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ABSTRACT

Abstract

The goal of this work was to increase the performance and to calibrate one of the
ROSINA sensors, the Reflectron-type Time-Of-Flight mass spectrometer, currently
flying aboard the ESA Rosetta spacecraft. Different optimization techniques were
applied to both the lab and space models, and a static calibration was performed using
different gas species expected to be detected in the vicinity of comet 67P/Churyumov-
Gerasimenko. The database thus created was successfully applied to space data, giving
consistent results with the other ROSINA sensors.
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CHAPTER 1. INTRODUCTION

1. Introduction

Comets have long been a subject of fascination to humankind, evolving from being a
bad omen to being a good candidate for the apparition of water and life on Earth.

The technological developments of the last century made the in situ study of these
celestial bodies possible, in particular with Rosetta, a Cornerstone Mission of the Eu-
ropean Space Agency (ESA) Horizon 2000 programme; its main objective is the study
of comet 67P/Churyumov-Gerasimenko (67P/C-G). On board, the Rosetta Orbiter
Spectrometer for Ion and Neutral Analysis (ROSINA) has been designed to determine
the global molecular, elemental, and isotopic composition and the physical, chemical,
and morphological character of the cometary nucleus (Balsiger et al., 2007). It con-
sists of a pressure sensor and two mass spectrometers; the detailed characterization of
the Reflectron-type Time-Of-Flight mass spectrometer (RTOF) will be the aim of this
work.

Designed to achieve high performance, the capacities of RTOF were reduced shortly
after launch due to a failure of a voltage converter. To achieve the best possible
performance in these new circumstances, optimizations were conducted on the ground
with the spare instrument, as well as in space.

The primary goal of RTOF is to identify the species present in 67P/C-G’s atmosphere.
To deconvolve a mass spectrum that results from a gas mixture, it is necessary to
know the specific response of RTOF to each molecule. This response depends on the
sensitivity of the instrument, i.e. on its settings, leading to the necessity of performing
an instrument-specific calibration, for as many species expected in the vicinity of the
comet as possible.

The current chapter will be dedicated to the introduction of comets and mass spectrom-
etry; the particular case of RTOF will be described in the subsequent chapter. Chapter
3 will present the results of the optimizations conducted to improve the performance of
RTOF after the failure, and the following chapter will detail the calibration campaigns
undertaken to prepare the analysis of space data. Finally, the last chapter will be a
short overview of the cometary science achieved by RTOF in space since the launch.

1.1 Comets

Origins and families

The birth of a solar system results from the contraction of an interstellar cloud into
a protoplanetary disk. The accretion of dust and condensed gas creates planetesimals
which in turn form planets. Comets observed in our Solar System are believed to be
remnant planetesimals which were not absorbed by the giant planets.

Two main models are proposed to explain their formation: the fluffy aggregates model
(Donn and Hughes, 1986) and the primordial rubble pile (Weissman, 1986). These

2



CHAPTER 1. INTRODUCTION

comet, formations would have happened in two regions: between Jupiter and Uranus
(Jewitt, 2004), and in the main asteroid belt (Hsieh and Jewitt, 2006). The comets
would have then migrated to other locations, where they remain nowadays; due to
stellar encounters or other gravitational effects, some of these objects are regularly
sent towards the inner Solar System, following orbits with eccentricities usually ranging
from 0.2 to 0.7, few of them having an eccentricity close to 1.0.

Comets are classified into families according to their orbits: long-period comets or Qort
cloud comets have an orbital period above 200 years, and originate from the Qort cloud
(Oort, 1950); short-period comets originate from the Kuiper belt (Morbidelli, 2008) and
have shorter periods. The location of the Kuiper belt and the Oort cloud can be seen
in figure 1.1. Short-period comets are subdivided into two categories: the Halley famaily
for comets with orbital periods between 20 and 200 years, and Jupiter family comets
(JFC) for comets with a period of approximatively 6 years.

In addition to the Oort cloud and to the Kuiper belt, another reservoir has been
proposed by Hsieh and Jewitt (2006) and described more recently as a comet graveyard
(Ferrin et al., 2013), providing a possible origin for the objects recently discovered in
the main asteroid belt and presenting cometary activity.

Comets were created far from the Sun and have remained far from the Sun, behind
the snowline. This line is a limit located between the orbits of Mars and Jupiter and
corresponds to the heliocentric distance where ice can be formed. This characteristic
has earned them the nickname of “dirty snow balls” since 1950 (Whipple, 1950). Due
to these cold temperatures, the composition of the cometary material is not expected to
have changed since their formation, making comets good witnesses of the composition
of the early Solar System.

-
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Figure 1.1: Solar System diagram. From Stern (2003).
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Characteristics

Comets differ from the other celestial objects by the fact that they are active or inactive,
depending on their distance to the Sun, and thus they are visible only for a short amount
of time. Comets consists of three distinct parts:

e a nucleus with a low albedo, with typical sizes ranging from a few kilometers to
a few dozens of kilometers

e a coma, or cometary atmosphere, composed of gases sublimated from the nucleus

e a dust tail, consisting of dust particles pushed by the solar radiation pressure,
curved in the orbital plane due to the Sun’s gravity, and an ion tail, in the
direction opposite to the Sun, distorted by the solar wind

The dust tail can reach several millions of kilometers, making the comets the biggest
objects in the Solar System (see figure 1.2, right picture).

Figure 1.2: Left: picture of comet C/1995 O1 (Hale-Bopp) (image taken by E.
Kolmhofer and H. Raab from Johannes-Kepler-Observatory). The blue ion tail and
the white dust tail are easily identifiable. Right: picture of comet C/2006 P1 (Mc-
Naught) over the Pacific Ocean (image taken from Paranal Observatory in January
2007; credit: S. Deiries/ESQO). Tails of comets can reach several millions of kilometers.

67P /Churyumov-Gerasimenko

67P /Churyumov-Gerasimenko (67P/C-G) is a Jupiter family comet discovered in 1969
by Klim Ivanovich Churyumov, on a photographic plate captured by Svetlana Ivanovna
Gerasimenko. It appeared that this photography was acquired only a few hours after
the comet’s perihelion, on its second observable passage: after an unknown amount of
time orbiting with perihelion distances greater than 4 astronomical units (AU, defined
as the Sun-Earth distance), two perturbations from Jupiter in 1840 and 1959 decreased
the perihelion distance to about 1.28 AU. Since 1969, 67P/C-G was observed at each
perihelion passage, every 6.44 years.

4
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Two lobes were identified and are clearly visible in figure 1.3. A few other characteristics
are summarized in table 1.1. These measurements are based on data collected in the
first few months at the comet; measurements are subject to change as the comet evolves
and as more data are collected.

Figure 1.3: Picture of comet 67P /Churyumov—Gerasimenko taken by the Rosetta NAV-
CAM on 20" July, 2015 from a distance of 171 km from the comet centre. Credit:
ESA/Rosetta/NAVCAM.

Table 1.1: Basic characteristics of 67P/Churyumov-Gerasimenko (ESA).

Volume 21.4 km?
Mass 1-10" kg
Density 470 kg-m™3
Porosity 70-80 %
Average albedo 6 %

Rotation period  12.4 hours

Cometary space missions

e The International Cometary Ezplorer (ICE), launched on 12% August 1978,
passed through the plasma tail of Comet 21P/Giacobini-Zinner within approxi-
mately 7’800 km of the nucleus on 11" September 1985. It was the first spacecraft
to visit a comet.

o Vega 1 & 2, launched on 15" December 1984, closest approach at 8’890 km from
1P /Halley’s nucleus on March 6, 1986.

o Suisei, launched on 19 August 1985, distant flyby of 1P/Halley (151’000 km)
on 8% March 1986.

o Sakigake, launched on 7 January 1985, distant flyby of 1P /Halley (6.99 - 10° km)
on 11" March 1986.
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e Giotto, launched on 2" July 1985, flyby of 1P/Halley on 13" March 1986, at
596 km, and flyby of 26P /Grigg-Skjellerup on 10" July 1992, at 200 km. Giotto
gave the first images of a comet nucleus and was such an important step in
cometary sciences that many authors talk about “pre-Halley” and “post-Halley”
eras.

e Deep Space 1, launched on 24*™® October 1998, flew in the tail of 19P/Borrelly at
2171 km from the nucleus on 22" September 2001.

e Stardust, launched on 7" February 1999, flyby of 81P/Wild (236 km) on 24"
January 2004; cometary dust was brought back to Earth on 15" January 2006.
On 15 February 2011, flyby of 9P /Tempel (190 km).

e Deep Impact, launched on 12" January 2005, impacted 9P /Tempel with a copper
projectile of 372 kg on 4" July 2005; renamed EPOXI, the spacecraft approached
103P/Hartley at 700 km on 4" November 2010.

e Rosetta, launched on 2" March 2004, detailed hereafter.

1.2 Rosetta

The Rosetta mission is a Cornerstone Mission in ESA’s Horizons 2000 Science Pro-
gramme, which was named after the Rosetta Stone which allowed Jean-Francois Cham-
pollion to translate the Egyptian hieroglyphs and thus reconstitute the history of an-
cient Egypt. Similarly, the Rosetta mission is intended to provide new elements to
understand the origin of the formation of the Solar System.

Initially targeted towards comet 46P /Wirtanen, Rosetta was delayed by one year after
the failure of an Ariane 5 rocket in December 2002, and was finally launched on 2"¢
March 2004 towards comet 67P/Churyumov-Gerasimenko. After a 10-year journey
including multiple gravity assists from Earth (3 times) and Mars (once), flybys of
asteroids (2867) Steins in 2008 and (21) Lutetia in 2010 (see figure 1.5), and almost
three years of hibernation, Rosetta arrived at 300 km from the nucleus of comet 67P /C-
G in August 2014 (see timeline in table 1.2).

Figure 1.4: The Rosetta spacecraft. Credit: ESA/AOES Medialab.
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Table 1.2: Rosetta timeline.

Date Event

02/03/2004 Launch
04/03/2005 First gravity assist — Earth
25/02/2007 Second gravity assist — Mars
13/11/2007 Third gravity assist — Earth
05,/09/2008 Flyby of (2867) Steins (800 km)
13/11/2009 Last gravity assist — Earth
10/07/2010 Flyby of (21) Lutetia (3'162 km)
08/06/2001 Start hibernation
20/01/2014 Wake up from hibernation
10/09/2014 | Orbit insertion at 30 km from the nucleus
15/10/2014 10 km orbit
12/11/2014 | Release of Philae and landing on 67P/C-G
15/11/2014 End of Philae’s nominal operations
13/06,/2015 Wake up of Philae
13/08/2015 Perihelion passage
31/12/2015 Nominal end of mission

09/2016 End of extended mission

The scientific measurement goals of Rosetta include (Schwehm and Schulz, 1999):

e Global characterization of the nucleus, determination of dynamic properties, sur-
face morphology and composition.

e Determination of chemical, mineralogical and isotopic compositions of volatiles
and refractories in a cometary nucleus.

e Determination of the physical properties and interrelation of volatiles and refrac-
tories in a cometary nucleus.

e Study of the development of cometary activity and processes in the surface layer
of the nucleus and inner coma (dust/gas interaction).

Figure 1.5:  Left: ~ OSIRIS wide angle camera image of asteroid (2867)
Steins taken around closest approach. Right: Asteroid (21) Lute-
tia at closest approach. Credit: ESA 2010 MPS for OSIRIS Team

MPS/UPD/LAM/IAA/RSSD/INTA/UPM/DASP/IDA.
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To achieve these goals, Rosetta consists of an orbiter (shown in figure 1.4) and a lander,
Philae. Their overall mass is approximately 2’900 kg and includes the lander as well

as the scientific payload. A brief description of the instruments is given in table 1.3
(based on Schulz et al. (2009)).

Table 1.3: Rosetta payload.

Name Instrument Category
ALICE UV imaging spectrograph Remote sensing
CONSERT Radio sounding, nucleus tomography Nucleus large-scale structure
COSIMA Cometary Secondary Ion Mass Analyser Coma composition
GIADA Grain Impact Analyser and Dust Accumulator Dust flux and mass distribu-
tion
o MIDAS Micro-Imaging Dust Analysis System Coma composition
= MIRO Microwave Instrument for the Rosetta Orbiter ~Remote sensing
E OSIRIS Optical, Spectroscopic, and Infrared Remote Remote sensing
q Imaging System
g ROSINA Rosetta Orbiter Spectrometer for Ion and Neu- Coma composition
tral Analysis
RPC Rosetta Plasma Consortium Comet plasma environment &
solar wind interaction
RSI Radio Science Investigation Radio science
VIRTIS Visible and Infrared Thermal Imaging Spec- Remote sensing
trometer
APXS Alpha Particle X-ray Spectrometer Nucleus composition
CIVA Comet Infrared & Visible Analyser Nucleus surface structure
CONSERT Comet Nucleus Sounding Experiment by Ra- Nucleus structure
diowave Transmission
COSAC Cometary Sampling and Composition experi- Nucleus composition
o] ment
K MUPUS Multi-Purpose Sensors for Surface and Subsur-  Nucleus structure
% face Science
< PTOLEMY Isotopic composition sampling Nucleus composition
= ROLIS Rosetta Lander Imaging System Nucleus surface structure
ROMAP Rosetta Lander Magnetometer and Plasma Nucleus structure
Monitor
SD2 Sample and Distribution Device Nucleus structure
SESAME  Surface Electrical, Seismic and Acoustic Mon- Nucleus surface structure

itoring Experiments

Rosetta cumulates many firsts:
e First mission to go close to Jupiter’s orbit using solar panels.

e First mission to orbit a comet’s nucleus and to stay in orbit as the comet heads
towards the inner Solar System.

e ['irst mission to soft land on a comet.

Rosetta provided many new scientific data as well; the description of the first scientific
results, other than the ones described in the description of 67P/C-G, will focus on the
discoveries from ROSINA and is done in the next section.




CHAPTER 1. INTRODUCTION

1.3 ROSINA

Among the eleven instruments carried by the orbiter, the Rosetta Orbiter Spectrometer
for Ton and Neutral Analysis (ROSINA) consists of two complementary mass spectrom-
eters, the Reflectron-type Time Of Flight mass spectrometer (RTOF) and the Double
Focusing Mass Spectrometer (DFMS), and a pressure sensor, the COmetary Pressure
Sensor (COPS). A Data Processing Unit (DPU) controls the three sensors.

The science goals of ROSINA are to determine the global molecular, elemental, and
isotopic composition and the physical, chemical, and morphological character of the
cometary nucleus, and to investigate the origin of comets, the relationship between
cometary and interstellar material and the implications for theories on the origin of
the Solar System (Balsiger et al., 2007).

ROSINA was designed, built, and tested at the University of Bern, Space Research
and Planetology department.

1.3.1 DPU

The DPU (figure 1.6, left picture) is responsible for the complete operation of ROSINA
and also for its communication with the Rosetta spacecraft. The main components are
a 32-bit signal processor with 3 MB program and 8 MB data memory.

Another important role of the DPU concerns the handling of the data volume. Due
to a limited data rate available for telemetry, the spectra acquired with the two mass
spectrometers need to be compressed: this task is handled by the DPU.

1.3.2 COPS

COPS (figure 1.6, right picture) consists of two gauges: the nude gauge (NG) measures
the total neutral particle density, while the ram gauge (RG) measures the ram pressure
from the cometary gas flux, from which we can derive the total neutral gas density (i.e.
comet activity).

Additionally, COPS serves as a safety instrument for Rosetta, as it informs the other
sensors in real time about the surrounding pressure, allowing these sensors to switch
themselves OFF if this pressure is too high, i.e. dangerous for instrument operation.

Figure 1.6: Left: the DPU weights 2.2 kg and requires 5 W. Right: COPS weights
1.7 kg and requires 7 W.
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1.3.3 DFMS

DFMS (figure 1.7, top picture) is a double focusing mass spectrometer designed ac-
cording to the Nier-Johnson configuration (Johnson and Nier, 1953). It can measure
ions as well as neutrals, the latter being ionized in an ion source by electron impact
ionization (see section 1.4.1). An electrostatic analyzer is used to focus the ions in
angle and energy, before the ions are separated according to their mass by a sector
magnet. The detection of the ions can be performed by three independent detectors:
a position sensitive multi channel plate in combination with a linear electron detection
array, a channel electron multiplier and a faraday cup.

These features translate into high performance: DFMS has a mass range of 12 to
150 u/e, a high dynamic range (10®), and a mass resolution m/Am = 3000 at 1 %
peak height and m/Am ~ 9’000 at 50 % peak height, for mass 28.

1.3.4 RTOF

The description of RTOF (figure 1.7, bottom picture) will be detailed in chapter 2.
However, it is worth mentioning that DFMS and RTOF are complementary: if DFMS
has a much higher mass resolution, RTOF has a higher temporal resolution and a
higher mass range.

Figure 1.7: Top: DFMS weights 16 kg and requires 22 W. Bottom: RTOF weights
15 kg and requires 26 W.
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1.3.5 ROSINA discoveries

From the first months after the encounter with 67P/C-G, many scientific results were
published, from many of the experiments onboard Rosetta. This section summarizes
briefly the discoveries published by ROSINA at the time of writing.

Altwegg et al. (2015) reported the direct in situ measurement of a D/H ratio of
(5.34+0.7)-10* in 67P/C-G, concluding that the D/H values of Jupiter family
comets may be highly heterogeneous, and precluding the idea that this reservoir
is solely composed of Earth ocean-like water.

Hiéssig et al. (2015) reported measurements of H,O, CO, and CO,, in a strongly
heterogeneous coma, with substantial diurnal and latitudinal variations.

Rubin et al. (2015) reported the first direct in situ measurement of N, in 67P/C-
G, with a calculated N,/CO ratio of (5.70 & 0.66) - 107 (20 standard deviation
of the sampled mean) corresponding to depletion by a factor of ~ 25.4 + 8.9
as compared to the protosolar value. Two suggestions arose from these values:
67P/C-G may have agglomerated from grains formed at about 30 K or below,
and JFC comets were probably not the main source of Earth’s nitrogen.

Balsiger et al. (2015) reported the detection of argon in 67P/C-G and confirmed
that comets of this type cannot be the main source of Earth’s major volatiles,
nor can they be the origin for terrestrial water.

Bieler et al. (2015a) reported the first direct in situ measurement of O, in the
coma of 67P/Churyumov-Gerasimenko with local abundances ranging from 1 %
to 10 % relative to H,O and a mean value of 3.80 + 0.85 %, suggesting that
primordial O, was incorporated into the cometary nucleus during the comet’s
formation.

Bieler et al. (2015b) presented the first full 3D simulation results of 67P/C-G’s
neutral gas coma; the model validates the assumption that illumination condi-
tions on the nucleus are at least an important driver of the gas activity, and

calculates a production rate of about 1-10% molecules - s~! between August and
November 2014.

Fuselier et al. (2015) reported the observation of primary ions such as organic
volatiles and water group ions and their breakup products, CO*, CO;, and
other mass peaks at masses 26, 27, and possibly 30; secondary ions were ob-
served as well, such as H;O" and HCO™. A model was presented, predicting the
H,0"/H,0" and the HCO'/CO™ ratios.

Le Roy et al. (2015) reported the detection of almost all species currently known
to be present in cometary coma, and the significant differences in relative abun-
dance between summer and winter hemispheres.

Luspay-Kuti et al. (2015) analyzed the heterogeneity of various minor volatile
species such as C,Hy, HCN, CH;OH, and CH,, in the winter (southern) hemi-
sphere of 67P/C-G.

Wurz et al. (2015) reported the observation of sputtered refractory elements from
the surface of 67P/C-G, and derived values for Na/Si, Ca/Si, and K/Si.
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1.4 Time-of-flight mass spectrometry

The aim of this section is to provide some general elements about mass spectrometry,
and more particularly about time-of-flight (TOF) mass spectrometry, as a prerequisite
for chapter 2, where the specifics of RTOF will be more detailed.

The principle of mass spectrometry consists of separating atomic or molecular ions
according to their mass-to-charge (m/z) ratio. Various possibilities exist, following a
common structure:

e an ion source ionizes the compound to be analyzed,
e a mass analyzer separates the ions according to their m/z ratio,
e a detector converts the ion current into a numerical signal.

A few of the most common methods used during each steps are listed hereafter, but
only the techniques applied to RTOF will be detailed in this work.

1.4.1 Ionization

The first step to analyze a neutral (atom or molecule) is to ionize it, so that it can
be moved along a defined path in the spectrometer by electric fields. Several ioniza-
tion processes exist, such as thermal ionization, field ionization, matrix assisted laser
desorption ionization, and secondary ion mass spectrometry. The ionization method
chosen for RTOF is electron impact ionization (EII).

The principle of EII lies in the capacity of an energetic electron to create fluctuations
in the electric field around the neutral atom or molecule, resulting in an ionization and
a fragmentation of the latter. This process is shown in equation 1.1: the perturbation
induced by a primary electron e, leads to the ionization of the molecule M and the
ejection of a secondary electron e;. EII is mainly used for the study of gases and
volatile organic molecules.

e, + M — M"+e +e; (1.1)

A filament is heated to create the electron beam needed for this process. The ioniza-
tion and the fragmentation depends strongly on the electron beam energy, i.e. on the
difference of potential between the filament and the ionization region.

With a difference of potential of 70 V, the electrons have an energy of U = 70 eV,
which is the energy range where the majority of ionization cross sections for organic
molecules have their maxima (Mark, 1982). If the ionization region had a different
potential, and for the same filament potential, then the electron beam energy would
not remain at 70 eV, and the ionization as well as the fragmentation would be different.
This phenomenon will be encountered in both chapters 3 and 4.

EII is a highly reproducible physical process. For molecules with very similar masses,
seen as a single peak, the fragmentation ensuing EII offers the possibility to deconvolve
a spectrum and to know the contribution of each parent molecule.
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1.4.2 Mass analyzers

The purpose of the mass analyzers is to separate the ions. Many analyzers exist: time-
of-flight (TOF), quadrupole, magnet sector, double focusing, Fourier transform... TOF
will be detailed below but several definitions are necessary at first.

e The mass range represents the range of m/z achievable by a given analyzer.

e The mass resolution translates the ability of a mass spectrometer to sepa-
rate ions of two different m/z, and is generally (and in this work) calculated
using the peak width at the half maximum height, or Full Width at Half Maxi-
mum (FWHM). With this definition, the mass resolution R can be expressed as
R = m/Am. The mass resolution will be given for mass 28 in this work.

e The sensitivity of an instrument to different species is needed to correctly con-
vert measured counts to a physical unit. It depends on the cross section of the
atom or molecule analysed, the detector efficiency, the filament emission, and the
transmission of the instrument (see section 4.3.2).

The principle of a TOF mass spectrometer is to accelerate the newly created ions with
the same energy qU so that their speed v would only depend on their mass m (equation
1.2), and to measure the time ¢ = d/v they need to travel through the instrument of
length d (equation 1.3). Figure 1.8 illustrates this principle with three ions of different
masses.

1
qU = EmUQ (1.2)
t=d- 2% (1.3)
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Figure 1.8: Principle of the time-of-flight measurement. Ions are created between the
backplane and the grid; when a pull-pulse is applied on the grid, the ions are extracted
from the ion source and travel in a field-free drift region at a constant velocity. The
light ones travel faster than the heavy ones, reaching the detector in a shorter time.
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This acceleration starts with a pulse, which either pushes the ions away from the ion
source (push-pulse) or pulls the ions (pull-pulse) towards a field-free region where they
will keep flying towards the detector.

Depending on the pulse shape and the initial distribution of the ions in the source, the
mass resolution may vary: a parallel with Optics can be done, where the sharpness of
the object directly influences the quality of the image. In this case, the object would
be the pool of ions, the optics would be the electrodes (or ion optics), and the quality
of the image would be the mass resolution.

Two kinds of distributions are incriminated here: the spatial distribution of the ions
in the ion source, and their kinetic energy distribution.

Spatial distribution

Depending on their initial location in the ion source, and particularly their distance
to the electrode where the pulse is applied, ions will get a different amount of kinetic
energy from the electric field, as the energy received depends on the difference of
potential the ions travel through. The fast ions, leaving the ion source later, catch up
the slow ions in a focal plane which depends on the geometry of the ion source (see
figure 1.9).
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Figure 1.9: The spatial distribution of the ion source causes a spread in travel velocity
and a loss in mass resolution.

Kinetic energy distribution

When the ions are extracted out of the ion source, the kinetic energy acquired is added
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