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Abstract

In Situ Comet Research — From Rosetta To Comet Interceptor
by Daniel Robert Miiller

Comets, as remnants from the early Solar System, offer valuable insights into its
formation and evolution, making them compelling targets for space missions. This
thesis examines two recent European Space Agency missions to comets: the Rosetta
mission, which extensively studied the short-period comet 67P /Churyumov-Gerasi-
menko, and the forthcoming Comet Interceptor mission, set to be launched in 2029
and expected to encounter a long-period comet or interstellar object entering the
inner Solar System for the first time.

The Rosetta mission, equipped with the ROSINA instrument suite, significantly
advanced our understanding of comets. Two publications resulting from ROSINA
data analysis are included in this work. The first study, focusing on isotope analysis
of water and alkanes, sheds light on the origin and evolution of comets and our Solar
System. Notably, it reveals that the deuterium-to-hydrogen (D/H) ratio remained
consistent during the comet’s perihelion passage, while also determining the D/H
and 13C/12C ratios of alkanes. The second study investigates outburst trigger mecha-
nisms, distinguishing between different gas composition behaviours observed during
outbursts, and providing insights into the comet’s nucleus evolution processes.

In parallel, this thesis documents the development and testing of the Mass Anal-
yser for Neutrals in a Coma (MANiaC), a crucial component of the Comet Interceptor
instrument suite. Consisting of a neutral density gauge and a time-of-flight mass
spectrometer, prototypes of both instruments have been meticulously calibrated and
tested to meet mission requirements. Stability measurements and potential improve-
ments for these instruments are presented. The results demonstrate that even in the
prototyping phase, the MANiaC instruments already satisfy almost all requirements
regarding resolution and stability and that the path to success for MANiaC is laid
out.

This thesis underscores the significance of studying comets and highlights the
pivotal role of advanced mass spectrometry in unravelling the mysteries of these ce-
lestial bodies. Combining data analysis from previous missions and the development
of cutting-edge instrumentation for future missions, this work pushes the boundaries
of our knowledge about comets and the broader understanding of the Solar System'’s
formation and evolution.
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Introduction

1.1 Comets

Comets are among the most remarkable celestial phenomena, captivating both lay
people and scientists alike. Throughout history, their sudden appearances and myste-
rious nature elicited both fascination and fear. Ancient scriptures describe significant
glowing stars gliding across the sky, believed to be supernatural effects (Whipple
and Green, 1985; Bailey et al., 1990; Brandt and Chapman, 2004). Today, comets are
regarded as natural laboratories for the exploration of extreme physical conditions
and keys to the understanding of the Solar System history (Gargaud et al., 2023).

A comet is a small icy body formed in the outer regions of the Solar System, typi-
cally containing a significant fraction of volatiles. Comets accreted in the protosolar
nebula during the formation of the Solar System 4.6 billion years ago and have, for
most of their existence, resided in either the Kuiper Belt or the Oort Cloud. Gravita-
tional perturbations due to encounters with giant planets may alter the trajectory of a
comet, deflecting it into the inner Solar System and establishing a generally highly
eccentric orbit around the Sun. Comets are grouped depending on their orbits and
are named according to their group (see Box 1.1).

Comet nuclei are kilometre to tens of kilometre sized, solid icy conglomerates
with low density and high porosity. The popular model of the dirty snowball was
introduced by Fred Whipple (Whipple, 1950, 1951). However, the more recent state
of research could rather describe them as icy dirtballs, since the structure of cometary
nuclei is governed by the non-volatile constituents rather than by ice or snow (Keller,
1989).

Comet nucleus rotation periods range from a few hours to a few days. The density
of comet nuclei has been a long-standing question due to the difficulty of estimating
the nucleus mass. A precise evaluation can be obtained through the measurement of
the trajectory perturbation of a space probe in the small gravity field of the cometary
nucleus. Rosetta performed such measurements for comet 67P/Churyumov-Gerasi-
menko, determining a bulk density of 0.54 g cm™ (Pétzold et al., 2019), confirming
that cometary nuclei are indeed porous bodies. Comet nuclei are frequently observed
to fragment (see Box 1.2 and Figure 1.1), indicating that they are bodies with weak
tensile strength, resembling rubble piles.



Cometary orbits are divided into two main categories (Thomas, 2020):

¢ Short-period comets (SPCs): They have a period P < 200 years, and are
thought to originate from the Kuiper Belt, located beyond Neptune.

* Long-period comets (LPCs): They have a period P > 200 years, and are
believed to originate from the Oort Cloud, a hypothetical spherical reser-
voir of comets situated beyond the Kuiper Belt. LPCs are alternatively
referred to as Oort Cloud comets (OCCs).

The 200-year period threshold is somewhat arbitrary but corresponds to the
time since systematic observations with instruments began.
SPCs are further divided into:

* Jupiter-family comets (JFCs): These have P < 20 years, and are concen-
trated towards the ecliptic plane. Many have aphelia near the heliocentric
distance of Jupiter, and their orbital evolution is significantly influenced
by Jupiter’s gravitational interaction.

¢ Halley-type comets (HTCs): These have P > 20 years, and have larger
aphelia, with a wide range of inclinations. Some, including 1P /Halley,
are retrograde with inclinations greater than 90°. They are also known as
nearly isotropic comets.

Comets classified as SPCs or those with confirmed observations at more than
one perihelion passage are considered periodic. These comets are designated
with a number and the prefix "P/" (e.g., comet 33P/Daniel or 120P /Mueller).

Comet Shoemaker-Levy 9 (SL9) was discovered in 1993 by astronomers Car-
olyn and Eugene Shoemaker, along with David Levy. Appearing as a trail of
about 20 fragments (Figure 1.1), it was identified as a Jupiter-family comet
disrupted by tidal forces during its previous close encounter with Jupiter one
year earlier. These fragments collided with Jupiter in July 1994 (Noll et al.,
1996). Calculations demonstrated that SL9’s breakup could be modelled as
the separation of a strengthless rubble pile of smaller cometesimals, with a
density of approximately 0.6 g cm™, a value notably similar to that later found
for comet 67P (Asphaug and Benz, 1994).

FIGURE 1.1: Image of comet Shoemaker-Levy 9 as observed using the Hubble Space
Telescope in May 1994 before its impact on Jupiter. Credit: NASA, STScl.
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The sublimation of ices in comet nuclei drives cometary activity. As a comet
approaches the Sun, the ice in its nucleus begins to sublimate, ejecting gas and dust
that form an envelope around the nucleus known as the coma. The coma can extend
to distances of 10° to 107 km from the nucleus, depending on the comet’s level of
outgassing activity. Because the coma is not gravitationally bound, a trail of gas and
dust is left behind as the comet moves on its orbit around the Sun, giving rise to
its characteristic tail (Figure 1.2). This dust tail curves in the opposite direction of
the comet’s motion due to the action of gas drag, solar gravity, and solar radiation
pressure pushing the dust particles away from the comet. A second tail, the ion tail,
is produced by the ionisation of gases in the coma and always points radially away
from the Sun as it is swept along with the solar wind.

Dust tail

Nucleus

FIGURE 1.2: Morphology of a comet close to the Sun showing its nucleus, coma, and the dust
and ion tails (not to scale).

1.2 Comet 67P/Churyumov-Gerasimenko

Comet 67P /Churyumov-Gerasimenko (hereafter 67P), discovered in 1969 by Klim
Ivanovich Churyumov and Svetlana Ivanovna Gerasimenko, is a JFC with an orbital
period of 6.45 years and a perihelion distance from the Sun of 1.24 au. It has been
calculated that before 1840, the comet’s perihelion was at about 4 au, and successive
dynamical interactions with Jupiter progressively shifted it to its current position. Its
latest perihelion passage was in November 2021. Some important properties of 67P
are described in Box 1.3.

67P was the target of ESA’s Rosetta mission after the original target, comet 46P/
Wirtanen, could not be reached anymore due to delays caused by the failure of
the Ariane 5 launcher on the previous launch. The morphology of 67P itself was
a major surprise when it was first discovered to be bi-lobate in shape, resembling



a rubber duck (Figure 1.3), during the Rosetta spacecraft’s initial approach in July
2014. At this point, the cometary nucleus was finally close enough for the on-board
cameras to capture a clear image. This finding was unexpected, as initial predictions
based on observations performed with the Hubble Space Telescope suggested a more
heterogeneous shape.

Box 1.3: Properties of Comet 67P/Churyumov-Gerasimenko

Nucleus Orbit

Small lobe size® 2.6 x 2.3 x 1.8 km Perihelion dist. from Sun? 1.21 au
Large lobe size® 4.1 x 3.3 x 1.8km  Aphelion dist. from Sun?  5.70 au

Mass® 1.0 x 108 kg Orbital period? 6.43 yrs
Mean density®  0.54 g/cm3 Rotation period® 124 h
Porosity® 70 - 80 %

Albedo® 6%

References: (a) Pajola et al. (2015); (b) Patzold et al. (2019); (c) Capaccioni et al.
(2015); (d) Minor Planet Center (2023); (e) Mottola et al. (2014).

FIGURE 1.3: Full shape image of 67P taken by Rosetta/NavCam. Credit: ESA/Rosetta/
NAVCAM.

Up to date, comet 67P is the most extensively studied comet thanks to the thorough
investigation carried out by the Rosetta mission. It is also the first comet where an
automated module has landed. Among the many groundbreaking findings (e.g.,
Fulle et al., 2016; Thomas et al., 2019), some key discoveries of 67P include:
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* A high deuterium-to-hydrogen (D/H) ratio of 5.01 x 10~ has been measured
in 67P’s water (Altwegg et al., 2015, 2017; Miiller et al., 2022). This ratio is more
than three times the terrestrial Vienna Standard Mean Ocean Water (VSMOW)
value of 1.6 x 10~* and stands out as the highest value ever observed in a JFC.
This finding holds significant implications for the discussion on the origins of
terrestrial oceans.

¢ Comets exhibit complex and individual topography. For centuries, our views of
comets were limited to bright streaks in the sky. Rosetta’s camera revealed how
complex these small icy worlds can be, showcasing cliffs, canyons, boulders,
fractures, and regions with different hardness (Thomas, 2020).

* Large fluctuations in composition were discovered in the heterogeneous coma of
67P, demonstrating diurnal and possibly seasonal variations in major outgassing
species such as water, carbon monoxide, and carbon dioxide (Hassig et al., 2015).

¢ Unexpectedly large amounts of O, were detected in 67P’s coma, indicating that
O, was a major species of 67P with a coma abundance of (3.80 £ 0.85) % with
respect to water (Bieler et al., 2015).

¢ 67P contains some of the building blocks of life. Rosetta identified organic
compounds on the comet supporting this view, including some never seen
before on a comet (Altwegg et al., 2016). The amino acid glycine, commonly
found in proteins, was spotted in 67P’s coma, and phosphorus, a key component
of DNA and cell membranes, has been detected in solid particles (Gardner et al.,
2020).

1.3 Rosetta Mission

The launch of Rosetta on March 2, 2004, from the Kourou space port in French Guyana
marked the beginning of a new era in comet research. While several spacecraft had
visited comets by this point, a long-term encounter with a comet had never been
performed before. Previous missions focused on short-time encounters, such as
single proximity flights through the coma or tail (so-called flybys). During the first
comet mission of the European Space Agency (ESA) the spacecraft Giotto successfully
flew past comet 1P/Halley and also had a second encounter with comet 26P/Grigg-
Skjellerup. In contrast, Rosetta would conduct measurements at various distances
and angles between the comet, the Sun, and the spacecraft for more than two years.
Additionally, a lander was designed to be the first-ever to land on a comet (see also
Box 1.4 describing the mission’s name origin). The scientific goals of the Rosetta
mission, as outlined by Schwehm and Schulz (1999), included:

¢ Global characterisation of a cometary nucleus and determination of its dynamic
properties, surface morphology, and composition.

¢ Determination of the chemical, mineralogical, and isotopic compositions of
cometary refractories and volatiles.

¢ Determination of the physical properties and interrelation of volatiles and
refractories in a cometary nucleus.

¢ The study of the development of cometary activity and processes in the surface
layer of the nucleus and inner coma, such as interactions of gas and dust.



The long cruise time of more than 10 years until Rosetta’s arrival at 67P required a
complex series of swing-by manoeuvres to gain the correct acceleration and trajectory.
In March 2005, the first of several gravity assist manoeuvres was used to accelerate
Rosetta out of Earth’s orbit. This was followed by a Martian gravity assist in February
2007 and two more Earth gravity assists in November 2007 and November 2009 to
match the comet’s orbit. During its journey, Rosetta encountered two asteroids, Steins
and Lutetia, in September 2008 and July 2010, respectively. Later on, the increasing
heliocentric distance prevented the solar panels of the spacecraft from generating
enough energy for a complete system operation. Hence, a planned hibernation of
about 2.5 years for all subsystems, including the communication systems onboard
Rosetta, was initiated until shortly before the spacecraft arrived at the comet. Rosetta
officially arrived on August 6, 2014. This marked the beginning of the Rosetta science
phase, during which the spacecraft collected data from comet 67P. Rosetta closely
followed the comet, except for a few excursions.

Box 1.4: The Origin of Rosetta’s Name

The orbiter probe was named after the
Rosetta Stone, an Egyptian stele contain-
ing a decree in three scripts (Figure 1.4).
The lander, Philae, took its name from the
island in the river Nile where an obelisk
was found, bearing a bilingual inscription
that facilitated the deciphering of the hi-
eroglyphs on the Rosetta Stone. The nam-
ing reflects this space mission’s ambition
to contribute to a deeper understanding of
comets and the early Solar System. In ad-
dition, the Rosetta spacecraft carried a disc
containing thousands of pages of informa-

tion documenting languages from all over
the world. FIGURE 1.4: Rosetta stone. Credit:
British Museum, London.

On November 12, 2014, the Rosetta lander unit, Philae, separated from the Ro-
setta orbiter to perform the first-ever touchdown on a comet. Unfortunately, during
Philae’s touchdown, the landing devices failed, and the lander could not stabilise on
the ground. Instead, it bounced off the surface several times before finally landing
in a shadowed area. Although data from the nucleus surface could be collected by
Philae, the exact landing spot remained uncertain for almost two years until Philae
was finally localised by the OSIRIS camera onboard the orbiter on September 5, 2016.
Shortly after, the Rosetta orbiter was intentionally soft-landed onto the nucleus on
September 30, 2016, officially closing the mission as the comet was on the outbound
leg of its orbit, moving away from the Sun.

The Rosetta spacecraft consisted of an orbiter bearing 11 instrument packages.
The lander added 10 more instruments (Schulz, 2010). Table 1.1 gives an overview of
the Rosetta instrumentation.
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TABLE 1.1: Payload of the Rosetta spacecraft (Schulz, 2010).

Orbiter

ALICE Ultraviolet Imaging Spectrometer

CONSERT Comet Nucleus Sounding Experiment by Radio Wave Transmission
COSIMA  Cometary Secondary Ion Mass Analyser

GIADA Grain Impact Analyser and Dust Accumulator

MIDAS Micro-Imaging Dust Analysis System

MIRO Microwave Instrument for the Rosetta Orbiter

OSIRIS Optical, Spectroscopic, and Infrared Remote Imaging System
ROSINA  Rosetta Orbiter Spectrometer for Ion and Neutral Analysis
RPC Rosetta Plasma Consortium

RSI Radio Science Investigation

VIRTIS Visible and Infrared Thermal Imaging Spectrometer

Lander
APXS Alpha Proton X-ray Spectrometer
CIVA Comet Nucleus Infrared and Visible Analyser

CONSERT Comet Nucleus Sounding Experiment by Radio Wave Transmission
COSAC Cometary Sampling and Composition Experiment

MUPUS Multi-Purpose Sensor for Surface and Subsurface Science
PTOLEMY Evolved Gas Analyser for Light Elements

ROLIS Rosetta Lander Imaging System
ROMAP Rosetta Lander Magnetometer and Plasma Monitor
SD2 Sample and Distribution Device

SESAME  Surface Electrical Sounding and Acoustic Monitoring Experiment

1.4 ROSINA

One of the instruments onboard the spacecraft, the Rosetta Orbiter Spectrometer for
Ion and Neutral Analysis (ROSINA), was designed and developed at the University
of Bern to analyse the chemical composition of the volatiles in the coma. The ROSINA
instrument was the heaviest payload of Rosetta, weighing 36 kg. It consisted of three
different scientific instruments: two mass spectrometers, a Reflectron Time-of-Flight
mass spectrometer (RTOF) and a Double Focusing Mass Spectrometer (DFMS), and a
pressure sensor, the Comet Pressure Sensor (COPS). Additionally, a Digital Processing
Unit (DPU) was attached to the payload.

The RTOF was designed to detect molecules from a mass-to-charge ratio (m/z) of
1 up to 300 in a single spectrum, providing an advantage in terms of time efficiency
over a time-consuming mass scan with DFMS. However, this advantage comes along
with limitations in mass resolution. To address this, a reflectron was installed in the
instrument. The reflectron significantly increased the flight distance of the molecules
through the instrument, thereby enhancing the mass resolution. This approach
achieved a mass resolution of 500 at 1% peak height. While the RTOF was ideal for
providing an overview of the molecular composition of the comet, detailed studies
required higher mass resolution. The concept of mass resolution is introduced in
more detail in Section 4.2.2.



This could be achieved with the second mass spectrometer, DFMS. It reached
a higher mass resolution of 3000 (at 1% peak height) by using an electrostatic and
a magnetic field in combination to separate the molecules. Hence, it was ideal for
investigating molecular species with similar mass or minor abundance. More quality
criteria for mass spectrometers are introduced in Box 1.5. Chapter 2 focuses on the
DFEMS, as mostly data from this instrument were analysed for this work.

The COPS completed the ROSINA instrument package, which was designed
to measure the gas density in the coma. It consisted of two different gauges. In
the nude gauge, molecules were first ionised via electron ionisation, and then the
current was measured with an electrometer after acceleration. It measured the total
neutral particle density in the coma. The second gauge, the ram gauge, thermalised
the neutral gas molecules first before ionisation. Consequently, it was capable of
measuring ram pressure, which is proportional to the cometary gas flux. Although
COPS was not designed to detect cometary dust particles, it was nevertheless able
to measure them indirectly via the sublimation products of the volatiles contained
therein (Pestoni et al., 2021a,b, 2023).

Each ROSINA instrument was used in combination with the DPU. Its function
was the communication between instruments and spacecraft, the storage of data, and
commanding of the instruments. The entire ROSINA payload is described in Balsiger
et al. (2007). In addition, Scherer et al. (2006) and Gasc et al. (2017) provide detailed
descriptions of RTOF.

Box 1.5: Quality Criteria for Mass Spectrometers

Mass spectrometers must meet several criteria to ensure their quality. The
performance of mass spectrometers is determined by mass resolution, sensitiv-
ity, signal-to-noise ratio, dynamic range, mass range, and scan duration, each
playing a crucial role in the instrument’s overall effectiveness and reliability.
The mass resolution is the instrument’s ability to separate two species of
close mass. The sensitivity measures how much the signal changes when the
analyte quantity increases. It depends on ionisation efficiency, ion extraction
from the ionisation source, mass range, and mass analyser transmission. It is
expressed as the ratio between ion current and analyte partial pressure [A/Pa].
The sensitivity should not be confused with the detection limit, which is the
smallest analyte amount needed to produce a signal distinguishable from
background noise. However, the sensitivity is a critical quantity to derive the
detection limit.

The signal-to-noise ratio (5/N) describes the uncertainty of an intensity mea-
surement by quantifying the ratio between signal intensity and noise. Noise,
being statistical, can be reduced by prolonged data acquisition and averaging
spectra. Consequently, an intense peak has a better S/N than a lower intensity
peak in the same spectrum. Noise reduction is proportional to the square root
of the acquisition time multiplier or the number of averaged spectra.

The dynamic range is the ratio between the minimal and maximal concen-
trations of compounds that can be detected simultaneously in a sample. The
mass range defines the mass-to-charge ratios that the instrument can cover.
The scan duration is dependent on the instrument design and ion separation
mechanism and can vary between an immediate scan of the full mass range
and a step-by-step scan of individual masses within the total mass range.




Double Focusing
Mass Spectrometer

The ROSINA Double Focusing Mass Spectrometer (DFMS) is a Nier-Johnson type
double focusing mass spectrometer with a high mass resolution of m/Am = 3000
at the 1%-level on the mass-to-charge ratio (m/z) 28 (Balsiger et al., 2007). This
instrument integrates an electrostatic analyser and a magnetic field sequentially to
effectively separate molecules based on their m/z. This section explains the working
principle of the DFMS and outlines the data analysis procedure.

2.1 DFMS Working Principle

As with any mass spectrometer, the ROSINA /DFMS comprises three main compo-
nents: the ion source, a mass analyser, and three different detectors:

* The ion source is where the incoming neutral particles undergo electron ionisa-
tion.

¢ The mass analyser includes an electrostatic analyser and a permanent magnet.
The ions and charged fragments generated in the ion source are separated based
on their m/z in the mass analyser.

¢ The DEMS features three detectors: the MCP/LEDA, consisting of two Micro-
Channel Plates (MCPs) combined with a Linear Electron Detector Array (LEDA)
as the primary detector, a Channel Electron Multiplier (CEM), and a Faraday
Cup (FC).

Figure 2.1 shows a technical drawing of the DEMS, depicting the ion’s flight path
through the instrument’s main optical elements, whereas Figure 2.2 illustrates a cross
section of the DFMS.

Molecules entering the DEMS arrive at the ion source, where they undergo elec-
tron ionisation, acquiring a positive charge. To achieve this, a filament is heated and
electrons are emitted from the filament through a specific voltage setting in the ion
source at an emission current of 2, 20, or 200 yA, creating an electron beam. When
an electron collides with a neutral molecule, it releases an electron from the valence
orbital, resulting in a positively charged molecule due to the loss of a negative charge.
The electron ionisation also induces fragmentation of the molecule into smaller pieces,
the extent of which depends on the energy of the emitted electrons. A standard
emission energy is 70 eV, as commonly used in reference fragmentation databases.
However, pre-flight testing of the DFMS has demonstrated improved performance at
45 eV, offering the advantages of reduced fragmentation and increased quantities of
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FIGURE 2.1: Drawing of the main ion optical elements of the DFMS including all sections
along the ion flight path through the instrument. Source: Balsiger et al. (2007), reproduced
with permission from Springer Nature.
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FIGURE 2.2: Cross section of the DFMS showing details of instrument components. Source:
Balsiger et al. (2007), reproduced with permission from Springer Nature.
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parent molecules after the ionisation process. This difference only introduced minor
deviation of DFMS results with those in common databases (Schuhmann, 2020).

To prevent the detection of cometary ions in neutral gas mode, an additional
positive potential of 200 V is applied. This prevents primary positively charged
cometary ions from entering the instrument in neutral mode. The DFMS can also
be operated in ion mode, enabling the collection and analysis of molecules already
ionised within the comet’s environment.

The newly created ions are then extracted from the ion source through several
lenses and are accelerated with the acceleration voltage V... This acceleration volt-
age is mass dependent and approximately follows 1/+/m. Subsequently, the ions
pass through a narrow slit of 14 ym for high-resolution mode and 200 ym for low-
resolution mode before entering the electrostatic analyser. The electrostatic analyser
consists of two toroid-shaped plates with radii of 57.5 mm for the smaller inner plate
and 62.5 mm for the larger, outer plate. The analyser directs the ions along a 90°
trajectory, correcting for slightly different trajectories and velocities resulting from
field gradients in the ion source. Some ions might receive slightly higher kinetic
energies depending on their exact starting positions in the ion source. The electro-
static analyser focuses the energy dispersion, allowing molecules of similar energy to
converge at the energy slit at the exit of the analyzer. After the electrostatic analyser,
the ions enter the 60° sector magnet, which separates the incoming ions according
to their momentum per charge and focuses them onto the focal plane behind the
magnet.

Upon leaving the sector magnet, the remaining ions enter a hexapole, where the
focal plane is aligned relative to the optical axis of the ions. The ions then enter the
DFMS zoom optics, which, consisting of two consecutive quadrupoles, can increase
the image size at the detector, as the main detector has a limited spatial resolution
determined by the pixel size.

Having passed through the zoom optics, the ions reach the detector. Three
different types of detectors are implemented in DFMS: a Channel Electron Multiplier,
a Faraday Cup, and a Multichannel Plate (MCP, see Box 2.1), aligned along the
focal plane. Most measurements have been taken with the MCP, designed as the
main detector for DEMS. It is used in combination with a Linear Electron Detector
Array (LEDA), consisting of two independent rows (Row A and B) of anodes on the
LEDA with 512 pixels each. The output of the MCP/LEDA detector is not the ion
current itself but the secondary electron current produced by the impinging ions.
This is measured in analogue mode and then converted into a digital signal with an
Analogue-to-Digital Converter (ADC). For more information on the detector design
and working principle, refer to Balsiger et al. (2007).

DEMS has a very high mass resolution and spectra can be obtained in high or
low resolution modes depending on the level of detail needed. This is only possible
with a complex instrument design where minimal misalignment of the magnet or
analyser would have a significant impact. However, the most significant drawback
of the DFMS is the long measurement time. The working principle of how DFMS
separates molecules according to their m/z only allows mass scans. To do so, voltages
are adjusted constantly to allow only molecules around a certain integer mass to
pass through the instrument. Such mass scans are time-consuming and measuring
from m/z 13 to m/z 100 (typical measurement mode mass range) takes around 45
minutes. Additionally, the results are complex to analyse as several instrument-
related factors need to be considered in the DEMS data treatment. Many of these
are energy-dependent, and hence cannot be applied collectively. The following
subsection explains the DFMS data treatment.



12

Box 2.1: Microchannel Plate (MCP)

A microchannel plate (MCP) is a

two-dimensional sensor capable of Channel
detecting electrons and ions in a Diameter: d
vacuum, amplifying the detected
signals. MCPs are frequently em-
ployed in mass spectrometry detec-
tors. These plates function as con-
tinuous electron multipliers, com-
prising numerous of thin tubes
arranged in parallel and slightly
tilted towards a plate (Figure 2.3).
Within these tubes, an impacting

Length: L

particle triggers the release of sec- Channel Output side
. wall Electrod

ondary electrons on a suitable sur- - 2 SLTone

face, leading to a multiplication ef- Signal Output

e ng ) i Electrons
fect. The electron multiplication oc-  Inputside stip
Electrode Current

curs within the isolated tube (made
of glass or ceramic) coated with a Vo
resistive film. A voltage gradient
is applied along the tube due to
the voltage difference of a few hun-
dred volts between the two sides of
the MCP, inducing electron acceler-
ation and formation of an electron
cascade.

Typically, two MCPs are arranged
consecutively to enhance the gain.
A common MCP configuration is FIGURE 2.4: Schematic of MCP Chevron
the Chevron assembly (Figure 2.4) assembly. Adapted from Hamamatsu.
leading to a gain of ~ 10°.

FIGURE 2.3: Schematic structure of MCP.
Adapted from Hamamatsu.

I
WY

2.2 DFMS Data Analysis

Various pre-coded measurement modes facilitate the operation of the DFMS. How-
ever, the accurate treatment and interpretation of DFMS data remain demanding
tasks. Since DFMS performs mass scans, it generates large amounts of raw spectra
that necessitate manual application of the mass scale. Given the high mass resolution,
small uncertainties can significantly impact data interpretation. Additionally, several
instrument-related correction factors must be applied to the spectra to derive accurate
ion quantities from the detector signal. Some of these correction factors are mass- and
species-dependent, making it impractical to apply them universally to all spectra.
Even after the correct application of all conversion and correction factors, interpreting
DFMS data remains challenging and requires experience. The necessary steps to
process DEMS raw data and obtain the number of incident ions per mass spectrum
are as follows:
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1. Subtraction of the LEDA offset

2. Correction for overall gain

3. Correction for individual pixel gain

4. Correction for ADC conversion and LEDA anode capacity
5. Application of the mass scale

Figure 2.5 a depicts an example of a DFMS raw spectrum, displaying the signal
over the 512 LEDA pixels of one row of the detector for an integration time of 20 s.
The result of a full data treatment is then illustrated in Figure 2.5b, where an accurate
mass scale is applied, and the number of detected ions is calculated. Additionally,
the individual peaks are fitted with double Gaussian peak profile functions, and the
corresponding ionic species are indicated with their sum formula.
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FIGURE 2.5: Example of DFMS spectra for m/z 30. Panel a: DFMS raw spectrum from 2014-10-
03 19:36 (UTC) displaying the ADC detector counts over the 512 LEDA pixel of the detector
for the 20 s integration time. Panel b: High-resolution spectrum of the same data set as in
panel a after LEDA offset subtraction, pixel gain and gain correction, and ADC conversion.
A suitable mass scale is applied and the x-axis is only shown for the part containing ion
signals. Measured data are represented by black dots, including their statistical uncertainties.
Individual mass fits and the total sum of the fits are depicted with coloured lines. The peaks
of NO and C'80 could not be resolved and appear as one peak (orange line). Note the
conversion to log scale from panel a to panel b.
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2.2.1 LEDA Offset Subtraction

The raw spectrum has an offset of around 53000 counts. This results from the LEDA
charging, that has to be applied prior to a measurement. This offset is removed
by applying a polynomial fit of either first, second, or third order that follows the
baseline of the spectrum and then subtracting the area under the polynomial curve:

ADC countscorr = ADC counts — Offset. (2.1)

2.2.2 Gain Correction

Ions impinging on the MCP detector release a cascade of secondary electrons, am-
plifying the signal. The degree of amplification, referred to as gain, depends on the
voltage difference applied to the MCP stack. For DFMS, 16 fixed voltage settings,
known as gain steps (GS), have been predefined. The gain can be described as the
number of secondary electrons released by each impinging ion:

Number of secondary electrons

Number of ions (2.2)

Gain «
Adjusting the number of counts with the overall gain, Gain(GS), results in a
modification of Equation (2.1):

ADC counts(p) — Offset

ADC countSeorr = Gain ( GS)

(2.3)

The gain decreased over time due to extensive instrument usage. Details on how
to retrieve the gain for each gain step and the most recent gain factors to be used are
explained in Schroeder (2020).

2.2.3 Pixel Gain Correction

During DFMS operations, not all 512 anode pixels on each of the LEDA’s two rows
were equally utilised. The ion beam was typically focused towards the centre of
the detector, resulting in more frequent usage and, consequently, more prominent
degradation of the pixels in the middle. The correction factors introduced to account
for the uneven degradation of the 512 pixels were referred to as the individual pixel
gain (PG), to distinguish it from the overall gain of the MCP (Section 2.2.2).

Correcting the individual pixel gain, PG(GS,p), for the background and gain step
corrected number of counts leads to an adaptation of Equation (2.3):

ADC counts(p) — Offset
Gain(GS) - PG(GS, p)

ADC countseor(p) = (2.4)

The pixel gain correction factors are dependent on the gain step or detector
amplification applied. Consequently, each individual pixel had to be corrected at
regular intervals as the degradation of the MCP/LEDA was usage-dependent and
increased over time (Schroeder, 2020). Furthermore COPS was used for absolute
calibration.
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2.24 ADC Conversion and LEDA Anode Capacity

Finally, to derive the number of ions, Njons, from the number of counts, or secondary
electrons, the electronic conversion needs to be considered. Thus, proportionality
constants for both the Analogue-to-Digital Conversion (ADC), capc = 6.105 X 104V,
and the LEDA anode capacity, cigpa = 4.22 X 1012 F are introduced. Additionally,
a mass dependent detector yield, Y, and the integration time, t, are employed to
calculate the number of ions impinging on each pixel, p, per second. This leads to a
further modification of Equation (2.4):

1 ADC counts(p) — Offset ' 1 _ CADC * CLEDA

Nions(P)'$ ™ =~ 31(GS) - PG(GS,p) Y- et 25)

where p is the pixel number ranging from 1 to 512, and e = 1.602 x 107" C is the
elementary charge. The standard integration time, t, was set to 20 s.

2.2.5 Mass Scale

After calculating the number of ions for each pixel, it is necessary to apply a mass
scale to determine which ions represent which molecule. To achieve this, a mass scale
assigns a m/z value to each of the 512 pixels on each row of the LEDA (Le Roy et al.,
2015):

) 2.6)

where m(p) is the mass-to-charge ratio corresponding to a specific pixel p. myq
represents the central commanded mass (usually an integer) of the spectrum, and py
is the pixel on which my is situated. py is also referred to as pixel zero. x denotes the
pixel step width (i.e., 25 ym), D is the dispersion constant, and z is the zoom factor.

It is crucial to apply an accurate mass scale, as even small inaccuracies can lead
to misinterpretation of the data. The mass scale application can be challenging,
considering that several instrumental factors taken into account are mass-dependent.
The zoom factor is typically set to 6.4 for high-resolution measurements. However,
for masses lower than m/z 21, it is lower, and even for higher masses, a discrepancy
of +0.2 can be observed due to magnet temperature fluctuations. The values of the
used zoom factors can be found in Héssig (2013) and Schroeder (2020). A change in
the zoom factor results in an accordion effect in the spectra—meaning a widening
or narrowing of the spectra along its x-axis and, consequently, a shift of the peak
position over the mass scale. The same effect occurs if the dispersion changes, which
is typically set to 127°000 for all m/z up to 69. For m/z 70 and higher, the application of
an additional post-acceleration voltage of 1,000 V (compared to 50 V for m/z lower
than 70) leads to a non-linear drop in the dispersion. However, this has not been
used in this thesis, as only m/z lower than 70 have been studied. The DFMS mass
scale application can be described as an iterative process. In the initial hypothesis,
the dominant peak in a spectrum is selected and interpreted, and a preliminary mass
scale is applied. In this way, all the remaining peaks in the spectrum can be identified.
If the outcome is plausible in terms of settings and chemistry, the final mass scale
can be applied. The identification may also be helped by the adjacent spectra, as the
values of po, D, et cetera should remain relatively consistent.

Finally, to determine the quantity of ions detected per species, a fitting routine has
to be applied, and the area under the fitted curve needs to be integrated. The standard
titting routine involves a double-Gaussian distribution (sum of two Gaussian peaks),
which is the specific peak shape for the DFMS instrument resulting from its design.
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The second Gaussian is dependent on the first one, with its amplitude being roughly
10% of the first Gaussian’s signal and its width being about three times broader. All
peaks on the same spectrum maintain consistent width and height ratios for the two
Gaussian distributions.

Hence, the final amount of detected ions per species is given by the integral of the

fitted double-Gaussian distribution:
—+o0
Number of particles = / counts(p) dp = v/7t(a1c1 + azc2). (2.7)
—00

where a1 and a; are the amplitudes, and c; and c; are the widths of the first and
the second Gaussian, respectively.

A DEMS spectrum consists of two rows on the LEDA for redundancy reasons,
referred to as row A and row B. Generally, a discrepancy in the signal and a slight
shift of the peaks can be observed between the row A and row B spectra since the ion
beam is not perfectly aligned. However, the discrepancy varied over the duration of
the mission, depending on the mission phase. One of the two rows is more sensitive
due to changing electric field distributions in the ion source. For the derivation of the
total count of ions, both signals can be summed up, or one of the two rows can be
consistently used.
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3.1 High D/H ratios in water and alkanes in comet 67P/Chur-
yumov-Gerasimenko measured with Rosetta/ROSINA
DEMS

Studying isotope ratios on comets is crucial because it offers insights into the history
and origin of materials in the Solar System. Isotopic abundances, particularly the
deuterium-to-hydrogen (D/H) ratio, provide valuable information on the processes
that occurred during the formation of comets and the early Solar System. By analysing
these ratios, it is possible to reconstruct the conditions and environments that existed
billions of years ago, shedding light on fundamental questions about planetary system
formation and evolution.

Discrepancies between pre- and post-perihelion measurements of the D/H ratio
in water on comet C/2014 Q2 (Lovejoy) (Biver et al., 2016; Paganini et al., 2017), as
well as a suggested correlation between the D/H ratio in comets and their active
area fraction, pose intriguing questions about the composition and dynamics of
comet nuclei (Lis et al., 2019). In this context, the isotope study aims to elucidate the
dynamics of the D/H ratio in 67P’s water over time, investigating its dependence on
factors like heliocentric distance, phase angle, and gas production rate. Additionally,
the study delves into the isotopic ratios of alkanes, considering their potential role in
understanding the chemical and physical conditions during Solar System formation
and the delivery of organic matter to celestial bodies (Lunine and Atreya, 2008; Clark
et al., 2009), including Earth. This comprehensive approach shall contribute to the
broader understanding of cometary composition and its implications for planetary
science.

Key findings of this study include the independence of the D/H ratio in water
from various factors such as heliocentric distance and cometary activity level. Ad-
ditionally, an absolute D/H ratio from HDO/H,O of (5.01 + 0.40) x 10 and the
160 /170 ratio in water of 2347 & 191 were obtained.

The D/H ratios in alkanes compared to water are highly elevated. While no
correlation between the '3C/!2C ratio and the D/H ratio for different cometary
molecules was found, the observed consistency of the D/H ratio in 67P’s water
challenges theories of non-steady-state water ice sublimation. However, further
confirmation with measurements from other comets and approaches is warranted.
The study underscores the need for more data analysis from various Solar System
objects to elucidate the origin and history of organic matter.

Credit: D. R. Miiller, A&A 662, A69 (2022), reproduced with permission © ESO.
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ABSTRACT

Context. Isotopic abundances in comets are key to understanding and reconstructing the history and origin of material in the Solar
System. Data for deuterium-to-hydrogen (D/H) ratios in water are available for several comets. However, no long-term studies of the
D/H ratio in water of a comet during its passage around the Sun have been reported thus far. Linear alkanes are important organic
molecules that have been found on several Solar System bodies, including comets. To date, the processes of their deuteration are still
poorly understood, only the upper limits of isotopic ratios for D/H and '*C/'?C in linear alkanes are currently available.

Aims. The aim of this work is to carry out a detailed analysis of the D/H ratio in water as a function of cometary activity and
spacecraft location above the nucleus. In addition, a first determination of the D/H and 3C/'2C ratios in the first four linear alkanes,
namely, methane (CH,), ethane (C,Hg), propane (C5Hg), and butane (C4H ) in the coma of 67P/Churyumov-Gerasimenko is provided.
Methods. We analysed in situ measurements from the Rosetta/ROSINA Double Focusing Mass Spectrometer (DFMS).

Resuilts. The D/H ratio from HDO/H,O and the '°0/"0O ratio from H,'*O/H,"70O did not change during 67P’s passage around the
Sun between 2014 and 2016. All D/H ratio measurements were compatible within 1o, with the mean value of 5.01 x 107 and its
relative variation of 2.0%. This suggests that the D/H ratio in 67P’s coma is independent of heliocentric distance, level of cometary
activity, or spacecraft location with respect to the nucleus. Additionally, the '®0/"O ratio could be determined with a higher accuracy
than previously possible, yielding a value of 2347 with a relative variation of 2.3%. For the alkanes, the D/H ratio is between 4.1 and
4.8 times higher than in H,O, while the BC/12C ratio is compatible, within the uncertainties, with the available data for other Solar
System objects. The relatively high D/H ratio in alkanes is in line with results for other cometary organic molecules and it suggests

that these organics may be inherited from the presolar molecular cloud from which the Solar System formed.

Key words. comets: general — comets: individual: 67P/Churyumov-Gerasimenko — instrumentation: detectors — astrochemistry —

methods: data analysis

1. Introduction

Comets are considered as reservoirs of material preserved from
the early Solar System. By making this material available to in
situ exploration, cometary science contributes important infor-
mation on the history of the Solar System (Drozdovskaya et al.
2019; Mumma & Charnley 2011). Investigating the isotopic
abundances of different elements in various molecules in comets
is essential, as the isotopic ratios are sensitive to the envi-
ronmental conditions at the time of the molecules’ formation
and they provide crucial information for improving our under-
standing of the origins of cometary material (Biver et al. 2019;
Bockelée-Morvan et al. 2015; Hassig et al. 2017).

The best-studied comet to date is comet 67P/Churyumov-
Gerasimenko (hereafter, 67P), a Jupiter-family comet (JFC) that
was followed by the Rosetta spacecraft during its orbit around the
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Sun. In August 2014, Rosetta rendezvoused with 67P at a helio-
centric distance of around 3.6 au. It then accompanied the comet
through its perihelion at 1.24 au from the Sun and followed the
orbit of 67P back out to a distance of almost 4 au, whereupon
the spacecraft intentionally soft-landed on the comet’s surface at
the end of September 2016. The Rosetta spacecraft, as part of a
mission launched and operated by the European Space Agency
(ESA), helped uncover a great store of new knowledge about
67P, such as its gas and dust composition (e.g. Herny et al. 2021;
Longobardo et al. 2020; Pestoni et al. 2021), nucleus surface (e.g.
Feller et al. 2019) and temporal evolution (e.g. Combi et al. 2020;
Lauter et al. 2020; Rubin et al. 2019). With its lander, Philae,
it was even able to acquire gas and volatiles in dust composi-
tion data directly on or near the comet’s surface by the COSAC
(Goesmann et al. 2015) and Ptolemy (Wright et al. 2015) instru-
ments. No prior cometary observation has ever been performed
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for as long a duration and with as high a measurement sensitivity
as the Rosetta mission.

The Rosetta spacecraft carried several instrument packages
on board, one of which was the Rosetta Orbiter Spectrometer for
Ion and Neutral Analysis (ROSINA). ROSINA was comprised
of two mass spectrometers, the Double Focusing Mass Spec-
trometer (DFMS) and a Reflectron-type Time-Of-Flight mass
spectrometer (RTOF), in addition to the COmet Pressure Sen-
sor (COPS). In particular, DFMS was used for measurements
of the molecular and isotopic composition of cometary volatiles
(Balsiger et al. 2007). Héssig et al. (2017) showed that the instru-
ment had a sensitivity, dynamic range and mass resolution high
enough to detect even trace amounts of rare isotopologues along-
side their more abundant counterparts. It has been used by many
authors to investigate the isotopic ratios of sulfur (Calmonte et al.
2017; Haissig et al. 2017), carbon (Héssig et al. 2017; Altwegg
et al. 2020), the halogens bromine and chlorine (Dhooghe et al.
2017), and oxygen (Altwegg et al. 2020; Hissig et al. 2017;
Schroeder et al. 2019b) in 67P. Altwegg et al. (2015, 2017) used
it to measure the D/H ratio in water in 67P’s coma, using data
from the beginning and near the end of the Rosetta mission. Both
measurements were consistent within the uncertainties. From
HDO/H,0, a D/H ratio of (5.3 + 0.7) x 10~* was deduced. This
is more than three times the terrestrial Vienna Standard Mean
Ocean Water (VSMOW) value of 1.5576 x 107, and one of the
highest ever measured in a JFC.

Both measurements by Altwegg et al. (2015, 2017) were per-
formed at times when 67P was relatively far from the Sun. The
first had relied on data from well before perihelion, in August—
September 2014 at a heliocentric distance of 3.4 au, while the
second evaluated data from December 2015 at 2au and the
outbound equinox in March 2016 at 2.6 au. Due to the large helio-
centric distances of 67P during these measurements, the question
arises as to whether the HDO/H,O ratio would differ at smaller
heliocentric distances, when a large increase in sublimation from
the surface of the cometary nucleus occurred and fresh layers of
the comet’s surface were likely exposed. Additionally, different
cometary hemispheres were active at different times. At greater
heliocentric distances, most of the water outgassed came from
the comet’s northern latitudes. Conversely, closer to perihelion,
the contributions of the southern latitudes were more significant
(Keller et al. 2015). Schroeder et al. (2019a) investigated the dif-
ference between the comet’s two lobes and concluded that no
significant difference in the D/H ratio could be observed.

A comparison of different Solar System objects shows a
broad variation in D/H ratios, with most objects being enriched
in deuterium compared to the protosolar nebula (Altwegg et al.
2015). Different potential mechanisms have been proposed to
explain these large variations, for instance solar wind induced
water formation and isotopic fractionation. Daly et al. (2021)
has stated that isotopically light water reservoirs could have
been produced by solar wind implantation into fine-grained
silicates. The authors concluded that this may have been a
particularly important process in the early Solar System, thus
potentially providing a means to recreate Earth’s current water
isotope ratios. On the other hand, the isotopic fractionation
describes the variation in abundances of the isotopes of an ele-
ment. It arises from both physical and chemical processes and
is also temperature-dependent for some molecules. According to
Kavelaars et al. (2011), the main reservoir of deuterium in the
protosolar nebula was molecular hydrogen with a D/H ratio of
1.5 x 107>, Ton-molecule reactions in the interstellar medium or
grain surface chemistry can cause fractionation among deuter-
ated species. In the pre-solar cloud, fractionation resulted in
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molecules being enriched in deuterium. Isotopic exchange reac-
tions with H, in the gas phase of the solar nebula would
then lower this enrichment. Various authors suggested that the
enrichment in deuterium increases with increasing heliocentric
distance (Furuya et al. 2013; Kavelaars et al. 2011; Geiss &
Reeves 1981). Comets are assumed to be a source of primordial
material from the early Solar System (Wyckoff 1991). Conse-
quently, knowledge of variations in the deuterium enrichment in
comets is of high importance, as their compositions are indica-
tive of their regions of origin and the environmental conditions
during their formation (Héssig et al. 2017).

Ground-based observations of deuterated water in comet
C/2014 Q2 (Lovejoy), appeared to show a change in the D/H
ratio in water from pre- to post-perihelion (Paganini et al. 2017).
Paganini et al. (2017) measured a post-perihelion D/H ratio of
(3.02 + 0.87) x 107, which was significantly higher than the
pre-perihelion value of (1.4 + 0.4) x 10™* measured by Biver
et al. (2016). Two explanations for this discrepancy were put
forward by Paganini et al. (2017): (1) the ratio of D/H in water
changed after perihelion or (2) the D/H ratio in water might have
been strongly influenced by a systematic bias in the estimate
as different experimental setups were applied. Paganini et al.
(2017) used the Near Infrared Spectrograph (NIRSPEC) at the
10-meter W. M. Keck Observatory (Keck II) for their infrared
measurements. In contrast, Biver et al. (2016) used radio/sub-
mm observations from the IRAM 30 m radio telescope and the
Odin 1.1 m submillimeter satellite. The two different approaches
and the use of two telescopes with different beam sizes in the
measurements by Biver et al. (2016) could provide a possible
explanation for the varying D/H results in this comet.

A recent study of the D/H ratio in comets showed that the
D/H ratio correlates with the nucleus’ active area fraction (Lis
et al. 2019). According to the authors’ definition, comets with
an active fraction larger than 0.5 are called hyperactive comets
and typically exhibit D/H ratios in water consistent with the ter-
restrial value. The authors argue that these hyperactive comets
require an additional source of water vapour within their comae,
which might be explained by the presence of subliming icy
grains ejected from the nucleus. There exist other definitions of
hyperactivity in comets, such as in Sunshine & Feaga (2021),
and thus the classification of 67P as hyperactive or not is not
always clear. Fulle (2021) has hypothesised that the correlation
of the D/H ratio with the nucleus’ active area fraction might
be due to a mixture of water-rich and water-poor pebbles. The
author states that the two kinds of pebbles contain different D/H
ratio values due to their initial formation conditions. He also
suggests that the D/H average in the nuclei may differ from
the values measured in cometary comae and can therefore not
be obtained by local sample-return missions. According to the
author, cryogenic return missions would sample water-rich and
water-poor pebbles separately, which would only be represen-
tative of their corresponding water-rich or water-poor regions,
respectively. A cometary average therefore cannot be measured
by local sampling.

This work is the first to assess the scenario of a changing
D/H ratio in a comet with numerous data points from in situ
measurements spread over a long time period and shall answer
the question of whether the D/H ratio in comets is dependent
on heliocentric distance, phase angle or gas production rate. To
do so, we evaluated the full mission data of ROSINA/DFMS to
investigate the D/H ratio in HDO and H, O over one third of 67P’s
orbit. The evaluated mission phases are specified in Table 1.

In addition to water, the D/H ratios of different alkanes
have been studied. Alkanes are acyclic saturated hydrocarbon



Table 1. D/H in H,O during different
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mission phases and compared to previous evaluations.

Mission phase Dates D/H in H,O Heliocentric ~ # of evaluated
distance (au) spectra
First equinox May 2015 (5.03+£0.17) x 107 1.71-1.52 44
Perihelion August 2015 (5.01 £0.20) x 10 1.24 37
Peak gas production 30 August 2015 (4.98+0.25) x 107 1.26 22
Second equinox March 2016 (5.02+0.17) x 107 2.45-2.65 47
Relative mean ratio (5.01 £0.10) x 107* 150
Absolute mean ratio (5.01 £0.41) x 10 150
Pre-first equinox Aug./Sep. 2014 (5.3+0.7) x 107 ~3.4 26
Pre-second equinox ®  Dec. 2015/Mar. 2016  (5.25+0.7) x 107 20&2.6 18

References. @ Altwegg et al. (2015). @ Altwegg et al. (2017).

molecules containing only single carbon-carbon bonds. They
have been found on several Solar System bodies, including the
Earth, and in the atmospheres of the giant planets and Saturn’s
moon Titan (Clark et al. 2009; Lunine & Atreya 2008). The iso-
topic ratios in these organic compounds are of special interest
as they may provide not only an insight into the chemical and
physical conditions before and during the formation of the Solar
System, but can also constrain the delivery of organic matter by
comets to the early Earth (Doney et al. 2020; Rubin et al. 2019;
Schuhmann et al. 2019).

2. Instrumentation and methodology

The ROSINA/DFMS is a Nier-Johnson type double focusing
mass spectrometer with a high mass resolution of m/Am = 3000
at the 1%-level on the mass-to-charge ratio (m/z) 28 (Balsiger
et al. 2007). In the DFMS, incoming neutral gas is ionised by
electron impact with an electron energy of 45eV. Most ions
formed are singly charged. For this reason, the charge state
will not be indicated in the following, except for the subset of
doubly charged ions, such as H,S™. The newly formed ions
are accelerated through a 14 um slit, deflected by 90 degrees
in a toroidal electrostatic analyser and, finally, they undergo a
60 degree deflection in the field of a permanent magnet. With
the combination of the different fields, the instrument is tuned
to the level that only ions with a specific mass-to-charge ratio
make it through the analyser section. The remaining ion beam is
amplified by two micro channel plates (MCP) in a Chevron con-
figuration. The electron packet issued from the MCP is finally
collected by a position-sensitive Linear Electron Detector Array
(LEDA). The LEDA consists of two rows of 512 pixels each
(Nevejans et al. 2002).

The MCP potential difference can be varied to adjust its
amplification. The amplification is the gain of the MCP. Six-
teen different settings or gain steps can be chosen from default
voltages. Due to detector ageing, the gains associated with each
voltage settings are not constant over time. This has to be
accounted for when comparing DFMS data with different gain
steps. In addition, the unequal usage of the 512 pixels of the
LEDA causes a position-dependent degradation of the detec-
tor over time. For this reason, a pixel gain correction needs to
be implemented during data evaluation (De Keyser et al. 2019).
Gain and pixel gain correction factors are evaluated in Schroeder
et al. (2019b).

A single spectrum comprises a range of m/z around a spec-
ified integer m/z. For m/z 28, this is +£0.25. DFMS spectra are
fitted on individual mass lines using the sum of two Gaus-
sian peaks (double Gaussian distribution). The second Gaussian
depends on the first one as its signal amplitude is approximately
10% of the first Gaussian and its width is about three times
broader than the narrow first Gaussian. All peaks on the same
spectrum are characterised by the same width and height ratios
of the two Gaussian distributions. The interdependence of the
two Gaussians is known from thorough calibration measure-
ments by Le Roy et al. (2015) and Haissig et al. (2013, 2015),
wherein the combined influence of the molecular ionisation
cross-sections, the mass-dependent instrument transfer func-
tion, isotope-dependent fractionation patterns due to the electron
impact ionisation, and detector yields have been investigated.
Their effects are included in the systematic error calculations.

Finally, a mass scale may be applied to the spectrum such
that each pixel corresponds to a certain mass. The mass scale is
applied as described in detail in Calmonte et al. (2016).

Formally, for each pixel p; corresponding to a LEDA pixel
in the DFMS mass spectrum, the counted number of particles,
counts(p;), can be described as:

7(Pi—PO )2
counts(p;) = aje \ 1/ +ae

Pi—P0 \2
~(to)

ey

with a; and a; being the amplitudes of the first and the second
Gaussian, respectively, po the pixel zero corresponding to the
integer mass (center pixel), and c¢; and ¢, the widths of the two
Gaussians. The total number of particles impinging on the detec-
tor is represented by the peak area. It is given by the integral of
the fitted double-Gaussian distribution:

+00

# of particles = f counts(p)dp = Vr(aici + axcs). 2)

—00

Figures 1 and 2 show examples of fitted mass spectra after
application of the mass scale. The error bars show the statistical
uncertainty on the count number.

Data from different periods during the Rosetta mission have
been investigated. The HDO/H,O ratio in 67P has been exam-
ined at the first equinox (May 2015), at perihelion (August 2015),
at the time of the peak gas production (end of August and early
September 2015), and at the second equinox (March 2016) of
67P. These characteristic time periods have been chosen in order
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Fig. 1. Sample mass spectra for m/z 18 and 19 displaying the signatures
of the isotopologues of water. Panel a: m/z 18 from 2015-05-07 17:38
(UTC). Panel b: m/z 19 from 2015-05-26 01:35 (UTC). Measured data
are represented by black dots including their statistical uncertainties.
Individual mass fits and the total sum of the fits are shown with coloured
lines.

to determine a potential heliocentric distance dependence on the
HDO/H, O ratio.

In addition, the D/H ratios of the simplest four linear alkanes
— methane (CHy), ethane (C,Hg), propane (C3;Hg) and butane
(C4Hjp) — have been studied at times when the alkane signals
were clearly visible in the respective spectra. Butane has two
structural isomers, n-butane and iso-butane, which have the same
molecular formula, but with the atoms in a different order. They
cannot be distinguished from each other with the DFMS and
thus no distinction is made in the following. Methane and ethane
have previously been detected in several comets (C/1996 B2
(Hyakutake): Mumma et al. 1996; 153P/Ikeya-Zhang: Kawakita
et al. 2003; C/2007 N3 (Lulin): Gibb et al. 2012) and upper limits
for their D/H ratios have been reported (Bonev et al. 2009; Doney
et al. 2020). Propane and butane were first detected in 67P by
Schuhmann et al. (2019). These authors have also published the
relative abundances of the simplest four linear alkanes compared
to methane and water in 67P’s coma for two different time peri-
ods. The abundances relative to water are shown in Table 2. The
abundance of the simplest four linear alkanes strongly increased
from pre- to post-perihelion. No D/H ratios for any of the alkanes
considered have been reported to date.

Two sources of uncertainty are relevant for DFMS data anal-
ysis: statistical uncertainties in the count rates and systematic
uncertainties due to instrumental effects. The statistical uncer-
tainties of the detector counts are proportional to VN for N
counts. Additionally, a fitting error has been included in the case
of overlapping peaks. This fitting error accounts for a possible
ambiguity when peaks cannot be clearly separated and depends
on the relative peak intensities and the mass difference between
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Fig. 2. Sample mass spectra for m/z 30 and 31 showing the signatures
of the isotopologues of ethane. Panel a: m/z 30 from 2014-03-10 19:36
(UTC). The peaks of NO and C'®0O could not be resolved and appear as
one peak (orange line). Panel b: m/z 31 from 2014-03-10 19:37 (UTC).
Measured data are represented by black dots including their statistical
uncertainties. The individual mass fits and the total sum of the fits are
shown with coloured lines.

Table 2. Relative abundance of alkanes in 67P.

Species Abundance relative to water [H,O]
May 2015 May 2016
Methane (3.43+0.68) x 107 (6.48 + 1.30) x 1072
Ethane (2.92+0.58) x 103 (5.13+1.03) x 107!
Propane  (1.80+0.36) x 10™*  (2.75+0.55) x 1072
Butane not detected (5.28 + 1.06) x 1073

Notes. Data from Schuhmann et al. (2019).

the peaks. Instrumental effects, arising from pixel-dependent
degradation (pixel gain correction) and changes in the detec-
tor gain over time, are systematic uncertainties. The uncertainty
of the pixel gain is 5% and the uncertainty of the overall gain
is 6%. These values were previously derived and applied by
Schroeder et al. (2019b). The statistical and fitting uncertainties
are considered for each individual measurement point. Uncer-
tainties in the detector and pixel gain, which are of a systematic
nature, are only considered for the absolute mean ratios. In the
case of HDO/H,O, the overall gain has a large impact on the
evaluation as m/z 18 has always been measured on a smaller
gain step than m/z 19. For the alkanes, the gain uncertainty
has to be included for methane and propane. The isotopologues
of ethane and butane on the other hand were measured on the
same gain step as their main isotopologues and gain corrections
are therefore unnecessary. The pixel gain uncertainty, however,
applies to all uncertainty calculations.
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Fig. 3. D/H in H,O during different mission phases compared to H,O gas production (Lauter et al. 2020, red), phase angle (blue), sub-S/C latitude
(green) and heliocentric distance (black). Panel a: first equinox; Panel b: perihelion and peak gas production phase; Panel c: second equinox. The
individual measurement uncertainties represent statistical errors from the count rates and errors from the fit.

3. Results

An extensive analysis of spectra with m/z 18 and m/z 19 in the
coma of 67P showed constant D/H and '°O/"70 ratios in water
during the comet’s course around the Sun in 2015 and 2016.
Furthermore, the D/H and '3C/'2C ratios in the simplest four
linear alkanes could be resolved. This section summarises the
results for each of the aforementioned ratios and explains how
the results have been obtained.

3.1. HDO/H>0

A total of 150 spectra around m/z 18 and m/z 19 have been inves-
tigated. These spectra contain the signatures of H,'°0, H,'70
and HDO. Sample spectra for m/z 18 and m/z 19 are shown in
Fig. 1. Using the values from H,'°0O and HDO, measured back-
to-back within one minute, allows us to derive the D/H ratio from
HDO/H,O0 as:

| Npo

D/H= - .
/ anzléo

3)

The goal of this work was to investigate the D/H ratio in
water over the whole mission. Therefore, Rosetta data from the
first equinox, perihelion, the time of the peak gas production,
and the second equinox have been evaluated as specified in
Table 1. These data sets span a wide range of heliocentric dis-
tances, observational phase angles, water production rates and
sub-spacecraft (sub-S/C) latitudes.

The relative mean D/H ratios for the specified mission
phases, considering only statistical and fit uncertainties, are
shown in Table 1. The mean values are weighted means with
the weight for each individual point being inversely proportional
to its statistical uncertainty. This improves the results by giving
more weight to more precise measurement points. The relative
overall mean value was found to be (5.01 +0.10) x 10™*. All
periods are consistent with this mean value within the 1o~ uncer-
tainty of 2.0%. There is no observable trend between the periods

in the D/H value. This suggests that the D/H ratio in 67P’s coma
remains constant throughout the entire Rosetta mission phase,
covering one third of 67P’s orbit. Additionally, considering the
broad diversity of the conditions under which the data have been
observed, the D/H ratio in 67P’s coma seems to be independent
of heliocentric distance, level of cometary activity, and observa-
tional phase angle, as well as sub-S/C latitudes. The D/H ratio
did not even significantly change during extreme situations such
as a maximally active southern hemisphere or a phase angle of
almost 70°. Figure 3 shows the individual D/H ratio data points
alongside their corresponding H,O gas production rate (Lduter
et al. 2020), phase angle, latitude and cometary distance to the
Sun. For the H,O gas production, Lauter et al. (2020) reported
minimum and maximum values according to their uncertainty
estimation. No H,O gas production values were reported by
these authors for the time between 13 March 2016 and the end
of the measurements during the second equinox. Combi et al.
(2020) provided gas production values for individual measure-
ment points acquired with a different approach, with their results
for the overall variation of the H,O gas production rate being in
reasonable agreement with Liuter et al. (2020).

For the absolute value, the systematic uncertainty is added.
This systematic uncertainty affects all data points equally and
leads to an absolute mean D/H ratio of (5.01 + 0.40) x 107*.
This is consistent with the previously published values of (5.3 +
0.7) x 107 found by Altwegg et al. (2015, 2017). These ear-
lier values were determined before a better understanding of the
behaviour of the pixel gain and the overall gain of the DFMS
over time was available (De Keyser et al. 2019; Schroeder et al.
2019b). By extending the number of spectra from 26 and 18 in
Altwegg et al. (2015) and Altwegg et al. (2017), respectively, to
150 spectra in this work, and thanks to the improved character-
isation of the DFMS over time, we were able to improve on the
uncertainty. For statistical reasons, this uncertainty is inversely
proportional to the square root of the number of spectra and
thus greatly decreased by the large number of spectra considered
here.

A69, page 5 of 13








































































































































































































































































































































































	Abstract
	Acknowledgements
	List of Figures
	List of Tables
	List of Abbreviations
	Introduction
	Comets
	Comet 67P/Churyumov-Gerasimenko
	Rosetta Mission
	ROSINA

	Double Focusing Mass Spectrometer
	DFMS Working Principle
	DFMS Data Analysis
	LEDA Offset Subtraction
	Gain Correction
	Pixel Gain Correction
	ADC Conversion and LEDA Anode Capacity
	Mass Scale


	Publications from ROSINA Data Analysis
	High D/H Ratios in Water and Alkanes in Comet 67P
	Deciphering Cometary Outbursts

	Comet Interceptor
	Mission Background
	Science Objectives
	Payload

	Mass Analyser for Neutrals in a Coma (MANiaC)
	SHU Working Principle
	Spectrum Analysis
	NDG Working Principle
	Instrument Requirement Specifications


	Results from NDG Measurements
	NDG Calibrations
	Static Measurements
	NDG-e Front End
	Dynamic Measurements in CASYMIR
	Dynamic Measurements in CASYMS
	Combination of Dynamic Measurements

	Computational Simulation and Optimisation of the NDG
	SIMION
	Particle Initial Conditions
	Voltage Optimisation
	Experimental Optimisation and Simulation Model Adaptation
	Hypervelocity Impact and Plasma Phenomenon


	Results from SHU Measurements
	Voltage Parameter Study
	Signal Stability
	Noise Analysis
	Detector Behaviour
	Mass Resolution Depending on Pulser Fall Time

	Evaluation of NDG and SHU Performance
	NDG Performance
	SHU Performance
	Summary of Instrument Performance

	Summary and Outlook
	Rosetta/ROSINA Data Analysis
	Isotope Ratios on Comet 67P
	Outburst Mechanisms on Comets

	MANiaC Calibration
	NDG
	SHU


	Instrument Drawings
	Technical Drawing of the NDG
	Technical Drawing of the SHU

	Pressure Gauge Scale Factors
	Bibliography
	Curriculum Vitae
	Declaration of Originality

