called Soyuz that could change the direction of its orbit and dock with other
spacecraft, like NASA's Gemini; it could even reach the Moon. However, unmanned
Soyuz test launches were unsuccessful, and scientists and engineering knew that the
system was not ready.

Soviet Leader Leonid Brezhnev saw an opportunity for the Soviet space program
to overtake the American program after the Apollo 1 disaster. The Soviets launched
a Soyuz spacecraft with one cosmonaut aboard, Vladimir Komarov. Part of the
demonstration was to prove that rendezvous and dock in space were achievable;
two Soyuz spacecraft failed as the Soviets could not launch the second Soyuz due
to thunderstorms. Komarov's spacecraft encountered numerous issues, such as the
obstruction of solar panel deployment leading to an unstable �ight system, which
ultimately resulted in his reentry being ordered. Tragically, during this process, the
main parachute failed, causing him to crash to the ground at high speeds of over
600 km/h (400 mph), resulting in his death [20].

After many months of improvements on their spacecraft, NASA decided that
Apollo 8 would be the �rst crewed mission to orbit the Moon [11]. It was launched
on December 21st, 1968, marking the �rst time humans had left low Earth orbit and
travelled to another celestial body. The Apollo 8 crew consisted of Frank Borman,
Jim Lovell, and William Anders and spent six days in space, including 20 hours
orbiting the Moon. They also took the famous "Earthrise" photograph, which showed
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the Earth rising above the lunar horizon.

Figure 2.2: The famous photo "Earthrise" was captured by William Anders, an
astronaut aboard Apollo 8, on December 24, 1968. This image shows the Earth
rising above the lunar horizon and has become a symbol of humanity's place in the
cosmos [7].

On July 16th, 1969, Kennedy's dream was about to come true. American as-
tronauts Neil Armstrong, Edwin "Buzz" Aldrin, and Michael Collins began their
historic Apollo 11 Moon mission [27].

The chosen spot for the landing was the Sea of Tranquillity, where on July 20th,
1969, astronauts Neil Armstrong and Edwin "Buzz" Aldrin successfully landed whilst
Micheal Collins was piloting the Columbia module.

Armstrong famously declared, "That's one small step for man, one giant leap for
mankind" as he stepped out onto the lunar surface [27].
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The Americans had just won the Space Race by demonstrating space�ight supe-
riority and a ful�lled national achievement.

The astronauts spent 21 hours on the surface, brought back about 49 pounds (22
kg) of Moon rocks and left experiments, equipment, an American �ag and a place
that read, "Here men from the planet Earth �rst set foot upon the Moon, July 1969
A.D. We came in peace for all mankind." [27]

One of the reasons for the failure of the Soviet lunar program was the lack of
support and funding from the Soviet government. The Soviet space program was a
signi�cant focus of the country's e�orts during the early years of the Space Race.
However, as the United States began to pull ahead in the competition, the Soviet
government shifted its focus to other priorities. This lack of support and funding
made it di�cult for the Soviet space program to develop the technologies and systems
needed for a successful mission to the Moon. Ultimately, the program was unable
to achieve its goal.

Following the successful conclusion of the Apollo 11 mission, NASA carried on
with the Apollo programme and launched several additional moon missions. These
included Apollo 12, which touched down close to the location of Surveyor 3, and
Apollo 13, whose moon landing attempt had to be cancelled owing to a malfunction
on board the spacecraft. All three of the Apollo program's last missions�Apollo
14, 15, and 16�successfully touched down on the Moon and carried out various
scienti�c studies and experiments. The last time humans set foot on the Moon was
during Apollo 17, the �nal mission of the Apollo programme, which was launched
on December 7th, 1972 [24].

2.2 Current missions and the e�orts to go back
to the Moon

After the end of the Apollo program in the 1970s, there was a lull in human missions
to the Moon. However, in recent years there has been renewed interest in exploring
the Moon, and several space agencies have announced plans to send spacecraft and
astronauts back to the lunar surface.

One notable example is the Chinese space program's Changé lunar exploration
program. Named after the Chinese moon goddess Changé, this program is a series of
missions to the Moon that began in 2004 [30]. The program has completed several
missions to the Moon, including the �rst landing on the Moon's far side.

Chang'e 1 in 2007, which successfully surveyed the Moon's surface, started
China's Chang'e programme. In 2010, the enhanced Chang'e 2 took its place and
succeeded in its mission. Chang'e 3 made history in 2013 when it accomplished its
�rst lunar landing in more than 40 years. Moreover, Chang'e 4 made history in 2018
when it became the �rst spacecraft to touch down on the Moon's far side [30].

The most recent mission in the Chang'e program, Chang'e 5, was launched in
2020 and successfully returned to Earth with samples of lunar rock and soil. This
mission marked an important step in China's plans to establish a permanent human
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