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Abstract

The Sun continuously produces solar wind, which is fully ionized plasma that ows
radially away from the Sun. When the charged particles of the solar wind interact with
the surface of the Moon, scattering and sputtering occur. Both processes are expected
to produce neutral atoms, positive ions, and negative ions. Unlike for the former two
particle species, the observation of negative ions has never been reported. The space
instrument Negative lons at the Lunar Surface (NILS) was developed at the Swedish
Institute of Space Physics (IRF) to change that. NILS is one of the international payloads
onboard the Chinese Chang’E-6 mission to the moon. The goal of Chang’E-6 is to land
on the far side and return lunar surface samples. NILS is mounted on the lander and its
aim is the search for and characterization of negatively charged ions at the lunar surface.
One step in the development of NILS is the calibration of the instrument for which a
negative ion beam is necessary. The duoplasmatron particle source in the calibration
facility at IRF can only provide positive ions. Therefore a charge conversion particle
source was used to convert the positive ion beam into a negative one.

In my thesis work | experimentally characterized the charge conversion particle source,
which has previously been used to provide negative ions for the calibration campaign of
NILS. The source is called Negative 10n Source (N1OS). It converts the positive ions from
the primary beam into negative ions by charge conversion upon scattering at grazing
incidence from an aluminium surface. | characterized NIOS by conducting spatial scans
with a Faraday cup. | measured seven current density pro les for seven di erent primary
beam energies between 450 eV and 5000eV. The experimental characterization was done
in the calibration system for particle instruments at IRF, the same facility where NILS
was calibrated. | handed over the data and they were used to calibrate NILS.

I also performed simulations of NIOS using the ion-optical software package SIMION,
which were validated and improved using the experimental results. Additionally to the
basic features o ered by SIMION, | manually implemented particle scattering at the
scattering surface, charge conversion, molecule dissociation, secondary electron emission,
and Earth’s magnetic eld. The simulation was not able to explain an electron population
measured by NILS. The most likely cause is the lack of multiple scattering. The ions and
neutrals were simulated satisfyingly, which was the primary goal. The simulation was
the foundation for the subsequent optimization.

During the characterization and simulation I identi ed multiple problems, e.g., a portion
of the primary beam that can travel through NIOS without any surface interaction. |
optimized the geometry using an implementation of a genetic algorithm. The new model
of NIOS does not show the identi ed problems anymore. The new model features an
ion yield increase by a factor of 2.7 from 0:47 % for the old model to 1:27%. The new
model has been manufactured in the workshop at IRF and is going to be used for future
instrument calibration campaigns.



Kurzzusammenfassung

Neben Photonen sto t die Sonne auch kontinuierlich vollionisiertes Plasma aus, den
sogenannten Sonnenwind. Das Plasma bewegt sich radial von der Sonne weg. Die
geladenen Teilchen des Sonnenwindes konnen mit der Mondober ache interagieren, indem
sie unter anderem sputtern und streuen. Es wurde vorhergesagt, dass diese beiden
Prozesse neutrale Atome, positive lonen und negative lonen erzeugen. Die beiden
erstgenannten Produkte konnten bereits experimentell nachgewiesen werden. Negative
lonen wurden jedoch bisher nie beobachtet. Das Teilcheninstrument Negative lons at
the Lunar Surface (NILS) wurde am schwedischen Institut fur Weltraumphysik (IRF)
entwickelt, um dieses Problem zu losen. Es ist eines der internationalen Instrumente, das
im Rahmen der chinesischen Chang’E-6 Mission zum Mond iegt. NILS be ndet sich
auf dem Landemodul mit dem es auf der Mondruckseite landet und sein Ziel ist es, dort
negative lonen zu messen. Ein Schritt in der Entwicklung von NILS ist seine Kalibrierung,
fur die ein negativer Teilchenstrahl benotigt wird. Die Duoplasmatron-Teilchenquelle am
IRF kann nur einen positiven Teilchenstrahl erzeugen. Darum wurde eine Teilchenquelle
benutzt, die mithilfe von Ladungsumwandlung den positiven Strahl in einen negativen
umwandelt.

In meiner Arbeit fuhrte ich die experimentelle Charakterisierung der Umwandlungsquelle
durch, die negative lonen fur die Kalibrierung von NILS lieferte. Die Quelle wird Nega-
tive 10n Source (NIOS) genannt. In NIOS be ndet sich eine Aluminium ache, auf der
die positiven lonen unter einem achen Winkel auftre en und streuen. Durch diesen
Streuprozess entstehen negative lonen. Die Charakterisierung von NIOS fuhrte ich mit
einem Faraday-Becher durch und erlangte Stromdichtepro le fur sieben verschiedenen
Primarstrahlenergien zwischen 450eV und 5000eV. Die Charakterisierung der Quelle
wurde in dem selben Kalibrierungssystem durchgefuhrt, wie auch die Kalibrierung von
NILS. Die Daten wurden ubergeben und fur die Kalibrierung von NILS benutzt.

Mithilfe des ionenoptischen Softwarepakets SIMION, simulierte ich NIOS. Die Simula-
tion wurde durch die Ergebnisse der Charakterisierung validiert und verbessert. Zusatzlich
zu den Standardfunktionen von SIMION, implementierte ich Teilchenstreuung an der
Streu ache, Ladungsumwandlung, Molekuldissoziation, Sekundarelektronemission und
das Magnetfeld der Erde. Die Simulation war nicht in der Lage eine Elektronenpopulation
zu erklaren, die von NILS gemessen wurde. Die wahrscheinlichste Ursache dafur ist
das Fehlen von Mehrfachstreuung. Die Simulation von lonen und neutralen Atomen {
das Hauptziel { war hingegen zufriedenstellend. Die erfolgreiche Simulation bildete das
Fundament fur die folgende Optimierung.

Wahrend der Charakterisierung und Simulation identi zierte ich mehrere Probleme, z.
B. die Tatsache, dass ein Teil der Primarionen ohne Ober acheninteraktion durch NIOS
durch iegen kann. Ich optimierte die Geometrie von NIOS mithilfe einer Implementierung
eines genetischen Algorithmus. Das neue Modell von NIOS weist die Probleme nicht
mehr auf. Der Ertrag von negativen lonen wurde um den Faktor 2.7 verbessert, von
0:47 % auf 1:27%. Das neue Modell wurde bereits in der Werkstatt des IRF gefertigt. Es
wird fur die Kalibrierung zukunftiger Instrumente benutzt werden.
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1 Introduction

1.1 Scienti ¢ Background and Motivation

The surfaces of airless bodies in the solar system (moons, asteroids, meteoroids) are
constantly subject to particle bombardment by the solar wind. The solar wind is a
fully ionized plasma mainly consisting of protons (H"), alpha particles (He** ) and low
densities of highly ionized heavy ions (e.g., carbon (C), nitrogen (N), oxygen (O), etc.)
owing away radially from the sun (Borovsky, 2020). Because of the lack of a protective
atmosphere and magnetic eld, the particles of the solar wind can reach the surface
of these bodies. However, even bodies that have no inherent magnetosphere can have
local magnetic anomalies that shield them partially from incoming charged particles (Lue
et al., 2011). Depending on the particular body, the particles that reach the surface will
often meet regolith there. Regolith is the mantling loose material of bodies that covers
consolidated bedrock (Scott and Pain, 2009). It exists on various bodies, such as the Moon
and Earth, and is created by (depending on the present processes) weathering, erosion,
and transport and/or deposition of older material (Scott and Pain, 2009). Especially for
the relatively unprotected Moon, the exposure to di erent kinds of precipitation from
space forms the regolith (e.g. impacts from micrometeoroids, solar photons, solar wind
particles, cosmic ray particles, etc.) (Wieser et al., 2020). This leads to the question:
How do the surfaces of airless, unprotected bodies change over time due to the solar
wind?

In the past, the lunar regolith was thought to absorb 99 % of the protons coming from
the solar wind (Crider and Vondrak, 2002). However, recent missions (Kaguya (Saito
et al., 2008), Chang'E-1 (Ouyang et al., 2010), Chandrayaan-1 (Barabash et al., 2009),
ARTEMIS (Angelopoulos, 2011) and IBEX (McComas et al., 2009a)) have shown that
a variety of unexpected processes lead to a zoo of particles emitted from the surface
(Wieser et al., 2020). The emitted particles { such as sputtered atoms (Ho man and
Hodges, 1975), scattered ions (Holmstem et al., 2010) and neutrals (McComas et al.,
2009b), and secondary electrons (Willis et al., 1973) { feed the lunar exosphere. That is
the region of any atmosphere, where the mean free path of particles (distance between
two collisions) is larger than the scale height (altitude at which the atmospheric density
decreased to a factor of £€. On Earth this altitude is at about 500 km (Grava and
Retherford, 2023). On the Moon the condition is met at the surface, e ectively creating
a surface-bound exosphere (Grava and Retherford, 2023). The di erent animals in the
aforementioned zoo of emitted particles are of great interest, because the interactions
creating them are possible sources for the production of hydroxyl groups and water in
the regolith on the moon (Pieters et al., 2009). In order to gain knowledge about the



interactions, we have to study their products.

But why is that important? Why should we care about these solar wind-surface
interactions? Two overarching aspects come to mind: First, sources for hydroxyl groups
and water are of great interest. We are at the start of a new space exploration era. Several
governmental and private organizations have recently (re-)gained interest in going to the
Moon (see, e.g., NASA's Artemis campaign (Smith et al., 2020)) as an intermediate step
to eventually sending humans to Mars. Naturally, minimizing the costs of sustaining
an extraterrestrial outpost is critical. This can be achieved by making use of in-situ
resources. Hydroxyl groups and water can potentially be turned into fuel for regenerative
fuel cells using oxygen and hydrogen (National Research Council, 2007). Since the solar
wind-surface interaction is one of the possible origins of these resources, it is important
to understand the underlying process in detalil.

The second overarching aspect takes into account that the Moon is a natural laboratory
for regolith and exosphere processes on airless bodies that is accessible to humans
(National Research Council, 2007). Knowledge gained on the Moon often is applicable to
other bodies, which are much harder to reach. That way we can learn about the evolution
of a whole category of bodies. The committee on \The Scienti ¢ Context for Exploration
of the Moon" (National Research Council, 2007) warns, however, to determine the global
density, composition, and time variability of the fragile lunar atmosphere before it is
perturbed by further human activity.

On the way to gain a full picture of solar wind-surface interactions, positive ions were
observed (e.g., Saito et al. (2008)) as well as energetic neutral atoms (e.g., Wieser et al.
(2024)). What is missing is the negative ion population. Wekhof (1981) predicted that
charge inversion during energetic proton scattering on the lunar surface leads to negative
ion emission. However, no observation of negative ions has been reported yet (Xin, 2024),
even though there were missions, which in principle were capable of detecting them, e.g.,
Kaguya with its electron spectrum analyzer (Saito et al., 2008). When the solar wind
interacts with the lunar surface, there are two categories of products: particles that stay
on the surface and particles that leave it. Investigating the former is comparatively hard
and entails sample return missions to earth. Investigating the other type is \easier" due
to remote sensing. This can be achieved either via a probe in orbit or through in-situ
observations conducted by a lunar lander. A lander allows for measurements with a
distance to the surface in the range of meters, compared to about 100n for orbiters.
Reasons for the apparent absence of negative ions at orbit distance can be that either
they are simply very rare or they are neutralized too quickly. According to Wekhof
(1981), photodetachment (i.e., a photon transfers energy to a bound electron such that
the electron is detached from the atom, H + | H + e ) limits the lifetime of H
to about 0:5s. That corresponds to an altitude of about 10kkm that the negative ions
can reach, before they are neutralized. Potentially, they simply cannot be detected by
orbiters because of that. The solution to this problem is a negative ion instrument at the
lunar surface. The overarching science question, formulated in Wieser (2019), is:

\How important are negative ions for space-surface interactions and environ-
ments of planetary surface-bound exospheres?"



Figure 1.1: Assembly of Chang'E-6 spacecraft. On the left side, from top to bottom, there is the
ascender, the lander and the returner. On the right side there is the orbiter. The
NILS instrument (red circle) is mounted on the lander. Image credit: CNSA/CLEP.

1.2 Chang'E-6

1.2.1 Mission Overview

On 3rd of May 2024 the China National Space Administration (CNSA) launched the
Chang'E-6 (Xin, 2024) mission to the Moon. Chang'E-6 is a sample return mission. Like
its predecessor Chang'E-5, Chang'E-6 will collect mineral samples and send them back
to Earth. The landing site is in the South Pole-Aitken (SPA) basin on the lunar far side.
The location makes the mission particularly challenging, but also particularly interesting.
The basin is the largest and oldest impact crater on the Moon. Samples from this region
can help answering questions about the early history of the Moon.

The spacecraft (Figure 1.1) consists of four components, an orbiter, a lander, an
ascender, and a re-entry module called returner. Xin (2024) describes the scheme of the
mission. When the spacecraft reaches the Moon, it separates into two parts. The orbiter
and the returner remain in orbit and the lander and ascender land on the lunar surface.
Since the lunar far side is not visible from Earth, a relay satellite is necessary to be able
to communicate with the lander of Chang'E-6. The relay satellite is called Quegiao-2
and has been sent to a highly elliptical orbit around the Moon, one month prior to the
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