
Energetic ion composition and
acceleration mechanisms in the

magnetosphere of Jupiter

Von der Fakultät für Physik und Geowissenschaften

der Technischen Universität Carolo-Wilhelmina

zu Braunschweig

zur Erlangung des Grades einer

Doktorin der Naturwissenschaften

(Dr.rer.nat.)

genehmigte

Dissertation

von Aikaterini Radioti

aus Ptolemaida/Griechenland



Bibliografische Information Der Deutschen Bibliothek

Die Deutsche Bibliothek verzeichnet diese Publikation in der Deutschen
Nationalbibliografie; detaillierte bibliografische Datensind im Internet über
http://dnb.ddb.de abrufbar.

1. Referentin oder Referent: Prof. Dr. K.-H. Glassmeier

2. Referentin oder Referent: Prof. Dr. D. C. Hamilton

eingereicht am: 13 Februar 2006

mündliche Prüfung (Disputation) am: 2 Mai 2006

Copyright c Copernicus GmbH 2006

ISBN ISBN 3-936586-56-X

Copernicus GmbH, Katlenburg-Lindau

Druck: Schaltungsdienst Lange, Berlin

Printed in Germany



Vorveröffentlichungen der Dissertation

Teilergebnisse aus dieser Arbeit wurden mit Genehmigung der Fakultät für Physik und
Geowissenschaften, vertreten durch den Mentor oder den Betreuer der Arbeit, in folge-
den Beiträgen vorab veröffentlicht:

Publikation

Radioti A., N. Krupp, J. Woch, A. Lagg, K.-H. Glassmeier, L. S. Waldrop, Ion abun-
dance ratios in the Jovian magnetosphere, J. Geophys. Res., 110, A07225, doi:10.1029/
2004JA010775, 2005.

Tagungsbeiträge

Radioti A., J. Woch, N. Krupp, A. Lagg, K.-H. Glassmeier,The magnetosphere of Jupiter
- A unique plasma laboratory(Poster), 40th Culham Plasma Physics Summer School,
Oxford, UK, 2003

Radioti A., N. Krupp, J. Woch, A. Lagg, K.-H. Glassmeier,Plasma composition in the
Jovian magnetosphere(Poster), Deutsche Physikalische Gesellschaft (DPG)- Arbeitsge-
meinschaft Extraterrestrische Forschung (AEF), Frühjahrstagung, Kiel, Germany, 2004

Radioti A., N. Krupp, J. Woch, A. Lagg, K.-H. Glassmeier,Ion abundance ratios in the
Jovian magnetosphere(Talk), European Geophysical Union (EGU), First General Assem-
bly, Nice, France, 2004

Radioti A., N. Krupp, J. Woch, A. Lagg, K.-H. Glassmeier,Energy dependence of the
Jovian ion abundance ratios - Ion acceleration by Alfvén waves (Talk), European Geo-
physical Union (EGU), Wien, Austria, 2005

Radioti A., N. Krupp, J. Woch, A. Lagg, K.-H. Glassmeier,Jovian ion energy spectra -
Ion stochastic acceleration by Alfvén waves(Talk), The International Association of Ge-
omagnetism and Aeronomy (IAGA), Toulouse, France, 2005

Radioti A., N. Krupp, J. Woch, A. Lagg, K.-H. Glassmeier,Ion stochastic acceleration
by Alfvén waves: Implications for the energetic ion composition in the Jovian magneto-
sphere(Poster), Magnetospheres of the Outer Planets (MOP), Leicester, Uk, 2005

3





Contents

Contents 5

List of Figures 7

List of Tables 11

Abstract 13

1 Magnetospheric systems 15
1.1 The magnetosphere of the Earth as a prototype . . . . . . . . . .. . . . . 15
1.2 The Jovian magnetosphere . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.2.1 The magnetospheric configuration . . . . . . . . . . . . . . . . .19
1.2.2 Plasma sources and transport . . . . . . . . . . . . . . . . . . . . 21

1.3 Particle acceleration and ion energy spectra . . . . . . . . .. . . . . . . 26
1.4 Ion abundances of the Jovian magnetosphere . . . . . . . . . . .. . . . . 33
1.5 Summary and outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2 Instrumentation used 41
2.1 The Galileo mission . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
2.2 The EPD instrument . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

2.2.1 The Composition Measurement System (CMS) . . . . . . . . . .45
2.2.2 The Low Energy Magnetosphere Measurement System (LEMMS) 49
2.2.3 Record and real time mode . . . . . . . . . . . . . . . . . . . . 51

2.3 Test of the reliability of the dataset . . . . . . . . . . . . . . . .. . . . . 52

3 Ion composition in the Jovian magnetosphere as derived by Galileo measure-
ments 57
3.1 Ion energy spectra in Jovian magnetosphere . . . . . . . . . . .. . . . . 57
3.2 Ion abundance ratios . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

3.2.1 Global maps . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
3.2.2 Local time asymmetries . . . . . . . . . . . . . . . . . . . . . . 68
3.2.3 Ion composition during reconfiguration events . . . . . .. . . . 74
3.2.4 Temporal variations . . . . . . . . . . . . . . . . . . . . . . . . . 77
3.2.5 Comparison with Voyager 2 results . . . . . . . . . . . . . . . . 81

3.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

5



Contents

4 Ion acceleration mechanisms 89
4.1 Ion stochastic acceleration by Alfvén waves . . . . . . . . . .. . . . . . 89
4.2 Ion acceleration during the reconfiguration events . . . .. . . . . . . . . 94

4.2.1 Acceleration in the current sheet . . . . . . . . . . . . . . . . .. 94
4.2.2 Acceleration during small scale variations of the magnetic field

lines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

5 Summary and conclusions 109

Bibliography 111

Acknowledgements 119

Curriculum Vitae 121

6



List of Figures

1.1 A sketch of the magnetosphere of the Earth . . . . . . . . . . . . .. . . 16
1.2 A sketch of the spacecraft trajectories of all missions to Jupiter . . . . . . 18
1.3 A sketch of the Jovian magnetosphere . . . . . . . . . . . . . . . . .. . 20
1.4 A sketch of the flow of particles through the Io torus . . . . .. . . . . . 21
1.5 Schematic representation of convection-corotation equipotentials . . . . . 22
1.6 Flow pattern in the equatorial plane of the Jovian magnetosphere - Galileo

measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
1.7 Schematic representation of the plasma flow and magneticfield . . . . . . 24
1.8 Anisotropy vectors in the equatorial plane of the Jovianmagnetosphere -

Galileo measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
1.9 Charged particle motion in the Jovian magnetosphere . . .. . . . . . . . 27
1.10 Recirculation model . . . . . . . . . . . . . . . . . . . . . . . . . . . . .28
1.11 Schematic representation of the current sheet ion acceleration model . . . 29
1.12 Proton ion energy spectra - Voyager 2 measurements . . . .. . . . . . . 31
1.13 Ion energy spectra - Galileo measurements . . . . . . . . . . .. . . . . . 32
1.14 He/p ratio - Pioneer 10 measurements . . . . . . . . . . . . . . . .. . . 33
1.15 Ion abundance ratios - Voyager 2 measurements . . . . . . . .. . . . . . 34
1.16 Oxygen and sulfur energy spectra - Voyager 2 measurements . . . . . . . 35
1.17 Ion composition pattern - Voyager 2 measurements . . . . .. . . . . . . 36
1.18 p/He2+ flux ratio - Ulysses measurements . . . . . . . . . . . . . . . . . 37
1.19 S/O abundance ratio - Galileo HIC measurements . . . . . . .. . . . . . 38

2.1 The Galileo interplanetary trajectory . . . . . . . . . . . . . .. . . . . . 42
2.2 A sketch of the Galileo spacecraft . . . . . . . . . . . . . . . . . . .. . 43
2.3 A sketch of the Energetic Particles Detector . . . . . . . . . .. . . . . . 44
2.4 View of the EPD instrument . . . . . . . . . . . . . . . . . . . . . . . . 45
2.5 Graphical summary of EPD channels . . . . . . . . . . . . . . . . . . .. 46
2.6 Time of Flight energy channel matrix . . . . . . . . . . . . . . . . .. . 48
2.7 �E � E energy channel matrix . . . . . . . . . . . . . . . . . . . . . . 48
2.8 Sketch of the Composition Measurement System telescope. . . . . . . . 49
2.9 Sketch of the Low Energy Magnetosphere Measurement System telescope 51
2.10 Sulfur energy spectra . . . . . . . . . . . . . . . . . . . . . . . . . . . .52
2.11 Comparison between the cps of the three EPD telescopes -energy spectra

described by power law cutoff . . . . . . . . . . . . . . . . . . . . . . . 53
2.12 Comparison between the cps of the three EPD telescopes -energy spectra

described by power law . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

7



List of Figures

2.13 Helium energy spectra of the magnetosphere of the Earth. . . . . . . . . 55

3.1 Proton, helium and oxygen ion energy spectra at Earth andJupiter . . . . 58
3.2 Proton, helium, oxygen and sulfur ion energy spectra . . .. . . . . . . . 59
3.3 Ion energy spectra in pairs . . . . . . . . . . . . . . . . . . . . . . . . .60
3.4 The first 15 orbits of Galileo projected on the x-y and x-z plane . . . . . . 61
3.5 Proton, helium, oxygen and sulfur differential intensities - C10 orbit . . . 62
3.6 Proton, helium, oxygen and sulfur differential intensities - the first 15

orbits of Galileo . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
3.7 S/O ion abundance ratio - C10 orbit . . . . . . . . . . . . . . . . . . .. 64
3.8 S/O abundance ratio along the first 15 orbits of Galileo . .. . . . . . . . 65
3.9 S/O, S/He, O/He and p/He global maps . . . . . . . . . . . . . . . . . .66
3.10 S/O ion abundance ratio along the first 15 orbits of Galileo - separation of

the 8 local time sectors is shown . . . . . . . . . . . . . . . . . . . . . . 69
3.11 S/O abundance ratio along the 6 local time sectors . . . . .. . . . . . . . 70
3.12 S/He abundance ratio along the 6 local time sectors . . . .. . . . . . . . 71
3.13 O/He abundance ratio along the 6 local time sectors . . . .. . . . . . . . 72
3.14 p/He abundance ratio along the 6 local time sectors . . . .. . . . . . . . 73
3.15 S/O ion abundance ratio together with first order anisotropy and magnetic

field - G2 orbit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
3.16 S/O, S/He, O/He and p/He ion abundance ratios along a part of the G2 orbit 75
3.17 S/O, S/He, O/He and p/He ion abundance ratios - separation between

bursts events and quiet time . . . . . . . . . . . . . . . . . . . . . . . . . 76
3.18 S/O, S/He, O/He and p/He ion abundance ratios along a part of the G2 orbit 77
3.19 E6 and G8 Galileo orbits . . . . . . . . . . . . . . . . . . . . . . . . . . 78
3.20 Temporal variations of the S/O, S/He, O/He and p/He ion abundance ratios 79
3.21 Temporal variations for sulfur, oxygen, protons and helium intensities . . 80
3.22 Global map of S/O ion abundance ratio together with the Voyager 2 tra-

jectory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
3.23 Ion energy spectra from low and high energy channels in pairs . . . . . . 82
3.24 Ion energy spectra by Galileo and Voyager 2 . . . . . . . . . . .. . . . . 83
3.25 S/O ion abundance ratio compared with the Voyager 2 results . . . . . . . 84
3.26 S/He ion abundance ratio compared with the Voyager 2 results . . . . . . 84
3.27 O/He ion abundance ratio compared with the Voyager 2 results . . . . . . 85
3.28 p/He ion abundance ratio compared with the Voyager 2 results . . . . . . 85
3.29 S/O, S/He, O/He and p/He abundance ratios along a part ofthe G8 orbit

compared with the Voyager 2 results . . . . . . . . . . . . . . . . . . . . 86
3.30 Oxygen and helium ion differential intensities compared with the Voyager

2 results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

4.1 Wave spectra observations . . . . . . . . . . . . . . . . . . . . . . . . .91
4.2 Ion energy spectra fit as derived by the model of ion stochastic acceleration 92
4.3 Schematic illustration of the current sheet model for Jupiter . . . . . . . . 95
4.4 Ion final energy (in keV) as a function of their initial energy (in keV). . . 96
4.5 Ion final energy (keV/nuc) as a function of their initial energy (keV/nuc)

for quiet and disturbed periods . . . . . . . . . . . . . . . . . . . . . . . 97

8



List of Figures

4.6 South-north component of the magnetic field for a reconfiguration event . 98
4.7 North-south magnetic field - Induced electric field . . . . .. . . . . . . . 100
4.8 Schematic illustration of the simplified dipolarization model . . . . . . . 101
4.9 Particle’s energy as a function of� = ��g . . . . . . . . . . . . . . . . . . 102
4.10 Particle’s energy as a function of the time scale of the magnetic field du-

ration� . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
4.11 Ion energy spectra before and after the acceleration due to dipolarization . 105
4.12 S/O, S/He, O/He and p/He ion abundance ratios along a part of the G2

orbit - comparison with the model . . . . . . . . . . . . . . . . . . . . . 106
4.13 S/O, S/He, O/He and p/He ion abundance ratios as a function of the time

scale of the magnetic field variation� . . . . . . . . . . . . . . . . . . . 107

9





List of Tables

2.1 Galileo Energetic Particle Detector - general characteristics . . . . . . . . 45
2.2 CMS energy channels . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
2.3 LEMMS energy channels . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.1 The E/nuc that fits best the EPD TOF energy channels . . . . . .. . . . . 61
3.2 Ion abundance ratios in the Jovian magnetosphere. . . . . .. . . . . . . 67

4.1 Initial parameters for the model of stochastic acceleration . . . . . . . . . 90
4.2 Final parameters as derived by the model of stochastic acceleration . . . . 93
4.3 Ion abundance ratios during quiet and disturbed time . . .. . . . . . . . 105

11





Abstract

Based on the first 15 orbits of the Galileo spacecraft the composition of the energetic ion
population of the Jovian magnetosphere has been studied forthe first time on a global
scale. More specific, three different types of ions are investigated: helium as the tracer
of the solar wind, sulfur and oxygen to a large extent as tracers of the internal source
Io and protons with a mixed origin from the solar wind, Jovianatmosphere/ionosphere
and the Europa gas torus. The ion energy spectrum fundamental for the study of the
ion composition is investigated and a characteristic shapeis established as a distinct fea-
ture of the Jovian magnetosphere. Based on the observed ion energy spectra the relative
ion abundance ratios of S/O, S/He, O/He and p/He at a specific energy/nucleon are de-
rived and global maps are constructed. The global coverage of the Galileo trajectories
enables a quantitative comparison with results of previousflyby missions for the same
radial distance and local time. The large discrepancies derived from the comparison with
the Voyager 2 results are attributed to temporal variationsand to a strong energy depen-
dence of the ion abundance ratios associated with the energyspectral shapes. The ion
energy spectra are further discussed in terms of ion stochastic acceleration by Alfvén
waves. Temporal variations of the ion abundance ratios not only on time scales of several
years but also of several weeks, only implied by previous missions are now established.
They are attributed to the different ion sources but also to time-varying acceleration pro-
cesses. A comparative study of the ion composition for different local time sectors is for
first the time investigated. It is shown that pronounced composition changes along the
predawn sector are associated with reconfiguration processes that occur in the magneto-
tail. The composition in this region is studied in terms of two acceleration mechanisms:
nonadiabatic ion interaction with the current sheet where ions are accelerated by the time-
stationary dusk to dawn convection electric field and ion acceleration due to small-scale
variations of the south-north component of the magnetic field during the reconfiguration
events, where particles are accelerated by the induced electric field. It is concluded that
the latter one is responsible for the observed ion composition.
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1 Magnetospheric systems

The ancient Greeks, particular those that originate from the area called Magnesia, and
also the Chinese knew of the existence of rare stones with thepower to attract iron. At
around 1000 the Chinese found that a steel needle stroked with such a stone, became
magnetic and pointed north-south. The magnetic needle spreading in Europe was used by
Columbus to navigate through the Atlantic ocean. It was onlyaround 1600 that William
Gilbert, physician to Queen Elizabeth I of England introduced the concept of the Earth
behaving as a huge magnet.

The solar wind interacts with Earth’s magnetic field creating a cavity called magneto-
sphere. Not only the Earth but many other planets are surrounded by this huge magnetic
structure, sometimes larger than the planet itself. The strength of the magnetic field, the
solar wind and the charged particle population within the magnetosphere determine its
shape. All magnetospheres contain charged particles, however, the origin, the composi-
tion and the density of the particles may vary from planet to planet. The interaction of
the particles with magnetic and electric fields trigger verycomplex physical mechanisms
which are at least partly not well understood. To understandbetter the various acceler-
ation and transport processes that the particles suffer thestudy of the ion composition is
necessary.

This chapter gives an introduction of the Earth’s magnetosphere, studied extensively
for centuries by ground based observations, rockets and orbiting satellites and often used
as a prototype. Jupiter’s magnetosphere, which existence is known since a few decades, is
also described pointing out the main morphological and dynamical characteristics, which
are of prime interest in the context of this thesis.

1.1 The magnetosphere of the Earth as a prototype

Earth has a dipole magnetic moment of 8� 1015 Tm3 which creates an equatorial mag-
netic field strength of 31.000 nT at the surface and 31 nT at 10 Earth radii (RE). The solar
wind, an almost collisionless plasma consisting of electrons and protons flowing outward
from the Sun at supersonic speed interacts with the magneticfield of the Earth, distorts
the magnetic field lines, forming a cavity known as the magnetosphere. Figure 1.1 shows
a schematic representation of the basic structure of the terrestrial magnetosphere, the pri-
mary currents and its plasma regions. The internal configuration of a magnetosphere is
the result of the superposition of a number of currents generated by the interaction of
the solar wind and the interplanetary magnetic field with theplanetary magnetic field and
plasma.

Because the solar wind travels faster than any fluid plasma wave propagating in the
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1 Magnetospheric systems

Figure 1.1: A sketch of the Earth’s magnetosphere illustrating in three-dimensions its
plasma regions and current systems (from Russell et al. (2001)).

magnetized solar wind plasma a standing shock wave, known asthe bow shock, is created
in front of the planet that slows, heats and deflects the solarwind plasma. The solar wind
force compresses the dayside of the magnetosphere and pullspart of the magnetic field
into a cylindrical magnetotail in the nightside. Even though the solar wind is deflected
by the terrestrial magnetosphere, coupling between the magnetosphere and the solar wind
does occur through the process of magnetic reconnection, initially proposed by Dungey
(1961, 1963). By this process magnetic field lines in the solar wind merge with those of
the planetary magnetosphere, increasing the tangential stress on the magnetosphere and
adding magnetic energy to the magnetotail.

The balance between the solar wind pressure and the Earth’s magnetic field pressure
creates the outer magnetospheric boundary, the magnetopause. Upon the magnetopause
flows the magnetopause current, a large current which separates the terrestrial magnetic
field and the solar wind. The main role of this current is to rotate the field direction from
that of the deflected solar wind to that of the magnetosphere.Additionally, it locally
increases the strength of the magnetic field.

Close to the equatorial plane extending up to the tail lies the plasma sheet, a thick layer
of hot plasma, mainly originating from the solar wind. Northand south of the plasma
sheet are the lobes, regions with oppositely directed magnetic flux. Even though these
two regions are almost empty of plasma, the large volume of relatively strong magnetic

16



1.2 The Jovian magnetosphere

field is a reservoir of magnetic energy. The configuration with opposite magnetic field
directions between the north and south magnetic lobe is maintained by a current sheet,
the neutral sheet. The current sheet is embedded in the plasma sheet and the surrents
close along the magnetopause forming the tail current system.

Apart from the solar wind, plasma in the terrestrial magnetosphere originates also
from the ionosphere. The ultraviolet radiation from the Sunis absorbed by the Earth’s
upper atmosphere and is partly ionized creating the ionosphere. The ionosphere, the
physical link between the atmosphere and the magnetospheresupplies the magnetosphere
with a dense population of ions and electrons. However theseparticles are initially only at
thermal energies and are thus much less energetic than thosecoming from the solar wind.
The extension of the ionosphere into the inner magnetosphere, where plasma motion is
dominated by the corotation electric field is called the plasmasphere. The plasmasphere
extends out to about 5 Earth radii. Within this distance magnetic flux tubes are filled up
with cold plasma from the ionosphere.

Overlapping the plasmasphere and extending out to the plasma sheet the radiation
belts are found. They are populated by high energy ionized particles, originating mainly
from the solar wind and under specific conditions also from the ionosphere. The eastward
(electrons) and westward (ions) particle drift in the radiation belts and generate the ring
current. The ring current opposes the magnetopause currentby decreasing the magnetic
field strength on the surface of the Earth. Finally, field-aligned currents couple the Earth’s
ionosphere and magnetosphere. The field-aligned current system, which closes in pres-
sure gradient regions in the equatorial magnetosphere, forces the flow in the ionosphere
to follow the flow in the magnetosphere. It transports energyfrom the magnetosphere to
the ionosphere where it is dissipated in the form of Joule heating and charged particle
precipitation generating aurora.

The magnetospheric configuration is additionally influenced by the transfer of mo-
mentum and energy from the solar wind. The solar wind acts as adynamo which sets up
large scale magnetospheric and ionospheric plasma convection. The convection pattern
in the inner part is strongly affected by the rotation of the Earth. The competing influence
of the solar wind and the planetary rotation gives rise to thegeneral plasma flow pattern
indicated by dotted lines in Figure 1.1, with local time asymmetries and strong radial
variations.

The purpose of this brief description of the Earth’s magnetosphere is only to address
the main morphological and configuration characteristics of the planet often used as pro-
totype. The magnetosphere of Jupiter has many similaritieswith the terrestrial one. How-
ever important differences exist. The following section gives a detailed description of the
Jovian magnetosphere, emphasizing on selected characteristics dealt with in this thesis.

1.2 The Jovian magnetosphere

By the mid 70s, while the Earth magnetosphere has already been investigated intensively
both theoretically and observationally, the study of the Jovian magnetosphere was mainly
restricted to the interpretation of the observed radio emissions (Burke and Franklin 1955,
Carr and Gulkis 1969). Approximations of the planet’s magnetic field, the inclination
angle between the rotation and the dipole axis were the first achievements. Information

17



1 Magnetospheric systems

Figure 1.2: A sketch of the spacecraft trajectories of the previous missions to Jupiter
projected in the x - y plane of the Jupiter Solar Ecliptic (JSE) coordinate system with
Jupiter at the center. The Sun is to the right and the dotted lines stand for the nominal
bow shock and magnetopause location. Pioneer 10 and 11 flybysare presented by red and
orange, Voyager 1 and 2 by light and dark green, Ulysses by yellow, Cassini by purple
and the Galileo orbits by blue.

concerning the fundamental plasma properties like the ionic composition, and the plasma
sources as well as the particle transport and acceleration processes was essentially not
existing.

Some of the first theoretical models and preliminary derivedproperties of the Jovian
magnetosphere were confirmed by in situ measurements of the flyby and orbiter mis-
sions to Jupiter and new perspectives for the exploration ofthe Jovian system were given.
A comparative sketch of the spacecraft trajectories passing through the Jovian magneto-
sphere projected into Jupiter’s equatorial plane is shown in Figure 1.2. Pioneer 10 reached

18



1.2 The Jovian magnetosphere

Jupiter in 1973, travelled mainly in the equatorial plane and sent back the first in situ data
of the Jovian system. One year after its successful encounter, its sister spacecraft Pio-
neer 11 arrived at Jupiter in 1974, reaching northern latitudes of 30Æ, close to local noon.
Voyager 1 and 2 passing by Jupiter in 1979, approached the planet within 5 and 10RJ
a and encountered the Galilean moons. Both missions were concentrated on the study
of the Jovian atmosphere, the satellites and the magnetosphere. Pioneer and Voyager
entered the magnetosphere at 9:00 - 10:00 local time (LT). Three of them left the mag-
netosphere through the dawn-predawn sector but only Pioneer 11 left it close to the local
noon. Ulysses observations complemented and extended those of Pioneer and Voyager
flybys. It was the first mission that passed through the dusk side of the magnetosphere
reached magnetic latitudes of 45Æ. In addition, it carried instrumentation with different
capacities compared to previous missions.

While before 1995 the exploration of the Jovian system was restricted only to flybys,
a breakthrough in our knowledge was obtained by the first and up to now the only orbiter
mission, Galileo. Galileo arrived at the giant planet in 1995 and completed 8 years of
orbits around Jupiter, mainly in the equatorial plane. It provided an extended data set
in radial distance and local time and among other instrumental improvements covered a
broader ion energy range than the instrumentation on previous missions. A more detailed
description of Galileo and its highlights are presented in Chapter 2.

Finally, Cassini, a mission destined to reach Saturn was launched in October 1997
and flew by Jupiter between October 2000 and April 2001, whileGalileo was complet-
ing its 28th and 29th orbits. It was the first time that two spacecraft were investigating
Jupiter simultaneously. Cassini offered measurements at the dusk flanks of the Jovian
magnetosphere in the equatorial plane with the closest approach to Jupiter at 138RJ .

1.2.1 The magnetospheric configuration

The interior of Jupiter produces a surface magnetic field in the equatorial plane with an
intensity of� 4 Gauss. This strong magnetic field and Jupiter’s fast rotation with 9 h 55
min period creates a unique magnetosphere (Figure 1.3). Thesize of the Jovian magneto-
sphere with a standoff magnetopause distance of around 100RJ is so large that if it would
be seen from the Earth it would appear bigger than the moon. Jupiter’s magnetosphere
is divided into three main regions: the inner, the middle andthe outer magnetosphere
(Khurana et al. 2004).

Within 10RJ from Jupiter (inner magnetosphere), the magnetic field configuration
is dominated by the contribution from the planetary dipole.Unlike to the Earth’s mag-
netosphere in this region most of the plasma is produced. Thedense Io plasma torus
lies between 5.2 and 10RJ , which consists of several hundreds tons of plasma diffus-
ing slowly outwards. Jupiter’s vast reservoir of plasma is confined to a thin plasma disk
located close to the dipole magnetic equator. Due to Jupiter’s fast rotation the plasma
is enforced to corotate. The plasma�, the ratio of particle energy density to magnetic
energy density, is<0.2 implying that the effect of the plasma on the configuration of the
magnetic field in that region is minimal.

Beyond this region, in the middle magnetosphere (10RJ to �40RJ ), the magnetic

aThe Jovian radius (RJ ) is 71.492� 103 km.
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1 Magnetospheric systems

inner middle outer

Figure 1.3: A sketch of the Jovian magnetosphere.

field becomes stretched due to the strong centrifugal and thermal pressure forces, result-
ing in a dominant radial magnetic field in contrast to the dipolar field in the inner region.
The plasma is confined to a thin sheet around the current layer, which originates from cen-
trifugal forces acting to maintain the trapped plasma. Bothterms plasma sheet and cur-
rent sheet are often used interchangeably to describe this plasma reservoir, since plasma
and currents are found to be more or less at the same sheet-like region. The conducting
ionosphere of Jupiter is not able to create sufficient angular momentum to the outflow-
ing plasma and as a result the plasma corotation in Jupiter’smagnetosphere gradually
breaks down. The radial currents accelerate electrons intothe ionosphere via the action of
large field-aligned potentials, generating the main aurora(Cowley and Bunce 2001). The
current sheet composes a complex structure, because the solar wind dynamic pressure,
the particle thermal pressure and the centrifugal force areaffecting and determining its
form and location. Ulysses measurements on the dusk magnetosphere suggested a thicker
plasma sheet in the dusk sector than at dawn, indicative of strong local time asymmetries.

The outer magnetosphere is extending from 40RJ up to the magnetopause. Depend-
ing on the solar wind dynamic pressure the dayside magnetopause can be found anywhere
from a distance of�45 to 100RJ . The current sheet sensitive to external sources such as
the solar wind direction, is expected at large distances (r> 60RJ ) to become parallel to
the solar wind. The nightside outer magnetosphere containsan additional current system
that connects the magnetodisk current to the current along the magnetopause. Because of
this current the magnetic field is further stretched extending Jupiter’s magnetotail beyond
the orbit of Saturn.
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1.2 The Jovian magnetosphere

Figure 1.4: The flow of particles through the Io plasma torus consistent with a model
of of Voyager 1 conditions. The values in the brackets correspond to recent modifica-
tions according to Cassini observations (adapted from Delamere and Bagenal (2003) and
Delamere et al. (2004)).

1.2.2 Plasma sources and transport

The primary plasma source of Jupiter is the volcanic moon Io.Already based on Pio-
neer measurements a large amount of particles was found close to Io (Fillius et al. 1975).
Later on, Voyager 1’s closest approach to Jupiter at about 5RJ , provided evidence of a
cold corotating plasma consisting mainly of heavy ions (Warwick et al. 1979) while the
active volcanism on the moon Io was for the first time discovered (Morabito et al. 1979).
Io releases sulfur and oxygen in the form ofSO2 gas at a rate of�1 ton/s (Hill et al. 1983).
The molecules are dissociated and ionized into oxygen and sulfur ions by ionization pro-
cesses and charge exchange. Mainly through electron impact(e� + A �! A+ + 2e�)
and photoionization (A+hv �! A++e�) an atom is converted into a positively charged
ion. Through charge exchange (A+ECP +B �! AENA+B+) an energetic singly charged
particle (ECP) collides with a neutral atom or molecule and captures one of its electrons,
thereby it becomes an energetic neutral atom (ENA). The major species produced areS+,S2+, S3+, O+ andO2+ (Bagenal and Sullivan 1981). They populate a torus region cov-
ering a radial distance of 5.2RJ to � 10RJ . The energy of the torus charged particles
is estimated to range between 20 to 30 eV for the oxygen ions and between 60 to 80 eV
for the sulfur ions (Frank and Paterson 2001). Mass is lost from the system through fast
neutral escape due to charge exchange and from radial transport, consistent with Voyager
1 (Delamere and Bagenal 2003) and Cassini measurements (Delamere et al. 2004) as
shown in Figure 1.4. The total source rate is consistent withnet plasma production of 0.5
- 1.3 tons/s. This plasma production is apparently different than the generally accepted
estimate of mass addition 1 ton/s and indicative for strong variations in the neutral source
(Delamere et al. 2004). The observed composition of the torus requires the ratio of oxygen
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1 Magnetospheric systems

Figure 1.5: A schematic representation of the convection-corotation equipotentials (solid
lines). The approximate magnetopause locations at Earth and Jupiter are shown by the
dashed lines (from Cheng and Krimigis (1989)).

to sulfur neutrals to be greater than the expected value of 2,which would result from the
dissociation ofSO2. This is mainly because of the efficiency of theO+O+ �! O++O�
charge exchange reaction, which preferentially removes oxygen neutrals from the system.
A source strength O/S ratio of 4 is required to produce the ioncomposition that is consis-
tent with Voyager 1 era measurements (Delamere and Bagenal 2003). However, Cassini
measurements showed that this ratio can change to 1.7 (Delamere et al. 2004) indicative
of large temporal variations of the Io emissions. In addition to the main species a number
of minor species are detected in the torus such asSO+, SO+2 ,Na+ (Bagenal and Sullivan
1981) andCl+, Cl2+ (Küppers and Schneider 2000, Feldman et al. 2001) but each of
them contributed only a small percentage< 5% of the main total ion content. The newly
created thermal ions (up to a few hundred eV) are picked up by the ambient electric field
and are accelerated to the bulk plasma corotational flow speed near Io with a relative ve-
locity of 57 km/s. By acceleration processes that will be discussed in the section 1.3 the
thermal ions gain energies up to the MeV range.

While Io is the main internal plasma source, solar wind is themain external source.
It provides the Jovian magnetosphere with helium and protons. It is estimated that the
solar wind source amounts to less than 100 kg/s (Hill et al. 1983), significantly lower
than the Io contribution. However the number density of protons may be comparable
to the iogenic plasma number density in the regions where thesolar wind accesses the
magnetosphere, such as the middle and outer magnetosphere.He2+ is the best indicator
of the presence of the solar wind (Geiss et al. 1992). It is notexpected a significant amount
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1.2 The Jovian magnetosphere

Average Flow Pattern in the Jovian Magnetosphere
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Figure 1.6: A global strongly averaged view of the flow pattern in the equatorial plane of
the Jovian magnetosphere derived by Galileo EPD measurements during the time period
1995 - 2002. The ion flow values are binned into 10� 10 RJ grid and then averaged
(from Woch et al. (2004)).

of this ion to come from the ionosphere of Jupiter, because its progenitorHe+ is relatively
low primarily due to reactions withH2 (He+ + H2 ! H+ + H + He andHe+ + H2 !H+2 + He). Charge discriminative instruments confirmed this (Geisset al. 1992, Mall et
al. 1993) and established helium ion as the tracer of the solar wind. Protons, however
have a multiple origin other than the solar wind.

The next significant source of magnetospheric plasma is Jupiter’s ionosphere. Mainly
energeticH+, H+2 andH+3 are added to the magnetosphere through the ionospheric
source. Molecules ofH+2 andH+3 , produced in the upper ionosphere by energetic par-
ticle precipitation, are locally accelerated by parallel electric fields and/or resonant and
non-resonant particle-wave interactions (Hamilton et al.1980). The Jovian ionosphere, in
contrast to the Earth’s, is not considered a major source of plasma for the Jovian magne-
tosphere and its source strength is estimated to be around� 20 kg/s.

The icy satellite Europa is considered as a rather weak source of oxygen ions (Bagenal
et al. 1992, Schreier et al. 1993). Oxygen ions are removed from its surface through
sputtering by iogenic matter and is added to the magnetosphere. Europa’s contribution to
the magnetospheric plasma is smaller compared to that of Io,however, has an effect on
the local plasma composition. In addition, the Europa neutral gas torus is an additional
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Figure 1.7: Schematic representation of the plasma flow in the equatorial plane together
with the associated magnetic field and plasma flow in the meridian plane along cuts 1-4
shown on the left (from Vasylīunas (1983)).

source of Energetic Neutral Atoms (ENA) (Mauk et al. 2003) and a sink of energetic
protons (Lagg et al. 2003). In general the three icy Galileansatellites Europa, Ganymede
and Callisto provide an additional but less significant source of plasma of the Jovian
magnetosphere. Since sputtering has removed the light elements only heavy ions are on
their surfaces which are difficult to sputter. The total pickup plasma from these satellites
is estimated to be less than 20 kg/s (Cooper et al. 2001).

Ultimately, the plasma generated by Io must escape so that the plasma losses balance
the sources. The plasma is accelerated to roughly the corotation speed of Jupiter. How-
ever, corotation alone cannot remove plasma from the magnetosphere, which led to the
suggestion that the accumulated plasma is transported outward by the interchange insta-
bility driven by centrifugal forces (Ioannidis and Brice 1971). Beyond a certain distance
known as the Hill corotation radiusRH (between 15 and 30RJ ), the corotation breaks
down (Hill 1979).

The influence of the solar wind on the plasma flow is described by the tear drop
equipotential pattern shown in Figure 1.5 (Cheng and Krimigis 1989). The circles near
the planet show the region that is dominated by the corotation, while the open curves de-
scribe the region dominated by the sunward convection. The last closed equipotential, the
separatrix (teardrop), divides the corotating flow in the plasmasphere from the convecting
plasma. At Earth, also shown in the figure, the separatrix is located at� 0:6 times the
dayside magnetosphere. However, at Jupiter this separatrix is expected to lie well beyond
the dayside magnetosphere. This corotation-convection model was used to explain the
composition profiles observed on the Voyager 2 outbound trajectory as will be presented
in section 1.4.
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Figure 1.8: First order anisotropy vectors of protons (80-220 keV) projected on the equa-
torial plane along the Galileo orbit G2 near the apojove at radial distances of 80 - 130RJ
(from Krupp et al. (1998)).

Observations by the Galileo instrumentation provided a global characterization of the
plasma flow in the Jovian magnetosphere (Krupp et al. 2001). Under the assumption that
directional anisotropies are produced predominantly by convective flow, global maps of
ion velocity vectors in the Jovian equatorial plane are derived as shown in Figure 1.6. The
ions appear to corotate in the dawn-noon quadrant and significantly subcorotate in the
noon-dusk sector. The existence of clear asymmetries between dawn and dusk sectors, as
well as the evidence of radial motion also in the outer magnetosphere compose a complex
interaction between a rotationally dominated system and the solar wind.

A sketch of the expected flow pattern of the Jovian magnetosphere associated with
topological changes in the magnetotail is shown in Figure 1.7 (Vasyliūnas 1983). It was
suggested that a flow transition to a planetary wind outflow might occur via a reconnection
process involving the formation of an x-line. Heavily mass-loaded magnetic flux tubes
become stretched as they rotate, resulting in spontaneous reconnection and the release of
plasmoids downtail. Bursty flow is directed away and also towards the planet.

Energetic particle observations confirmed the theoreticalpredictions of magnetic re-
connection line formation in the Jovian magnetotail mainlybecause of internal processes.
Quasi-periodic energetic particle bursts occur in the magnetotail region (Krupp et al. 1998,
Woch et al. 2002, Kronberg et al. 2005). These reconfiguration processes are character-
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ized by strong radial flow anisotropies, changes in the energy spectra of energetic parti-
cles, polarity changes in the magnetic field north-south component and their correlation
with radio emissions (Louarn et al. 1998). As it is shown in Chapter 3 during the burst
events also the heavy ion composition is changed. An exampleof flow bursts occurring
every 2.5-3 days is shown in figure 1.8 (Krupp et al. 1998). Theexample is from the
predawn Jovian magnetotail, where most of these events are observed.

1.3 Particle acceleration and ion energy spectra

Ions that are injected into the magnetosphere of Jupiter areinitially accelerated up to
twice the local corotation velocity of 57 km/sec close to their source Io. However, those
particles are later on accelerated to energies much larger than the local corotation velocity
by various mechanisms. The acceleration mechanisms are sorted out by the way they
violate the three adiabatic invariants of the particle motion into adiabatic, quasiadiabatic
and nonadiabatic processes (Hill et al. 1983).

The adiabatic invariants are quantities related to the charged particle motion in a mag-
netosphere: the gyromotion around the field line, the bouncemotion along the field line
between mirror points and the drift motion around the planetas shown in Figure 1.9.

The gyromotion describes a circular motion around the field line, with a gyroradius
of: jRLj = p?qB ; (1.1)

where q is the particle charge, B is the magnetic field magnitude andp? is the momentum
perpendicular to the magnetic field.

If during the particle’s gyro period the magnetic field changes are small then the mag-
netic moment� of the particle remains constant. This invariant is known asthe first
adiabatic invariant and is normally expressed by:� = p2?2mB = W?B = Wsin2�B ; (1.2)

where m is the particle’s mass,W? its kinetic energy and� the pitch angle of the particle.
If changes in the magnetic field are small over the time of one bounce period, the

second invariantJB is derived.JB is the integral of the particle’s momentum along the
field line, between the mirror points:JB = 2 Z �SmSm pqds = 2mluq; (1.3)

wherepq anduq are the particle’s momentum and velocity parallel to the magnetic field,
m the particle’s mass,Sm and �Sm are the mirror points andl the total length of the field
line between the two mirror points.

The particles drift longitudinally around the planet. Considering that over a drift pe-
riod the magnetic field is not changing, then a third constantof motion is derived, known
as the third adiabatic invariant: � = I Bds; (1.4)
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Figure 1.9: Trajectory of trapped particles showing gyromotion around the field line,
bounce motion along the field line between mirror points and drift motion around the
planet (adapted from Walt et al. (1994)).

where� is the magnetic flux enclosed by the drift path ds, and B the magnetic field
magnitude.

As adiabatic processes are described those during which theparticle is transported
inward through violation of the third invariant while adiabatic compression is produced
by the conservation of the first and second invariants. Conservation of the first invariant
has an important effect when the particles drift across the field lines. When a particle
moves along its drift path from a region of magnetic field strengthB1 into a region of
increasing field strengthB2 the conservation of the magnetic moment from equation (1.2)
gives: W?2W?1 = B2B1 ; (1.5)

which results inW?2 > W?1. The perpendicular energy of the particle is increased, and
the parallel remains constant. This type of energization ofthe particle is called adiabatic
heating and is some kind of betatron acceleration.

The conservation of the second invariant implies that the parallel energy of the particle
will also change during the combined drift and bounce motionof the particle along and
across the field. During the particle’s drift motion from weaker into stronger fields, the
particle necessarily moves from one field line of lengthl1 to another of lengthl2. Simul-
taneously its average parallel velocity changes fromuq1 to uq2. Equation (1.3) gives:Wq2Wq1 = l21l22 : (1.6)

If the length of the field line which corresponds to the bouncemotion decreases,l1 > l2
then the parallel energy of the particle increasesWq2 > Wq1. This is the principle of the
Fermi acceleration.
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Figure 1.10: Multiple diffusion process as proposed by Nishida (1976). The three differ-
ent stages are marked (from Nishida (1976)).

Another category of acceleration processes are the quasiadiabatic processes. They are
characterised by alternating repetition of adiabatic compression and nonadiabatic scatter-
ing. Nishida (1976) proposed a model of multiple diffusion processes, shown in Figure
1.10. From step 1 to 2 inward diffusion takes place and the conservation of the first adi-
abatic invariant increasesW?. At step 2 pitch angle scattering occurs and particles are
moved to lower altitudes. Finally at step 3 the particles arediffused across field lines
conserving only the first adiabatic invariant and reach point 1 with large field-aligned ve-
locities. To this model an additional pitch angle scattering is added at step 1 (Sentman et
al. 1975). By this way the field-aligned energy is partially converted to cyclotron energy.
The particles gain much higher energies by repeating the cycle many times. However,
during a cycle the particle has the same possibility to lose or gain energy and as a re-
sult only a small percentage of the initial population gainshigh energies. Fujimoto and
Nishida (1990) considering the recirculation model (Nishida 1976, Sentman et al. 1975)
included a fourth step of pitch angle scattering in the current sheet and confirmed it by
Monte Carlo simulations. Another model involving quasiadiabatic processes is based on
the day-night side asymmetry of the magnetic field (Goertz 1978). The strength of the
magnetic field is stronger in the dayside and weaker in the nightside at a given distance,
due to compressed magnetic field lines on the day side and a stretched configuration in
the tail. The model predicts that a particle drifting from noon to midnight suffers betatron
deceleration and from midnight to noon betatron acceleration. By the first processW? is
decreased and by the second it is increased (equation 1.5).

The nonadiabatic processes require the violation of the first and second invariants as a
necessary condition for the acceleration itself. Magneticmerging or reconnection is one
of the nonadiabatic processes, responsible for particle acceleration in a magnetosphere.
During this process the magnetic field energy is converted into particle energy in a region
of reverse magnetic field (Vasyliūnas 1975). Another nonadiabatic mechanism is accel-
eration by parallel electric fields and is essential for the aurora regions. Nonadiabatic par-
ticle acceleration can also be obtained by wave-particle heating. Resonant wave-particle
interactions result in energy transfer between plasma waves and the energetic particle
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1.3 Particle acceleration and ion energy spectra

Figure 1.11: A schematic representation of the ’Speiser’ orbits for protons and electrons
for the magnetosphere of the Earth. Adapted from Speiser (1965).

population.
Nonadiabatic particle motions occur also by the interaction of energetic ions entering

the current sheet (Speiser 1965). The particle motion is examined in a simplified model
shown in Figure 1.11 for electrons and protons in the magnetosphere of Earth. The current
sheet has a width of 2d. The dawn to dusk electric field is described byE = Ey ŷ, where
theEy is constant and the magnetic field is given byB = Bx x̂ +Bzẑ. TheBx is assumed
to be constant atjzj>d and decrease linearly (Bx / z) at jzj�d while the northward
component of the magnetic fieldBz is constant. Away from the current sheet the particles
are gyrating along the magnetic field lines executing adiabatic motion. The particle is
accelerated by the current sheet only if the spatial scale ofthe magnetic field change is
less than a particle gyro radius so as the first adiabatic invariant is no longer conserved
in the vicinity of the current sheet. Thus, the requirement for a non adiabatic particle
interaction with the current sheet is that the particle’s gyro radius becomes comparable
or greater than the minimum curvature radius of the field lines, rg � R (Cheng 1990,
1992). The curvature of radiusR is related to the curvature force (magnetic tension)
and it is estimated by the Goertz (1976) model to vary between1 to 0.02RJ for radial
distance of 10 to 140RJ .

A proton (for electron the signs are opposite) entering the current sheet starts to os-
cillate about the z=0 plane and moves towards dusk, accelerated by the dawn to dusk
electric fieldEy. Since theBz component is non-zero the ion is diverted toward the Earth
and finnaly ejected from the current sheet. Such trajectories are called ’Speiser orbits’ and
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are shown in a schematic representation in Figure 1.11 for electrons and protons in the
magnetosphere of Earth. The time of the ejection�ej / mqBz and the distance the particles

drift is x / mEyqB2z . Thus protons drift further and are ejected from the neutralsheet much

later than electrons. The velocity of the ejected particles( x�ej ) is uej / EyBz and indepen-
dent of themq (Speiser 1965). Cheng (1990) has shown that this nonadiabatic interaction
with Jupiter’s rotating current sheet can energize heavy ions up to hundreds of keV. Later
on in this thesis, ion composition changes in the Jovian magnetotail are discussed in terms
of this nonadiabatic interaction of particles with the current sheet.

An accurate measurement of the ion energy spectrum providesinformation about the
source of the particles and any dynamical processes that have intervened from the time
the particle is injected until the detection. The ion energyspectral shapes are a useful
tool to investigate the acceleration processes for the ion species. Particle energy spectra
in planetary magnetospheres are often characterised by kappa distributions (Lorentzian
distributions) originally introduced by Vasyliūnas (1971). They are defined as having
Maxwellian shapes at lower energies (E exp[�E=kT ℄) and power law shapes (E�) at
higher energies. Figure 1.12 shows an example of the ion energy spectra measured by
Voyager 2 (LECP) in the outer magnetosphere of Jupiter (Krimigis 1981, Kane 1991).
The kappa distribution which fits the data consists of a Maxwellian distribution with tem-
perature kT = 28 keV and of a power law with = 3.

The Galileo energetic particle instrumentation provided more detailed measurements
at the high energy part of the spectra leading to the conclusion that a kappa distribution
cannot sufficiently describe the ion energy spectra in the Jovian magnetosphere. Instead,
the spectral slope has an additional break at higher energies (Mauk et al. 1996, 1998,
Radioti et al. 2005).

The ion energy spectrum for a given ion species can be described by the following
equation (Mauk et al. 1998):I = CE[E + kT (1 + 1)℄�1�11 + (E=et)2 ; (1.7)

where I is the differential intensity (m�2s�1sr�1keV �1nu), E is the energy (keV/nuc),1 and 2 are the spectral indeces, before and after the change in the spectra and C,
kT and et are additional fitting parameters. The numerator of(1.7) is equivalent to the
kappa distribution. The denominator describes the additional break, so as at very high
energies the spectrum has a power law shape with spectral index  = 1 + 2. It should
be noted that equation (1.7) is a functional form of the energy spectra and is a good
approximation of the measured ion fluxes vs. energy. Figure 1.13 shows an example of
the ion intensity spectra for protons, oxygen and sulfur ions at 7.48RJ as measured by the
Galileo instrumentation. The fits are produced by model distributions based on equation
(1.7) and it is clear that the ion energy spectra changes froma harder to a softer one.
More detailed information about the ion energy spectra shapes for the different species
and various local time and distances is part of this work and is presented later in this
thesis.

The shape and the properties of the ion energy spectra in the Jovian magnetosphere
were studied in terms of a nonadiabatic acceleration process based on the interaction of
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1.3 Particle acceleration and ion energy spectra

Figure 1.12: Ion intensities of protons versus energy measured by the Voyager 2 LECP
instrument. A Maxwellian distribution with temperature 28keV fits the low energy data
and a power law with a spectral index of 3 fits the high energy (from Kane (1991)).

ions with Alfvén waves (Barbosa et al. 1984, Barbosa 1994). The model defined as ’ion
stochastic acceleration by Alfvén waves’ was initially developed to explain the production
of energetic protons during solar flares (Barbosa 1979). It describes a steady state process
in which the ions are interacting with intense Alfvén waves propagating along the mag-
netic field. The effect of the turbulence is to scatter the particles in pitch angle fast enough
to violate the first adiabatic invariant and isotropize the angular distribution. On a longer
time scale the isotropic distribution is scattered in energy by stochastic acceleration.

Barbosa et al. (1984) used this model as a mechanism to energize ions up to several
MeV in the Jovian magnetosphere. They defined the propertiesof the ion energy spectra
in accordance with measured proton energy spectra by Voyager 1 and 2 (Mc Donald et al.
1979, Schardt et al. 1981) and related them to the power spectrum of MHD fluctuations
observed by the magnetometer (Kivelson et al. 1976). Barbosa (1994) merged the nona-
diabatic model of ion stochastic acceleration by Alfvén waves with the standard radial
diffusion model, where both the first and second adiabatic invariants are conserved. By
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Figure 1.13: Ion intensity spectra derived by the Galileo data (EPD) at 7.48RJ . The fits
are derived by model distributions based on equation (1.7) (from Mauk et al. (1998)).

this combined model he explained the observed ion energy spectra shapes as measured
by the Voyager LECP data in the energy range of 10 - 1000 keV (Kane 1991) for various
radial distances from the planet. The author assumed that singly ionizedS+ andO+ ions
are injected by the magnetospheric neutral wind and obtain their initial energy according
to the local corotation energy while the protons are monoenergetic and injected from an
ionospheric source. By this model they reproduced very wellthe features of the power
law behaviour at high energies and the roll over to the Maxwellian at low energies for
various radial distances.

The model of ion stochastic acceleration by Alfvén waves is discussed later on in this
thesis as a possible physical explanation to the observed ion energy spectra and especially
to the high energy part as derived by the Galileo instrumentation (Figure 1.13, equation
1.7). The application of the model to the data at various distances together with the prop-
erties of the Alfvén waves and parameters characterising the ion population are discussed
in Chapter 4.
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1.4 Ion abundances of the Jovian magnetosphere

Figure 1.14: p/He flux ratio at the energy interval of 3.2-5.6MeV/nuc as a function of the
radial distance along the Pioneer 10 inbound trajectory (from Trainor et al. (1974)).

1.4 Ion abundances of the Jovian magnetosphere

The study of the ion composition of the magnetosphere of Jupiter contributes to the iden-
tification of the various plasma sources and sinks. An overview of the plasma sources
and sinks has already been given in a previous section. Moreover the investigation of ion
abundances throughout the Jovian magnetosphere at different radial distances and vari-
ous local time sectors helps to understand better the transport processes and the dynamics
in the Jovian system. Comparison of the results of various missions in different energy
ranges could lead also to the identification of various particle acceleration mechanisms.
An overview of the investigation of the ion abundances as it has been derived through the
missions is necessary before presenting the composition results of this thesis.

The ion composition has been normally studied by comparing the particle intensities
of two species at a given reference parameter (proxy). The most common proxy chosen
is the energy/nucleon (fixed velocity). Most of the current knowledge about the heavy
ions in the Jovian magnetosphere has been gained by the energetic particle instruments
onboard Voyager, Ulysses, Galileo and Cassini, which were able to detect heavy ions
directly. Charge state measurements though were only obtained by few experiments on-
board the spacecraft.

The first in situ measurements of energetic ions in the magnetosphere of Jupiter were
provided by Pioneer 10 and 11, respectively. However, the measurements were limited
in energy and especially in species coverage and no three-dimensional distributions could
be obtained. By the experiments onboard Pioneer protons andhelium ions could be iden-
tified in situ. First determinations of the relative ion abundance ratios of p/He at various
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Figure 1.15: Relative ion abundance ratios of p/He (H/He), H3/He, He/O, C/O and S/O,
together with helium and oxygen intensities at the energy range of 0.6 - 1.15 MeV/nuc
plotted versus the radial distance during the outbound passof Voyager 2 (from Hamilton
et al. (1981)).

energy/nucleon ranges were obtained during the pass of Pioneer 10 in the pre-noon local
time sector. Figure 1.14 shows the He/p flux ratio as a function of radial distance calcu-
lated at the energy interval of 3.2-5.6 MeV/nuc along the inbound trajectory of Pioneer
10 (Trainor et al. 1974). The same flux ratio at lower energiesof 1 MeV/nuc during the
inbound (40-24RJ and 24-15RJ ) and outbound (13.6-19.2RJ ) pass of the same space-
craft and instrument gave values higher by an order of magnitude (Simpson et al. 1974b),
indicative of an energy/nuc dependence of the He/p ratio.

Voyager 1 and 2 instrumentation provided a more detailed mass resolution of ener-
getic ions. Apart from the light elements, heavy ions such assulfur, oxygen, carbon and
sodium were measured (Krimigis et al. 1979a,b, Hamilton et al. 1981). However, the
measurements were restricted by the instrument’s scan plane which was nearly parallel
to Jupiter’s equatorial plane. The importance of the ionospheric source was established
by the discovery ofH+2 andH+3 molecules (Hamilton et al. 1980). Various relative ion
abundance ratios were calculated at a specific energy/nucleon range (0.6 - 1.15 MeV/nuc)
along the spacecraft trajectory (Hamilton et al. 1981) shown in Figure 1.15 up to 200RJ
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Figure 1.16: Oxygen and sulfur energy spectra during the Voyager 1 and 2 inbound tra-
jectory, compared at the same radial distance (from Hamilton et al. (1981)).

from the planet. Part of these results are quantitatively compared later in this thesis with
the abundance ratios derived onboard the Galileo spacecraft (Chapter 3). The ratios of
p/He and H3/p both increase within 60RJ with increasing the radial distance and remain
constant at a lower level beyond that distance up to the magnetopause. He/O and C/O ra-
tios increase with distance indicating the dominance of thesolar wind helium and carbon
over the iogenic oxygen. The S/O-ratio ranges between 0.3 and 0.4 on average at 20 and
60RJ . It was noted that it sporadically reached values of 0.6 beyond 60RJ , associated
with dynamical processes affecting the relative ion abundances.

Moreover sulfur and oxygen ion intensities measured onboard the consecutive mis-
sions Voyager 1 and 2 revealed discrepancies of a factor of 100. Figure 1.16 shows sulfur
and oxygen energy spectra measured during the inbound trajectory of Voyager 1 and 2
at 47-40RJ and 45-40RJ respectively. These changes are indicative for large temporal
variations. It was also noticed that the slope of the energy/nucleon spectra of various ions
differ from each other and it was implied that the abundance ratios at equal energy/nucleon
would vary depending on the energy at which they are evaluated (Hamilton et al. 1981).
However, measurements of the p/He ratio obtained onboard Voyager 1 and 2 roughly at
the same energy range showed a very good agreement (Krimigis1983). Based on Voy-
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Figure 1.17: Ion composition pattern in accordance with Voyager 2 outbound observa-
tions as derived by the corotation-convection model (Section 1.2.2, (Cheng and Krim-
igis 1989)). The finely dotted region indicates the heavy-rich ion composition, while
the sparsely dotted the more solar wind like. The Voyager 2 outbound trajectory is also
shown, together with the corotation-convection equipotentials. Dashed arrows indicate
the plasma transport (from Cheng and Krimigis (1989)).

ager 1 (Vogt et al. 1979a) and Voyager 2 (Vogt et al. 1979b) measurements the S/O ratio
was further investigated at higher energies and closer to the planet. A dominating internal
contribution of oxygen and sulfur (with Na also evident in the innermost magnetospheric
region (� 5.8RJ )) and a typical solar elemental composition at distances beyond 11RJ
were found (Vogt et al. 1979a).

The composition profile observed by Voyager 2 outbound was explained by the coro-
tation - convection model by Cheng and Krimigis (1989), as shown in Figure 1.17. The
finely dotted region indicates a heavy ion rich composition and the sparsely dotted re-
gion a more solar composition. According to the model at 60 to150RJ on the nightside,
solar wind plasma is extracted by drift forces (E�B) from the vicinity of the dusk magne-
topause and is transported across the tail toward the dawn magnetopause. Simultaneously,
the heavy ions from the Jovian plasmasphere are radially transported outward and enter
the dawnside. However, latest Cassini results during the Cassini Jupiter flyby at the dusk
to midnight Jovian magnetosheath question the validity of this model (Krupp et al. 2004).

Ulysses observations (Lanzerotti et al. 1993) extended these Voyager measurements
spatially in the dayside plasma sheet as well as to high Jovian latitudes in the dusk mag-
netosphere. It was confirmed thatH+2 andH+3 molecules, firstly discovered by Voyager,
are accelerated out of the topside Jovian ionosphere. It wasconcluded that there is a solar
wind component throughout the outer and middle magnetosphere, but a significant frac-
tion of protons in the middle magnetosphere is of non-solar origin. Ion abundance ratios
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1.4 Ion abundances of the Jovian magnetosphere

Figure 1.18: p/He2+ flux ratio in the Jovian magnetosphere along the Ulysses trajectory.
The ratio is determined by two types of data: matrix elements(MEL) and pulse height
data (PHA). BS stand for the bow shock and MP for the magnetopasuse crossings, while
the horizontal lines indicate the solar wind level (from Mall et al. (1993)).

of sulfur and oxygen relative to helium ions were obtained for 0.5 -1.4 MeV/nucleon. It
was shown that the ratios are decreased in the inner part of the magnetosphere opposite
to that reported by Voyager. This behaviour was attributed to the rapid change in latitude
(Lanzerotti et al. 1992). Further measurements from Ulysses confirmed the latitudinal
dependence of the relative ion abundances (Krupp et al. 1999). Ulysses instrumentation
provided also the first charge state measurements of ions in Jupiter’s magnetosphere. It
was found that at energies between 0.6 to 60 keV/e, Jovian ions, namelyO+, O2+, S2+
andS3+, are more abundant in the inner magnetosphere while ions from the solar wind,
like protons andHe2+, dominate in the outer region (Geiss et al. 1992). The p/He2+ flux
ratio at the energy range of 0.6 to 60 keV/e plotted versus theradial distance is shown in
Figure 1.18. It steadily increases from the solar wind levelof 25 at the magnetopause (�
100RJ ) to a value of 700 at� 25RJ (closest approach) (Mall et al. 1993). Since the
ratio is much higher than in the solar wind it was concluded that in the region from 80RJ
inbound to 50RJ outbound most of the protons are of non-solar origin.

Results from Galileo gave new information about the global ion composition at dis-
tances from the planet between 6 and 150RJ . The Galileo data contain ion measure-
ments from all local times at different radial distances over a time period of almost 8
years (1995-2003). S/O and Na/O ratios were calculated for energies between 0.5 and 1.0
MeV/nucleon during six Galileo flybys at the moon Europa (Maclennan et al. 2001). The
results were in agreement with previous determinations by instruments on the Voyager
and Ulysses spacecraft. It was shown that the Na/O and S/O ratios close to Europa has
the tendency to decrease with increasing energy. Due to the various sources of oxygen,
there is the opportunity for more oxygen to be accelerated bymagnetospheric processes
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Figure 1.19: S/O abundance ratio at 4.5 to 18.4 MeV/nuc as a function of radial distance
for some Galileo orbits combined (adapted from Cohen et al. (2001)).

to all energies in comparison to the fluxes from the solely iogenic origin of sodium and
sulfur. Moreover, it was revealed that oxygen, sulfur and sodium fluxes all are indepen-
dent on local time at least at distances of 10RJ from the planet. Mauk et al. (2004) using
the Galileo energetic particle dataset found that the composition of oxygen and sulfur
measured at 100 to 10000 keV is changing between 7.5 to 9.5RJ with sulfur to dominate
over oxygen ions. The authors suggested that the heavier sulfur ions are more effectively
energized than are the oxygen ions to energies larger than 50keV/nuc.

The Heavy Ion Counter (HIC) instrument onboard Galileo enabled the study of the ion
composition at the high energy range of 4.5 to 18.4 MeV/nuc (Cohen et al. 2001). The
radial dependence of the intensity, energy spectrum, and composition of sulfur, oxygen
and carbon indicated that solar material dominates in that energy range at radial distances
between 15 to 30RJ and diffuses without loss towards Jupiter, while the composition
near 10 to 15RJ becomes more iogenic. The O/C and S/O ratios were compared with
previous results derived by Voyager 2. The comparison showed that the ratios calculated
by HIC at higher energies are lower than those derived by Voyager 2 at lower energies
and discussed it in terms of ion flux dependence on the magnetic moment. Figure 1.19
shows the S/O abundance ratio (derived from Fig. 5 of Cohen etal. (2001)) as a function
of radial distance for some of the Galileo orbits combined. The values are substantially
lower compared to those derived by Voyager 2 (Hamilton et al.1981) at the same radial
distance.

Recently, Waldrop (2004) presented a global distribution (6 to 150RJ ) of the S/p
and S/O abundance ratio at 25 keV/nuc in the Jovian equatorial plane, using Galileo data
from the first 20 and 15 orbits, respectively. The S/p ratio increases with decreasing
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radial distance over two orders of magnitude. The global mapof the S/O abundance ratio
revealed that the ratio varies throughout the magnetosphere between 0.3 and 0.8 with a
minor gradual increase with decreasing radial distance. Moreover a significant increase
of the S/O-ratio along the distant apojove segment of Galileo’s orbit G2 (262-296 day,
1996) was observed and associated with the occurrence of intense, quasi-periodic radial
bursts of accelerated plasma sheet particles (Krupp et al. 1998, Woch et al. 1999).

1.5 Summary and outline

The study of the ion composition by all previous missions to Galileo was mainly lim-
ited to a certain radial distance at a specific local time sector, while most of them were
obtained at a restrained energy range. Galileo gives the unique opportunity to study the
ionic composition of energetic particles on a global scale,in an extended radial distance
and in a full local time coverage. The current work presents adetailed study of the ion
composition in the Jovian magnetosphere based on energeticparticle measurements ob-
tained by Galileo. Global maps of various ion abundance ratios and more specific of S/O,
S/He, O/He and p/He are presented, extending the previous studies of Maclennan et al.
(2001), Mauk et al. (2003) and especially Waldrop (2004). Time variations and local time
asymmetries, only cursorily discussed in the past are investigated in depth. The influence
of the magnetospheric dynamics on the composition is studied in detail and associated
ion acceleration mechanism are discussed. A comprehensivecomparison with previous
results for the same local time and radial distance is for first time obtained. Energy de-
pendence effects of the ion abundance ratios are investigated, the importance of the ion
energy spectra shape is derived and relevant ion acceleration mechanism are addressed.

More specific chapter 2 describes shortly the Galileo mission and the onboard instru-
mentation with emphasis given on the instruments used in this work. At the end of this
chapter a reliability test of the Galileo energetic particle dataset is obtained, necessary for
the data analysis that follows.

Chapter 3 presents the observed ion energy spectra in the magnetosphere of Jupiter
followed by a detailed investigation of the ion compositionbased on data analysis from
the Galileo Energetic Particle Detector. Relative ion abundance ratios are studied on a
global scale, in an extended energy range and are compared with previous results for the
same local time and radial distance. The ion composition is furthermore examined in
terms of temporal and local time variations as well as along regions influenced by the
magnetospheric dynamics.

Chapter 4 discusses ion acceleration mechanisms associated with the observed ion
composition. Especially, the observed ion energy spectra,fundamental for the study of
the ion composition, is discussed globally in terms of ion stochastic acceleration and the
ion abundance ratios in the magnetotail along regions wherereconfiguration events occur
are examined locally by two possible acceleration processes.
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2 Instrumentation used

2.1 The Galileo mission

The Galileo spacecraft, the first artificial satellite of Jupiter, was designed to study the
large gaseous planet, its moons and its magnetosphere. The spacecraft was named after
Galileo Galilei, the Italian scientist who discovered, in 1610, Jupiter’s major moons, Io,
Europa, Ganymede and Callisto.

Launched on October 18, 1989 the Galileo spacecraft made an interplanetary cruise
(shown in Figure 2.1) and arrived at the giant planet six years later in December, 1995.
Making close encounters to Earth (December 8, 1990 and December 8, 1992) and to
Venus (February 10, 1990) it gained the necessary velocity to reach its target. This flight
path provided opportunities to the scientists to study the planets, Venus, Earth and Moon
as well as the asteroids Gaspra and Ida. Galileo scientists had also the chance to have a
direct view of the impact region of comet shoemaker-Levy 9.

The spacecraft’s instrumentation was designed to study three aspects of the Jovian
system: the planet’s atmosphere, the satellites and the magnetosphere. To focus on
these three areas the spacecraft consisted of an atmospheric probe (Galileo Probe), a
non-spinning section of the orbiter which carried imagers and other remote sensing instru-
ments and the spinning section of the orbiter, including thefields and particles instruments
designed for in situ measurements of the magnetosphere. A schematic representation of
the Galileo spacecraft and its instrumentation is shown in Figure 2.2.

The Galileo probe was separated from the orbiter in July, 1995 and entered the Jovian
upper atmosphere on December 7, 1995. The orbiter went into orbit around Jupiter at
the same time, where it completed 35 orbits in nearly 8 years.The orbit of Galileo was
especially designed to flyby at all the Galilean moons. The name of each orbit is a com-
bination of the satellite encountered (I = Io, E = Europa, C = Callisto, G = Ganymede)
and the number of the orbit. For example G2 describes the second orbit around the planet
when Galileo flew by the moon Ganymede. The orbital coverage during these 35 orbits
reached by Galileo was between 2.5RJ (perijove of A34) and 150RJ (apojove C9). On
September 21, 2003 the Galileo mission ended with a controlled crash into Jupiter after a
nearly 14-year odyssey in Jupiter’s environment.

Investigations of Jupiter’s satellites and of the Jovian magnetosphere in situ or remote
were carried out by twelve experiments onboard Galileo. Thefour remote sensing in-
struments mounted on the de-spun section of the spacecraft composed the imaging and
spectroscopic instrumentation. These are: theSolid State Imaging Camera (SSI), theNear
Infrared Mapping Spectrometer (NIMS), thePhotopolarimeter/Radiometer (PPR)and the
Ultraviolet Spectrometer/Extreme Ultraviolet Spectrometer (UVS/EUV).
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Figure 2.1: The Galileo interplanetary trajectory as seen from above Jupiter’s orbital
plane. Flybys at Earth and Venus as well at the asteroids Gaspra and Ida are shown.

On the spinning section of the spacecraft there were six instruments for in situ mea-
surements of Jupiter’s magnetic field, plasma waves and charged particles environment.
In particular, the strength and the direction of the magnetic field were measured by the
Magnetometer (MAG); electrostatic and electromagnetic components of plasma waves in
three dimensions were recorded by thePlasma Wave Subsystem (PWS); measurements of
low-energy plasma by thePlasma Subsystem (PLS); the velocity, mass, charge and flight
direction of the dust particles in the Jovian system were measured by theDust Detec-
tor Subsystem (DDS); data on heavy energetic particles in the inner magnetosphere were
provided by theHeavy Ion Counter (HIC)and measurements of the energetic charged
particle environment around Jupiter, which compose the primary basis of this thesis, were
obtained by theEnergetic Particles Detector (EPD). An extensive description of the EPD
instrument is provided in the next chapter.

The main scientific goals of the instruments on the Galileo orbiter are listed here:

1. Investigation of the circulation and dynamics of the Jovian atmosphere;

2. Investigation of the upper Jovian atmosphere and ionosphere;
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2.2 The EPD instrument

Figure 2.2: A schematic representation of the Galileo spacecraft and its instrumentation
(from JPL/NASA).

3. Characterisation of the morphology, geology and physical state of the Galilean
satellites;

4. Study of the composition and distribution of surface material on the Galilean satel-
lites;

5. Determination of the gravitational and magnetic fields and dynamic properties of
the Galilean satellites;

6. Characterisation of the vector magnetic field;

7. Investigation of the atmospheres, ionospheres and extended gas clouds of the Galilean
satellites;

8. Study of the interaction of the Jovian magnetosphere withthe Galilean satellites;

9. Characterisation of the energy spectrum, composition, and angular distribution of
energetic particles.

2.2 The EPD instrument

The Energetic Particles Detector (EPD) was designed to conduct measurements of the
energy, composition, intensity and angular distribution of the charged particles in the en-
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Figure 2.3: A schematic representation of the Galileo Energetic Particles Detector (EPD),
showing the telescope heads, LEMMS and CMS (from Williams etal. (1992)).

vironment around Jupiter. The Johns Hopkins University Applied Physics Laboratory
(JHU/APL), the Max-Planck-Institut für Sonnensystemforschung (MPS) (former Max-
Planck-Institut für Aeronomie, MPAe), and The National Oceanic and Atmospheric Ad-
ministration Space Environment Laboratory (NOAA/SEL) resulted in the construction of
the EPD instrument.

Some of the general characteristics of the EPD are given in the Table 2.1. The instru-
ment consists of two double-headed detector systems: The Composition Measurement
System (CMS) and the Low Energy Magnetospheric MeasurementSystem (LEMMS)
(Williams et al. 1992), shown in a schematic representationin Figure 2.3. EPD is mounted
on a platform which rotates through228o (Figure 2.4). Its rotation combined with the
spacecraft spin allowed measurements from all directions in three dimensional space.
The energy coverage for the whole system is shown in Figure 2.5.
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2.2 The EPD instrument

Figure 2.4: A schematic representation of EPD looking down from stepper motor rotation
axis showing the EPD viewing positions (from Williams et al.(1992)).

Table 2.1: Galileo Energetic Particle Detector (EPD) general characteristics

Mass : 10.5 Kg
Power : 6W electronics; 4W heaters;
Bit rate : 912 bps
Dimensions : 19.5 cm� 27 cm� 36.1 cm
Two bi-directional telescopes mounted on the stepper platform
4� steradian coverage with 52 to 420 samples every 7 S/C spins (� 140 s)
Geometric factors : 6�10�3 � 5� 10�1 cm 2 ster, dependent on detector head
Time resolution : 0.33-2,67 s, dependent on rate channel
64 rate channels plus pulse height analysis
Systems : magnetic deflection,�E � E, and time-of-flight

2.2.1 The Composition Measurement System (CMS)

The CMS is designed to measure the ion composition of the Jovian magnetosphere in the
energy range from� 10 keV nucl�1 to> 10 MeV nucl�1. It consists of two types of en-
ergetic particle telescopes, a Time-Of-Flight (TOF) telescope, covering the low energies,
with one head and a typical�E � E telescope, covering the higher energies, at the other
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Figure 2.5: Graphical summary of the energy and species channel coverage of the whole
EPD system (from Williams et al. (1992)).

(Figure 2.8). Both telescopes are separating between the different species, by determining
the ion mass. The ion charge states however could not be measured. The CMS channel
bandwidths are listed in Table 2.2 for reference.

CMS Time-of-Flight telescopes

The CMS TOF telescope contains a sweeping magnet followed bya thin solid state
detector telescope KT . The incoming ions pass through this foil and impinge on the KT
detector. Secondary electrons are released from the inner surface of the foil and the front
surface of the KT , detected by the microchannel plates (MCP’s), which provide the start
and stop pulses. By the start and stop pulses the time-of-flight between the foil and KT is
determined. Separation between the different species is obtained by the measured velocity
(through the time of flight) and the ion total energy (measured by the KT ).

Figure 2.6 shows the TOF versus energy space measured by the telescope (sample:
data of the Callisto 9 flyby, day 176, year 1997). 13 rate composition channels are defined
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2.2 The EPD instrument

Table 2.2: Energy passbands for different ion species from the CMS detector of EPD
onboard Galileo (The channel pairs used in the analysis of this thesis are highlighted in
bold).

Species Channel Energy Range Channel Energy Range
name (MeV/nucleon) name (MeV/nucleon)

Time of Flight Channels �E � E Channels

Helium TA1 0.027 - 0.155 CA1 0.190 - 0.490
TA2 0.155 - 1.000 CA3 0.490 - 0.680

CA4 0.680 - 1.400

Oxygen TO1 0.012 - 0.026 CM1 0.160 - 0.550
TO2 0.026 - 0.051 CM3 0.550 - 1.100
TO3 0.051 - 0.112 CM4 1.100 - 2.900
TO4 0.112 - 0.562 CM5 2.900 - 10.700

Sulfur TS1 0.016 - 0.030 CH1 0.220 - 0.330
TS2 0.030 - 0.062 CH3 0.330 - 0.670
TS3 0.062 - 0.310 CH4 0.670 - 1.300

CH5 1.300 - 15.000

Protons TP1 0.080 - 0.220
TP2 0.220 - 0.540
TP3 0.540 - 1.250

shown as the boxes in the matrix in Figure 2.6 and schematically as TP1, TP2, TP3, TA1,
TA2, TO1, TO2, TO3, TO4, TS1, TS2, TS3 in Figure 2.5. Each point in the matrix
corresponds to a combination of the measured TOF and energy signals. Only a subset of
all measured particles can be processed. By normalizing each individual PHA event with
the corresponding rate channel it is possible to derive fluxes and energy spectra for the
measured species.

CMS�E � E telescopes

The two�E�E telescopes (Figure 2.8) extend the ion composition measurements of
the TOF telescope to higher energies, for helium, oxygen andsulfur. Each of the�E�E
telescopes consists of a pair of detectors, a thin (Ja;b) and a thick (Ka;b) one. As the ions
are passing through the system the ion loss energy�E and the remaining energy E are
measured by the Ja;b and K a;b, respectively. By these two measurements, as well as by
the thickness of the detector the atomic number Z for energies & 200 keV/nucleon is
calculated by the equation: ��E�x / Z2�2 / Z2E (2.1)
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Figure 2.6: TOF versus the energy measured by the KT detector. The TOF rate channels
are separated by the diagonical and vertical lines. The calibrated data, depicted by points
correspond to measurements of the Callisto 9 flyby (day 176, year 1997).
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Figure 2.7:�E energy loss in the J detector versus the energy measured by detector K.
The rate channels are separated by the vertical and horizontal lines. The calibrated data,
depicted by points, correspond to measurements of the Callisto 9 flyby (day 176, year
1997).
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2.2 The EPD instrument

Figure 2.8: Detail of the EPD CMS detector (from Williams et al. (1992)).

In Figure 2.7 the�E �E space measured by the telescope is shown (sample: data of
the Callisto 9 flyby, day 176, year 1997). 10 rate compositionchannels are clearly defined
and shown as boxes in Figure 2.7 and schematically in Figure 2.5 as CA1, CA3, CA4,
CM1, CM3, CM4, CM5, CH1, CH3, CH4, CH5, CN0, CN1. The points ofthe matrix
correspond to the energy measured by the J and the K detectors. Like in the TOF PHA
matrix only subset of the measured particle is processed, while fluxes and energy spectra
for the measured species can be derived by normalization of each individual PHA event.

2.2.2 The Low Energy Magnetosphere Measurement System (LEMMS)

The LEMMS telescopes, shown in Figure 2.9, measure electrons and ions at the energy
range of 15 keV to > 11 MeV and 22 keV to� 55 MeV respectively. As the electrons are
entering the 0Æ end they pass through a 15Æ full angle collimator and a series of 11 baffle
plates, which define 7 hexagonal entrance channels. The electrons are deflected by the
internal magnet and detected by the solid state detectors E and F. These detectors cover
the energy range between 15 and 884 keV. Electronic thresholds separate this energy range
in 8 channels. The ions are passing through the same collimator, but due to their higher
mass they converge toward the detectors A. If their energy ishigh enough they impact
also the detector B. The A detector measures all the ions in the energy range from 22 keV
to 12,4 MeV. The C and D detectors, at the 180Æ end, measure ions with higher energies
of & 14.5 MeV and 51 MeV and electrons at& 2 MeV and& 11 MeV. Ion mass and
charge states can not be determined by this telescope. The LEMMS channel bandwidths
are listed in Table 2.3 and summarized in Figure 2.5.
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Table 2.3: Energy passbands for different species from the LEMMS detector of EPD
onboard Galileo (The channel pairs used in the analysis of this thesis are highlighted in
bold).

Species Channel Energy Range
name (MeV)

Z � 1 A0 0.022 - 0.042
Z � 1 A1 0.042 - 0.065
Z � 1 A2 0.065 - 0.120
Z � 1 A3 0.120 - 0.280
Z � 1 A4 0.280 - 0.515
Z � 1 A5 0.515 - 0.825
Z � 1 A6 0.825 - 1.680
Z � 1 A7 1.680 - 3.200
Z � 2 A8 3.500 - 12.40
Z � 1 B0 3.200 - 10.10

electrons B1 � 1.500 - 10.50
Z � 2 B2 16.00 - 100.0
Z � 1 DC0 14.50 - 33.50
Z � 1 DC1 51.00 - 59.00

electrons DC2 � 2
electrons DC3 � 11
electrons E0 0.015 - 0.029
electrons E1 0.029 - 0.042
electrons E2 0.042 - 0.055
electrons E3 0.055 - 0.093
electrons F0 0.093 - 0.188
electrons F1 0.174 - 0.304
electrons F2 0.304 - 0.527
electrons F3 0.527 - 0.884
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2.2 The EPD instrument

Figure 2.9: Detail of the EPD LEMMS detector (from Williams et al. (1992)).

2.2.3 Record and real time mode

The Galileo spacecraft contained a high and a low gain antenna. The High Gain Antenna
which was to transmit at 134 Kilobits per second whereas the Low Gain Antenna was
only intended to transmit at about 8 to 16 bits per second (later was increased to 160
bits per second). The High Gain Antenna failed to unfold after its first flyby at Earth,
which forced a rearrangement of the measured data, transmitting in two different modes
the record and real time mode.

The record mode data is stored on a tape recorder onboard Galileo, which limits the
time coverage. It is transmitted by the low gain antenna at 10bits per second. The time
periods selected to be recorded are chosen to be the close Galilean moon flybys and the
plasma sheet crossings, as areas of high scientific interest. The spacecraft’s rotation is
divided in 16, 32 and 64 spin sectors and a resolution of up to 448 data points from all
directions in space is obtained by the seven positions of thestep motor. The real mode
data is available for most of the mission time, providing measurements from 16 different
directions in space within 3-12 min. The transmission rate is from 5 to 40 bits per second.
A more detailed analysis can be found in Lagg (1998).

For the analysis of this work mostly the real time mode data are used, since they
provide a better time, local time and spatial coverage. However, the need to extend the
measurements at higher energies required the use of the limited set of the record mode
data where both TOF and�E � E CMS telescopes were active.
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Figure 2.10: Typical energy spectra of sulfur ions in the magnetosphere of Jupiter at
9.42RJ and 16.40 LT measured by the TOF (solid lines) and the�E � E (dashed line)
telescopes of the EPD instrument onboard Galileo.

2.3 Test of the reliability of the dataset

The Galileo EPD instrumentation provided accurate measurements of the ion energy spec-
tra, defining its shape at the power law part of the kappa distribution, introducing a break
(kink) in the energy spectral slope (Section 1.3). Figure 2.10 shows a typical sulfur spec-
tra in the Jovian magnetosphere as measured by the CMS telescopes. The solid lines show
the power law fits of the TOF energy channels and the dashed lines those of the�E � E
energy channels. The sample is taken at 9.42RJ and 16:40 LT local time. Two power
law fits are needed to describe sufficiently the ion energy spectra in the Jovian magneto-
sphere. The spectral kink appears between the energy range of the two detector systems
(TOF and�E�E ), which implies that different responses of the telescopeswould result
in it. In this section the reliability of the EPD instrumentation is tested, proving that the
instrument is well calibrated, and the observed spectral shapes are not an instrumental
error.

As a first step the calibration of the instrument is checked. By using equation (1.7)
the count rates (cps) for the four species H, O, S and He measured by both the TOF and�E � E detectors of the CMS telescope are fitted. Parametric spectral shapes with 20
free parameters (5 parameters for each species: C, kT,1, et and2) are used. The fit
is compared with the count rates measured by the LEMMS-telescope, which measures
the sum of all individual ion species. Figure 2.11 shows the measured count rates (solid
lines) and those produced by the model fit (dashed lines). Since all three detectors are
working independently the reproducing of the fit is a strong argument that the EPD data
set is trustworthy and that the spectral kink between the twodetector systems is real and
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Figure 2.11: Comparison between the rate channels (cps) of the three independent tele-
scopes of the Energetic Particles Detector EPD: TOF and�E �E and LEMMS (sample
on day 310, 1996, at R=19.12 RJ ). The measured count rates of the telescopes are de-
picted by solid line, the dashed line indicates the fitted count rates using equation 1.7.
Channels description is given in chapter 2. Adapted from Radioti et al. (2005).

present for all species.
A depletion of low energy keV fluxes, leading to the observed hardening of the spectra

for lower energies (see Figure 2.10) could be caused by an additional deadlayer on the
detectors, e.g., by a bombardment of high energetic particles. To complete this study a
possible degradation of the instrument has been checked. Firstly it is assumed that the
Jovian spectra of one particle species can be described by a power law distributionE�,
where the spectral index is obtained by using the high energy channels only. Then one
can extrapolate to lower energies and calculate the expected particle flux for the lower
energy channels (see Figure 2.12). Comparing the obtained distributions with the count
rates of the LEMMS-telescope no consistent picture can be achieved. This is a strong
indication that a single power law distribution does not satisfy the Jovian energy spectra
for the entire energy range. Instead, an additional power law cut off at higher energies is
necessary.

An extra test of the reliability of the EPD dataset is possible by analysing the data
from the two Galileo flybys at Earth in a well known magnetosphere. Figure 2.13 gives
a clear picture of the Earth energy spectra. The energy spectra can be perfectly described
by a power law (E�) as it is expected, taking into account that the energy rangeof the
EPD falls into the power law region of this ion population. Apparently, the helium energy
spectra (Figure 2.13) in the magnetosphere of the Earth doesnot exhibit a break.
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Figure 2.12: The same as Figure 2.11 (sample on day 310, 1996,at R=19.08RJ ). It is
assumed that the Jovian energy spectra are described by a power law distribution I/ E�
and not by equation 1.7, where the spectral index is obtained from measurements of
the�E � E telescope and applied to the lower energy TOF channels as well. Channels
description is given in chapter 2. Adapted from Radioti et al. (2005).

It is concluded that the spectral kink at energies of several100 keV/nuc measured
inside the Jovian magnetosphere is real. The EPD instrumentonboard Galileo was well
calibrated and instrumental effects known up to date can be excluded. The ion energy
spectra shapes as it is shown in the next chapter affects the ion composition introducing
a strong energy dependence of the relative ion abundance ratios. To test of reliability of
the dataset equation (1.7) is used to describe the ion energyspectra. However it is only a
functional form, it is derived empirically and therefore itlacks any physical meaning. The
observed shape of the ion energy spectra is discussed in terms of a model of ion stochastic
acceleration by Alfvén waves in Chapter 4.
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Figure 2.13: Typical energy spectra of helium ions in the magnetosphere of the Earth at
8.03RE. The same format as Figure 2.10. The sample is taken during Galileo’s Earth
flyby in 1992 on day 343, 16.31 UT.
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3 Ion composition in the Jovian
magnetosphere as derived by Galileo
measurements

This chapter presents a detailed analysis of the ion composition in the Jovian magneto-
sphere with emphasis on measurements by EPD onboard Galileo. Three different types of
ions are investigated: helium as the tracer of the solar wind, sulfur and oxygen as tracers
of the internal source Io, and protons with a mixed origin from the solar wind and the Jo-
vian atmosphere/ionosphere. For the first time the relativeion abundances of S/O, S/He,
O/He and p/He are calculated on a global scale and for an extended energy range. Lo-
cal time dependences of these abundance ratios are analysedand temporal versus spatial
variations are identified. Moreover, changes in the composition associated with magne-
tospheric dynamic events are investigated. Finally, a detailed comparison, with previous
results, especially from Voyager 2, is presented, establishing for the first time energy
dependent effects.

Ion energy spectra are fundamental to the derivation of the ion abundance ratios and
contribute significantly to a better understanding of the ion composition. Therefore, a
detailed description of the ion energy spectra will be given, prior to the presentation and
discussion of the ion composition.

3.1 Ion energy spectra in Jovian magnetosphere

In addition to the energy spectrum samples which are shown inChapter 2, the current sec-
tion expands the discussion with more examples shown for various ions, radial distances
and local time segments, as measured by the energetic particle instrumentation onboard
Galileo. The aim is to establish a general shape of the ion energy spectra in the Jovian
magnetosphere.

Figure 3.1 shows typical energy spectra of protons, helium and oxygen ions (from top
to bottom) measured during the Earth flyby through the magnetosphere and compared to
energy spectra measured inside the Jovian magnetosphere. Since the�E � E detector
has no proton channels, proton measurements are only extended to 1250 keV (see Table
2.2). Sulfur energy spectra and some high energy channels for oxygen at Earth are not
shown due to bad statistics for these ions. Nevertheless, itis clear that within the energy
range covered by EPD the ion energy spectrum in the terrestrial magnetosphere can be
described sufficiently by a single power law (Vasyliūnas 1971), while in the Jovian mag-
netosphere at least for the heavier species, either two power law fits are needed (Mauk et
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Figure 3.1: Left panels: Typical energy spectra of protons,helium and oxygen ions in
the magnetosphere of the Earth at 8.03RE (sample taken during Galileo’s Earth flyby in
1992 on day 343, 16.31 UT) forming a power law distribution with  = 4:1,  = 3:9 and = 5:09 respectively. Right panels: Energy spectra of proton, helium and oxygen ions in
the Jovian magnetosphere at 14.97RJ (sample taken during Galileo’s orbit C3 in 1997 on
day 095, 19:47 UT). The ion spectra can be fitted by two power laws for helium ( = 1:4, = 4:3) and oxygen ( = 2:3, = 4:3) and one for protons ( = 1:9).

al. 1996, 1998) or a different fundamental approximation ofthe ion energy spectra should
be considered.

Figure 3.2 shows typical ion energy spectra of protons as well as helium, oxygen and
sulfur ions. The energy spectra have been calculated for different radial distances (9.55
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Figure 3.2: Typical energy spectra of proton, helium, oxygen and sulfur ions (top to
bottom panels), the same format as figure 3.1. The samples aretaken for 3 different radial
distances (RJ ) and local time (LT) 9.55RJ (1998.088, 13.03 UT), 14.90RJ (1997.127,
16.02 UT), 25.14RJ (1997.126, 14:36 UT) (left to right panels). The heavy and dashed
lines represent power law fits.
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Figure 3.3: Ion energy spectra in pairs, corresponding to the abundance ratios S/O, S/He,
O/He and p/He (from left to right) measured by the TOF and power law fits (solid lines).
The sample is taken at 11RJ and 10:30 LT during the Galileo orbit G7. The perpendic-
ular lines indicate the energy/nuc that fits best the TOF channels for the given pair and
therefore is used for the derivation of the abundance ratio.RJ , 14.90RJ and 25.14RJ ) and local times (14:30 LT, 08:08 LT, 05:59 LT). It is again
evident that a single power law cannot describe the Jovian ion energy spectra for helium,
oxygen and sulfur species. Whereas possibly due to the limited energy range covered,
the proton distribution is reasonably well fitted by a singlepower law. Despite changing
intensity levels, the general spectral shape is essentially the same over the studied range of
distances and local times. The spectral shapes change from aharder to a softer spectrum
forming a kink in the slope at energies between 300 and 800 keV/nuc. The kink is most
pronounced for helium. As it will be shown in the next sections, the ion energy spectral
shape in the Jovian magnetosphere has a strong impact on the study of the ion composition
and its interpretation in terms of acceleration mechanismsand source and loss processes
(see the discussion on ion stochastic acceleration by Alfvén waves in Chapter 4).

3.2 Ion abundance ratios

The relative ion abundance ratios are derived by the ratio ofthe ion intensities for a given
pair of species at a fixed energy/nuc, provided that information on the ion intensities of
both species is available. Similar analysis performed by previous missions used the same
proxy for the study of the ion composition (see Section 1.4).Deriving the relative ion
abundance ratios in this work at the same proxy allows a comparative study with previous
results. Inconsistencies can be checked and time and spatial variations can be investigated.

The energy/nuc value used for the abundance calculation is chosen to fit best the EPD
energy channels for a given ion species pair. Only the low energy (TOF channels) are
used, where global information is available. The energy/nuc lies at the central energy
of the overlap interval of the energy channels for the given pair. The central energy
is derived as the geometric mean of the upper and lower limit of the respective energy
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3.2 Ion abundance ratios

Table 3.1: The energy per nucleon that fits best the EPD TOF energy channels for the
various abundance ratios.

Relative ion abundance ratios Energy (keV/nucleon)
under study

S/O 39
S/He 68
O/He 89
p/He 185

channel. Figure 3.3 shows the energy spectra of sulfur, oxygen, helium ions and protons
arranged as vertical pairs corresponding to the abundance ratios under study S/O, S/He,
O/He and p/He (from left to right). Solid lines show the spectral power law fits of the
intensities versus energy/nuc. The chosen energy/nuc values are indicated by the vertical
lines and are listed in Table 3.1. It is clear from this figure that the ion abundance ratios
depend strongly on the energy/nuc at which they are evaluated if the spectral slopes of the
two species differ.
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Figure 3.4: The EPD data coverage along the trajectories of the 15 first orbits of Galileo in
the x-y plane (left panel) and in the x-z plane (right panel) of Jupiter Solar Ecliptic (JSE)
coordinate system. Jupiter is at the origin of the system andthe positive x-axis points
toward the Sun, the y-axis marks the dawn-dusk meridian positive towards dusk and the
z-axis points to the north. Note that the scale of the z-axis is different.

Figure 3.4 shows the segments of the 15 first Galileo orbits where EPD data are avail-
able. They are shown in the JSE coordinate system projected into the x-y plane on the
left and perpendicular to it on the right. The orbits cover radial distances up to 150RJ in
the nightside. The dawn and dusk local time sectors are sufficiently covered in radial dis-
tance, while the noon sector, which contains the perijove ofthe orbits is poorly covered.
The overlapping of some orbits provides better statistics within a given segment but also
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1997.262 to 1997.286. The data are dynamical averaged over 2min/RJ .

gives the opportunity to study temporal effects. Most of thetime the spacecraft remained
in the vicinity of the equatorial plane as shown in the right panel of Figure 3.4, with an

62



3.2 Ion abundance ratios

 

 

 

 

 

 

di
ffe

re
nt

ia
l i

nt
en

si
tie

s 
at

 8
0 

ke
V

/n
uc

10
4

10
2

10
0

10
-2

10
4

10
2

10
0

10
-2

10
6

10
-4

10
-4

 Radial Distance [RJ]

0 50 100 150-150 -100 -50

[c
m

-2
sr

-1
s-1

ke
V

-1
nu

c]

protons

helium

oxygen

sulfur

10
4

10
2

10
0

10
-2

10
6

10
-4

10
4

10
2

10
0

10
-2

10
6

10
-4

Figure 3.6: Proton, helium, oxygen and sulfur (from top to bottom) differential intensities
as a function of radial distance along the inbound (left) andoutbound (right) trajectories
of the first 15 orbits, at 80 keV/nuc that is at an energy/nuc inthe range of values used
for the ion abundance calculations (see Table 3.1). The different colours denote the data
from the different orbits. The data are dynamical averaged over 2 min/RJ .

obvious exception of the first orbit G1. For the work of this thesis the data of these orbits
are analysed and projected into the equatorial x-y plane andno latitudinal effects have
been considered.

Before the presentation of the relative ion abundance ratios some examples of the
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3 Ion composition in the Jovian magnetosphere as derived by Galileo measurements

ion intensities as measured by the Galileo energetic particle instrumentation are shown.
Figure 3.5 shows the measured intensities of protons, helium, oxygen and sulfur ions as a
function of radial distance from Jupiter along the Galileo C10 orbit (1997.262 - 1997.286)
for different energies. The intensities for all species depend on the radial distance and on
the energy range. It is obvious that they are decreasing withincreasing distance from the
planet and they are lower for higher energies. The ion intensities are not only varying with
distance and energy but also with time and/or local time. Figure 3.6 shows the variations
of the ion intensities of protons, helium, oxygen and sulfurions as a function of the radial
distance, along the inbound and outbound trajectories of the first 15 Galileo orbits. The
different colours represent the different orbits. The intensities are calculated at 80 keV/nuc
approximately at the average energy/nuc that the ion abundance ratios are calculated (see
Table 3.1). Large variations of the ion intensities up to 2 orders of magnitude are present in
consecutive Galileo orbits. However, with this plot local time dependences and temporal
effects cannot be differentiated.
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Figure 3.7: Left: Sulfur and oxygen ion intensities at 39 keV/nuc as a function of radial
distance along a part of the C10 orbit (1997.262 to 1997.286), marked with red in Figure
3.5. Right: S/O ion abundance ratio derived from the ratio ofthe sulfur and oxygen ion
intensities for the same time interval.

As mentioned already the ion abundance ratios are calculated by the ratio of the ion
intensities at a specific energy/nuc of a given pair of species. Figure 3.7 shows an example
of the derivation of the S/O ion abundance ratio. In the left panel sulfur and oxygen ion
intensities at 39 keV/nuc as a function of distance are presented along a part of the C10
orbit (the same part shown in Figure 3.5). The right panel shows the corresponding S/O
ion abundance ratios. S/He, O/He and p/He relative abundance ratios are calculated at 68,
89 and 185 keV/nuc by the same way.

3.2.1 Global maps

S/O abundance ratio

In the following the first global maps of relative ion abundance ratios in Jupiter’s mag-
netosphere will be presented. In a first step the abundance ratios have been calculated for
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Figure 3.8: Color-coded relative abundance ratios of S/O, calculated at 39 keV/nuc and
projected along the first 15 Galileo orbits in the x-y plane ofthe JSE coordinate. The data
are dynamically averaged over 2 min/RJ . Ion abundance ratio values are shown only if
reliable information about the ion intensities of both ion species is available. The right
panel shows the spatial binning in boxes of 5�5, 10�10 and 20�20RJ , which is adjusted
to the data coverage.

each orbit individually (Figure 3.8). Data obtained duringthe time interval of day 136
to 256, 1997, are excluded from the calculation of all ratiosrelative to helium, due to
instrumental deficiencies affecting the helium channels for this time period. To enhance
the statistical significance of the data at larger distancesdynamical averaging of 2 min/RJ
has been used. In a second step the data are spatially binned and averaged in 5�5, 10�10
and 20�20RJ , as shown in the right panel of Figure 3.8. By this procedure color-coded
global maps of the ion abundance ratios are constructed. These maps will serve to es-
tablish the various sources and sinks to investigate the iondistribution at various radial
distances to identify specific areas of interest and to compare with results from previous
missions.

The results of the spatial binning are shown for various ion ratios in Figure 3.9. The
top left panel shows the color-coded global map of the S/O ionabundance ratio calculated
at 39 keV/nuc. The ratio ranges between 0.4 and 1.2. Very close to the planet at radial
distances of 5 to 10RJ close to the local noon the ratio is around 1. The ratio is decreasing
with increasing radial distance through the tail and reaches values around 0.4. Beyond 80RJ , in the tail region, the ratio stays comparatively constant, only marginally decreasing
with distance. These results are in general accordance withmeasurements by Voyager
1 and 2 (Krimigis et al. 1979a, Vogt et al. 1979b, Hamilton et al. 1980, 1981), Ulysses
(Lanzerotti et al. 1992, Krupp 1994) and Galileo (Cohen et al. 2001, Mauk et al. 1998,
Maclennan et al. 2001, Waldrop 2004) at the respective radial distances (see Table 3.2).
Small deviations between the ratios derived previously by EPD and these results could be
explained by the fact that the previous measurements were only obtained on individual
orbits, whereas the values presented here are the averaged ratios of all orbits in a given
local segment. The S/O abundance ratio has been additionally compared with the Voyager
2 ratios for the same local time and radial distances. The result of this comparison is
described in detail in Section 3.2.5 in association with energy dependent effects.
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Figure 3.9: Color-coded relative abundance ratios of S/O, S/He, O/He and p/He calculated
at 39, 68, 89 and 185 keV/nuc respectively and projected on the x-y plane of the JSE
coordinate system. Data from the first 15 orbits are spatially binned in boxes of 5, 10 and
20RJ .

The S/O ratio values exhibit a pronounced increase of the average ratio up to 1.2 along
the predawn sector, compared to the usual 0.5 in the vicinity. This anomaly is probably
associated with burst events which are present in that specific region. A more detailed
discussion will follow in Section 3.2.3, where the composition at this region is discussed
separately. A sporadic increase in the S/O abundance ratio of up to 0.6 beyond 60RJ ,
compared to the ambient values in the range of 0.3 to 0.4 is also reported by Hamilton et
al. (1981).

Sulfur and oxygen are mainly originating from Io and the S/O ratio of the neutral
sources ranges between 0.25 and 0.58 according to Voyager 1 and Cassini measurements
(Section 1.2.2). The neutrals are ionised, the newly created ions are emitted from the torus
at the energy of several eVs to tens of eVs and they are subjectto various transport and
acceleration mechanisms until they are detected by the Galileo energetic particle instru-
mentation. Therefore the values derived here cannot be directly compared to the Io torus
composition.
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Table 3.2: Ion abundance ratios in the Jovian magnetosphere
Energy (MeV/nuc) Location(RJ) S/O p/He S/He O/He

Pioneer 10 (Trainor et al. 1974) 3.2-5.6 32-88 1666-166
Pioneer 10 (Simpson et al. 1974b): Figure 16 1 13-40 300-40
Voyager 1 LECP (Krimigis et al. 1979a): Table 1 0.6-1.6 40-47 0.34a 0.103a 0.3a

0.6-1.6 47-49 0.35a 1.06a 3.02a

0.6-1.6 59-67 0.35a 0.047a 0.13a

Voyager 1 CMS (Vogt et al. 1979a): Table 1 7-14 4.9-5.8 0.76�0.09
Voyager 2 LECP (Krimigis et al. 1979b) 0.5-1.7 30-60 50-300b

0.6-0.95 15-60 0.006-0.07b 0.02-0.1b

Voyager 2 LECP (Hamilton et al. 1980) 0.6-0.95 51-56 0.25 60�3 0.0057�0.0005 0.02�0.001
Voyager 2 LECP (Hamilton et al. 1981) 0.6-1.15 20-60 50-200b

0.6-1.15 10-60 0.6-0.2b 0.006-0.4b 0.03-0.66b

Voyager 2 CMS (Vogt et al. 1979b) 7.8-10.5 10.1-10.6 0.62+0:24�0:19
7.8-10.5 10.6-25 0.18�0.07

Ulysses HI-SCALE (Lanzerotti et al. 1992): Fig. 5 0.5-1.4 12-58 0.3-1a 0.003-0.2a 0.01-0.2a

Ulysses EPAC (Krupp 1994) 0.45-1.6 15-110 0.413a 0.031a 0.075a

Galileo HIC (Cohen et al. 2001): Fig. 5 4.5-18.4 10-30 0.1-0.05
Galileo EPD (Mauk et al. 1998): Fig. 2 0.5 7.48 0.77

1.0 7.48 0.75
Galileo EPD (Maclennan et al. 2001) 0.5-0.7 9.1-9.6 0.67�0.06

0.7-1.0 9.1-9.6 0.71�0.05
1.0-1.4 9.1-9.6 0.58�0.15

Galileo EPD (Waldrop 2004) 0.025 5-150 0.3-0.8c

Galileo EPD (this work) 0.039 5-150 0.4-1.2d

0.039 10-65 0.9-0.6e

0.185 5-150 88-570d

0.185 15-50 172-243e

0.8 15-50 146-215e

0.068 5-150 0.4-33.6d

0.068 15-65 10.24-1.07e

0.8 15-65 1.2-0.56e

0.089 5-150 0.52-27.6d

0.089 15-65 7.88-1.0e

0.8 15-65 1.34-0.52e

ainbound trajectory
boutbound trajectory
csingle orbits
dbinned average
eclose to the outbound trajectory of Voy 2
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3 Ion composition in the Jovian magnetosphere as derived by Galileo measurements

S/He, O/He and p/He abundance ratios

Global maps of S/He and O/He abundance ratios calculated at 68 and 89 keV/nuc
respectively are shown in the bottom panels of Figure 3.9. Onthe dayside of the mag-
netosphere at close distance to the planet the S/He and O/He ratios reach their highest
values of 32 and 28, respectively. All ion fluxes decrease significantly towards the night
side and/or with distance from the planet. However, as seen from the decreasing abun-
dance ratios sulfur and oxygen ion fluxes decrease stronger than helium ion fluxes. These
results agree within one order of magnitude with previous results compared at respective
radial distances (see Table 3.2). Differences of the ratiosbetween the various missions
can be attributed to spatial and temporal variations (see Section 3.2.4) or could be a result
of an energy dependence (see Section 3.2.5).

The derived globally p/He abundance ratio calculated at 185keV/nuc is shown in the
top right panel of Figure 3.9. The ratio ranges from� 90 to� 600. In the midnight
sector, in a region between 30 to 50RJ , the values are significantly higher compared
to those at larger distances. The same abundance ratio measured onboard the previous
missions exhibit a wide range of values which agree well withthe average ratio calculated
by Galileo EPD. The p/He abundance ratio does not show a cleartrend, consistent with
the mixed origin of protons composing external (the solar wind) and internal (the Jovian
atmosphere/ionosphere) sources and the loss of low energy protons (80 to 220 keV) near
the moon Europa.

3.2.2 Local time asymmetries

The trajectory of Galileo in the Jovian system enabled a comparative study of the ion
composition at different local times. Figure 3.10 shows thecolor-coded global map of
the S/O abundance ratio at 39 keV/nuc. The x-y plane is divided into 8 different local
time sectors: Predawn (01:30-04:30 LT), Dawn (04:30-07:30LT), Prenoon (07:30-10:30
LT), Noon (10:30-13:30 LT), Predusk (13:30-16:30 LT), Dusk(16:30-19:30 LT), Pre-
midnight (19:30-22:30 LT) and Midnight (22:30-01:30 LT). The Noon and the Pre-dusk
sectors provide very limited data coverage only up to very few RJ and therefore are not
considered for the comparative study.

The abundance ratios for each of the remaining 6 local time sectors are averaged over
radial intervals of 3RJ . Figures 3.11, 3.12, 3.13 and 3.14 show the S/O, S/He, O/He and
p/He abundance ratios calculated for those local time sectors versus radial distance.

Generally, the ion abundances do not exhibit major variations with local time. An
obvious exception is the predawn sector. The results of Maclennan et al. (2001) that
oxygen and sulfur fluxes are independent on local time at least at distances of 10RJ are
confirmed by this work. The S/O, O/He and S/He ion abundance ratios along the predawn
sector exhibit a pronounced increase at radial distances of70 to 120RJ . This feature is
associated with global reconfiguration processes in the Jovian magnetotail (Section 1.2.2)
and will be discussed in more detail in Section 3.2.3.

The p/He ratio (Figure 3.14) exhibits a different pattern interms of local time varia-
tions. The large error bars in the ratio in all local time sectors imply large deviations of
the averaged values. Moreover, it does not show a clear increase along the predawn sector
like the other relative abundance ratios.
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Figure 3.10: Color-coded relative S/O abundance ratios, calculated at 39 keV/nuc and
projected along the first 15 Galileo orbits in the x-y plane ofthe JSE coordinate. The
format is the same as in Figure 3.8. 8 local time sectors are separated by the solid
lines: Predawn (01:30-04:30 LT), Dawn (04:30-07:30 LT), Prenoon (07:30-10:30 LT),
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(19:30-22:30 LT) and Midnight (22:30-01:30 LT)

The local time pattern as derived by the Galileo observations extends and modifies the
composition pattern derived by Cheng and Krimigis (1989). Based on the corotation-
convection model these authors suggested that in the predawn sector the composition
of heavy ions is enhanced from close to the planet up to relatively large distances (see
Figure 1.17). This pattern was confirmed by observations along the Voyager 2 outbound
trajectory, which observed enhanced heavy ion compositionclose to the planet but also
beyond 60RJ . Based on the Galileo coverage of 4 local time sectors (dawn,predawn,
premidnight and dusk) it can be assumed that the ion composition close to the planet
within � 30 RJ is symmetrical. A heavy ion composition comparable to that observed
close to the planet is also found in the predawn sector but only between 70 to 120RJ and
related to reconfiguration events.

69



3
Io

n
co

m
p

o
sitio

n
in

th
e

Jovian
m

ag
n

eto
sp

h
ere

as
d

erived
b

y
G

alileo
m

easu
rem

en
ts

0        50      100     150

Pre-midnight (19:30-22:30 LT)

Dusk (16:30-19:30 LT)

Radial Distance [R
J
]

Midnight (22:30-01:30 LT)

Pre-dawn (01:30-04:30 LT)

Dawn (04:30-07:30 LT)

Pre-noon (07:30-10:30 LT)

12:00

06:00

24:00

18:00

0

1.2

0.4

0.8

1.6

2

0        50      100     150

Radial Distance [R
J
]

0        50      100     150

Radial Distance [R
J
]

0        50      100     150

Radial Distance [R
J
]

0        50      100     150

Radial Distance [R
J
]

0        50      100     150

Radial Distance [R
J
]

S
/
O

0

1.2

0.4

0.8

1.6

2

S
/
O

0

1.2

0.4

0.8

1.6

2

S
/
O

0

1.2

0.4

0.8

1.6

2

S
/
O

0

1.2

0.4

0.8

1.6

2

S
/
O

0

1.2

0.4

0.8

1.6

2

S
/
O

F
ig

u
re

3
.1

1
:

S
/O

io
n

abu
n

d
an

ce
ratio

,
calcu

lated
at

3
9

keV
/n

u
c

averag
ed

over
th

e
6

d
if-

feren
tlo

caltim
e

secto
rs

(see
F

ig
u

re
3

.1
0

an
d

over3
RJ

an
d

p
lo

tted
versu

s
rad

iald
istan

ce.
T

h
e

erro
r

b
ars

co
rresp

o
n

d
to

th
e

stan
d

ard
d

eviatio
n

o
f

th
e

m
e

an
valu

e
in

a
g

iven
d

istan
t

in
terval.

T
h

e
ratio

fo
r

th
e

6
lo

caltim
e

secto
rs

is
p

laced
in

a
sch

em
atic

rep
resen

tatio
n

w
ith

Ju
p

iter
in

th
e

cen
ter

an
d

su
n

to
th

e
rig

h
t.

7
0



3
.2

Io
n

abu
n

d
an

ce
ratio

s

12:00

06:00

24:00

18:00

Pre-dawn (01:30-04:30 LT)

Midnight (22:30-01:30 LT)

Dusk (16:30-19:30 LT)

Dawn (04:30-07:30 LT)

0

16

32

48

S
/
H
e

Pre-midnight (19:30-22:30 LT)

Pre-noon (07:30-10:30 LT)

0        50      100     150

Radial Distance [R
J
]

0        50      100     150

Radial Distance [R
J
]

0        50      100     150

Radial Distance [R
J
]

0        50      100     150

Radial Distance [R
J
]

0        50      100     150

Radial Distance [R
J
]

0        50      100     150

Radial Distance [R
J
]

0

16

32

48

S
/
H
e

0

16

32

48

S
/
H
e

0

16

32

48

S
/
H
e

0

16

32

48

S
/
H
e

0

16

32

48

S
/
H
e

F
ig

u
re

3
.1

2
:

S
/H

e
io

n
abu

n
d

an
ce

ratio
,

calcu
lated

at
6

8
keV

/
n

u
c

averag
ed

w
ith

in
6

d
if-

feren
t

lo
caltim

e
secto

rs
an

d
over

3RJ
an

d
p

lo
tted

versu
s

rad
iald

istan
ce.

T
h

e
fo

rm
at

is
th

e
sam

e
as

F
ig

u
re

3
.1

1
.

7
1



3
Io

n
co

m
p

o
sitio

n
in

th
e

Jovian
m

ag
n

eto
sp

h
ere

as
d

erived
b

y
G

alileo
m

easu
rem

en
ts

Pre-dawn (01:30-04:30 LT)

12:00

06:00

24:00

Dusk (16:30-19:30 LT)

Midnight (22:30-01:30 LT)

18:00

Dawn (04:30-07:30 LT)

0

8

16

24

32

O
/
H
e

Pre-midnight (19:30-22:30 LT)

Pre-noon (07:30-10:30 LT)

0        50      100     150

Radial Distance [R
J
]

0        50      100     150

Radial Distance [R
J
]

0        50      100     150

Radial Distance [R
J
]

0        50      100     150

Radial Distance [R
J
]

0        50      100     150

Radial Distance [R
J
]

0        50      100     150

Radial Distance [R
J
]

0

8

16

24

32

O
/
H
e

0

8

16

24

32

O
/
H
e

0

8

16

24

32
O
/
H
e

0

8

16

24

32

O
/
H
e

0

8

16

24

32

O
/
H
e

F
ig

u
re

3
.1

3
:

O
/H

e
io

n
abu

n
d

an
ce

ratio
,

calcu
lated

at
8

9
keV

/
n

u
c

averag
ed

w
ith

in
6

d
if-

feren
t

lo
caltim

e
secto

rs
an

d
over

3RJ
an

d
p

lo
tted

versu
s

rad
iald

istan
ce.

T
h

e
fo

rm
at

is
th

e
sam

e
as

F
ig

u
re

3
.1

1
.

7
2



3
.2

Io
n

abu
n

d
an

ce
ratio

s

Pre-dawn (01:30-04:30 LT)

12:00

06:00

24:00

18:00

Dusk (16:30-19:30 LT)

Midnight (22:30-01:30 LT)

Dawn (04:30-07:30 LT)

  750

  500

  250

0

p
/
H
e

Pre-midnight (19:30-22:30 LT)

Pre-noon (07:30-10:30 LT)

0        50      100     150

Radial Distance [R
J
]

0        50      100     150

Radial Distance [R
J
]

0        50      100     150

Radial Distance [R
J
]

0        50      100     150

Radial Distance [R
J
]

0        50      100     150

Radial Distance [R
J
]

0        50      100     150

Radial Distance [R
J
]

  750

  500

  250

0

p
/
H
e

  750

  500

  250

0

p
/
H
e

  750

  500

  250

0

p
/
H
e

  750

  500

  250

0

p
/
H
e

  750

  500

  250

0

p
/
H
e

F
ig

u
re

3
.1

4
:

p
/H

e
io

n
abu

n
d

an
ce

ratio
,calcu

lated
at

1
8

5
keV

/n
u

c
averag

ed
w

ith
in

6
d

if-
feren

t
lo

caltim
e

secto
rs

an
d

over
3RJ

an
d

p
lo

tted
versu

s
rad

iald
istan

ce.
T

h
e

fo
rm

at
is

th
e

sam
e

as
F

ig
u

re
3

.1
1

.

7
3



3 Ion composition in the Jovian magnetosphere as derived by Galileo measurements

3.2.3 Ion composition during reconfiguration events

As mentioned in the previous section along the predawn sector of the magnetosphere an
increase of the S/O, S/He and O/He relative ion abundance ratios is observed. In the
present section it is shown that the profound enhancement ofthe heavy ion composition
is associated with reconfiguration processes taking place in the Jovian magnetotail.

Figure 3.15 shows an example of the S/O ion abundance ratio for the time interval
from 1996, day 265 to day 280, where energetic particle flow bursts are prominent (see
Figure 1.8 and Krupp et al. (1998)). The red line indicates the level of the average ratio at
the same local time and comparable radial distances taken from the orbits in the vicinity.
In the same figure variations of the ion directional flow anisotropy and the south/north
components of the magnetic field data are shown for the same interval. The changes in
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Figure 3.15: S/O ion abundance ratio (top) calculated at 39 keV/nuc as a function of
time and radial distance for the time interval 1996, day 265-280. The red line indicates
the level of the S/O ratio in the vicinity. Further shown are the first order anisotropies
(middle) in the radial (red line) and corotational (green line) direction and the south-north
component of the magnetic field (bottom) in high-resolutionplotted for the same time
interval. Vertical dashed lines indicate the onset of the disturbances. The lower two
panels are taken from Kronberg et al. (2005).

74



3.2 Ion abundance ratios

       
 

       
 

       
 

       
 

  
   
    
  
   
    
  
   
    

       
 

  
   
    
  
   
    
  
   
    

       
 

96.266 96.270 96.274 96.278

UT (JSE), Radial distance (RJ)

10191 107 111

96.268
96

96.272
105

96.276
110

S/O in the vicinity

S/He in the vicinity

O/He in the vicinity

G2 orbit

S
/O

  
  
  
a
t 
3

9
 k

e
V

/n
u

c

4

   1

 2

 3

0

O
/H

e
 

  
  
  
a
t 
8

9
 k

e
V

/n
u

c

S
/H

e
 

  
  
  
a
t 
6

8
 k

e
V

/n
u

c
p

/H
e
 

  
  
  
a
t 
1

8
5

 k
e

V
/n

u
c

10
0

10
1

 0

100

200

10
2

10
-1

300

10
0

10
1

10
2

10
-1

Figure 3.16: S/O, S/He, O/He and p/He ion abundance ratios (from top to bottom) calcu-
lated at 39, 68, 89 and 185 keV/nuc as a function of radial distance for the time interval
1996, day 265 to day 280. The horizontal lines indicate the level of the ratio in the vicinity
and the vertical dashed lines the onset of the reconfiguration events.

the directional anisotropy (inward/outward) associated with changes in the polarity of the
magnetic field component (from southward to northward) are indicative of burst events
(Woch et al. 1998, 1999, Kronberg et al. 2005). The vertical dashed lines indicate the
onset of these disturbances. It is evident that along this time interval the S/O relative
abundance ratio is on average 1.2, much higher than the ratioof 0.6 observed in the
vicinity. Moreover, a few individual spike-like enhancements in the ratio up to 4 coincide
closely with the onset of the disturbances.

Figure 3.16 shows the S/O, S/He, O/He and p/He ion abundance ratios as a function
of time and radial distance for the same time interval. Vertical dashed lines indicate the
onset of the reconfiguration events and the horizontal line the ratio in the vicinity. It is
obvious that not only the S/O but also the S/He and O/He ratio are enhanced up to one
order of magnitude compared to the ratio in the vicinity, while p/He does not exhibit a
clear behaviour.

To extend this study the ion composition is investigated forfurther time periods with
bursts events. These events appear predominantly in the predawn sector along different
Galileo orbits such as G2, E6 and G8 (1996 days: 262-296, 1997days: 078-086, 1997
days: 152-168) (Kronberg et al. 2005). Figure 3.17 shows therelative ion abundance ra-
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Figure 3.17: S/O, p/He, S/He and O/He abundance ratios at 39,185, 68 and 89 keV/nuc,
respectively, for the predawn sector (01:30-04:30 LT) averaged over 3RJ and plotted vs
the radial distance. The ratio along the reconfiguration events (triangles) (1996 days: 262-
296, 1997 days: 078-086, 1997 days: 152-168) is plotted together with the ratio during
the quiet time (squares).

tios of S/O, S/He, O/He and p/He for time periods with reconfiguration events (triangles)
compared to the ratios observed in the quiet times in the samelocal time sector and at
comparable distances (squares). The S/O, S/He and O/He ratios during the bursts time
intervals exhibit clear enhancement. The enhancements aremost pronounced for larger
distances, reaching values of up to� 70 %, � 330% and� 200%, respectively. The
p/He ratio does not exhibit a similar clear increase. The present observations corroborate
the increase of the S/O, S/He and O/He ion abundance ratios evident in the global abun-
dances maps in the predawn sector (Section 3.2.2). It is demonstrated that the increase is
associated with reconfiguration events taking place in the same region. In order to inter-
pret the ion composition changes along the burst events in the predawn sector mass and
charge dependent ion acceleration mechanisms are discussed in Chapter 4.

It should be noted that burst events appear also in the midnight sector of the magne-
tosphere along parts of the C9 and C10 Galileo orbits (Kronberg et al. 2005). Figure 3.18
shows S/O, S/He, O/He and p/He as a function of time and radialdistance for a part of the
C10 orbit, where reconfiguration events occur. It is obviousthat no enhancements of the
S/O, S/He, O/He and p/He compared to the vicinity are observed. The absence of com-
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Figure 3.18: S/O, S/He, O/He and p/He ion abundance ratios (from top to bottom) calcu-
lated at 39, 68, 89 and 185 keV/nuc as a function of radial distance for the time interval
1997, day 281-295. The format is the same as in Figure 3.16

position changes along bursts events in the midnight sectoris also discussed in Chapter
4.

Based on the present study it is concluded that composition changes along the predawn
sector of the magnetosphere are associated with dynamical events taking place in the same
region. The reconfiguration events in the magnetotail apartfrom being characterized by
strong radial flow anisotropies, changes in the energy spectra of energetic particles and
polarity changes in the magnetic field north-south component, are also accompanied by
substantial enhancements of the heavy ion composition.

3.2.4 Temporal variations

The first 15 consecutive orbits of Galileo provide the uniqueopportunity to investigate
temporal effects in the Jovian magnetosphere. Orbits that cover roughly the same local
time and radial distance can reveal variations in time scales of several weeks. Figure 3.20
shows the ion abundance ratios of S/O, S/He, O/He and p/He, respectively for parts of
the Galileo orbits E6 (solid line) and G8 (dotted line). The selected periods are shown in
Figure 3.19 by red lines. These two Galileo orbits are chosenbecause they provide good
data coverage in roughly the same local time sectors at comparable radial distances.
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Figure 3.19: The same format as the left panel of Figure 3.4. Parts of the Galileo orbits E6
(1997, 052-057 days) and G8 (1997, 129-135 days) used for theinvestigation of temporal
variations are indicated in red.

The ratios derived for the two different time intervals exhibit large variations. More
specific, the S/O ratio for the two orbits differ by up to 0.4, heavy ions relative to helium
exhibit variations up to one order of magnitude, while p/He exhibits less variations. The
ratio values of the other 13 orbits in the same local time and radial distance range inbe-
tween. It should be noted that during the chosen time periodsand up to 60 RJ special
magnetospheric dynamic events like bursts which could be responsible for composition
changes (see Section 3.2.3) are not observed. Large differences of sulfur and oxygen
intensities up to one order of magnitude have been also reported for Voyager 1 (at 40-
47 RJ ) and Voyager 2 (at 40-45RJ ) measurements (Hamilton et al. 1981). However,
the authors could not delineate whether they are due to temporal or local time varia-
tions. Additionally, comparison of the p/He ratio between the Voyager 1 and 2 missions
at roughly the same energy range showed very good agreement (Krimigis 1983). From
the present Galileo observations it is inferred that large temporal variations, which are
most pronounced for S/O, S/He and O/He and less prominent forp/He, occur in the Jo-
vian magnetosphere on time scales of weeks.

Figure 3.21 shows the sulfur and oxygen, as well as the protonand helium intensities
in pairs corresponding to the abundance ratios of S/O and p/He as a function of radial
distance for the same time intervals. All species intensities vary for the two orbits. Sulfur
and oxygen intensities do not show large orbit to orbit differences up to 30RJ , however
pronounced differences thereafter do exist. It is obvious that the ion intensities exhibit
strong temporal variability, which affects of course the relative ion abundance ratios.
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Figure 3.20: S/O, p/He, S/He and O/He abundance ratios averaged over 2 min/RJ and
calculated at 39, 68, 89 and 185 keV/nuc, respectively, in the dusk-midnight sectors of
the Galileo orbits E6 (1997, 052-057 days) (solid line) and G8 (1997, 129-135 days)
(dotted line).

Since Io is the major source of oxygen and sulfur the high temporal variability of the
S/O ratio could be attributed to the variable emissions of the S/O neutral source ratio,
which ranges between 0.25 and 0.58 (see Section 1.2.2). These ratio values can not be di-
rectly compared to abundance ratios as measured by the energetic particle instrumentation
onboard Galileo. The Io torus neutrals are ionised, the newly created ions are then emit-
ted at low energy (several eVs to tens of eVs) and they are transported and accelerated to
keV. Even though between the neutral emissions and the energetic particle detection some
steps are included the high temporal variability of the S/O neutral sources emissions could
be a reason of the temporal variations of the ion abundance ratios at the energies of sev-
eral keV/nuc. The high temporal variability of S/He and O/Heratio is not surprising since
the heavy ions have an internal source compared to the external origin of helium. p/He
less pronounced temporal variations could imply that also protons are to a large extent of
solar origin. Apart from the origin of the species the observed temporal variability of the
ion abundance ratios can be attributed to other reasons. Thesulfur and oxygen intensities
show strong orbit to orbit variations and also helium ions and protons show variations
that are coherently observed in the same distance range. This suggests that time-varying
acceleration processes could also contribute to the variation of the relative ion abundance
ratios. 3-days modulations observed in the ion intensitiesand ion energy spectra, associ-
ated to the reconfiguration events in the magnetotail (Woch et al. 1998) are an evidence
of time-varying processes taking place in the Jovian magnetosphere.

79



3 Ion composition in the Jovian magnetosphere as derived by Galileo measurements

Radial Distance [RJ]
0                   20                    40                    60               80

 

d
if
fe

re
n

ti
a

l 
in

te
n

s
it
ie

s

[c
m

-2
s
r-1

s
-1

k
e
V

-1
n
u
c
]

10
3

10
1

10
0

10
2

10
4

10
-2

10
0

10
2

10
4

10
-4

10
-2

10
0

10
2

10
-1

10
-2

0                  20                   40                    60                 80

- : E6

... : G8

- : E6

... : G8

- : E6

... : G8

- : E6

... : G8

sulfur at 39 keV/nuc

oxygen at 39 keV/nuc helium at 185 keV/nuc

protons at 185 keV/nuc

Radial Distance [RJ]

Figure 3.21: Sulfur and oxygen intensities at 39 keV/nuc (left side) and proton and helium
intensities (right side) at 185 keV/nuc as a function of radial distance in the dusk-midnight
sectors of the Galileo orbits E6 (1997, 052-057 days) (solidline) and G8 (1997, 129-135
days) (dotted line).

80



3.2 Ion abundance ratios

JSERx [RJ]

S
/
O
 
a
t
 
3
9
 
k
e
V
/
n
u
c

1.2

0.8

0.4

J
S
E
R
y
 
[
R
J
]

 -150  -100    -50      0     50

     50

      0

  

    -50

   -100

   -150

V2

Figure 3.22: Color-coded global map of S/O calculated at 39 keV/nuc (from Figure 3.9)
together with the Voyager 2 trajectory (dashed line). Bins cut by this trajectory are used
for the comparison of Galileo with the Voyager 2 results.

3.2.5 Comparison with Voyager 2 results

In this section the ion abundance ratios measured onboard Galileo (1996 - 1998) are
compared with those recorded onboard Voyager 2 (1979). The reason that the Voyager 2
mission is chosen among the other missions for comparison isthat its outbound trajectory
is covered by the first 15 Galileo orbits and its LECP instrument is appropriate for a
comparative study of the relative ion abundance ratios of S/O, S/He, O/He and p/He.

To perform a thorough comparison of the abundance ratios forthe two different ex-
periments in terms of local time and radial distance the trajectory of Voyager 2 is drawn
on top of the color-coded global map in Figure 3.22. The Voyager 2 trajectory is indicated
by the dashed line. For comparison only the values from the binned boxes that overlap
the Voyager 2 outbound trajectory are used. Additionally tothe energy/nuc that fits best
the Galileo energy channels (see Table 3.1) the ion abundance ratios are calculated at 800
keV/nuc so as to be within the Voyager 2 energy range (600 to 1150 keV/nuc). Figure 3.23
shows the ion energy spectra of sulfur, oxygen, helium and protons measured by EPD in
pairs corresponding to the abundance ratios under study. The vertical lines indicate two
different energies at which the ion abundance ratios are calculated for comparison and the
grey area the Voyager 2 energy range. The 800 keV/nuc is almost at the lowest energy
limit of the TOF energy channels and also within the Voyager 2energy range. However,
the Voyager 2 energy range includes the energy/nuc at which the energy spectra slope
changes (see Section 3.1).

It should be noted that the EPD�E�E (high energy) channels are seldomly available.
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Figure 3.23: Ion energy spectra of sulfur, oxygen, helium and protons in pairs, corre-
sponding to the abundance ratios under study S/O, S/He, O/Heand p/He (from left to
right) measured by the TOF (solid lines) and the�E � E (dashed line) telescopes of the
EPD instrument onboard Galileo. The sample is taken at 14.90RJ and 08:08 LT. The
vertical lines indicate the energy/nuc that fits best the TOFchannels and the 800 keV/nuc,
which correspond to the Voyager 2 energy range (shown by the grey area).

Therefore the comparison at 800 keV/nuc mainly relies upon an extrapolation of the EPD
low energy channels to 800 keV/nuc. An example is shown in Figure 3.24. Ion energy
spectra measured along the Voyager 2 outbound trajectory (51-57RJ , � 02:00 LT) are
compared with those measured onboard Galileo for the same local time and radial distance
but in a different energy range. The comparison indicates that the ion energy spectra
measured by Voyager 2 are softer (larger) than those measured by Galileo implying
large discrepancies in the derived relative ion abundances. The softer spectra observed by
Voyager 2 is in accordance with the softening in the spectra measured by the high energy
channels of EPD presented in the Section 3.1.

The result of the comparison of the two missions for the S/O, S/He, O/He and p/He
abundance ratios is shown in Figures 3.25, 3.26, 3.27 and 3.28 respectively. The triangles
represent the abundance ratios measured onboard Galileo along the Voyager 2 orbital
trajectory (of Figure 3.23) and the squares those measured onboard Voyager 2 in the
energy interval of 600 - 1150 keV/nuc (Hamilton et al. 1981).The error bars of the ratios
correspond to the standard deviation of the mean value in a given box, while those for
the radial distance are given by the size of the box. The comparison of the ion abundance
ratios is shown both for the EPD "best fit" energy/nuc (left panel) and for 800 keV/nuc
(right panel).

The S/O ion abundance ratio measured onboard Galileo at bothenergy/nuc is higher
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Figure 3.24: Ion energy spectra of sulfur, oxygen, helium and protons measured along the
Galileo orbit C10 (at 52.82 RJ and 02.47 LT) and the outbound trajectory of Voyager 2
(at 51-57 RJ and 02:00 LT). Along that part of the C10 orbit, only measurements from
the low energy channels are available; the Voyager 2 data aretaken from Hamilton et al.
(1981).

by a factor of 2 compared to those measured by Voyager 2. Thus,there is no indication for
an energy dependence. This behaviour is expected since the slopes of the sulfur and oxy-
gen energy spectra are parallel in good approximation. The S/He and O/He ion abundance
ratios measured by Galileo are consistently higher than those of Voyager 2. The discrep-
ancies are up to two orders of magnitude for the comparison atdifferent energy/nuc and
it is reduced to one order of magnitude for 800 keV/nuc. The p/He ratios measured by the
two different experiments agree quite well especially whenthey are compared at the same
energy/nuc. These observations confirm that the S/He, O/He and p/He ion abundance ra-
tios exhibit a strong energy dependence resulting from the fact that the ion energy spectral
slopes of oxygen, sulfur and protons are not parallel to the helium slope. In the following
the comparison is done only at the same energy/nuc.

The Voyager 2 results are also compared with data from one individual Galileo orbit.
For this comparison the Galileo G8 orbit is chosen, because along this orbit the ratio
values are closer to Voyager 2. Figure 3.29 shows the relative ion abundance ratios derived
along a part of the G8 (shown in Figure 3.19) and those obtained onboard Voyager 2. For
this Galileo orbit the S/O, S/He and O/He ratios from Galileoare closer to the Voyager 2
results, compared to the average Galileo abundance ratios shown before. However, still
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Figure 3.25: S/O abundance ratios measured by EPD onboard Galileo (triangles) at 39
keV/nuc (left panel) and extrapolated to 800 keV/nuc (rightpanel) along the Voyager 2
trajectory, compared with those measured by LECP onboard Voyager 2 (squares) at 600-
1150 keV/nuc. The Voyager 2 data are taken from Hamilton et al. (1981) (Figure 1.15 of
this thesis). The error bars of the ratios correspond to the standard deviation of the mean
value in a given grid element, while those for the radial distance are given by the size of
the grid element (adapted from Radioti et al. (2005)).
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Figure 3.26: S/He abundance ratios (triangles) at 68 keV/nuc and at 800 keV/nuc (same
format as Figure 3.26, adapted from Radioti et al. (2005)).

significant difference remains. The p/He ratio on this specific orbit again exhibits a very
good agreement with Voyager 2.

Thus, the discrepancy of the ion abundance ratios especially those of S/He and O/He,
measured by the two different missions 17 to 19 years apart, can possibly be attributed to
temporal variations. It was already shown that temporal variations in the ion abundance
ratios of up to one order of magnitude are present over time scales of several weeks (see
Figure 3.20). It would not be surprise if additional variations on secular time scales of

84



3.2 Ion abundance ratios

O
/H

e
 

102

101

100

10-1

10-2

10-3 89 keV/nuc 800 keV/nuc

Galileo
Voyager 2

Radial Distance [RJ] Radial Distance [RJ]

0                 20                 40                  60              800                  20                 40                 60               80

Galileo
Voyager 2

Figure 3.27: O/He abundance ratios (triangles) at 89 keV/nuc and at 800 keV/nuc (same
format as Figure 3.26, adapted from Radioti et al. (2005)).

  104

  103

  102

  101

Galileo
Voyager 2

Galileo
Voyager 2

185 keV/nuc 800 keV/nuc

0                 20                 40                  60               80

Radial Distance [RJ]

0                   20                 40                 60               80

Radial Distance [RJ]

p
/H

e
 

Figure 3.28: p/He abundance ratios (triangles) at 185 keV/nuc and at 800 keV/nuc (same
format as Figure 3.26 and Figure 3.28, adapted from Radioti et al. (2005)).

several years exist, which together could fully account forthe observed differences.
Figure 3.30 shows the oxygen and helium intensities at 800 keV/nuc, extrapolated

from the Galileo measurements, as a function of time along the inbound and outbound
trajectories of the first 15 Galileo orbits (grey crosses). In the same figure the oxygen and
helium intensities measured on the Voyager 2 outbound trajectory are presented (black
crosses). These values are the same as those used for the calculation of the ion abundance
ratios in the energy range of 600-1150 keV/nuc. For comparison the Voyager ratios are
plotted on top of both the inbound and outbound trajectoriesof the Galileo orbits. The ion
intensities measured by Galileo exhibit large variations of up to 4 orders of magnitude. It
is obvious that the oxygen fluxes measured onboard Voyager 2 are at the lower limit of
the Galileo variations while the helium fluxes are at the higher limit. Thus the Voyager 2
several days measurements are well within the range observed during the Galileo 2 years
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Figure 3.29: S/He, O/He and p/He (from top to bottom) abundance ratios from Galileo
EPD along the dusk-midnight sector of the orbit G8 (1997, 129-135 days) (solid line).
The data are extrapolated to 800 keV/nuc and plotted together with the Voyager 2 ratios
(squares) for comparison. The Voyager 2 data are taken from Hamilton et al. (1981)
(Figure 1.15 of this thesis).

coverage, furthering the notion that the Voyager 2 time was not an exceptional pass of
extraordinary magnetospheric conditions.

However, large temporal variations in the ion intensities on week to year scales do
exist explaining the large differences of up to one order of magnitude in the S/He and
O/He ion abundance ratios compared at the same energy range for the two different ex-
periments 17 to 19 years apart. Moreover, oxygen and sulfur ion intensities measured
by the Voyager 1 and 2 missions showed discrepancies of a factor of 100 (see Section
1.4). The relatively small difference of the S/O ion abundance ratio of� 0.4 could be
attributed to the temporal variability of the Io torus emissions (S/O neutral sources ranges
between 0.25 to 0.58, see section 1.2.2) or temporal varyingacceleration mechanisms, as
mentioned in Section 3.2.4. The p/He ratio seems to vary lesswith time. It is shown that
it exhibits only marginal temporal variations on scales of weeks for consecutive Galileo
orbits (Section 3.2.4). p/He ratio measured by Voyager 1 and2 missions roughly at the
same energy range showed very good agreement. The present observation confirms the
consistency of the p/He ratio on time scales of several yearsfurthering the notion that
protons and helium ions of several hundreds keV/nuc energy originate mainly from the
solar wind, which constitute a fairly constant source on these time scales.
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Figure 3.30: Oxygen and helium intensities extrapolated to800 keV/nuc (grey crosses)
as a function of radial distance along the inbound and outbound trajectories of the first 15
Galileo orbits. The data are dynamically averaged over 2 min/RJ . The oxygen and helium
intensities, at 600-1150 keV/nuc,(used also for the calculation of the ion abundance ratios)
along the Voyager 2 outbound trajectory are shown for comparison (black crosses). The
Voyager 2 data are taken from Hamilton et al. (1981) (Figure 1.15 of this thesis.

This is the first time that the ion composition has been compared for two different
missions for the same local time and radial distance. Based on the present study it is con-
cluded that the discrepancies of the ion abundance ratios between the two experiments
can be attributed to strong energy dependence and/or temporal variations. The energy
dependence of the ion abundance ratios is an essential issueindicating that ions are accel-
erated by a mechanism which affect different energy/nuc ranges differently, composing
ion distributions that vary with energy. Additionally, theobserved energy spectra break
complicates the study of the energetic particle composition at various energies. In order
to understand better the energy distribution of particles in the Jovian magnetosphere the
observed ion energy spectra shapes are discussed in terms ofion stochastic acceleration
by Alfvén waves in the next chapter.
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3.3 Summary

The energetic particle composition of the magnetosphere ofJupiter is studied for the first
time on a global scale based on the first 15 orbits of Galileo. The relative ion abundances
of S/O, S/He, O/He and p/He are calculated, global maps are constructed and projected
onto the equatorial plane. The S/O ratio ranges between 0.4 and 1.2. Though close to the
S/O ratio of neutral sources (0.25 to 0.58) released from Io these values cannot directly
be attributed to this source. Sulfur and oxygen are emitted from the Io torus at energies
of a few eV. They are transported over large distances and accelerated to several 10s to
100s keV before they are detected by the Galileo spacecraft instrumentation. Moreover,
the maps of sulfur, oxygen and protons relative to helium show that helium dominates
over oxygen and sulfur at larger distances, while there is noclear trend for protons with
respect to helium. This is consistent with the mixed origin of protons from the solar wind,
Jovian atmosphere/ionosphere and the Europa gas torus.

A comparative study of the ion composition for different local time sectors is obtained
for the first time. It is concluded that only minor local time asymmetries of the relative
ion abundance ratios exist, with an exception of the predawnsector. Along this sector
the S/O, S/He and O/He ratios are very much enhanced. The specific composition in this
region is associated with reconfiguration processes takingplace in the magnetotail. Based
on the present study it is shown that apart from strong radialflow anisotropies, changes
in the energy spectra of the energetic particles and polarity changes in the magnetic field
north-south component, substantial enhancements of the heavy ion composition are char-
acteristics of the reconfiguration events. In the next chapter ion acceleration mechanisms
associated with the dynamics in the magnetotail are discussed to explain the observed ion
composition.

The coverage of the first 15 consecutive orbits of Galileo provides a unique opportu-
nity to investigate temporal variations. It is shown that pronounced variations of the S/O,
S/He and O/He ratios on times scales of several weeks do exist. They can be attributed to
the variability of the S/O neutral source emissions from Io,to the additional minor sources
of oxygen and to the oxygen and sulfur internal origin compared to the external helium.
The less variable with time p/He implies that protons originate to a large extent from the
solar wind. However, apart from the ion origin, time-varying acceleration processes could
also contribute to the time variability of the relative ion abundance ratios.

The global coverage of the Galileo trajectories enables a quantitative comparison with
results of previous flyby missions for the same radial distance and local time. The Galileo
results are specifically compared with those derived by the Voyager 2 mission not only
for the same radial distance and local time but also for the same energy range. The large
discrepancies derived from the comparison are attributed to temporal variations of the
two missions 17 to 19 years apart and to the observed energy spectral shapes, which as it
is shown introduces energy dependent effects on the ion composition. The next chapter
discusses the ion energy spectra in the Jovian magnetosphere in terms of ion stochastic
acceleration by Alfén waves.
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This chapter discusses ion acceleration mechanisms related to the observed ion composi-
tion in a global scale but also locally for specific regions. Particularly, in the first section
the observed ion energy spectra responsible for the energy dependence of the relative ion
abundance ratios is discussed in terms of ion stochastic acceleration by Alfvén waves. In
the second section the ion composition enhancements along time periods where reconfig-
uration events occur are investigated locally by two acceleration processes.

4.1 Ion stochastic acceleration by Alfvén waves

Energetic particle measurements onboard Galileo showed that ion energy spectra in the
Jovian magnetosphere, in contrast to the magnetosphere of the Earth, cannot sufficiently
be described by a kappa distribution (see Section 1.3). Fromthe measurements it become
clear that an additional cut-off at high energies of several100 keV is needed. Additionally,
any instrumental effects known up today that could be responsible for the production
of the observed spectral shapes are excluded (see Section 2.3). Equation 1.7 is used to
describe the ion energy spectra in the Jovian magnetosphere(Mauk et al. 1998). However,
it is a functional form chosen to provide a good approximation of the measured ion fluxes
vs. energy. It is derived empirically and lacks any physicalmeaning. In the current
section the measured ion energy spectral shapes are discussed in terms of a model of ion
stochastic acceleration by Alfvén waves initially introduced by Barbosa (1979).

The model describes a steady state process in which the ions are interacting with
intense Alfvén waves propagating along the magnetic field. The effect of the turbulence
is to scatter the particles in pitch angle fast enough to violate the first adiabatic invariant
and isotropize the angular distribution. On a longer time scale the isotropic distribution is
scattered in energy by stochastic acceleration.

A derivation of the equation describing the kinetic evolution of the distribution func-
tion due to interaction of ions with a spectrum of Alfvén waves propagating along the
magnetic field was given by Barbosa (1979). A steady state iondistribution N(E) as a
function of energy per nucleon E is given by:�N(E)�t = D ��E [E(�+2)=2 ��E ( NpE )℄� N�loss(E) ; (4.1)

whereN(E) is the total number density of the ionic species,� is the wave spectral index
and�loss(E) is an energy dependent loss term, which determines the loss time.
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4 Ion acceleration mechanisms

Table 4.1: Initial parameters.

radial distance Alfvén velocity mean magnetic field�BB correlation times
(RJ ) VA (km/sec) B (nT) T0 (sec)

10 200 400 0.1 100-300
15 180 90 0.05 100-300
25 150 50 0.01 100-300

The diffusion coefficient D is given by:D = �AZ���2 2�
p ÆB2B2 � � 1�2(� + 2) EAE(��1)=2mp ; (4.2)

where A/Z is the mass-to-charge ratio of the ion,
p is the proton cyclotron frequency,EA = 12MpV 2A is the Alfvén energy,Emp = EA(
p=!0)2 is the maximum energy a
proton can achieve by this process. It is assumed that a power-law spectrum of Alfvén
wavesP (!) / !�� is propagating parallel to the magnetic field with spectral index� andÆB2 = R1!0 d!P (!) above a characteristic frequency (low-frequency cutoff)!0 = 2�=T0,
whereT0 is the correlation time of the Alfvén wave turbulence.

The particles are considered to escape from the turbulent region in the manner of
spatial diffusion through the Alfvén wave turbulence. Jokipii (1971) has described such
a process in terms of spatial diffusion with an effective mean free path:� = 4uEA3DE ��12 : (4.3)

The diffusive loss time for a region of spatial dimensionL is then given:�loss(E) = 3L24�u = 9DL216V 2A E ��32 = �0E ��32 ; (4.4)

The boundary conditions are taken at an injection (threshold) energyE0 � EA. The
solution of (4.1) then is N(E) = N0� EE0�p K�(lEq)K�(lEq0) ; (4.5)

whereN0 = N(E0) is the initial density,K�(x) � � �2x� 12 e�x is the modified Bessel
function,l = 23�� (D�0)�1=2, p = 2��4 andq = 3��2 are additional parameters.
The ion particle fluxI is given by: I = N(E)p2E4� : (4.6)

The theoretical spectrum as derived by the equation (4.6) can be directly compared
to the ion energy spectra observations (Figure 3.2). The ionenergy spectra are studied
for three radial distances 10, 15 and 25RJ , where both the low and high EPD energy
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Figure 4.1: Power spectral density of the magnetic field seenon the G2 Galileo pass
at radial distance of 10.7RJ (left) and at the inner edge of the magnetodisk on the G2
inbound pass at radial distances 23 to 25RJ (right) (from Russell et al. (2000)).

channels provide a good coverage. To derive the theoreticalspectrum some initial pa-
rameters should be defined. Those that characterise the ion population are the mass A
and the charge Z. The ion charge state Z is considered 1 for protons and is assumed to
range between 1.2 - 1.8 for helium, 1.5 - 2.5 for oxygen and 2.5- 3.5 for sulfur, which is
consistent with the most probable charge states for the Jovian ion population (Geiss et al.
1992).

Figure 4.1 shows power spectral density of the magnetic fieldat radial distance of
10.7RJ (left panel) and at 23 to 25RJ (right panel), measured on board Galileo and are
used as input parameters for the model. Initial parameters common for all species are
summarised in Table 4.1 for each of the three radial distances 10, 15 and 25RJ . The
Alfvén velocityVA is determined by Barbosa et al. (1981), the mean magnetic fieldB is
measured by the magnetometer onboard Galileo, the�B is estimated by the wave spectra
observations (Russell et al. 2000) on the order of� 4 nT, forcing�BB to vary with distance
between 0.1 and 0.01. The correlation timeT0 is estimated to vary between 100 and 300
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Figure 4.2: Theoretical ion energy spectra (curves) calculated for protons, helium, oxygen
and sulfur (top to bottom panels) for three radial distancesand local times. The triangles
represent the measured ion energy spectra by Galileo EPD at 9.55 RJ (1998.088, 13:33
UT), 14.90 RJ (1997.127, 16:02 UT) and 25.14 RJ (1997.126, 14:36 UT) (left to right
panels).

sec corresponding to the wave spectra flattening atf0 � 5 � 10�3 Hz (Figure 4.1). The
wave spectral index is a free parameter, its value will be determined by the model and
compared with the observed wave power spectra of Figure 4.1.As a free parameter it is
restricted to vary between1 < � < 3 which is the regime that favours low-energy particle
acceleration.� should be common for all species since it is a property of the Alfvén
waves.

With these initial parameters the model is fitted to the data.The result is shown in
Figure 4.2. The ion energy spectra for the four species and for three different radial
distances are shown. The triangles show the measured values, while the curves the model
fit. By fitting the model to all data points� = 2:65 is determined as the best value. Two
higher-energy data points of sulfur at distances 15RJ and 25RJ , as shown in figure 4.2,
are slightly declined from the theoretical curve. A smallervalue of the wave spectral index
of 2.55 would fit better the two sulfur data points, but would not be consistent with the rest.
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4.1 Ion stochastic acceleration by Alfvén waves

Table 4.2: Parameters describing the ion population as derived by the application of the
model for radial distance 10RJ , 15RJ and 25RJ .

Species initial density length of the acceleration mean free path�N0 (m�3) region L(RJ) for 100 eV/nucT0 = 100� 300 sec
at 10RJ
Protons 2.3106 9.5104 - 5.8105 0.49 L
Helium 1.7105 4 104 - 2.5105 0.58 L
Oxygen 1.1107 1.3104 - 8 104 0.91 L
Sulfur 1.4107 104 - 6 104 0.98 L

at 15RJ
Protons 1.1107 950 - 5.8103 0.62 L
Helium 7.6104 513 - 3.2103 0.59 L
Oxygen 2107 150 - 913 1.02 L
Sulfur 1.7107 123 - 757 1.04 L

at 25RJ
Protons 2107 108 - 661 0.69 L
Helium 3.8104 65 - 380 0.61 L
Oxygen 5.8107 22 - 109 1.1 L
Sulfur 3.4107 14 - 86 1.1 L

Previous studies of ion stochastic acceleration by Alfvén waves applied to protons, sulfur
and oxygen ions in the Jovian magnetosphere (Barbosa et al. 1981, 1984, Barbosa 1994)
used a wave spectral index of 2, which fitted the Pioneer and Voyager data. However,
wave power spectra measured by the magnetometer instrumentation onboard the Galileo
spacecraft near the equatorial plane for radial distances of 10.7RJ and 23 - 25RJ over
a frequency range of5 � 10�3 6 f 6 4 � 10�2 Hz, have shown that the wave spectral
index is ranging between 2.3 and 2.7 (see Figure 4.1) in good accordance with the present
results.

Apart from the wave spectral index other parameters are determined by the fit such
as the particle’s initial densityN0 and the length of the acceleration region along the flux
tube L. These results are shown in Table 4.2.

All the expressions and values are only valid if the particleis considered collisionless
with respect to Coulomb interactions with other particles along the acceleration regionL.
This requires that the scattering mean free path� should satisfy:� & L. We calculate
the mean free path (from equation (4.3)) for particles of 100eV/nuc, considering that the
acceleration starts at the energies of few hundreds eV and wecompare it with the length
of the acceleration region (see last column of the Table 4.2). The mean free path lies in
a reasonable range compared to the length of the acceleration region (0:5L < � < 1:1L)
furthering the notion that the chosen initial parameters hold.

The length of the acceleration region is a parameter sensitive to the correlation timeT0,
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4 Ion acceleration mechanisms�BB and the ion mass per charge ratio A/Z. With the selected initial parameters forT0, �BB
and A/Z the length of the acceleration regionL is varying between a few tens ofRJ (for
the heavy ions at 25RJ ) up to several hundreds thousands ofRJ (for the light elements
at 10RJ ) as shown in Table 4.2. These values could only be reduced to reasonable values
between severalRJ respectively several tens ofRJ only if the wave spectra observations
where consistent with�BB � 0:5 (Barbosa et al. 1981, 1984) or/andT0 << 100 sec
(Barbosa et al. 1981). However, such values seem not to be consistent with observations.
Thus with the input parameters (according to the wave spectra observations) used above,
the reproduction of the ion distributions at the three radial distances require a length of
acceleration region, which is unrealistic for the Jovian magnetosphere.

It is concluded that even though the theoretical energy spectra curves fit very well to
the data points, the large scale length required for the acceleration makes the above model
insufficient to explain the observed ion energy spectra. Theused model is unable to ex-
plain ion abundance variations at different regions. However, the process of ion stochastic
acceleration by Alfvén waves might become applicable undersome modifications or/and
additions. One shortcoming of the present model is that onlydiffusion in energy is con-
sidered. A combined model of radial diffusion and ion stochastic acceleration by Alfvén
waves has been used to explain the Voyager ion energy spectraat various distances (Bar-
bosa 1994). An equivalent combined model could possibly explain the energy spectra
break observed by Galileo for various distances. However, due to the limited knowledge
concerning the exact shape of the ion energy spectra at various local times and at distances
further away than 25RJ , such a model could not be thoroughly tested by observationsat
present.

4.2 Ion acceleration during the reconfiguration events

In this section the ion composition during periods where reconfiguration events occur is
studied. These events are described in the introductory Section 1.2.2. Energetic particle
measurements during these events are presented in Section 3.2.3. Prominent enhance-
ments of S/O, S/He and O/He relative ion abundance ratios during the disturbed period
are seen while no change for the p/He ratio is observed (see Figure 3.16). In this section
two candidate mechanisms to explain the observed ion abundance ratios are investigated,
associating the magnetotail dynamics with the ion composition. The first mechanism
considers ion acceleration in the tail current sheet where ions are accelerated by the time-
stationary dusk to dawn convection electric field in the current sheet. According to the
second one, ion acceleration takes place during small scalevariations of the south-north
component of the magnetic field during the reconfiguration events, where an impulsive
electric field induced during the disturbance plays a substantial role in the acceleration.

4.2.1 Acceleration in the current sheet

Non-adiabatic interaction of ions with the current sheet has been considered an impor-
tant mechanism of particle energization in the magnetotailof the Earth (Speiser 1965)
(see Section 1.3) and it has been used to explain ion composition enhancements during
magnetic storms at Earth (Nosé et al. 2001). In the current section this non-adiabatic ion
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4.2 Ion acceleration during the reconfiguration events

Figure 4.3: Schematic illustration of the current sheet model (Speiser 1965) for the case
of Jupiter. Adapted from Speiser (1965).

acceleration process is evaluated as a possible mechanism to explain the observed ion
abundance ratios of S/O, S/He, O/He and p/He during time periods where reconfiguration
events occur. The particle acceleration by the time-stationary dusk to dawn electric field is
studied for two cases: (a) for a thick current sheet during quiet times and (b) for a thinner
current sheet just before reconnection occurs.

A description of the model applied to the magnetosphere of the Earth is presented in
Section 1.3. The magnetic field is given byB = Bx x̂ + Bzẑ, whereBx is assumed to be
constant atjzj> d and to decrease linearly (Bx / z) at jzj � d, where d is the current sheet
half thickness, while theBz component of the magnetic field is considered constant and
for the case of Jupiter is directed northward. The electric fieldEy in the Jovian topology
is directed from dusk to dawn. Figure 4.3 shows a schematic representation of the current
sheet model for the case of Jupiter, where also a particle’s trajectory is shown.

As it has been described in Section 1.3, when the particle’s gyroradius becomes com-
parable or greater than the minimum curvature of the magnetic field lines then the first
adiabatic invariant is no longer conserved in the vicinity of the current sheet. This require-
ment is fullfilled for the case of thermal ions at the magnetotail region (� 80RJ ). For
example the gyroradius ofO+2 of 100 eV/nuc in a magnetic field of B = 4 nT is estimated
to berg = 0.12 RJ , which is larger than the 0.07 RJ estimated for the minimum curvature
radius in that region (Goertz 1976).

In such field configuration the equation of motion for an ion with massm and charge
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Figure 4.4: Sulfur, oxygen, helium and proton final energy (in keV) as a function of their
initial energy (in keV) according to the current sheet acceleration model forBz = 1.2 nT
andEy = 0.25 mV/m, corresponding to a quiet region.

stateq is given by: duxdt = qmuyBzduydt = qmEy + qm(uzBx � uxBz) (4.7)duzdt = � qmuyBx
where theui is the i component of the ion velocity. Entering the current sheet the particle
motion is no longer adiabatic, since the first adiabatic invariant is not conserved. The
particles are oscillating in the z plane and are moving towards dawn accelerated by the
dusk to dawn electric field. Since theBz component of the magnetic field is non-zero the
particle will eventually be ejected out of the current sheet. The velocity the particles are
ejected at is given by the analytical solution of equations 4.7 (Speiser 1965):u1 = 2Ey=Bz + u0; (4.8)u1 andu0 is the final and initial velocity of an ion, respectively. As discussed in the
Section 1.3 the final velocity is independent ofm=q. However, the time of the ejection�ej (/ 1Bz(q=m) ) and the distance x the particles drift towards the planet isx (/ EyB2z(q=m) )
depend onm=q. Thus, ions with largem=q will be oscillating for longer time (�ej) and
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Figure 4.5: Ion final energy (in keV/nuc) as a function of their initial energy (in keV/nuc)
for quiet time periods (left) and for periods with reconfiguration events occurring (right)
as derived by the model forBz = 0.04 nT,Ey = 0.02 mV/m andBz = 1.2 nT,Ey = 0.25
mV/m, respectively.

drift further (x) than those with smallerm=q, but the ejected velocity of all ions will be
the same.

To test how the different particles are energized the model is initially applied for model
parametersBz = 1.2 nT andEy = 0.25 mV/m which correspond to a quiet period with a
thick current sheet. The final particle energy (in keV) is calculated as a function of the
initial one, shown in Figure 4.4 for the various species. It is evident that ions with larger
mass gain more energy, since E/ m. For example oxygen ions of initial energy 100 keV
are accelerated to� 236 keV, while protons of the same initial energy are accelerated only
to� 119 keV.

To evaluate if this ion acceleration mechanism is responsible for the observed ion
composition the energy the particles gain should be orderedby energy/nucleon. The
model is applied for the quiet period with a thick current sheet (d� 2.5 RJ ) with model
parametersBz = 1.2 nT andEy = 0.25 mV/m and for thinner current sheet (d� 0.17 RJ )
just before reconnection occurs with Bz = 0.04 nT and Ey = 0.02 mV/m. The final energy
is plotted as a function of the initial energy for the quiet and disturbed periods shown in
the left and right panel of Figure 4.5, respectively. In the disturbed period all ions are
accelerated stronger compared to that during the quiet timebecause of the larger ratio ofEyBz . However, the initial and final energy are ordered by keV/nucand are the same for all
ions independent of theirm=q. Thus, no change in the relative ion abundance ratios after
the acceleration can be produced and this model can not explain the observed composition
changes in that region.
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Figure 4.6: (a) High resolution of the south-north component of the magnetic field for the
reconfiguration event (3) of Figure 3.15, (b) a close up view of the south-north magnetic
field component for the time interval 9:00 to 9:30 UT (c) functional form of the selected
south-north magnetic field variation.

4.2.2 Acceleration during small scale variations of the magnetic field
lines

Apart from the acceleration in the current sheet due to the time stationary dusk to dawn
convetion electric field particle acceleration is evaluated for transient electric fields in-
duced by the time varying magnetic field during the reconfiguration events.
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4.2 Ion acceleration during the reconfiguration events

During such events small-scale time variations of the south-north component of the
magnetic field are observed. Panel (a) of Figure 4.6 shows a typical example of a recon-
figuration event along the G2 orbit (event (3) of Figure 3.15), with a sequence of transient
magnetic field variations. A characteristic example observed between 9.00 - 9.30 UT is
shown in a close up view (panel (b)). These small-scale variations correspond to consec-
utive reconnection signatures, associated with plasmoid release (Kronberg 2006). The
area marked in the panel (c) shows the time variation of the south-north magnetic field
component, described by the functional form F(x) = x - sinx.

Making use of this functional form, the north-south magnetic field component at a
given time t is described in terms of the variation�B = Bm � B0 (whereBm andB0 are
the maximum and minimum values of the magnetic field component) and the duration�
for the time interval0 � t � � as follows:B(t) = ��B2� (2�t� � sin(2�t� )): (4.9)

The time-varying magnetic field induces an electric field in the vicinity of the plasma
sheet. To calculate the induced electric field Faradays law is used.r� E = ��B�t )E(t)L = �B� (1� (2�t� )))E(t) = Em(1� os(2�t� )); (4.10)

whereEm is the maximum electric field given by:Em = L�B� ; (4.11)

for the impulsive time scale� and spatial scaleL. The spatial scale is related to the
length of the released plasmoid which is approximated by theduration of the magnetic
field variation� and the speed of the plasmoidupl (Kronberg 2006). Figure 4.7 shows
the variation of the north-south component of the magnetic field (top) and the induced
electric field (bottom) with time (for the time interval� in arbitrary units), where the�B,
the maximum electric fieldEm as well as the duration of the magnetic field variation�
are indicated.

If the time scale of the duration of the induced electric fieldis comparable to the par-
ticle’s gyroperiod then the particle can be accelerated non-adiabatically by the induced
electric field. In case that� � �g the motion is adiabatic and the impulsive electric field
does not energize the particle. To examine whether this non-adiabatic acceleration can
generate the observed changes in the ion composition a modified model initially intro-
duced by Delcourt et al. (1997) is used. This model is used to explain heavy ion enhance-
ments during substorms in the terrestrial magnetosphere (Nosé et al. 2000a,b), events with
characteristics similar to the reconfiguration events observed at Jupiter. Figure 4.8 shows
a schematic illustration of the modified model used for the present study. Two orthogonal
axis X and Y in the gyration plane are defined, which point towards Jupiter and towards
dawn, respectively. The origin of phase is chosen 0 = 0, which corresponds to particle
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Figure 4.7: Top: North-south component of the magnetic field(top) and the induced elec-
tric field (bottom) as a function of time for the time interval� as described by equations
4.9 and 4.10, respectively. The magnetic field variation�B, the maximum electric fieldEm, as well as the duration of the magnetic field variation are indicated.

velocity V0 in the Y direction. The dusk to dawn electric fieldE(t) points in the +Y
direction and based on the equation 4.10 can be described fora given time t:E(t) = � Em[1� os(2�t� )℄ : 0 � t � �0 : t < 0; t > � (4.12)

whereEm is the peak of the electric field and� is the time scale of the magnetic field
variation which corresponds to the duration of the impulsive electric field. For simplicity
the magnetic field B is assumed to be uniform in the +Z direction and from now on B
denotes the Bz component. The equation of motion in the X-Y plane is:duxdt = qmuyB (4.13)duydt = qmE � qmuxB
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4.2 Ion acceleration during the reconfiguration events

Figure 4.8: Schematic illustration of the simplified dipolarization model for the case of
Jupiter (adapted from Delcourt et al. (1997)).

wherem andq are the particle’s mass and charge state, whileux anduy are the velocity in
the X and Y direction. The equation of motion is solved under the oversimplification that
the interaction is restricted to first cyclotron turn (B = Bm), considering only equatorial
mirroring particles (Delcourt et al. 1997). Thus the particle’s final (t = � ) velocityV1 is
related to the initialV0 by:V 21 = V 20 [1 + ( 2EmV0Bm sin���2 � 1)2 + 4EmV0Bm sin���2 � 1os(��+  0)℄: (4.14)

where� = �=�g is the ratio of the time scale of the impulsive electric field to the gyroperiod
of the particle.

The model is applied to the selected time interval shown in panel (b) of Figure 4.6.
The magnetic field variation is�B = 3 nT, it lasts� = 3.4 min and the spatial scaleL
is estimated to be� 1 RJ (for upl = 300 - 400 km/sec, which corresponds to the local
Alfvén speed). Thus the maximum electric field is calculated, from equation 4.11 to beEm � 1 mV/m. These parameters are considered typical for such small scale variations
(Kronberg 2006).

For an initial particle energy of 50 keV/nuc the final energy is calculated from equation
4.14 and is plotted as a function of� in Figure 4.9. It is shown that the particle gains the
maximum energy for�! 1 in accordance with the previous statement that if the particle’s
gyro period�g is comparable to the impulsive time scale� the maximum acceleration is
obtained. If�»1 the motion is adiabatic and the particles can not be accelerated by the
impulsive electric field.

101



4 Ion acceleration mechanisms

χ (τ/τ ) 

E
ne

rg
y 

(k
eV

/n
uc

)

g

0 1 2 3 54

100

80

60

40

20

0

Figure 4.9: Particle’s energy (keV/nuc) as a function of� = ��g as derived by the model
for initial energy 50 keV/nuc, magnetic field B = 3 nT and electric fieldEm = 1 mV/m.

In order to investigate the effect of the impulsive electricfield on the particle’s energy
the particle’s gyroperiod is calculated. The gyroperiod depends on the massm and chargeq of the various particles and is given by�g = mqB (sec/rad). As average charge states of
the various ions in the Jovian magnetosphere are assumed 1.5for helium, 2 for oxygen
and 3 for sulfur. For magnetic fieldBm = 3 nT the particle’s gyroperiods are calculated
as follows:�su = 233 sec ,�ox = 174 sec,�he = 64.7 sec and�p = 21.8 sec. Figure 4.10
shows the modeled variation of the energy/nucleon for sulfur, oxygen, helium and protons
as a function of the impulsive time scale� for initial energy 50 keV/nuc. It is evident that
different time scale variations of the electric field are needed to accelerate the various
species. For the above model parameters, variations of 2 to 4min duration accelerate
more effectively sulfur and oxygen ions while variations less than 2 min can result in
acceleration of helium and protons without energizing sulfur and oxygen.

Changes in the ion composition inferred by such an electric field can be studied by
applying the model to ion energy spectra during a quiet time period. For this purpose
a sample spectra taken on the C10 Galileo orbit at� 80 RJ in the predawn sector (�
1.40 LT) is used. These spectra can be regarded as being representative for quiet time
spectra in this local time sector since no reconfiguration events were observed for an
extended period of time. The observed ion energy spectra of sulfur, oxygen, helium ions
and protons during the quiet time are shown in Figure 4.11 by black lines.

To calculate the ion energy spectra after the acceleration,Liouville’s theorem is ap-
plied. According to this theorem during a dynamic evolutionof the plasma (e.g. particle
acceleration) the phase space densityf remains constant. The differential particle fluxJ(E; �; r) per unit area at a given energy E, pitch angle� and positionx is connected
with the phase space distributionf(u; r) as follows. The particle flux across a surface is
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Figure 4.10: Energy (keV/nuc) of sulfur, oxygen, helium ions and protons as a function
of the time scale of the magnetic field variation� (min) as derived by the model for initial
energy 50 keV/nuc, magnetic field B = 3 nT and electric fieldEm = 1 mV/m. The vertical
line indicates an observed value of the time scale of the magnetic field variation,� = 3.4
min.

given by the number density times the velocity componentu:J(E; �; r) = udn; (4.15)
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where the number density of particlesdn in a velocity intervaldu and a solid angled
 is:dn = fu2dud
: (4.16)

From equations 4.15 and 4.16 it follows:J(E; �; r)dEd
 = f(uk; u?; �; r)u3dud
 (4.17)

usingdE = mudu equation 4.17 becomes:J(E; �; r) = u2mf(uk; u?; �; r) (4.18)

Equation 4.18 relates the measured particle flux in a certainenergy interval to the velocity
distribution function of the measured particles. From Liouville’s theorem for a given pair
of differential particle fluxJ1 andJ2 and velocityu1 andu2 it holds:f = onst) J1u21 = J2u22 ) J1E1 = J2E2 ) JE = onst: (4.19)

Considering that the ions have initial energyEq during quiet time and that they are ac-
celerated according to the model toEs during the disturbed time, the final differential
particle fluxJs, can be calculated as a function of the initialJq by:Js = EsEqJq (4.20)

The energy spectra of sulfur, oxygen, helium ions and protons are calculated after the
acceleration by the electric field and are shown in Figure 4.11 in red. Sulfur and oxygen
ions are accelerated stronger than helium ions and protons within the given duration of
the impulsive electric field, in accordance with Figure 4.10. From the ion energy spec-
tra the relative ion abundance ratios can be calculated at a given energy/nuc. They are
summarised and compared with those during the quiet time in Table 4.3. Substantial en-
hancements of the S/O, S/He and O/He during the disturbed time periods are generated
while no significant change is produced for the p/He ratio.

Figure 4.12 shows the variations of the observed ratios during a part of the G2 orbit
(in red), together with the average ratios during quiet time(in black). The modeled values
(in green) are shown for comparison and they agree very well with the observed values
of the S/O, S/He, O/He and p/He ratios for specific time periods. However, these results
are produced by a typical single event, a better statisticalstudy of the characteristics of
such small-scale variations could give a more complete viewof the ion composition in
that region.

In addition the S/O, S/He, O/He and p/He ion abundance ratiosafter acceleration are
calculated as a function of the impulsive time scale� for the previous input parameters,
shown in Figure 4.13. It is shown that the ratios exhibit a wide range of values with their
maximum occurring at different time scales. This can explain the fact that the observed
enhancements of the S/O, S/He and O/He are not in phase with those of the p/He ratio.
Magnetic field variations with different characteristics result either in ��g << 1 or in��g >> 1 which corresponds to an adiabatic motion and none of the ratios is affected.
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Figure 4.11: Sulfur, oxygen, helium and proton ion energy spectra from observations
during a quiet time (black lines) along the C10 Galileo orbit(at� 80RJ and 1:40 LT)
and spectra produced by the model for disturbed times (red lines).

Table 4.3: Observed ion abundance ratios during quiet time and modeled values for the
disturbed period.

ion abundance ratio quiet time disturbed time
(observed) (modeled)

S/O at 39 keV/nuc 0.59 1.54
S/He at 68 keV/nuc 0.66 11.5
O/He at 89 keV/nuc 0.85 6.05
p/He at 185 keV/nuc 139 134

Examples of the existence of such cases are shown at very few time periods along the
disturbed time in Figure 4.12.

A reconfiguration event (substorm-like event) in the Jovianmagnetotail can last a few
days. In the present study such a global long-lasting event is not considered because the
time scales of the magnetic field variation are not comparable with the particle gyroradius
(� >> �g), the motion is adiabatic and the induced electric field can not accelerate the
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same format as Figure 3.16. The observed ion abundance ratios are plotted in red, the
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added to indicate the values derived by the accelerated spectra according to the model
with input parameters B = 3 nT, Em = 1 mV/m and� = 3.4 min. The vertical dashed lines
indicate the onset of the reconfiguration events.

particles. Only the small-scale variations shown in Figure4.6 affect the ion composition
according to the above mechanism. Such events are observed frequently, approximately
every 2 hours and widespread specifically in the predawn sector during the active phase
of a reconfiguration event. Thus the acceleration mechanismdescribed above can repro-
duce the observed ion abundance ratios along the G2 orbit during the time period where
the reconfiguration events are present. Such events are alsoseen in the dusk sector but
not as frequent (Kronberg 2006) and ion acceleration is moderate and does not lead to
significant ion composition changes (Figure 3.18).

It should be noted that the present acceleration mechanism explains only locally the
composition enhancements during the reconfiguration events in the predawn sector. How-
ever the particles accelerated in that region are expected to be transported inwards, in
accordance with the flow pattern (see Figure 1.6) and will have an effect on the ion com-
position in other magnetospheric regions. Energetic particle measurements have shown
evidence of such transport. Measurements between 25 and 80RJ within 1 to 2 hours of
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Figure 4.13: S/O, S/He, O/He and p/He ion abundance ratios asa function of the time
variation of the electric field� as predicted by the model, with model parameters Bm =
3 nT andEm= 1 mV/m. The horizontal dashed lines correspond to the ratios observed
during quiet time used as initial condition (Galileo orbit C10, at� 80RJ and 1:40 LT).

local midnight (parts of the Galileo orbits C9, C10) have shown quasi-periodic variations
of energetic ion intensities and energy spectra. They are associated with the reconfigura-
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4 Ion acceleration mechanisms

tion events taking place in the predawn sector (Woch et al. 1998). The periodicity of these
modulations linked them to the quasi-periodic transition between the two states of the Jo-
vian magnetotail: the quiet dipolar-like state and the state with plasma sheet thinning and
plasmoid formation (see section 1.2.2).

Two acceleration mechanisms are examined as candidates forthe observed composi-
tion changes during reconfiguration events in the Jovian magnetotail. It is concluded that
acceleration by small-scale magnetic field variations during such events can effectively
accelerate ions and generate the observed ion abundance ratios, while acceleration in the
current sheet due to the steady-state dawn to dusk electric field is not adequate to explain
the composition changes.
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5 Summary and conclusions

Based on the first 15 orbits of Galileo the composition of the energetic ion population
of the Jovian magnetosphere has been studied for the first time on a global scale. More
specific, three different types of ions are investigated: helium as the tracer of the solar
wind, sulfur and oxygen as tracers of the internal source Io and protons with a mixed
origin from the solar wind, Jovian atmosphere/ionosphere and the Europa gas torus.

Fundamental for the investigation of the ion composition isthe study of the ion energy
spectra, which provides information of the particle’s source and any dynamical processes
that have intervened from the time of the particle’s injection until the detection. The
Galileo energetic particle instrumentation provides measurements of the ion energy spec-
tra in the power law part of the kappa distribution. The ion energy spectra show a break
from a harder to a softer spectrum at energies of several keV/nuc. Since this spectral kink
appears between the energy range of two detector systems of the energetic particle instru-
mentation the test of the reliability of the dataset is necessary prior to the study of the
ion composition. An in-depth analysis proved that the instrument is well calibrated, and
the observed ion energy spectra are not caused by instrumental effects. The ion energy
spectral shapes of the Jovian magnetosphere are consistently found at various distances
and local times.

Based on the observed ion energy spectra the relative ion abundance ratios of S/O,
S/He, O/He and p/He at a specific energy/nucleon are derived and global maps are con-
structed. It is shown that the S/O ratio is rather stable and ranges between 0.4 to 1.2.
However, these values should not be compared directly with the dissociation source ofSO2. Sulfur and oxygen are emitted from the Io torus (with a neutral sources S/O ratio of
0.25 to 0.58) at energies of a few eV. They are transported andaccelerated to several keV
composing the global figure derived in this work. From the global maps it is also shown
that helium dominates over oxygen and sulfur at larger distances, while the p/He ratio
does not show a clear trend, consistent with the mixed originof protons from the solar
wind, Jovian atmosphere/ionosphere and the Europa gas torus. The global coverage of
the Galileo trajectories enables a quantitative comparison with results of previous flyby
missions, specifically of Voyager 2 for the same radial distance and local time. Based
on the global maps the results from the two missions are compared for the same local
time, radial distance and energy range. The observed large discrepancies are attributed to
temporal variations between the two missions 17 to 19 years apart and to a strong energy
dependence of the ion abundance ratios associated with the energy spectral shapes. Tem-
poral variations of the ion abundance ratios not only on timescales of several years but
also on several weeks, only implied by previous missions arenow established. Results
from consecutive Galileo orbits have shown pronounced variations of the S/O, S/He and
O/He ratios, which could be related to the temporal variability of the Io torus emissions,
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to the solar wind, but also to variations induced by particleacceleration processes. The
less time-variable p/He ratio implies that protons originate to a large fraction from the
solar wind.

A comparative study of the ion composition in different local time sectors is performed
for the first time. The study shows that the relative ion abundance ratios exhibit only
minor local time asymmetries, with an exception of the predawn sector, where the S/O,
S/He and O/He ratio are very much enhanced. The observed composition changes in this
region are associated with reconfiguration processes that occur in the magnetotail. The
present study connects these reconfiguration events with substantial enhancements of the
heavy ion composition apart from strong radial flow anisotropies, changes in the energy
spectra of the energetic particles and polarity changes in the magnetic field north-south
component.

The last part of this work investigates ion acceleration mechanisms which are at least
partly responsible for establishing the observed ion abundance ratios. First, an attempt
is made to explain the observed shape of the ion energy spectra, responsible for the en-
ergy dependence of the ion abundance ratios, by a model of ionstochastic acceleration
by Alfvén waves. The observed ion energy spectra of the four species at three radial dis-
tances 10, 15 and 25RJ are fitted by the model with wave spectra measurements in the
Jovian magnetosphere as an input. The model parameters required for the acceleration
exceed the Jovian magnetospheric scale indicating that themodel of ion stochastic accel-
eration by Alfvén waves can not sufficiently explain the ion energy spectral shapes in the
Jovian magnetosphere. Ion stochastic acceleration by Alfvén waves gives only diffusion
in energy, and it is suggested that a combined model with radial diffusion could possible
complement this work.

Additionally, the pronounced composition changes along the predawn sector are stud-
ied locally in terms of two candidate acceleration processes: ion acceleration in the tail
by the time-stationary dusk to dawn electric field and ion acceleration by small-scale
time variations of the south-north component of the magnetic field during reconfiguration
events. It is concluded that the second one is responsible for the observed composition
changes at that region. When the time scale of the magnetic field variation is comparable
to the particle gyro period the particle is accelerated by the induced electric field. Based
on observations of the magnetic field variations during the reconfiguration events in the
Jovian magnetosphere it is shown that such a mechanism can energize sulfur and oxygen
ions more effectively than helium and protons generating the observed ion abundances.
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