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Abstract

Based on the first 15 orbits of the Galileo spacecraft the awmitipn of the energetic ion
population of the Jovian magnetosphere has been studigtiddirst time on a global
scale. More specific, three different types of ions are itigated: helium as the tracer
of the solar wind, sulfur and oxygen to a large extent as teaoéthe internal source
lo and protons with a mixed origin from the solar wind, Jovaamosphere/ionosphere
and the Europa gas torus. The ion energy spectrum fundahfentde study of the
ion composition is investigated and a characteristic siepstablished as a distinct fea-
ture of the Jovian magnetosphere. Based on the observedéogyespectra the relative
ion abundance ratios of S/O, S/He, O/He and p/He at a speoiigg/nucleon are de-
rived and global maps are constructed. The global coveragfgedGalileo trajectories
enables a quantitative comparison with results of prevityy missions for the same
radial distance and local time. The large discrepancigsetefrom the comparison with
the Voyager 2 results are attributed to temporal variateom$to a strong energy depen-
dence of the ion abundance ratios associated with the espeptral shapes. The ion
energy spectra are further discussed in terms of ion sttchasceleration by Alfvén
waves. Temporal variations of the ion abundance ratios migtan time scales of several
years but also of several weeks, only implied by previousioms are now established.
They are attributed to the different ion sources but alsante-4varying acceleration pro-
cesses. A comparative study of the ion composition for difielocal time sectors is for
first the time investigated. It is shown that pronounced cositfpn changes along the
predawn sector are associated with reconfiguration presdhat occur in the magneto-
tail. The composition in this region is studied in terms obtacceleration mechanisms:
nonadiabatic ion interaction with the current sheet whemne are accelerated by the time-
stationary dusk to dawn convection electric field and iorebaration due to small-scale
variations of the south-north component of the magnetid filelring the reconfiguration
events, where particles are accelerated by the inducettielgeld. It is concluded that
the latter one is responsible for the observed ion compositi
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1 Magnetospheric systems

The ancient Greeks, particular those that originate froenatea called Magnesia, and
also the Chinese knew of the existence of rare stones witpdiver to attract iron. At
around 1000 the Chinese found that a steel needle strokédswith a stone, became
magnetic and pointed north-south. The magnetic needlagprgin Europe was used by
Columbus to navigate through the Atlantic ocean. It was anbund 1600 that William
Gilbert, physician to Queen Elizabeth | of England introgldi¢the concept of the Earth
behaving as a huge magnet.

The solar wind interacts with Earth’s magnetic field cregtcavity called magneto-
sphere. Not only the Earth but many other planets are sudexliby this huge magnetic
structure, sometimes larger than the planet itself. Thength of the magnetic field, the
solar wind and the charged particle population within thegnetosphere determine its
shape. All magnetospheres contain charged particles,Jemwée origin, the composi-
tion and the density of the particles may vary from planetlamet. The interaction of
the particles with magnetic and electric fields trigger vamynplex physical mechanisms
which are at least partly not well understood. To understagtter the various acceler-
ation and transport processes that the particles suffesttity of the ion composition is
necessary.

This chapter gives an introduction of the Earth’s magnédiesp studied extensively
for centuries by ground based observations, rockets antingylsatellites and often used
as a prototype. Jupiter’s magnetosphere, which existerigeown since a few decades, is
also described pointing out the main morphological and dyoal 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 0k8.0'° Tm?* which creates an equatorial mag-
netic field strength of 31.000 nT at the surface and 31 nT atatthEadii (Rz). The solar
wind, an almost collisionless plasma consisting of elewrand protons flowing outward
from the Sun at supersonic speed interacts with the magnelticof the Earth, distorts
the magnetic field lines, forming a cavity known as the maggygtere. Figure 1.1 shows
a schematic representation of the basic structure of thesteial magnetosphere, the pri-
mary currents and its plasma regions. The internal configuraf a magnetosphere is
the result of the superposition of a number of currents geadrby the interaction of
the solar wind and the interplanetary magnetic field withglametary magnetic field and
plasma.

Because the solar wind travels faster than any fluid plasnve weopagating in the

15



1 Magnetospheric systems
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Figure 1.1: A sketch of the Earth’s magnetosphere illusigain three-dimensions its
plasma regions and current systems (from Russell et al1{200

magnetized solar wind plasma a standing shock wave, knowredsw shock, is created
in front of the planet that slows, heats and deflects the satad plasma. The solar wind
force compresses the dayside of the magnetosphere andppttllsf the magnetic field
into a cylindrical magnetotail in the nightside. Even thbuge solar wind is deflected
by the terrestrial magnetosphere, coupling between theatagphere and the solar wind
does occur through the process of magnetic reconnectitiallinproposed by Dungey
(1961, 1963). By this process magnetic field lines in therswlad merge with those of
the planetary magnetosphere, increasing the tangemnslssbn the magnetosphere and
adding magnetic energy to the magnetotail.

The balance between the solar wind pressure and the Eardgieetic field pressure
creates the outer magnetospheric boundary, the magnstmplipon the magnetopause
flows the magnetopause current, a large current which degafze terrestrial magnetic
field and the solar wind. The main role of this current is t@tetthe field direction from
that of the deflected solar wind to that of the magnetosphé&wditionally, it locally
increases the strength of the magnetic field.

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

16



1.2 The Jovian magnetosphere

field is a reservoir of magnetic energy. The configuratiorhwaipposite magnetic field

directions between the north and south magnetic lobe istaiagd by a current sheet,
the neutral sheet. The current sheet is embedded in the @lakeet and the surrents
close along the magnetopause forming the tail current syste

Apart from the solar wind, plasma in the terrestrial magsgeh®re originates also
from the ionosphere. The ultraviolet radiation from the $iabsorbed by the Earth’s
upper atmosphere and is partly ionized creating the iorerephThe ionosphere, the
physical link between the atmosphere and the magnetosphippdies the magnetosphere
with a dense population of ions and electrons. However thageles are initially only at
thermal energies and are thus much less energetic thandbiwseg from the solar wind.
The extension of the ionosphere into the inner magnetospldrere plasma motion is
dominated by the corotation electric field is called the plasphere. The plasmasphere
extends out to about 5 Earth radii. Within this distance negigrflux tubes are filled up
with cold plasma from the ionosphere.

Overlapping the plasmasphere and extending out to the pla$reet the radiation
belts are found. They are populated by high energy ionizeticfes, originating mainly
from the solar wind and under specific conditions also froendimosphere. The eastward
(electrons) and westward (ions) particle drift in the réidiabelts and generate the ring
current. The ring current opposes the magnetopause cloyafgcreasing the magnetic
field strength on the surface of the Earth. Finally, fieldpaéid currents couple the Earth’s
ionosphere and magnetosphere. The field-aligned currsteray which closes in pres-
sure gradient regions in the equatorial magnetosphereggdhe flow in the ionosphere
to follow the flow in the magnetosphere. It transports endérgy the magnetosphere to
the ionosphere where it is dissipated in the form of Jouldihgand charged particle
precipitation generating aurora.

The magnetospheric configuration is additionally influehbg the transfer of mo-
mentum and energy from the solar wind. The solar wind actsd3smamo which sets up
large scale magnetospheric and ionospheric plasma caowedthe convection pattern
in the inner part is strongly affected by the rotation of tlegt&. The competing influence
of the solar wind and the planetary rotation gives rise togeeral plasma flow pattern
indicated by dotted lines in Figure 1.1, with local time asyetries and strong radial
variations.

The purpose of this brief description of the Earth’'s magsetere is only to address
the main morphological and configuration characteristidh® planet often used as pro-
totype. The magnetosphere of Jupiter has many similantigsthe terrestrial one. How-
ever important differences exist. The following sectiovegia detailed description of the
Jovian magnetosphere, emphasizing on selected chastickedealt with in this thesis.

1.2 The Jovian magnetosphere

By the mid 70s, while the Earth magnetosphere has alreadyibeestigated intensively
both theoretically and observationally, the study of thaalmmagnetosphere was mainly
restricted to the interpretation of the observed radio sioiss (Burke and Franklin 1955,
Carr and Gulkis 1969). Approximations of the planet’s magnield, the inclination
angle between the rotation and the dipole axis were the firie@ements. Information

17



1 Magnetospheric systems
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Figure 1.2: A sketch of the spacecraft trajectories of thevipus missions to Jupiter
projected in the x - y plane of the Jupiter Solar Ecliptic (J8&ordinate system with
Jupiter at the center. The Sun is to the right and the dottess Istand for the nominal
bow shock and magnetopause location. Pioneer 10 and 11 #iybysesented by red and
orange, Voyager 1 and 2 by light and dark green, Ulysses dgweCassini by purple
and the Galileo orbits by blue.

concerning the fundamental plasma properties like theiommposition, and the plasma
sources as well as the particle transport and acceleratmregses was essentially not
existing.

Some of the first theoretical models and preliminary derpexperties of the Jovian
magnetosphere were confirmed by in situ measurements ofyine dind orbiter mis-
sions to Jupiter and new perspectives for the exploratidgheofovian system were given.
A comparative sketch of the spacecraft trajectories pgdsirough the Jovian magneto-
sphere projected into Jupiter’s equatorial plane is shoviAigure 1.2. Pioneer 10 reached

18



1.2 The Jovian magnetosphere

Jupiter in 1973, travelled mainly in the equatorial pland sent back the first in situ data
of the Jovian system. One year after its successful encoutgesister spacecraft Pio-
neer 11 arrived at Jupiter in 1974, reaching northern ld¢isuof 30, close to local noon.

Voyager 1 and 2 passing by Jupiter in 1979, approached timet¥athin 5 and 10R;

2 and encountered the Galilean moons. Both missions wereentmated on the study
of the Jovian atmosphere, the satellites and the magnetmsphPioneer and Voyager
entered the magnetosphere at 9:00 - 10:00 local time (LTed bf them left the mag-

netosphere through the dawn-predawn sector but only Pidrideft it close to the local

noon. Ulysses observations complemented and extendee tfiddoneer and Voyager
flybys. It was the first mission that passed through the dudk sf the magnetosphere
reached magnetic latitudes of°49in addition, it carried instrumentation with different
capacities compared to previous missions.

While before 1995 the exploration of the Jovian system wasioted only to flybys,
a breakthrough in our knowledge was obtained by the first artd now the only orbiter
mission, Galileo. Galileo arrived at the giant planet in 3%hd completed 8 years of
orbits around Jupiter, mainly in the equatorial plane. tvued an extended data set
in radial distance and local time and among other instruedémiprovements covered a
broader ion energy range than the instrumentation on pusvigssions. A more detailed
description of Galileo and its highlights are presentedhiaiier 2.

Finally, Cassini, a mission destined to reach Saturn wasclaed in October 1997
and flew by Jupiter between October 2000 and April 2001, wBadileo was complet-
ing its 28th and 29th orbits. It was the first time that two gmaaft were investigating
Jupiter simultaneously. Cassini offered measurementseatiisk flanks of the Jovian
magnetosphere in the equatorial plane with the closesbapprto Jupiter at 138;.

1.2.1 The magnetospheric configuration

The interior of Jupiter produces a surface magnetic fieldhérdquatorial plane with an
intensity of~ 4 Gauss. This strong magnetic field and Jupiter’s fast mtatiith 9 h 55
min period creates a uniqgue magnetosphere (Figure 1.3)size®f the Jovian magneto-
sphere with a standoff magnetopause distance of aroun® 1@0so large that if it would
be seen from the Earth it would appear bigger than the moqgpitedis magnetosphere
is divided into three main regions: the inner, the middle #ma&l outer magnetosphere
(Khurana et al. 2004).

Within 10 R; from Jupiter (inner magnetosphere), the magnetic field gardtion
is dominated by the contribution from the planetary dipdlmlike to the Earth’s mag-
netosphere in this region most of the plasma is produced. dense o plasma torus
lies between 5.2 and 18, which consists of several hundreds tons of plasma diffus-
ing slowly outwards. Jupiter’s vast reservoir of plasmaasfmed to a thin plasma disk
located close to the dipole magnetic equator. Due to Jugpi@st rotation the plasma
is enforced to corotate. The plasmathe ratio of particle energy density to magnetic
energy density, is<0.2 implying that the effect of the plasma on the configuratidbthe
magnetic field in that region is minimal.

Beyond this region, in the middle magnetosphere R,0to ~40 R;), the magnetic

@The Jovian radiusk ) is 71.492x 10° km.
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1 Magnetospheric systems
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Figure 1.3: A sketch of the Jovian magnetosphere.

field becomes stretched due to the strong centrifugal anthtdidgressure forces, result-
ing in a dominant radial magnetic field in contrast to the thpéield in the inner region.
The plasma is confined to a thin sheet around the current Maipeh originates from cen-
trifugal forces acting to maintain the trapped plasma. Betins plasma sheet and cur-
rent sheet are often used interchangeably to describel#gmp reservoir, since plasma
and currents are found to be more or less at the same sheetgion. The conducting
ionosphere of Jupiter is not able to create sufficient amgulamentum to the outflow-
ing plasma and as a result the plasma corotation in Jupitgaignetosphere gradually
breaks down. The radial currents accelerate electronstietmnosphere via the action of
large field-aligned potentials, generating the main aufCGoavley and Bunce 2001). The
current sheet composes a complex structure, because Hrensod dynamic pressure,
the particle thermal pressure and the centrifugal forceaffeeting and determining its
form and location. Ulysses measurements on the dusk magpiedce suggested a thicker
plasma sheet in the dusk sector than at dawn, indicativearigtocal time asymmetries.

The outer magnetosphere is extending from40up to the magnetopause. Depend-
ing on the solar wind dynamic pressure the dayside magnasep=an be found anywhere
from a distance 0f-45 to 100R ;. The current sheet sensitive to external sources such as
the solar wind direction, is expected at large distances§0 R ;) to become parallel to
the solar wind. The nightside outer magnetosphere condairaglditional current system
that connects the magnetodisk current to the current altmgiagnetopause. Because of
this current the magnetic field is further stretched extegdupiter’s magnetotail beyond
the orbit of Saturn.

20



1.2 The Jovian magnetosphere

Particle Flow
Total =10 (10~*cm=3s~1)

(37%)
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Figure 1.4: The flow of particles through the lo plasma torasststent with a model
of of Voyager 1 conditions. The values in the brackets cpoad to recent modifica-
tions according to Cassini observations (adapted fromrbeta and Bagenal (2003) and
Delamere et al. (2004)).

1.2.2 Plasma sources and transport

The primary plasma source of Jupiter is the volcanic moonAtready based on Pio-
neer measurements a large amount of particles was founeltdds (Fillius et al. 1975).
Later on, Voyager 1’s closest approach to Jupiter at abagf,5rovided evidence of a
cold corotating plasma consisting mainly of heavy ions (Wek et al. 1979) while the
active volcanism on the moon lo was for the first time discedgMorabito et al. 1979).
lo releases sulfur and oxygen in the form%#d, gas at a rate of-1 ton/s (Hill et al. 1983).
The molecules are dissociated and ionized into oxygen dft sons by ionization pro-
cesses and charge exchange. Mainly through electron infpaet A — AT + 2¢7)
and photoionization{ + hv — A™ +¢~) an atom is converted into a positively charged
ion. Through charge exchangé ., + B — Agnya + B™) an energetic singly charged
particle (ECP) collides with a neutral atom or molecule aaptares one of its electrons,
thereby it becomes an energetic neutral atom (ENA). The msgjecies produced afg",
S2+, §3F, OF andO?* (Bagenal and Sullivan 1981). They populate a torus region co
ering a radial distance of 52; to ~ 10 R;. The energy of the torus charged particles
is estimated to range between 20 to 30 eV for the oxygen ioddatween 60 to 80 eV
for the sulfur ions (Frank and Paterson 2001). Mass is losh fihe system through fast
neutral escape due to charge exchange and from radial trdnspnsistent with Voyager
1 (Delamere and Bagenal 2003) and Cassini measurement@aniBed et al. 2004) as
shown in Figure 1.4. The total source rate is consistent matlplasma production of 0.5
- 1.3 tons/s. This plasma production is apparently diffetkan the generally accepted
estimate of mass addition 1 ton/s and indicative for strargations in the neutral source
(Delamere et al. 2004). The observed composition of thest@guires the ratio of oxygen
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1 Magnetospheric systems

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

to sulfur neutrals to be greater than the expected valuewhih would result from the
dissociation of50,. This is mainly because of the efficiency of the- Ot — O +O*
charge exchange reaction, which preferentially removggex neutrals from the system.
A source strength O/S ratio of 4 is required to produce the@mnposition that is consis-
tent with Voyager 1 era measurements (Delamere and Bagé)@8).2However, Cassini
measurements showed that this ratio can change to 1.7 (Bsdaghal. 2004) indicative
of large temporal variations of the lo emissions. In additio the main species a number
of minor species are detected in the torus sucki@s, SO, , Na™ (Bagenal and Sullivan
1981) andCi*, C1** (Kuppers and Schneider 2000, Feldman et al. 2001) but each of
them contributed only a small percentag&% of the main total ion content. The newly
created thermal ions (up to a few hundred eV) are picked upé&wainbient electric field
and are accelerated to the bulk plasma corotational flowdspear 1o with a relative ve-
locity of 57 km/s. By acceleration processes that will bedssed in the section 1.3 the
thermal ions gain energies up to the MeV range.

While lo is the main internal plasma source, solar wind isrtfan external source.
It provides the Jovian magnetosphere with helium and psotdnis estimated that the
solar wind source amounts to less than 100 kg/s (Hill et a83).9significantly lower
than the lo contribution. However the number density of gmstmay be comparable
to the iogenic plasma number density in the regions wheresdohe wind accesses the
magnetosphere, such as the middle and outer magnetospghereis the best indicator
of the presence of the solar wind (Geiss et al. 1992). Iti®rpécted 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 patterthe equatorial plane of
the Jovian magnetosphere derived by Galileo EPD measutsmering the time period
1995 - 2002. The ion flow values are binned into Q0 R; grid and then averaged
(from Woch et al. (2004)).

of this ion to come from the ionosphere of Jupiter, becassgrdagenitor/e* is relatively
low primarily due to reactions wittl, (He™ + Hy — H™ + H + He andHet + Hy —
H + He). Charge discriminative instruments confirmed this (Getsal. 1992, Mall et
al. 1993) and established helium ion as the tracer of the sofed. Protons, however
have a multiple origin other than the solar wind.

The next significant source of magnetospheric plasma isehgpionosphere. Mainly
energeticH ", H, and H, are added to the magnetosphere through the ionospheric
source. Molecules ofl,” and H;", produced in the upper ionosphere by energetic par-
ticle precipitation, are locally accelerated by parallelc&ic fields and/or resonant and
non-resonant particle-wave interactions (Hamilton e1880). The Jovian ionosphere, in
contrast to the Earth’s, is not considered a major sourcéashpa for the Jovian magne-
tosphere and its source strength is estimated to be areuttilkg/s.

The icy satellite Europa is considered as a rather weak sadfimxygen ions (Bagenal
et al. 1992, Schreier et al. 1993). Oxygen ions are remowvad fts surface through
sputtering by iogenic matter and is added to the magnetospBearopa’s contribution to
the magnetospheric plasma is smaller compared to that diolwever, has an effect on
the local plasma composition. In addition, the Europa ra@as torus is an additional
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Figure 1.7: Schematic representation of the plasma flowearetjuatorial plane together
with the associated magnetic field and plasma flow in the naarigdlane along cuts 1-4
shown on the left (from Vasylinas (1983)).

source of Energetic Neutral Atoms (ENA) (Mauk et al. 20033 @ansink of energetic
protons (Lagg et al. 2003). In general the three icy Galilestellites Europa, Ganymede
and Callisto provide an additional but less significant seunf plasma of the Jovian
magnetosphere. Since sputtering has removed the ligheeaksmonly heavy ions are on
their surfaces which are difficult to sputter. The total pigkplasma from these satellites
Is estimated to be less than 20 kg/s (Cooper et al. 2001).

Ultimately, the plasma generated by o must escape so thggilsma losses balance
the sources. The plasma is accelerated to roughly the tom&peed of Jupiter. How-
ever, corotation alone cannot remove plasma from the magpleére, which led to the
suggestion that the accumulated plasma is transportecaaditvy the interchange insta-
bility driven by centrifugal forces (loannidis and Brice 7119. Beyond a certain distance
known as the Hill corotation radiuBy (between 15 and 3®&;), the corotation breaks
down (Hill 1979).

The influence of the solar wind on the plasma flow is describedhk tear drop
equipotential pattern shown in Figure 1.5 (Cheng and Knsi$989). The circles near
the planet show the region that is dominated by the coratatibile the open curves de-
scribe the region dominated by the sunward convection. d$teclosed equipotential, the
separatrix (teardrop), divides the corotating flow in tresphasphere from the convecting
plasma. At Earth, also shown in the figure, the separatriraated at~ 0.6 times the
dayside magnetosphere. However, at Jupiter this sepaisaexpected to lie well beyond
the dayside magnetosphere. This corotation-convectiotemeas used to explain the
composition profiles observed on the Voyager 2 outbounddtajy as will be presented
in section 1.4,
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1.2 The Jovian magnetosphere

T T lI I ! T [‘ I T % T T 3 I T & T T
- ~—:.  Galileo-EPD ]
-40 |- Maximum ’ Orbit G2 -,
Anisotropy=2.0 A, .. 1998,
k! . . Day 263-290 1
60 "-‘55-;0 -
g_l) 2 //’ '-
> et ]
C e
& — 0
— %
-80 |- o ‘ &
: 2 r)‘ .J.Q‘O |
3 / 4 ~ )
‘ . ~ > :;,/ N7 770 i
i T O . M
-100 -80 -60
JSEL[R,]

Figure 1.8: First order anisotropy vectors of protons (20-ReV) projected on the equa-
torial plane along the Galileo orbit G2 near the apojove dialalistances of 80 - 138 ;
(from Krupp et al. (1998)).

Observations by the Galileo instrumentation provided &aglcharacterization of the
plasma flow in the Jovian magnetosphere (Krupp et al. 2004gleUthe assumption that
directional anisotropies are produced predominantly byeotive flow, global maps of
ion velocity vectors in the Jovian equatorial plane arevderas shown in Figure 1.6. The
ions appear to corotate in the dawn-noon quadrant and signify subcorotate in the
noon-dusk sector. The existence of clear asymmetries batd@vn and dusk sectors, as
well as the evidence of radial motion also in the outer maggmtere compose a complex
interaction between a rotationally dominated system aadcdthar wind.

A sketch of the expected flow pattern of the Jovian magnetrgpassociated with
topological changes in the magnetotail is shown in Figurg(fasylunas 1983). It was
suggested that a flow transition to a planetary wind outfloghtoccur via a reconnection
process involving the formation of an x-line. Heavily mdsaded magnetic flux tubes
become stretched as they rotate, resulting in spontaneoaamection and the release of
plasmoids downtail. Bursty flow is directed away and alscei@s the planet.

Energetic particle observations confirmed the theorepioadlictions of magnetic re-
connection line formation in the Jovian magnetotail malmgause of internal processes.
Quasi-periodic energetic particle bursts occur in the retgail region (Krupp et al. 1998,
Woch et al. 2002, Kronberg et al. 2005). These reconfigurgirocesses are character-
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1 Magnetospheric systems

ized by strong radial flow anisotropies, changes in the gngpgctra of energetic parti-
cles, polarity changes in the magnetic field north-southpament and their correlation
with radio emissions (Louarn et al. 1998). As it is shown ira@ter 3 during the burst
events also the heavy ion composition is changed. An exaafglew bursts occurring
every 2.5-3 days is shown in figure 1.8 (Krupp et al. 1998). &kample is from the
predawn Jovian magnetotail, where most of these eventdasr\ed.

1.3 Particle acceleration and ion energy spectra

lons that are injected into the magnetosphere of Jupitematially accelerated up to
twice the local corotation velocity of 57 km/sec close tatiseurce lo. However, those
particles are later on accelerated to energies much ldrgerthe local corotation velocity
by various mechanisms. The acceleration mechanisms aedsaut by the way they
violate the three adiabatic invariants of the particle mointo adiabatic, quasiadiabatic
and nonadiabatic processes (Hill et al. 1983).

The adiabatic invariants are quantities related to theggthparticle motion in a mag-
netosphere: the gyromotion around the field line, the boummaton along the field line
between mirror points and the drift motion around the plasethown in Figure 1.9.

The gyromotion describes a circular motion around the fielé, Iwith a gyroradius
of: oL

il =5 (1.1)

where ¢ is the particle charge, B is the magnetic field madeiaindp , is the momentum
perpendicular to the magnetic field.

If during the particle’s gyro period the magnetic field ches@re small then the mag-
netic momentu of the particle remains constant. This invariant is knowrthees first
adiabatic invariant and is normally expressed by:

P W,  Wsin*a
M = pu— pu—

2mB B B 7 (1.2)

where m is the particle’s magg/, its kinetic energy and. the pitch angle of the particle.

If changes in the magnetic field are small over the time of omenbe period, the
second invarianf/ is derived. Jp is the integral of the particle’s momentum along the
field line, between the mirror points:

S
Jp = 2/ p.ds = 2mlu,, (1.3)

wherep, andu, are the particle’s momentum and velocity parallel to the mesig field,
m the particle’s massS,, andS,, are the mirror points antthe total length of the field
line between the two mirror points.

The patrticles drift longitudinally around the planet. Ciolesing that over a drift pe-
riod the magnetic field is not changing, then a third consténtotion is derived, known
as the third adiabatic invariant:

P = ]{ Bds, (1.4)

26
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Figure 1.9: Trajectory of trapped particles showing gyrtioto around the field line,
bounce motion along the field line between mirror points anft chotion around the
planet (adapted from Walt et al. (1994)).

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

As adiabatic processes are described those during whicpaittele is transported
inward through violation of the third invariant while adatic compression is produced
by the conservation of the first and second invariants. Qeasen of the first invariant
has an important effect when the particles drift across #id fines. When a particle
moves along its drift path from a region of magnetic field gt B; into a region of
increasing field strengtB, the conservation of the magnetic moment from equation (1.2)
gives:

Wis _ B (1.5)

Wi B
which results in¥,, > W, . The perpendicular energy of the particle is increased, and
the parallel remains constant. This type of energizatiothefparticle is called adiabatic
heating and is some kind of betatron acceleration.

The conservation of the second invariant implies that tmelfgh energy of the particle
will also change during the combined drift and bounce motibthe particle along and
across the field. During the particle’s drift motion from Wweainto stronger fields, the
particle necessarily moves from one field line of lengtto another of lengtl,. Simul-
taneously its average parallel velocity changes figiro u,». Equation (1.3) gives:

We _ B

I/an N l%
If the length of the field line which corresponds to the bounc#ion decreases$, > I,
then the parallel energy of the particle increadés > ;. This is the principle of the

Fermi acceleration.

(1.6)
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Figure 1.10: Multiple diffusion process as proposed by Miah(1976). The three differ-
ent stages are marked (from Nishida (1976)).

Another category of acceleration processes are the qualséit processes. They are
characterised by alternating repetition of adiabatic casgion and nonadiabatic scatter-
ing. Nishida (1976) proposed a model of multiple diffusiangesses, shown in Figure
1.10. From step 1 to 2 inward diffusion takes place and the@wmation of the first adi-
abatic invariant increasd$’, . At step 2 pitch angle scattering occurs and particles are
moved to lower altitudes. Finally at step 3 the particlesdifised across field lines
conserving only the first adiabatic invariant and reach fpbwvith large field-aligned ve-
locities. To this model an additional pitch angle scatigisadded at step 1 (Sentman et
al. 1975). By this way the field-aligned energy is partialbneerted to cyclotron energy.
The particles gain much higher energies by repeating thie egany times. However,
during a cycle the particle has the same possibility to lasgain energy and as a re-
sult only a small percentage of the initial population gdirgh energies. Fujimoto and
Nishida (1990) considering the recirculation model (Nishil976, Sentman et al. 1975)
included a fourth step of pitch angle scattering in the airsheet and confirmed it by
Monte Carlo simulations. Another model involving quaséadaditic processes is based on
the day-night side asymmetry of the magnetic field (GoertZ8)9The strength of the
magnetic field is stronger in the dayside and weaker in thetsigde at a given distance,
due to compressed magnetic field lines on the day side anetalstd configuration in
the tail. The model predicts that a particle drifting fronondo midnight suffers betatron
deceleration and from midnight to noon betatron accelematy the first procesd’; is
decreased and by the second it is increased (equation 1.5).

The nonadiabatic processes require the violation of thiediimd second invariants as a
necessary condition for the acceleration itself. Magne#cging or reconnection is one
of the nonadiabatic processes, responsible for partidela@tion in a magnetosphere.
During this process the magnetic field energy is convertedgarticle energy in a region
of reverse magnetic field (Vasylhas 1975). Another nonadiabatic mechanism is accel-
eration by parallel electric fields and is essential for tin®ea regions. Nonadiabatic par-
ticle acceleration can also be obtained by wave-particiihg. Resonant wave-particle
interactions result in energy transfer between plasma svanel the energetic particle
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Figure 1.11: A schematic representation of the 'Speisdiit®for protons and electrons
for the magnetosphere of the Earth. Adapted from Speise85(19

population.

Nonadiabatic particle motions occur also by the interactibenergetic ions entering
the current sheet (Speiser 1965). The particle motion iméed in a simplified model
shown in Figure 1.11 for electrons and protons in the magpétere of Earth. The current
sheet has a width of 2d. The dawn to dusk electric field is destbyE = E, §, where
the F, is constant and the magnetic field is given®y- B, X + B,z. TheB, is assumed
to be constant afz|>d and decrease linearlyB( o z) at |z|<d while the northward
component of the magnetic fieldl, is constant. Away from the current sheet the particles
are gyrating along the magnetic field lines executing adielmotion. The patrticle is
accelerated by the current sheet only if the spatial scateeofnagnetic field change is
less than a patrticle gyro radius so as the first adiabatigianviais no longer conserved
in the vicinity of the current sheet. Thus, the requirememta non adiabatic particle
interaction with the current sheet is that the particle’sogyadius becomes comparable
or greater than the minimum curvature radius of the fieldsling > R, (Cheng 1990,
1992). The curvature of radiuB. is related to the curvature force (magnetic tension)
and it is estimated by the Goertz (1976) model to vary betwletn0.02R; for radial
distance of 10 to 14® ;.

A proton (for electron the signs are opposite) entering tiveenit sheet starts to os-
cillate about the z=0 plane and moves towards dusk, actetelsy the dawn to dusk
electric fieldZ,. Since the3, component is non-zero the ion is diverted toward the Earth
and finnaly ejected from the current sheet. Such trajectarie called 'Speiser orbits’ and
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1 Magnetospheric systems

are shown in a schematic representation in Figure 1.11 é&mtreins and protons in the
magnetosphere of Earth. The time of the ejectigrbc -5 and the distance the particles

driftis z mEy. Thus protons drift further and are ejected from the newtnalet much

later than electrons The velocity of the ejected partlclres IS ue; o y and indepen-
dent of the— (Speiser 1965). Cheng (1990) has shown that this nonacbah@ractlon
with Juplters rotating current sheet can energize heany up to hundreds of keV. Later
on in this thesis, ion composition changes in the Jovian atgail are discussed in terms
of this nonadiabatic interaction of particles with the emtrsheet.

An accurate measurement of the ion energy spectrum prowittasnation about the
source of the particles and any dynamical processes thatihtervened from the time
the particle is injected until the detection. The ion enesggctral shapes are a useful
tool to investigate the acceleration processes for the peciss. Particle energy spectra
in planetary magnetospheres are often characterised tpakdiptributions (Lorentzian
distributions) originally introduced by Vaswinas (1971). They are defined as having
Maxwellian shapes at lower energies xp[— F/kT]) and power law shaped’(”) at
higher energies. Figure 1.12 shows an example of the iorggrsgrectra measured by
Voyager 2 (LECP) in the outer magnetosphere of Jupiter (Kisn1981, Kane 1991).
The kappa distribution which fits the data consists of a Mdkavedistribution with tem-
perature KT = 28 keV and of a power law with= 3.

The Galileo energetic particle instrumentation providezterdetailed measurements
at the high energy part of the spectra leading to the cormiusiat a kappa distribution
cannot sufficiently describe the ion energy spectra in the@danagnetosphere. Instead,
the spectral slope has an additional break at higher ese(lylauk et al. 1996, 1998,
Radioti et al. 2005).

The ion energy spectrum for a given ion species can be deschi the following
equation (Mauk et al. 1998):

E[E+kT(1+y)]7'

=
T Eeye

(1.7)

where | is the differential intensity:(» 25 sr—'keV ~'nuc), E is the energy (keV/nuc),
~v1 and, are the spectral indeces, before and after the change inptatra and C,
KT and et are additional fitting parameters. The numeratdd %) is equivalent to the
kappa distribution. The denominator describes the additibreak, so as at very high
energies the spectrum has a power law shape with spectedine v; + 7. It should
be noted that equation (1.7) is a functional form of the epeygectra and is a good
approximation of the measured ion fluxes vs. energy. Figurg §hows an example of
the ion intensity spectra for protons, oxygen and sulfus iai/.48R ; as measured by the
Galileo instrumentation. The fits are produced by modelithistions based on equation
(1.7) and it is clear that the ion energy spectra changes &drarder to a softer one.
More detailed information about the ion energy spectra etdpr the different species
and various local time and distances is part of this work andrésented later in this
thesis.

The shape and the properties of the ion energy spectra iroth@nJmagnetosphere
were studied in terms of a nonadiabatic acceleration psooased on the interaction of
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Figure 1.12: lon intensities of protons versus energy mreasoy the Voyager 2 LECP
instrument. A Maxwellian distribution with temperature B8V fits the low energy data
and a power law with a spectral index of 3 fits the high enempnifKane (1991)).

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

Barbosa et al. (1984) used this model as a mechanism to eaeogis up to several
MeV in the Jovian magnetosphere. They defined the propatite ion energy spectra
in accordance with measured proton energy spectra by Voylagred 2 (Mc Donald et al.
1979, Schardt et al. 1981) and related them to the powerrspecif MHD fluctuations
observed by the magnetometer (Kivelson et al. 1976). Barl{@994) merged the nona-
diabatic model of ion stochastic acceleration by Alfvén aswith the standard radial
diffusion model, where both the first and second adiabatiariants are conserved. By
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Figure 1.13: lon intensity spectra derived by the Galilemd&PD) at 7.48%;. The fits
are derived by model distributions based on equation (fr@n(Mauk et al. (1998)).

this combined model he explained the observed ion energstrepghapes as measured
by the Voyager LECP data in the energy range of 10 - 1000 keVi€Ka991) for various
radial distances from the planet. The author assumed tingliysonizedS* andO™ ions
are injected by the magnetospheric neutral wind and obiin initial energy according
to the local corotation energy while the protons are mon@ggie and injected from an
ionospheric source. By this model they reproduced very thellfeatures of the power
law behaviour at high energies and the roll over to the Mahkarelat low energies for
various radial distances.

The model of ion stochastic acceleration by Alfvén wavesssuksed later on in this
thesis as a possible physical explanation to the observeghiergy spectra and especially
to the high energy part as derived by the Galileo instruntemtgFigure 1.13, equation
1.7). The application of the model to the data at variousdists together with the prop-
erties of the Alfvén waves and parameters characterisegtihpopulation are discussed
in Chapter 4.
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Figure 1.14: p/He flux ratio at the energy interval of 3.248&V/nuc as a function of the
radial distance along the Pioneer 10 inbound trajectopn{fiirainor et al. (1974)).

1.4 lon abundances of the Jovian magnetosphere

The study of the ion composition of the magnetosphere otdupontributes to the iden-
tification of the various plasma sources and sinks. An oegnof the plasma sources
and sinks has already been given in a previous section. Mergioe investigation of ion
abundances throughout the Jovian magnetosphere at differ@ial distances and vari-
ous local time sectors helps to understand better the toainsmcesses and the dynamics
in the Jovian system. Comparison of the results of varioussions in different energy
ranges could lead also to the identification of various plrtacceleration mechanisms.
An overview of the investigation of the ion abundances aastiheen derived through the
missions is necessary before presenting the compositsutseof this thesis.

The ion composition has been normally studied by compahegptrticle intensities
of two species at a given reference parameter (proxy). Th& ownmon proxy chosen
is the energy/nucleon (fixed velocity). Most of the currenbwledge about the heavy
ions in the Jovian magnetosphere has been gained by theséingrgrticle instruments
onboard Voyager, Ulysses, Galileo and Cassini, which wéfe # detect heavy ions
directly. Charge state measurements though were onlyreutdiy few experiments on-
board the spacecratft.

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

energy/nucleon ranges were obtained during the pass oé&idm in the pre-noon local
time sector. Figure 1.14 shows the He/p flux ratio as a funatioradial distance calcu-
lated at the energy interval of 3.2-5.6 MeV/nuc along theounid trajectory of Pioneer
10 (Trainor et al. 1974). The same flux ratio at lower energfes MeV/nuc during the
inbound (40-24R; and 24-15RR ;) and outbound (13.6-19.R2;) pass of the same space-
craft and instrument gave values higher by an order of madei(Simpson et al. 1974b),
indicative of an energy/nuc dependence of the He/p ratio.

Voyager 1 and 2 instrumentation provided a more detailedsmasolution of ener-
getic ions. Apart from the light elements, heavy ions suckufsir, oxygen, carbon and
sodium were measured (Krimigis et al. 1979a,b, Hamiltonl.e1281). However, the
measurements were restricted by the instrument’s scar pdarch was nearly parallel
to Jupiter’s equatorial plane. The importance of the iohesic source was established
by the discovery off,” and H; molecules (Hamilton et al. 1980). Various relative ion
abundance ratios were calculated at a specific energybrucdage (0.6 - 1.15 MeV/nuc)
along the spacecraft trajectory (Hamilton et al. 1981) showFigure 1.15 up to 20®& ;
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Figure 1.16: Oxygen and sulfur energy spectra during theayyey 1 and 2 inbound tra-
jectory, compared at the same radial distance (from Hamétal. (1981)).

from the planet. Part of these results are quantitativetggared later in this thesis with
the abundance ratios derived onboard the Galileo spat€Ciadpter 3). The ratios of
p/He and H/p both increase within 6@ ; with increasing the radial distance and remain
constant at a lower level beyond that distance up to the ntagaese. He/O and C/O ra-
tios increase with distance indicating the dominance ostilar wind helium and carbon
over the iogenic oxygen. The S/O-ratio ranges between @®ahon average at 20 and
60 R;. It was noted that it sporadically reached values of 0.6 bdy&0 R ;, associated
with dynamical processes affecting the relative ion abands.

Moreover sulfur and oxygen ion intensities measured ortbta consecutive mis-
sions Voyager 1 and 2 revealed discrepancies of a factor@fHiQure 1.16 shows sulfur
and oxygen energy spectra measured during the inboundttyajeof Voyager 1 and 2
at 47-40R; and 45-40R; respectively. These changes are indicative for large teahpo
variations. It was also noticed that the slope of the enargyléon spectra of various ions
differ from each other and it was implied that the abundaaties at equal energy/nucleon
would vary depending on the energy at which they are evalugtamilton et al. 1981).
However, measurements of the p/He ratio obtained onboayddér 1 and 2 roughly at
the same energy range showed a very good agreement (Krirh@fi8). Based on Voy-
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Figure 1.17: lon composition pattern in accordance withagmr 2 outbound observa-
tions as derived by the corotation-convection model (8ecti.2.2, (Cheng and Krim-
igis 1989)). The finely dotted region indicates the heaeyrion composition, while

the sparsely dotted the more solar wind like. The VoyagertBaund trajectory is also
shown, together with the corotation-convection equipés Dashed arrows indicate
the plasma transport (from Cheng and Krimigis (1989)).

ager 1 (Vogt et al. 1979a) and Voyager 2 (Mogt et al. 1979b)smesments the S/O ratio
was further investigated at higher energies and closeetpldnet. A dominating internal
contribution of oxygen and sulfur (with Na also evident ie thnermost magnetospheric
region £ 5.8 R;)) and a typical solar elemental composition at distancgseme 11,
were found (Vogt et al. 1979a).

The composition profile observed by Voyager 2 outbound wataexed by the coro-
tation - convection model by Cheng and Krimigis (1989), aaashin Figure 1.17. The
finely dotted region indicates a heavy ion rich compositiad ¢he sparsely dotted re-
gion a more solar composition. According to the model at 6050 R ; on the nightside,
solar wind plasma is extracted by drift forc&sx B) from the vicinity of the dusk magne-
topause and is transported across the tail toward the dagnet@pause. Simultaneously,
the heavy ions from the Jovian plasmasphere are radiatgp@ted outward and enter
the dawnside. However, latest Cassini results during ttesi@aJupiter flyby at the dusk
to midnight Jovian magnetosheath question the validithisfinodel (Krupp et al. 2004).

Ulysses observations (Lanzerotti et al. 1993) extendesetMeyager measurements
spatially in the dayside plasma sheet as well as to high ddatdaudes in the dusk mag-
netosphere. It was confirmed thdt™ and H;~ molecules, firstly discovered by Voyager,
are accelerated out of the topside Jovian ionosphere. Itaraduded that there is a solar
wind component throughout the outer and middle magnetaspbat a significant frac-
tion of protons in the middle magnetosphere is of non-sdaligirm lon abundance ratios
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Figure 1.18: p/H&" flux ratio in the Jovian magnetosphere along the Ulyssesdiaijy.
The ratio is determined by two types of data: matrix elemé@HiSL) and pulse height
data (PHA). BS stand for the bow shock and MP for the magnsteggacrossings, while
the horizontal lines indicate the solar wind level (from Mailal. (1993)).

of sulfur and oxygen relative to helium ions were obtainedX® -1.4 MeV/nucleon. It
was shown that the ratios are decreased in the inner pareah#iynetosphere opposite
to that reported by Voyager. This behaviour was attribubetthé rapid change in latitude
(Lanzerotti et al. 1992). Further measurements from Ulyssmfirmed the latitudinal
dependence of the relative ion abundances (Krupp et al.)1289sses instrumentation
provided also the first charge state measurements of iongiteds magnetosphere. It
was found that at energies between 0.6 to 60 keV/e, Jovia) immelyO*, O*+, S%+
andS3*, are more abundant in the inner magnetosphere while ions the solar wind,
like protons and?e?*, dominate in the outer region (Geiss et al. 1992). The p/Hlex
ratio at the energy range of 0.6 to 60 keV/e plotted versusatial distance is shown in
Figure 1.18. It steadily increases from the solar wind |@f&l5 at the magnetopause (
100 R;) to a value of 700 at- 25 R; (closest approach) (Mall et al. 1993). Since the
ratio is much higher than in the solar wind it was concluded ththe region from 8@ ;
inbound to 50R; outbound most of the protons are of non-solar origin.

Results from Galileo gave new information about the globalcomposition at dis-
tances from the planet between 6 and 150 The Galileo data contain ion measure-
ments from all local times at different radial distancesrawgime period of almost 8
years (1995-2003). S/O and Na/O ratios were calculatecengges between 0.5 and 1.0
MeV/nucleon during six Galileo flybys at the moon Europa (Maoan et al. 2001). The
results were in agreement with previous determinationsbyruments on the Voyager
and Ulysses spacecraft. It was shown that the Na/O and Sie3 dbse to Europa has
the tendency to decrease with increasing energy. Due toatheus sources of oxygen,
there is the opportunity for more oxygen to be acceleratethbgnetospheric processes

37



1 Magnetospheric systems

S/O

0.1

oot ., . . oo
10 15 20 25 30

Radial Distance [RJ]

Figure 1.19: S/O abundance ratio at 4.5 to 18.4 MeV/nuc as&ifin of radial distance
for some Galileo orbits combined (adapted from Cohen e2aDZ)).

to all energies in comparison to the fluxes from the solelyrog origin of sodium and
sulfur. Moreover, it was revealed that oxygen, sulfur andiwm fluxes all are indepen-
dent on local time at least at distances offlpfrom the planet. Mauk et al. (2004) using
the Galileo energetic particle dataset found that the caitipa of oxygen and sulfur
measured at 100 to 10000 keV is changing between 7.5 t& 9\ith sulfur to dominate
over oxygen ions. The authors suggested that the heavfer gads are more effectively
energized than are the oxygen ions to energies larger thea\Buc.

The Heavy lon Counter (HIC) instrument onboard Galileo éedithe study of the ion
composition at the high energy range of 4.5 to 18.4 MeV/nuh@d et al. 2001). The
radial dependence of the intensity, energy spectrum, angpasition of sulfur, oxygen
and carbon indicated that solar material dominates in thexigy range at radial distances
between 15 to 3@z, and diffuses without loss towards Jupiter, while the contpmos
near 10 to 157 ; becomes more iogenic. The O/C and S/O ratios were compatéd wi
previous results derived by Voyager 2. The comparison stdie the ratios calculated
by HIC at higher energies are lower than those derived by §eya at lower energies
and discussed it in terms of ion flux dependence on the magmetment. Figure 1.19
shows the S/O abundance ratio (derived from Fig. 5 of Cohah €001)) as a function
of radial distance for some of the Galileo orbits combinetie Values are substantially
lower compared to those derived by Voyager 2 (Hamilton e1@81) at the same radial
distance.

Recently, Waldrop (2004) presented a global distribut®no( 150 R ;) of the S/p
and S/O abundance ratio at 25 keV/nuc in the Jovian equbpdaize, using Galileo data
from the first 20 and 15 orbits, respectively. The S/p raticreases with decreasing
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radial distance over two orders of magnitude. The global ofdpe S/O abundance ratio
revealed that the ratio varies throughout the magnetosdbetiveen 0.3 and 0.8 with a
minor gradual increase with decreasing radial distancerebieer a significant increase
of the S/O-ratio along the distant apojove segment of Gadilerbit G2 (262-296 day,
1996) was observed and associated with the occurrenceeniset quasi-periodic radial
bursts of accelerated plasma sheet particles (Krupp €988, Woch et al. 1999).

1.5 Summary and outline

The study of the ion composition by all previous missions @iléo was mainly lim-
ited to a certain radial distance at a specific local timeaegthile most of them were
obtained at a restrained energy range. Galileo gives thguaropportunity to study the
ionic composition of energetic particles on a global scal@n extended radial distance
and in a full local time coverage. The current work preserdetailed study of the ion
composition in the Jovian magnetosphere based on enepgaticle measurements ob-
tained by Galileo. Global maps of various ion abundancesatnd more specific of S/O,
S/He, O/He and p/He are presented, extending the previadgestof Maclennan et al.
(2001), Mauk et al. (2003) and especially Waldrop (2004ndVvariations and local time
asymmetries, only cursorily discussed in the past are tigaged in depth. The influence
of the magnetospheric dynamics on the composition is studieletail and associated
ion acceleration mechanism are discussed. A comprehec@mparison with previous
results for the same local time and radial distance is for tiimse obtained. Energy de-
pendence effects of the ion abundance ratios are investigite importance of the ion
energy spectra shape is derived and relevant ion acceleragchanism are addressed.

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

Chapter 3 presents the observed ion energy spectra in theetosghere of Jupiter
followed by a detailed investigation of the ion compositlmased on data analysis from
the Galileo Energetic Particle Detector. Relative ion aante ratios are studied on a
global scale, in an extended energy range and are compattegnevious results for the
same local time and radial distance. The ion compositiomiighérmore examined in
terms of temporal and local time variations as well as al@gions influenced by the
magnetospheric dynamics.

Chapter 4 discusses ion acceleration mechanisms assbuwidtethe observed ion
composition. Especially, the observed ion energy spefitralamental for the study of
the ion composition, is discussed globally in terms of iathastic acceleration and the
ion abundance ratios in the magnetotail along regions wieeenfiguration events occur
are examined locally by two possible acceleration processe

39






2 Instrumentation used

2.1 The Galileo mission

The Galileo spacecraft, the first artificial satellite of ilep was designed to study the
large gaseous planet, its moons and its magnetosphere.pabecsaft was named after
Galileo Galilei, the Italian scientist who discovered, B0, Jupiter’s major moons, lo,
Europa, Ganymede and Callisto.

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

The spacecraft’s instrumentation was designed to stuadethspects of the Jovian
system: the planet's atmosphere, the satellites and thenet@gphere. To focus on
these three areas the spacecraft consisted of an atmasphele (Galileo Probe), a
non-spinning section of the orbiter which carried imageid ather remote sensing instru-
ments and the spinning section of the orbiter, includinditids and particles instruments
designed for in situ measurements of the magnetospherehéstic representation of
the Galileo spacecraft and its instrumentation is showngure 2.2.

The Galileo probe was separated from the orbiter in July5E81i entered the Jovian
upper atmosphere on December 7, 1995. The orbiter went bib around Jupiter at
the same time, where it completed 35 orbits in nearly 8 yeting orbit of Galileo was
especially designed to flyby at all the Galilean moons. Theeaf each orbit is a com-
bination of the satellite encountered (I = lo, E = Europa, Calli§to, G = Ganymede)
and the number of the orbit. For example G2 describes thendemrbit around the planet
when Galileo flew by the moon Ganymede. The orbital coveragimg these 35 orbits
reached by Galileo was between 5 (perijove of A34) and 15@; (apojove C9). On
September 21, 2003 the Galileo mission ended with a coattallash into Jupiter after a
nearly 14-year odyssey in Jupiter’s environment.

Investigations of Jupiter’s satellites and of the Joviagnetosphere in situ or remote
were carried out by twelve experiments onboard Galileo. fble remote sensing in-
struments mounted on the de-spun section of the spaceoraftased the imaging and
spectroscopic instrumentation. These are:Sbkd State Imaging Camera (SSheNear
Infrared Mapping Spectrometer (NIMS3hePhotopolarimeter/Radiometer (PPBR)d the
Ultraviolet Spectrometer/Extreme Ultraviolet SpectroenéUVS/EUV)
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Figure 2.1: The Galileo interplanetary trajectory as seemfabove Jupiter’s orbital
plane. Flybys at Earth and Venus as well at the asteroidsr&asyl Ida are shown.

On the spinning section of the spacecraft there were sixumsnts for in situ mea-
surements of Jupiter's magnetic field, plasma waves andjetigrarticles environment.
In particular, the strength and the direction of the magniid were measured by the
Magnetometer (MAG electrostatic and electromagnetic components of plasavasvin
three dimensions were recorded by BFlasma Wave Subsystem (PW8¢asurements of
low-energy plasma by thelasma Subsystem (PL$)e velocity, mass, charge and flight
direction of the dust particles in the Jovian system weresmesl by theDust Detec-
tor Subsystem (DDSglata on heavy energetic particles in the inner magnetospiere
provided by theHeavy lon Counter (HICand measurements of the energetic charged
particle environment around Jupiter, which compose thmany basis of this thesis, were
obtained by thé&nergetic Particles Detector (EPDAn extensive description of the EPD
instrument is provided in the next chapter.

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

1. Investigation of the circulation and dynamics of the dovatmosphere;
2. Investigation of the upper Jovian atmosphere and iorezgph
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Figure 2.2: A schematic representation of the Galileo sprafeand its instrumentation
(from JPL/NASA).

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

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

5. Determination of the gravitational and magnetic fieldd dgnamic properties of
the Galilean satellites;

6. Characterisation of the vector magnetic field;

7. Investigation of the atmospheres, ionospheres andaadagas clouds of the Galilean
satellites;

8. Study of the interaction of the Jovian magnetosphere thidlGalilean satellites;

9. Characterisation of the energy spectrum, compositiod,amgular distribution of
energetic particles.

2.2 The EPD instrument

The Energetic Particles Detector (EPD) was designed touwzindeasurements of the
energy, composition, intensity and angular distributibthe charged particles in the en-
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Figure 2.3: A schematic representation of the Galileo EeterdParticles Detector (EPD),
showing the telescope heads, LEMMS and CMS (from Willianmed .g1992)).

vironment around Jupiter. The Johns Hopkins University ligopbPhysics Laboratory
(JHU/APL), the Max-Planck-Institut fur Sonnensystemédnsng (MPS) (former Max-
Planck-Institut fur Aeronomie, MPAe), and The National @aie and Atmospheric Ad-
ministration Space Environment Laboratory (NOAA/SEL)uiesd in the construction of
the EPD instrument.

Some of the general characteristics of the EPD are givereifidble 2.1. The instru-
ment consists of two double-headed detector systems: Thgp@gition Measurement
System (CMS) and the Low Energy Magnetospheric Measure®gstem (LEMMS)
(Williams et al. 1992), shown in a schematic representatiéingure 2.3. EPD is mounted
on a platform which rotates througt28° (Figure 2.4). Its rotation combined with the
spacecraft spin allowed measurements from all directianthiee dimensional space.
The energy coverage for the whole system is shown in Figére 2.
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Figure 2.4: A schematic representation of EPD looking dawmfstepper motor rotation
axis showing the EPD viewing positions (from Williams et(d992)).

Table 2.1: Galileo Energetic Particle Detector (EPD) geheharacteristics

Mass :10.5Kg

Power : 6W electronics; 4W heaters;
Bit rate : 912 bps

Dimensions :19.5¢cnx 27 cmx 36.1 cm

Two bi-directional telescopes mounted on the stepperqolatf

47 steradian coverage with 52 to 420 samples every 7 S/C spidgQ s)
Geometric factors : &10 % — 5 x 10~ cm? 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 deflectionE x F, and time-of-flight

2.2.1 The Composition Measurement System (CMS)

The CMS is designed to measure the ion composition of thedowagnetosphere in the
energy range from: 10 keV nucl! to > 10 MeV nucl!. It consists of two types of en-
ergetic particle telescopes, a Time-Of-Flight (TOF) tetg®e, covering the low energies,
with one head and a typic&l ' x E telescope, covering the higher energies, at the other
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Figure 2.5: Graphical summary of the energy and speciesnelhaoverage of the whole
EPD system (from Williams et al. (1992)).

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

CMS Time-of-Flight telescopes

The CMS TOF telescope contains a sweeping magnet followethin solid state
detector telescope-K The incoming ions pass through this foil and impinge on the K
detector. Secondary electrons are released from the inrface of the foil and the front
surface of the Kk, detected by the microchannel plates (MCP’s), which previt start
and stop pulses. By the start and stop pulses the time-tit-thigtween the foil and Kis
determined. Separation between the different speciesasaal by the measured velocity
(through the time of flight) and the ion total energy (meadungthe K;).

Figure 2.6 shows the TOF versus energy space measured bglésedpe (sample:
data of the Callisto 9 flyby, day 176, year 1997). 13 rate casitjpm channels are defined
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Table 2.2: Energy passbands for different ion species fitenGMS detector of EPD
onboard Galileo (The channel pairs used in the analysisisfiesis are highlighted in
bold).

Species Channel Energy Range Channel Energy Range
name (MeV/nucleon) name (MeV/nucleon)
Time of Flight Channels AFE x E Channels
Helium TA1l 0.027 - 0.155 CA1l 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 CHS3 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 schemigteslTP1, TP2, TP3, TA1,
TA2, TO1, TO2, TO3, TO4, TS1, TS2, TS3 in Figure 2.5. Each pointhe matrix
corresponds to a combination of the measured TOF and engmggls Only a subset of
all measured particles can be processed. By normalizirtgiedozidual PHA event with
the corresponding rate channel it is possible to derive flared energy spectra for the
measured species.

CMSAE x FE telescopes

The twoAFE x E telescopes (Figure 2.8) extend the ion composition measmnts of
the TOF telescope to higher energies, for helium, oxygersatidr. Each of the\E x F
telescopes consists of a pair of detectors, a thip) @nd a thick (K, ;) one. As the ions
are passing through the system the ion loss enérjyand the remaining energy E are
measured by the,J and K, respectively. By these two measurements, as well as by
the thickness of the detector the atomic number Z for energi€00 keV/nucleon is
calculated by the equation:

AE 72 77
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Figure 2.8: Detail of the EPD CMS detector (from Williams et(2992)).

In Figure 2.7 theA £ x FE space measured by the telescope is shown (sample: data of
the Callisto 9 flyby, day 176, year 1997). 10 rate compositimannels are clearly defined
and shown as boxes in Figure 2.7 and schematically in Figir@a® CALl, CA3, CA4,
CM1, CM3, CM4, CM5, CH1, CH3, CH4, CH5, CNO, CN1. The pointstioé matrix
correspond to the energy measured by the J and the K detetikesin the TOF PHA
matrix only subset of the measured particle is processeile Wixes and energy spectra
for the measured species can be derived by normalizatioaabf dividual PHA event.

2.2.2 The Low Energy Magnetosphere Measurement System (LEMS)

The LEMMS telescopes, shown in Figure 2.9, measure elextrod ions at the energy
range of 15 keV to > 11 MeV and 22 keV to 55 MeV respectively. As the electrons are
entering the Oend they pass through a“1full angle collimator and a series of 11 baffle
plates, which define 7 hexagonal entrance channels. Theaisare deflected by the
internal magnet and detected by the solid state detectorsl E.aThese detectors cover
the energy range between 15 and 884 keV. Electronic thréskeparate this energy range
in 8 channels. The ions are passing through the same cadiimait due to their higher
mass they converge toward the detectors A. If their enerdygls enough they impact
also the detector B. The A detector measures all the ion®iettlergy range from 22 keV
to 12,4 MeV. The C and D detectors, at the 180d, measure ions with higher energies
of > 14.5 MeV and 51 MeV and electrons at2 MeV and> 11 MeV. lon mass and
charge states can not be determined by this telescope. TM&ISschannel 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 #&IMS detector of EPD
onboard Galileo (The channel pairs used in the analysisisthiesis are highlighted in
bold).

Species Channel Energy Range
name (MeV)

Z>1 AO 0.022-0.042
Z>1 Al 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 BO 3.200-10.10
electrons Bl ~1.500-10.50
Z>2 B2 16.00 - 100.0
Z>1 DCO 14.50 - 33.50
Z>1 DC1 51.00 - 59.00
electrons DC2 > 2
electrons DC3 > 11
electrons EO 0.015-0.029
electrons El 0.029-0.042
electrons E2 0.042 - 0.055
electrons E3 0.055-0.093
electrons FO 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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Figure 2.9: Detail of the EPD LEMMS detector (from Williamisad. (1992)).

2.2.3 Record and real time mode

The Galileo spacecraft contained a high and a low gain aatéfme High Gain Antenna
which was to transmit at 134 Kilobits per second whereas the Gain Antenna was
only intended to transmit at about 8 to 16 bits per seconeér(lags increased to 160
bits per second). The High Gain Antenna failed to unfoldratfirst flyby at Earth,
which forced a rearrangement of the measured data, trairggrin two different modes
the record and real time mode.

The record mode data is stored on a tape recorder onboargd@alhich limits the
time coverage. It is transmitted by the low gain antenna dtitper second. The time
periods selected to be recorded are chosen to be the clogea@ahoon flybys and the
plasma sheet crossings, as areas of high scientific intefést spacecraft’s rotation is
divided in 16, 32 and 64 spin sectors and a resolution of upi®dhata points from all
directions in space is obtained by the seven positions o$tidy@ motor. The real mode
data is available for most of the mission time, providing swaments from 16 different
directions in space within 3-12 min. The transmission rafedm 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 datmed, since they
provide a better time, local time and spatial coverage. Hewehe need to extend the
measurements at higher energies required the use of thedirset of the record mode
data where both TOF amlE' x E CMS telescopes were active.
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Figure 2.10: Typical energy spectra of sulfur ions in the negsphere of Jupiter at
9.42 R; and 16.40 LT measured by the TOF (solid lines) andAlie x 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 measemngs of the ion energy spec-
tra, defining its shape at the power law part of the kappaibligton, introducing a break
(kink) in the energy spectral slope (Section 1.3). Figulé®zhows a typical sulfur spec-
tra in the Jovian magnetosphere as measured by the CMSapésscT he solid lines show
the power law fits of the TOF energy channels and the dashesl tiose of the\F x F
energy channels. The sample is taken at 9242and 16:40 LT local time. Two power
law fits are needed to describe sufficiently the ion energgtspén the Jovian magneto-
sphere. The spectral kink appears between the energy réige two detector systems
(TOF andAE x E'), which implies that different responses of the telescopmsdd result
in it. In this section the reliability of the EPD instrumetiten is tested, proving that the
instrument is well calibrated, and the observed spectrapas are not an instrumental
error.

As a first step the calibration of the instrument is checkeg.uBing equation (1.7)
the count rates (cps) for the four species H, O, S and He meddyrboth the TOF and
AFE x F detectors of the CMS telescope are fitted. Parametric spettapes with 20
free parameters (5 parameters for each species: Cy k&t andy,) are used. The fit
is compared with the count rates measured by the LEMMSdefes which measures
the sum of all individual ion species. Figure 2.11 shows tleasared count rates (solid
lines) and those produced by the model fit (dashed lines)ceSafl three detectors are
working independently the reproducing of the fit is a strorguanent that the EPD data
set is trustworthy and that the spectral kink between thedetector systems is real and
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Figure 2.11: Comparison between the rate channels (cpsledhtee independent tele-
scopes of the Energetic Particles Detector EPD: TOF&aAdx E and LEMMS (sample

on day 310, 1996, at R=19.12,R The measured count rates of the telescopes are de-
picted by solid line, the dashed line indicates the fittednteates using equation 1.7.
Channels description is given in chapter 2. Adapted fromid&ieet al. (2005).

present for all species.

A depletion of low energy keV fluxes, leading to the observadllning of the spectra
for lower energies (see Figure 2.10) could be caused by aitiaud deadlayer on the
detectors, e.g., by a bombardment of high energetic pasticTo complete this study a
possible degradation of the instrument has been checkestlyrt is assumed that the
Jovian spectra of one particle species can be described byer paw distributionF =7,
where the spectral indexis obtained by using the high energy channels only. Then one
can extrapolate to lower energies and calculate the exgppeteticle flux for the lower
energy channels (see Figure 2.12). Comparing the obtais&tbdtions with the count
rates of the LEMMS-telescope no consistent picture can heeaed. This is a strong
indication that a single power law distribution does nots$athe Jovian energy spectra
for the entire energy range. Instead, an additional powecla off at higher energies is
necessary.

An extra test of the reliability of the EPD dataset is possity analysing the data
from the two Galileo flybys at Earth in a well known magnetosgh Figure 2.13 gives
a clear picture of the Earth energy spectra. The energyrspean be perfectly described
by a power law £ 7) as it is expected, taking into account that the energy rahgee
EPD falls into the power law region of this ion population. ggpently, the helium energy
spectra (Figure 2.13) in the magnetosphere of the Earthrames<hibit a break.
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Figure 2.12: The same as Figure 2.11 (sample on day 310, 4996519.08R). Itis
assumed that the Jovian energy spectra are described byea fpowdistribution loc £
and not by equation 1.7, where the spectral inge@g obtained from measurements of
the AF x F telescope and applied to the lower energy TOF channels as@mnnels
description is given in chapter 2. Adapted from Radioti e{2005).

It is concluded that the spectral kink at energies of sevEdal keV/nuc measured
inside the Jovian magnetosphere is real. The EPD instruordydard Galileo was well
calibrated and instrumental effects known up to date canxbrigded. The ion energy
spectra shapes as it is shown in the next chapter affectethsomposition introducing
a strong energy dependence of the relative ion abundanos.rdbo test of reliability of
the dataset equation (1.7) is used to describe the ion espaptra. However it is only a
functional form, it is derived empirically and therefordsaitks any physical meaning. The
observed shape of the ion energy spectra is discussed ia téi@model of ion stochastic
acceleration by Alfvén waves in Chapter 4.
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3 lon composition in the Jovian
magnetosphere as derived by Galileo
measurements

This chapter presents a detailed analysis of the ion cortiposn the Jovian magneto-
sphere with emphasis on measurements by EPD onboard Gdallese different types of
ions are investigated: helium as the tracer of the solar ygatfur and oxygen as tracers
of the internal source lo, and protons with a mixed origimirthe solar wind and the Jo-
vian atmosphere/ionosphere. For the first time the relaiveabundances of S/O, S/He,
O/He and p/He are calculated on a global scale and for an dedie@nergy range. Lo-
cal time dependences of these abundance ratios are analydeéemporal versus spatial
variations are identified. Moreover, changes in the contjposassociated with magne-
tospheric dynamic events are investigated. Finally, ailéet@omparison, with previous
results, especially from Voyager 2, is presented, estahlisfor the first time energy
dependent effects.

lon energy spectra are fundamental to the derivation ofdheabundance ratios and
contribute significantly to a better understanding of the e@@mposition. Therefore, a
detailed description of the ion energy spectra will be gjyaior to the presentation and
discussion of the ion composition.

3.1 lon energy spectra in Jovian magnetosphere

In addition to the energy spectrum samples which are sho@hapter 2, the current sec-
tion expands the discussion with more examples shown feowsions, radial distances
and local time segments, as measured by the energeticlpanstrumentation onboard
Galileo. The aim is to establish a general shape of the iorggrepectra in the Jovian
magnetosphere.

Figure 3.1 shows typical energy spectra of protons, helindhaxygen ions (from top
to bottom) measured during the Earth flyby through the magpétere and compared to
energy spectra measured inside the Jovian magnetosphiroe tBeAE x FE detector
has no proton channels, proton measurements are only extead 250 keV (see Table
2.2). Sulfur energy spectra and some high energy channetsxfgen at Earth are not
shown due to bad statistics for these ions. Neverthelessglear that within the energy
range covered by EPD the ion energy spectrum in the temestagnetosphere can be
described sufficiently by a single power law (Vasylas 1971), while in the Jovian mag-
netosphere at least for the heavier species, either twordawdits are needed (Mauk et
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Figure 3.1: Left panels: Typical energy spectra of protdredium and oxygen ions in
the magnetosphere of the Earth at 83 (sample taken during Galileo’s Earth flyby in
1992 on day 343, 16.31 UT) forming a power law distributiothwi = 4.1, v = 3.9 and

~v = 5.09 respectively. Right panels: Energy spectra of protonpuinend oxygen ions in
the Jovian magnetosphere at 14197 (sample taken during Galileo’s orbit C3 in 1997 on
day 095, 19:47 UT). The ion spectra can be fitted by two powes far helium ¢ = 1.4,

v = 4.3) and oxygen{ = 2.3,y = 4.3) and one for protons)(= 1.9).

al. 1996, 1998) or a different fundamental approximatiothefion energy spectra should
be considered.

Figure 3.2 shows typical ion energy spectra of protons akagdielium, oxygen and
sulfur ions. The energy spectra have been calculated ftardift radial distances (9.55

58



3.1 lon energy spectra in Jovian magnetosphere

. 4 ll_l_l'l'l'l'l'ﬂl_l_l'l'l'l'l'ﬂl_l_l'l'l'l'l'l'll_\
K] 10 — — — = —
L S — = v=18 L \ _|
- >

g 2 y=24

& "o 10 — - - ]
3 "

£

c 107 1 1 ]
[e] O

g s

o 104 N O B |

10*

0 y=41

107 P

Helium differential intensities
[cm 2sr's keV 1nuc]
|
I
=<
I
&
(@)
I‘.
I
|

10— — — —

10" = _
v=138 y=23 B
10° |— . 4\F B R ]
iy
T L -

107 b =Ar b ]

Oxygen differential intensities
[cm'2sr'1 s 'keV! nuc]

10 e : e P

3 4
= 10 " — 25 — = _
» o =1. = 4.
- 10 |— — — = —
=5 'i}
T O =4
= X “‘
S v 10° |- h — — = —
8, e
£
é 'g 102 — 'Y:34 Y — B P — — —
@ y=41 7%
4 — —_ — . — - (o] —
L T AT IRWATOT MM AT ERRATT Aarwwirmaddl | ARRTTTY RRRTIT ERRTTT WY
10" 102 10° 10t 100 10® 10° 10t 100 10® 10 10
Energy [keV/nucleon] Energy [keV/nucleon]  Energy [keV/nucleon]
9.55Ry, 14:30 LT 14.90 Ry, 08:08 LT 2514 Ry, 05:59 LT

Figure 3.2: Typical energy spectra of proton, helium, oxygad sulfur ions (top to
bottom panels), the same format as figure 3.1. The samplé¢skane for 3 different radial
distances & ;) and local time (LT) 9.55%, (1998.088, 13.03 UT), 14.98, (1997.127,

16.02 UT), 25.14R; (1997.126, 14:36 UT) (left to right panels). The heavy anshéa

lines represent power law fits.
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Figure 3.3: lon energy spectra in pairs, correspondingé@tiundance ratios S/O, S/He,
O/He and p/He (from left to right) measured by the TOF and pdae fits (solid lines).
The sample is taken at 12; and 10:30 LT during the Galileo orbit G7. The perpendic-
ular lines indicate the energy/nuc that fits best the TOF wéksnfor the given pair and
therefore is used for the derivation of the abundance ratio.

R;, 14.90R; and 25.14R ;) and local times (14:30 LT, 08:08 LT, 05:59 LT). It is again
evident that a single power law cannot describe the Joviaemnergy spectra for helium,
oxygen and sulfur species. Whereas possibly due to theelih@hergy range covered,
the proton distribution is reasonably well fitted by a singdsver law. Despite changing
intensity levels, the general spectral shape is esseriialsame over the studied range of
distances and local times. The spectral shapes change fhanmdar to a softer spectrum
forming a kink in the slope at energies between 300 and 800rkeV The kink is most
pronounced for helium. As it will be shown in the next secsipthe ion energy spectral
shape in the Jovian magnetosphere has a strong impact dndye$the ion composition
and its interpretation in terms of acceleration mechan@nussource and loss processes
(see the discussion on ion stochastic acceleration by Alivaves in Chapter 4).

3.2 lon abundance ratios

The relative ion abundance ratios are derived by the ratibeofon intensities for a given
pair of species at a fixed energy/nuc, provided that infolwnadn the ion intensities of
both species is available. Similar analysis performed lyipus missions used the same
proxy for the study of the ion composition (see Section 1@griving the relative ion
abundance ratios in this work at the same proxy allows a caatipa study with previous
results. Inconsistencies can be checked and time andIsgat&ations can be investigated.
The energy/nuc value used for the abundance calculatidrosen to fit best the EPD
energy channels for a given ion species pair. Only the lowggn€lfOF channels) are
used, where global information is available. The energy/nes at the central energy
of the overlap interval of the energy channels for the givam.pThe central energy
is derived as the geometric mean of the upper and lower lifrtih@ respective energy
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Table 3.1: The energy per nucleon that fits best the EPD TOFRgmdannels 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,@xyigelium ions and protons
arranged as vertical pairs corresponding to the abundatios under study S/O, S/He,
O/He and p/He (from left to right). Solid lines show the spaicpower law fits of the
intensities versus energy/nuc. The chosen energy/nuevale indicated by the vertical
lines and are listed in Table 3.1. It is clear from this figurattthe ion abundance ratios
depend strongly on the energy/nuc at which they are evalufdtge spectral slopes of the
two species differ.
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Figure 3.4: The EPD data coverage along the trajectoridsedE5 first orbits of Galileo in

the x-y plane (left panel) and in the x-z plane (right panélupiter Solar Ecliptic (JSE)

coordinate system. Jupiter is at the origin of the systemthadositive x-axis points
toward the Sun, the y-axis marks the dawn-dusk meridiartipesowards dusk and the
z-axis points to the north. Note that the scale of the z-axdfferent.

Figure 3.4 shows the segments of the 15 first Galileo orbityeEPD data are avail-
able. They are shown in the JSE coordinate system projestedhe x-y plane on the
left and perpendicular to it on the right. The orbits coveliahdistances up to 158; in
the nightside. The dawn and dusk local time sectors are murifig covered in radial dis-
tance, while the noon sector, which contains the perijovia@forbits is poorly covered.
The overlapping of some orbits provides better statistitSiva given segment but also
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Figure 3.5: Proton, helium, oxygen and sulfur differentreénsities (fluxes), measured
by the various TOF energy channels as a function of raditdwlce for a part of the C10
orbit (shown in red in the orbit presentation at the top). Plod covers the time interval

1997.262 to 1997.286. The data are dynamical averaged ouev/R;.

gives the opportunity to study temporal effects. Most oftthee the spacecraft remained
in the vicinity of the equatorial plane as shown in the righhel of Figure 3.4, with an
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Figure 3.6: Proton, helium, oxygen and sulfur (from top tttm) differential intensities
as a function of radial distance along the inbound (left) antbound (right) trajectories
of the first 15 orbits, at 80 keV/nuc that is at an energy/nuthenrange of values used
for the ion abundance calculations (see Table 3.1). Therdift colours denote the data
from the different orbits. The data are dynamical averages @ min/R;.

obvious exception of the first orbit G1. For the work of thiegls the data of these orbits
are analysed and projected into the equatorial x-y planenanidtitudinal effects have
been considered.

Before the presentation of the relative ion abundance gamne examples of the
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ion intensities as measured by the Galileo energetic parstrumentation are shown.
Figure 3.5 shows the measured intensities of protons,hebxygen and sulfur ions as a
function of radial distance from Jupiter along the Galilekd®@rbit (1997.262 - 1997.286)
for different energies. The intensities for all speciesatepon the radial distance and on
the energy range. It is obvious that they are decreasingimgtieasing distance from the
planet and they are lower for higher energies. The ion intiessre not only varying with
distance and energy but also with time and/or local timeufeé@.6 shows the variations
of the ion intensities of protons, helium, oxygen and sulbumis as a function of the radial
distance, along the inbound and outbound trajectorieseofitst 15 Galileo orbits. The
different colours represent the different orbits. Themsiges are calculated at 80 keV/nuc
approximately at the average energy/nuc that the ion almoedatios are calculated (see
Table 3.1). Large variations of the ion intensities up todeos of magnitude are presentin
consecutive Galileo orbits. However, with this plot lodal¢ dependences and temporal
effects cannot be differentiated.

— 1.4

1.2

1.0

AR :E M\ o MM |

L L n | n n n | n n n Il Il Il
0 20 40 60 80 100 0 20 40 60 80 100
Radial Distance [RJ] Radial Distance [Rg]

differential intensities at 39 keV/nuc
[cm 2sr's keV 1nuc]
T
S/0 at 39 keV/nuc

Figure 3.7: Left: Sulfur and oxygen ion intensities at 39 ka\¢ as a function of radial
distance along a part of the C10 orbit (1997.262 to 1997,286&jked with red in Figure
3.5. Right: S/O ion abundance ratio derived from the ratithefsulfur and oxygen ion
intensities for the same time interval.

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

3.2.1 Global maps
S/O abundanceratio

In the following the first global maps of relative ion abundamatios in Jupiter's mag-
netosphere will be presented. In a first step the abundatios heve been calculated for
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Figure 3.8: Color-coded relative abundance ratios of SAlrutated at 39 keV/nuc and
projected along the first 15 Galileo orbits in the x-y planéhaf JSE coordinate. The data
are dynamically averaged over 2 mity. lon abundance ratio values are shown only if
reliable information about the ion intensities of both igresies is available. The right
panel shows the spatial binning in boxes aff 10x10 and 220 R 7, which is adjusted
to the data coverage.

each orbit individually (Figure 3.8). Data obtained durithg time interval of day 136
to 256, 1997, are excluded from the calculation of all ratiative to helium, due to
instrumental deficiencies affecting the helium channelghis time period. To enhance
the statistical significance of the data at larger distadgaamical averaging of 2 min/R
has been used. In a second step the data are spatially bindederaged in 55, 10x10
and 20<20 R, as shown in the right panel of Figure 3.8. By this procedaterecoded
global maps of the ion abundance ratios are constructedseTimaps will serve to es-
tablish the various sources and sinks to investigate theligtmbution at various radial
distances to identify specific areas of interest and to coenwéh results from previous
missions.

The results of the spatial binning are shown for various aiios in Figure 3.9. The
top left panel shows the color-coded global map of the S/Gilmmdance ratio calculated
at 39 keV/nuc. The ratio ranges between 0.4 and 1.2. Vergdmshe planet at radial
distances of 5to 1®; close to the local noon the ratio is around 1. The ratio iseBsing
with increasing radial distance through the tail and reasiaues around 0.4. Beyond 80
Ry, in the tail region, the ratio stays comparatively constanty marginally decreasing
with distance. These results are in general accordancemetmsurements by Voyager
1 and 2 (Krimigis et al. 1979a, Vogt et al. 1979b, Hamilton [et1880, 1981), Ulysses
(Lanzerotti et al. 1992, Krupp 1994) and Galileo (Cohen e2@01, Mauk et al. 1998,
Maclennan et al. 2001, Waldrop 2004) at the respective Irdditances (see Table 3.2).
Small deviations between the ratios derived previously Bipland these results could be
explained by the fact that the previous measurements wedyeobitained on individual
orbits, whereas the values presented here are the aver@gesiaf all orbits in a given
local segment. The S/O abundance ratio has been addiyi@oalipared with the Voyager
2 ratios for the same local time and radial distances. Thaltre$ this comparison is
described in detail in Section 3.2.5 in association withrgneependent effects.
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Figure 3.9: Color-coded relative abundance ratios of S/Be30/He and p/He calculated
at 39, 68, 89 and 185 keV/nuc respectively and projected erxih plane of the JSE
coordinate system. Data from the first 15 orbits are spgtotined in boxes of 5, 10 and
20 R;.

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

Sulfur and oxygen are mainly originating from lo and the S&Dao of the neutral
sources ranges between 0.25 and 0.58 according to Voyager Cassini measurements
(Section 1.2.2). The neutrals are ionised, the newly cddates are emitted from the torus
at the energy of several eVs to tens of eVs and they are subjeetious transport and
acceleration mechanisms until they are detected by théeGanergetic particle instru-
mentation. Therefore the values derived here cannot betljirompared to the lo torus
composition.
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Table 3.2: lon abundance ratios in the Jovian magnetosphere

Energy (MeV/nuc) Location(R 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 0.34 0.103 0.32
0.6-1.6 47-49 0.35 1.06 3.02
0.6-1.6 59-67 0.35 0.047 0.13
Voyager 1 CMS (Vogt et al. 1979a): Table 1 7-14 4.9-5.8 8.0®9
Voyager 2 LECP (Krimigis et al. 1979b) 0.5-1.7 30-60 50800
0.6-0.95 15-60 0.006-0.07 0.02-0.F
Voyager 2 LECP (Hamilton et al. 1980) 0.6-0.95 51-56 0.25 +80 0.00570.0005 0.02:0.001
Voyager 2 LECP (Hamilton et al. 1981) 0.6-1.15 20-60 50-200
0.6-1.15 10-60 0.6-072 0.006-0.2 0.03-0.68
Voyager 2 CMS (Vogt et al. 1979b) 7.8-10.5 10.1-10.6 Q%%
7.8-10.5 10.6-25 0.180.07
Ulysses HI-SCALE (Lanzerotti et al. 1992): Fig. 5 0.5-1.4 -3 0.3-F 0.003-0.2 0.01-0.2
Ulysses EPAC (Krupp 1994) 0.45-1.6 15-110 0313 0.037 0.078
Galileo HIC (Cohen et al. 2001): Fig. 5 45-18.4 10-30 0.050.
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 8:6.06
0.7-1.0 9.1-9.6 0.740.05
1.0-14 9.1-9.6 0.580.15
Galileo EPD (Waldrop 2004) 0.025 5-150 0.30.8
Galileo EPD (this work) 0.039 5-150 0.4-1.2
0.039 10-65 0.9-0.6
0.185 5-150 88-570
0.185 15-50 172-243
0.8 15-50 146-21%
0.068 5-150 0.4-33%6
0.068 15-65 10.24-1.0°7
0.8 15-65 1.2-0.56
0.089 5-150 0.52-27.¢
0.089 15-65 7.88-1.C¢
0.8 15-65 1.34-0.5Z

8inbound trajectory

boutbound trajectory

single orbits

dbinned average

€close to the outbound trajectory of Voy 2

'€

soljel 8duepunge uoj



3 lon composition in the Jovian magnetosphere as derivedatijeG measurements

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

Global maps of S/He and O/He abundance ratios calculate8 an@ 89 keV/nuc
respectively are shown in the bottom panels of Figure 3.9.t@rdayside of the mag-
netosphere at close distance to the planet the S/He and @flde reach their highest
values of 32 and 28, respectively. All ion fluxes decreaseifsogintly towards the night
side and/or with distance from the planet. However, as seen the decreasing abun-
dance ratios sulfur and oxygen ion fluxes decrease strongethelium ion fluxes. These
results agree within one order of magnitude with previossilts compared at respective
radial distances (see Table 3.2). Differences of the rddtet®/een the various missions
can be attributed to spatial and temporal variations (se8d®e3.2.4) or could be a result
of an energy dependence (see Section 3.2.5).

The derived globally p/He abundance ratio calculated atke88nuc is shown in the
top right panel of Figure 3.9. The ratio ranges frem90 to ~ 600. In the midnight
sector, in a region between 30 to 30, the values are significantly higher compared
to those at larger distances. The same abundance ratio redamboard the previous
missions exhibit a wide range of values which agree well #ithaverage ratio calculated
by Galileo EPD. The p/He abundance ratio does not show a tlradl, consistent with
the mixed origin of protons composing external (the solardyiand internal (the Jovian
atmosphere/ionosphere) sources and the loss of low enastpyngs (80 to 220 keV) near
the moon Europa.

3.2.2 Local time asymmetries

The trajectory of Galileo in the Jovian system enabled a @atve study of the ion
composition at different local times. Figure 3.10 showschr-coded global map of
the S/O abundance ratio at 39 keV/nuc. The x-y plane is divide 8 different local
time sectors: Predawn (01:30-04:30 LT), Dawn (04:30-0BQ Prenoon (07:30-10:30
LT), Noon (10:30-13:30 LT), Predusk (13:30-16:30 LT), Du46:30-19:30 LT), Pre-
midnight (19:30-22:30 LT) and Midnight (22:30-01:30 LT)hd@ Noon and the Pre-dusk
sectors provide very limited data coverage only up to vewy f& and therefore are not
considered for the comparative study.

The abundance ratios for each of the remaining 6 local tim®seare averaged over
radial intervals of 3®;. Figures 3.11, 3.12, 3.13 and 3.14 show the S/O, S/He, O/He an
p/He abundance ratios calculated for those local time sewtysus radial distance.

Generally, the ion abundances do not exhibit major vamatiwith local time. An
obvious exception is the predawn sector. The results of &feen et al. (2001) that
oxygen and sulfur fluxes are independent on local time at Eadistances of 1&; are
confirmed by this work. The S/O, O/He and S/He ion abundartaesralong the predawn
sector exhibit a pronounced increase at radial distanceé® td 120R ;. This feature is
associated with global reconfiguration processes in thedewagnetotail (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 patternamms of local time varia-
tions. The large error bars in the ratio in all local time sestmply large deviations of
the averaged values. Moreover, it does not show a clearaseraong the predawn sector
like the other relative abundance ratios.
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Figure 3.10: Color-coded relative S/O abundance ratidsulzed at 39 keV/nuc and
projected along the first 15 Galileo orbits in the x-y planghsd JSE coordinate. The
format is the same as in Figure 3.8. 8 local time sectors grarated by the solid
lines: Predawn (01:30-04:30 LT), Dawn (04:30-07:30 LT)eryon (07:30-10:30 LT),
Noon (10:30-13:30 LT), Predusk (13:30-16:30 LT), Dusk 8619:30 LT), Premidnight
(19:30-22:30 LT) and Midnight (22:30-01:30 LT)

The local time pattern as derived by the Galileo observatextends and modifies the
composition pattern derived by Cheng and Krimigis (1989as&l on the corotation-
convection model these authors suggested that in the predaetor the composition
of heavy ions is enhanced from close to the planet up to velgtiarge distances (see
Figure 1.17). This pattern was confirmed by observationsgatbe Voyager 2 outbound
trajectory, which observed enhanced heavy ion compostiose to the planet but also
beyond 60F;. Based on the Galileo coverage of 4 local time sectors (dawedawn,
premidnight and dusk) it can be assumed that the ion comgositose to the planet
within ~ 30 R; is symmetrical. A heavy ion composition comparable to thaenved
close to the planet is also found in the predawn sector bytlwetiveen 70 to 12®; and
related to reconfiguration events.

69



3 lon composition in the Jovian magnetosphere as deriveddhileG measurements

I Y ! o
—~ : . oo
= . . =5
= . . a1
o . .
< : : -9
o . . 4
— . . e g
| : . — ©
o . . +
™ . . %)
- Lo 5
S P e
~ . . o
L . . 1o @
5 . : -
0 : : o
S . y [0}
| B ~
] [t
9 =i
o A
L 1 1 I o
(ST N © <+ o
w — — nU. o
& 0/s
T T T o — T T T T o
. . ) . . L
. . — T —~ . . o om
—~ . ~ . . 29
= : ~ . . =
5 : = = : _
. o . . [0}
o . 0] . .
| : lo © oL . Ny 18 ©
by . e o ~ N e = 8
o : — © o . . @
7 | S , L :
: o . .
= . a ™ : : pa
&J. . ) o (@] . : : (=)
© . o o < . -
< . e . o 20 N 12 3
~ : 10 © O == ©
: st @ o = = sl
o : ko] — (@) S . Lo o)
0 : 3 H B = @
= - . = : [ I
= .rTm . e
e . =l
R . :
. i i i o I i I i o
IS N © <= o IS N © < o
— — o o — — o o
0/s 0/S
(@]
\T)A T T T o T T T
A . : 3 o = : : 2
o Lo . ~ g Lo .
™ . . a9 . .@ﬂ a9
& . . = o . LB —
~ . . ) “ [ =——y o)
UL . . Jo o < L ] lo o
o : : S T R o = e S &
™ . : — g : et I} ] P— - g
. . . = : i 9= 4 i
o : : e : = [} =4 s s +
— N @ . L [T . —— @
~ . e = o . N — . st} -
. T A o . Ll . = A
. Py . —a— o . =F
i) L .- . T o 2 : —
< . et o~ . e o O [ o
or . L 10 © of . ] 1o o al . e v ©
I : A — . NS - g = . i -
o) . [ o o : el © : jrcrary T
e : ! ™ : = 2 : s e
= : - g D == n O X P g
£ N o [S N N ] m Df : : a9
| - ~ . e .
o g & : e M :
b A S o ot ) 123 S S o
S T < . T - N ©° N o v o
— — o o m, . = il — — S S
c . = 3
o} . Ll
0/s o . 0/s
= . .
| i 1 i o
~ o N [es} < o
— — O. o
0/S

Figure 3.11: S/O ion abundance ratio, calculated at 39 k&d/averaged over the 6 dif-

ferent local time sectors (see Figure 3.10 and ovky and plotted versus radial distance.
The error bars correspond to the standard deviation of trenmalue in a given distant

interval. The ratio for the 6 local time sectors is placed sthematic representation with
Jupiter in the center and sun to the right.
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3 lon composition in the Jovian magnetosphere as derivedatijeG measurements

3.2.3 lon composition during reconfiguration events

As mentioned in the previous section along the predawn setthe magnetosphere an
increase of the S/O, S/He and O/He relative ion abundanaesrist observed. In the
present section it is shown that the profound enhancemeahedieavy ion composition
is associated with reconfiguration processes taking pratieei Jovian magnetotail.
Figure 3.15 shows an example of the S/O ion abundance ratithéotime interval
from 1996, day 265 to day 280, where energetic particle florgtsuare prominent (see
Figure 1.8 and Krupp et al. (1998)). The red line indicatedével of the average ratio at
the same local time and comparable radial distances takemtfre orbits in the vicinity.
In the same figure variations of the ion directional flow atrispy and the south/north
components of the magnetic field data are shown for the sam@e@h. The changes in

N
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at 39 keV/nuc

S/O abundance rario

:  S/O'Vatioin the vicinfly

Anisotropy
65-120 keV

Magnetic field (nT)
South-North
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Figure 3.15: S/O ion abundance ratio (top) calculated ate8@uc as a function of

time and radial distance for the time interval 1996, day 288: The red line indicates
the level of the S/O ratio in the vicinity. Further shown ane first order anisotropies
(middle) in the radial (red line) and corotational (greame)idirection and the south-north
component of the magnetic field (bottom) in high-resolutmotted for the same time
interval. Vertical dashed lines indicate the onset of thetwlbances. The lower two
panels are taken from Kronberg et al. (2005).
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Figure 3.16: S/O, S/He, O/He and p/He ion abundance ratios(fop to bottom) calcu-
lated at 39, 68, 89 and 185 keV/nuc as a function of radiaadist for the time interval
1996, day 265 to day 280. The horizontal lines indicate thel lef the ratio in the vicinity
and the vertical dashed lines the onset of the reconfiguratients.

the directional anisotropy (inward/outward) associatéti shanges in the polarity of the
magnetic field component (from southward to northward) adecative of burst events
(Woch et al. 1998, 1999, Kronberg et al. 2005). The vertieahgd lines indicate the
onset of these disturbances. It is evident that along tme interval the S/O relative
abundance ratio is on average 1.2, much higher than the o&fdo6 observed in the
vicinity. Moreover, a few individual spike-like enhancemtin 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 abundatios as a function
of time and radial distance for the same time interval. Yeitdashed lines indicate the
onset of the reconfiguration events and the horizontal leeratio in the vicinity. It is
obvious that not only the S/O but also the S/He and O/He raceahanced up to one

order of magnitude compared to the ratio in the vicinity, ivip/He does not exhibit a
clear behaviour.

To extend this study the ion composition is investigateddiother time periods with
bursts events. These events appear predominantly in thdeywnesector along different
Galileo orbits such as G2, E6 and G8 (1996 days: 262-296, #1893: 078-086, 1997
days: 152-168) (Kronberg et al. 2005). Figure 3.17 showsdlative ion abundance ra-
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Figure 3.17: S/O, p/He, S/He and O/He abundance ratios dt8%),68 and 89 keV/nuc,
respectively, for the predawn sector (01:30-04:30 LT) aged over 32 ; and plotted vs
the radial distance. The ratio along the reconfiguratiomesfgriangles) (1996 days: 262-
296, 1997 days: 078-086, 1997 days: 152-168) is plottediegevith the ratio during
the quiet time (squares).

tios of S/O, S/He, O/He and p/He for time periods with recanfigion events (triangles)
compared to the ratios observed in the quiet times in the dacad time sector and at
comparable distances (squares). The S/O, S/He and O/tds tatring the bursts time
intervals exhibit clear enhancement. The enhancement®asé pronounced for larger
distances, reaching values of up~070 %, ~ 330 % and~ 200 %, respectively. The
p/He ratio does not exhibit a similar clear increase. Thegmeobservations corroborate
the increase of the S/O, S/He and O/He ion abundance ratidsrgvn the global abun-
dances maps in the predawn sector (Section 3.2.2). It is detnaded that the increase is
associated with reconfiguration events taking place in dmeesregion. In order to inter-
pret the ion composition changes along the burst eventsipitbdawn sector mass and
charge dependent ion acceleration mechanisms are disdnsShapter 4.

It should be noted that burst events appear also in the nhitlegrtor of the magne-
tosphere along parts of the C9 and C10 Galileo orbits (Kranbeal. 2005). Figure 3.18
shows S/O, S/He, O/He and p/He as a function of time and reditnce for a part of the
C10 orbit, where reconfiguration events occur. It is obvithag no enhancements of the
S/O, S/He, O/He and p/He compared to the vicinity are observée absence of com-
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Figure 3.18: S/O, S/He, O/He and p/He ion abundance ratios(fop to bottom) calcu-
lated at 39, 68, 89 and 185 keV/nuc as a function of radiaadis 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 sec&lso discussed in Chapter
4.

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

3.2.4 Temporal variations

The first 15 consecutive orbits of Galileo provide the unigpgortunity to investigate
temporal effects in the Jovian magnetosphere. Orbits thatraoughly the same local
time and radial distance can reveal variations in time saaflseveral weeks. Figure 3.20
shows the ion abundance ratios of S/O, S/He, O/He and p/dpecéavely for parts of
the Galileo orbits E6 (solid line) and G8 (dotted line). Tleéested periods are shown in
Figure 3.19 by red lines. These two Galileo orbits are chds®ause they provide good
data coverage in roughly the same local time sectors at c@blearadial distances.
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Figure 3.19: The same format as the left panel of Figure JaAsPf the Galileo orbits E6
(1997, 052-057 days) and G8 (1997, 129-135 days) used famtastigation of temporal
variations are indicated in red.

The ratios derived for the two different time intervals dihlarge variations. More
specific, the S/O ratio for the two orbits differ by up to 0.4aky ions relative to helium
exhibit variations up to one order of magnitude, while p/Khbibits less variations. The
ratio values of the other 13 orbits in the same local time aaliaf distance range inbe-
tween. It should be noted that during the chosen time peaodsup to 60 R special
magnetospheric dynamic events like bursts which could beamsible for composition
changes (see Section 3.2.3) are not observed. Large difieseof sulfur and oxygen
intensities up to one order of magnitude have been also tepéor Voyager 1 (at 40-
47 R;) and Voyager 2 (at 40-4® ;) measurements (Hamilton et al. 1981). However,
the authors could not delineate whether they are due to texhpo local time varia-
tions. Additionally, comparison of the p/He ratio betweba Voyager 1 and 2 missions
at roughly the same energy range showed very good agreeKmmidgis 1983). From
the present Galileo observations it is inferred that lagyaporal variations, which are
most pronounced for S/O, S/He and O/He and less prominemqt/liég, occur in the Jo-
vian magnetosphere on time scales of weeks.

Figure 3.21 shows the sulfur and oxygen, as well as the prodrhelium intensities
in pairs corresponding to the abundance ratios of S/O and p#Ha function of radial
distance for the same time intervals. All species inteesnary for the two orbits. Sulfur
and oxygen intensities do not show large orbit to orbit ddfeces up to 3@, however
pronounced differences thereafter do exist. It is obvitwas the ion intensities exhibit
strong temporal variability, which affects of course thiatige ion abundance ratios.
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Figure 3.20: S/O, p/He, S/He and O/He abundance ratios gagraver 2 mink; and
calculated at 39, 68, 89 and 185 keV/nuc, respectively, éndisk-midnight sectors of
the Galileo orbits E6 (1997, 052-057 days) (solid line) arfdl (997, 129-135 days)
(dotted line).

Since lo is the major source of oxygen and sulfur the high tadprariability of the
S/O ratio could be attributed to the variable emissions ef $fO neutral source ratio,
which ranges between 0.25 and 0.58 (see Section 1.2.2)e Taks values can not be di-
rectly compared to abundance ratios as measured by thestiograrticle instrumentation
onboard Galileo. The lo torus neutrals are ionised, the yevdated ions are then emit-
ted at low energy (several eVs to tens of eVs) and they arspiated and accelerated to
keV. Even though between the neutral emissions and theetieparticle detection some
steps are included the high temporal variability of the Sé0tral sources emissions could
be a reason of the temporal variations of the ion abundartios i@ the energies of sev-
eral keV/nuc. The high temporal variability of S/He and Ofidgo is not surprising since
the heavy ions have an internal source compared to the extargin of helium. p/He
less pronounced temporal variations could imply that atetgms are to a large extent of
solar origin. Apart from the origin of the species the obsdrtemporal variability of the
ion abundance ratios can be attributed to other reasonssulfug and oxygen intensities
show strong orbit to orbit variations and also helium iond anotons show variations
that are coherently observed in the same distance rangse.slipgests that time-varying
acceleration processes could also contribute to the \@riaf the relative ion abundance
ratios. 3-days modulations observed in the ion intens#resion energy spectra, associ-
ated to the reconfiguration events in the magnetotail (Woeh. 6998) are an evidence
of time-varying processes taking place in the Jovian maxgpétere.
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Figure 3.21: Sulfur and oxygen intensities at 39 keV/nuit giele) and proton and helium
intensities (right side) at 185 keV/nuc as a function of aadistance in the dusk-midnight
sectors of the Galileo orbits E6 (1997, 052-057 days) (dole) and G8 (1997, 129-135
days) (dotted line).
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Figure 3.22: Color-coded global map of S/O calculated at&@kuc (from Figure 3.9)
together with the Voyager 2 trajectory (dashed line). Biashy 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 onboalitt@£1996 - 1998) are
compared with those recorded onboard Voyager 2 (1979). dwson that the Voyager 2
mission is chosen among the other missions for comparigbaists outbound trajectory
is covered by the first 15 Galileo orbits and its LECP instratrie appropriate for a
comparative study of the relative ion abundance ratios ©f S/He, O/He and p/He.

To perform a thorough comparison of the abundance ratioth#®two different ex-
periments in terms of local time and radial distance thettayy of Voyager 2 is drawn
on top of the color-coded global map in Figure 3.22. The Veya&jrajectory is indicated
by the dashed line. For comparison only the values from thada boxes that overlap
the Voyager 2 outbound trajectory are used. Additionallthioenergy/nuc that fits best
the Galileo energy channels (see Table 3.1) the ion abuedatios are calculated at 800
keV/nuc so as to be within the Voyager 2 energy range (600%6 k&V/nuc). Figure 3.23
shows the ion energy spectra of sulfur, oxygen, helium antbps measured by EPD in
pairs corresponding to the abundance ratios under study.véttical lines indicate two
different energies at which the ion abundance ratios aritzkd for comparison and the
grey area the Voyager 2 energy range. The 800 keV/nuc is alandlse lowest energy
limit of the TOF energy channels and also within the Voyagen@rgy range. However,
the Voyager 2 energy range includes the energy/nuc at whiglenergy spectra slope
changes (see Section 3.1).

It should be noted that the ERDE x E' (high energy) channels are seldomly available.
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Figure 3.23: lon energy spectra of sulfur, oxygen, heliurd protons in pairs, corre-
sponding to the abundance ratios under study S/O, S/He, @ide/He (from left to
right) measured by the TOF (solid lines) and th&’ x F (dashed line) telescopes of the
EPD instrument onboard Galileo. The sample is taken at 12,98nd 08:08 LT. The
vertical lines indicate the energy/nuc that fits best the T@dhnels and the 800 keV/nuc,
which correspond to the Voyager 2 energy range (shown byreheagea).

Therefore the comparison at 800 keV/nuc mainly relies upoexérapolation of the EPD
low energy channels to 800 keV/nuc. An example is shown infeig.24. lon energy
spectra measured along the Voyager 2 outbound trajectarp 752 ;, ~ 02:00 LT) are
compared with those measured onboard Galileo for the sazaktime and radial distance
but in a different energy range. The comparison indicatas the ion energy spectra
measured by Voyager 2 are softer (larggrthan those measured by Galileo implying
large discrepancies in the derived relative ion abundandes softer spectra observed by
Voyager 2 is in accordance with the softening in the spectrasured by the high energy
channels of EPD presented in the Section 3.1.

The result of the comparison of the two missions for the SIBleSO/He and p/He
abundance ratios is shown in Figures 3.25, 3.26, 3.27 ail@8spectively. The triangles
represent the abundance ratios measured onboard Galideg #ie Voyager 2 orbital
trajectory (of Figure 3.23) and the squares those measurbdaod Voyager 2 in the
energy interval of 600 - 1150 keV/nuc (Hamilton et al. 1980he error bars of the ratios
correspond to the standard deviation of the mean value inendiox, while those for
the radial distance are given by the size of the box. The cosgaof the ion abundance
ratios is shown both for the EPD "best fit" energy/nuc (lefhgdpand for 800 keV/nuc
(right panel).

The S/O ion abundance ratio measured onboard Galileo atbettyy/nuc is higher
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Figure 3.24: lon energy spectra of sulfur, oxygen, heliuohamtons measured along the
Galileo orbit C10 (at 52.82 Rand 02.47 LT) and the outbound trajectory of Voyager 2
(at 51-57 B and 02:00 LT). Along that part of the C10 orbit, only measugats from
the low energy channels are available; the Voyager 2 dattakes from Hamilton et al.
(1981).

by a factor of 2 compared to those measured by Voyager 2. Tinerg is no indication for
an energy dependence. This behaviour is expected sincies ©f the sulfur and oxy-
gen energy spectra are parallel in good approximation. TiHe &d O/He ion abundance
ratios measured by Galileo are consistently higher thasetlod Voyager 2. The discrep-
ancies are up to two orders of magnitude for the comparisdiffatent energy/nuc and
itis reduced to one order of magnitude for 800 keV/nuc. Thtepatios measured by the
two different experiments agree quite well especially wthery are compared at the same
energy/nuc. These observations confirm that the S/He, Oitl@#Ade ion abundance ra-
tios exhibit a strong energy dependence resulting fromabigtihat the ion energy spectral
slopes of oxygen, sulfur and protons are not parallel to gteitm slope. In the following
the comparison is done only at the same energy/nuc.

The Voyager 2 results are also compared with data from oneichdl Galileo orbit.
For this comparison the Galileo G8 orbit is chosen, becalm®gahis orbit the ratio
values are closer to Voyager 2. Figure 3.29 shows the relativabundance ratios derived
along a part of the G8 (shown in Figure 3.19) and those oldanéoard Voyager 2. For
this Galileo orbit the S/O, S/He and O/He ratios from Galéee closer to the Voyager 2
results, compared to the average Galileo abundance rduttvensbefore. However, still
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Figure 3.25: S/O abundance ratios measured by EPD onboditdd3#riangles) at 39
keV/nuc (left panel) and extrapolated to 800 keV/nuc (rigamel) along the Voyager 2
trajectory, compared with those measured by LECP onboaydgér 2 (squares) at 600-
1150 keV/nuc. The Voyager 2 data are taken from Hamilton.€18B1) (Figure 1.15 of
this thesis). The error bars of the ratios correspond totdredgrd deviation of the mean
value in a given grid element, while those for the radialahse 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 ked/ama 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 Sjpeorbit again exhibits a very
good agreement with Voyager 2.

Thus, the discrepancy of the ion abundance ratios espethalse of S/He and O/He,
measured by the two different missions 17 to 19 years apartpossibly be attributed to
temporal variations. It was already shown that temporahtians in the ion abundance
ratios of up to one order of magnitude are present over tirakesof several weeks (see
Figure 3.20). It would not be surprise if additional vamets on secular time scales of
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Figure 3.27: O/He abundance ratios (triangles) at 89 ked/&amd at 800 keV/nuc (same
format as Figure 3.26, adapted from Radioti et al. (2005)).
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Figure 3.28: p/He abundance ratios (triangles) at 185 kad/amd at 800 keV/nuc (same
format as Figure 3.26 and Figure 3.28, adapted from Radiati €005)).

several years exist, which together could fully accountlierobserved differences.
Figure 3.30 shows the oxygen and helium intensities at 80Jrke, extrapolated
from the Galileo measurements, as a function of time aloegrthound and outbound
trajectories of the first 15 Galileo orbits (grey crossesthke same figure the oxygen and
helium intensities measured on the Voyager 2 outboundct@je are presented (black
crosses). These values are the same as those used for thlataaoof the ion abundance
ratios in the energy range of 600-1150 keV/nuc. For comparike Voyager ratios are
plotted on top of both the inbound and outbound trajectai¢se Galileo orbits. The ion
intensities measured by Galileo exhibit large variatiohgmto 4 orders of magnitude. It
is obvious that the oxygen fluxes measured onboard Voyages atahe lower limit of
the Galileo variations while the helium fluxes are at the brghmit. Thus the Voyager 2
several days measurements are well within the range olusdureng the Galileo 2 years

85



3 lon composition in the Jovian magnetosphere as derivedatijeG measurements

1 T T T - T T T E|
10°¢ < G8@wkevinue) ] 10*F - G8(800 keV/nuc)
o : Voyager 2 1 b o : Voyager 2 ]
10°F E
o L] r
< T
» 100 2 1 3
[ g o @ o
=]
10%F o E
=]
=]
107 . . . 10" L : : : |
10° : T G8®00kevinug ] 107 - G8(800 keV/nuc)
L o : Voyager 2 ] L o : Voyager 2
10'F 3 10" 3
[0) 1o
L 100 3 < 10F E
) 30
[ = ] H g
107 F 1 107F fo o 3
E g o é 3 B8 pg o o n
=] oo T | =] ? -
102 E B ® % g oo E 102 ;
10-3 I 1 1 1 ] 10-3 I : g I
0 20 40 60 80 0 20 40 60 80
Radial Distance [R] Radial Distance [R]

Figure 3.29: S/He, O/He and p/He (from top to bottom) abundaatios from Galileo
EPD along the dusk-midnight sector of the orbit G8 (1997,-129 days) (solid line).
The data are extrapolated to 800 keV/nuc and plotted togetitie the Voyager 2 ratios
(squares) for comparison. The Voyager 2 data are taken framiltbn et al. (1981)
(Figure 1.15 of this thesis).

coverage, furthering the notion that the Voyager 2 time watsam exceptional pass of
extraordinary magnetospheric conditions.

However, large temporal variations in the ion intensitiesweek to year scales do
exist explaining the large differences of up to one order agmtude in the S/He and
O/He ion abundance ratios compared at the same energy rantfeeftwo different ex-
periments 17 to 19 years apart. Moreover, oxygen and sufuiritensities measured
by the Voyager 1 and 2 missions showed discrepancies of arfattLl00 (see Section
1.4). The relatively small difference of the S/O ion aburckarmatio of~ 0.4 could be
attributed to the temporal variability of the lo torus enuss (S/O neutral sources ranges
between 0.25 to 0.58, see section 1.2.2) or temporal vaagogleration mechanisms, as
mentioned in Section 3.2.4. The p/He ratio seems to varywébstime. It is shown that
it exhibits only marginal temporal variations on scales eels for consecutive Galileo
orbits (Section 3.2.4). p/He ratio measured by Voyager 12Zandssions roughly at the
same energy range showed very good agreement. The presemvation confirms the
consistency of the p/He ratio on time scales of several yestisering the notion that
protons and helium ions of several hundreds keV/nuc enetigynate mainly from the
solar wind, which constitute a fairly constant source orsé&ieme scales.
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Figure 3.30: Oxygen and helium intensities extrapolate80@ keV/nuc (grey crosses)
as a function of radial distance along the inbound and outtdtajectories of the first 15

Galileo orbits. The data are dynamically averaged over ZRjinThe oxygen and helium

intensities, at 600-1150 keV/nuc,(used also for the cateut of the ion abundance ratios)
along the Voyager 2 outbound trajectory are shown for cormmpar(black crosses). The
Voyager 2 data are taken from Hamilton et al. (1981) (Figui® df this thesis.

This is the first time that the ion composition has been coepdor two different
missions for the same local time and radial distance. Baséldeopresent study it is con-
cluded that the discrepancies of the ion abundance ratiwgeba the two experiments
can be attributed to strong energy dependence and/or taeinatations. The energy
dependence of the ion abundance ratios is an essentiaimsic&ting that ions are accel-
erated by a mechanism which affect different energy/nugeardifferently, composing
ion distributions that vary with energy. Additionally, tieserved energy spectra break
complicates the study of the energetic particle compos#diovarious energies. In order
to understand better the energy distribution of partiakethe Jovian magnetosphere the
observed ion energy spectra shapes are discussed in terarsstbchastic acceleration
by Alfvén waves in the next chapter.
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3.3 Summary

The energetic particle composition of the magnetosphedejpter is studied for the first

time on a global scale based on the first 15 orbits of Galilém rElative ion abundances
of S/O, S/He, O/He and p/He are calculated, global maps arsticated and projected
onto the equatorial plane. The S/O ratio ranges betweem@.4 2. Though close to the
S/O ratio of neutral sources (0.25 to 0.58) released fronmésd values cannot directly
be attributed to this source. Sulfur and oxygen are emiti@ah the lo torus at energies
of a few eV. They are transported over large distances arelaated to several 10s to
100s keV before they are detected by the Galileo spaceastfumentation. Moreover,

the maps of sulfur, oxygen and protons relative to heliumnstiat helium dominates

over oxygen and sulfur at larger distances, while there islear trend for protons with

respect to helium. This is consistent with the mixed oridiprotons from the solar wind,

Jovian atmosphere/ionosphere and the Europa gas torus.

A comparative study of the ion composition for differentdbttme sectors is obtained
for the first time. It is concluded that only minor local timgyanmetries of the relative
ion abundance ratios exist, with an exception of the predseator. Along this sector
the S/O, S/He and O/He ratios are very much enhanced. Th#isgeenposition in this
region is associated with reconfiguration processes tagiaxg in the magnetotail. Based
on the present study it is shown that apart from strong rdktiad anisotropies, changes
in the energy spectra of the energetic particles and pplanianges in the magnetic field
north-south component, substantial enhancements of theyen composition are char-
acteristics of the reconfiguration events. In the next avaiph acceleration mechanisms
associated with the dynamics in the magnetotail are discussexplain the observed ion
composition.

The coverage of the first 15 consecutive orbits of Galilewioles a unique opportu-
nity to investigate temporal variations. It is shown thainunced variations of the S/O,
S/He and O/He ratios on times scales of several weeks do &kisy can be attributed to
the variability of the S/O neutral source emissions frontddhe additional minor sources
of oxygen and to the oxygen and sulfur internal origin coreddo the external helium.
The less variable with time p/He implies that protons ordg@to a large extent from the
solar wind. However, apart from the ion origin, time-varyicceleration processes could
also contribute to the time variability of the relative idouadance ratios.

The global coverage of the Galileo trajectories enablesaatifative comparison with
results of previous flyby missions for the same radial disteand local time. The Galileo
results are specifically compared with those derived by tyayer 2 mission not only
for the same radial distance and local time but also for theesanergy range. The large
discrepancies derived from the comparison are attribuae@rhporal variations of the
two missions 17 to 19 years apart and to the observed eneegyrapshapes, which as it
is shown introduces energy dependent effects on the ion @asitign. The next chapter
discusses the ion energy spectra in the Jovian magnetesiphisrms of ion stochastic
acceleration by Alfén waves.
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4 |lon acceleration mechanisms

This chapter discusses ion acceleration mechanismsdetatee observed ion composi-
tion in a global scale but also locally for specific regionartRularly, in the first section
the observed ion energy spectra responsible for the eneqgndlence of the relative ion
abundance ratios is discussed in terms of ion stochast&eaation by Alfvén waves. In
the second section the ion composition enhancements afoegeriods where reconfig-
uration events occur are investigated locally by two acedilen processes.

4.1 lon stochastic acceleration by Alfvén waves

Energetic particle measurements onboard Galileo showaddh energy spectra in the
Jovian magnetosphere, in contrast to the magnetosphehne &arth, cannot sufficiently
be described by a kappa distribution (see Section 1.3). inermeasurements it become
clear that an additional cut-off at high energies of sevedalkeV is needed. Additionally,
any instrumental effects known up today that could be resipten for the production
of the observed spectral shapes are excluded (see Se@ijonEgjuation 1.7 is used to
describe the ion energy spectra in the Jovian magnetos(atik et al. 1998). However,
itis a functional form chosen to provide a good approxinratbthe measured ion fluxes
vs. energy. It is derived empirically and lacks any physioaaning. In the current
section the measured ion energy spectral shapes are didangerms of a model of ion
stochastic acceleration by Alfvén waves initially intraed by Barbosa (1979).

The model describes a steady state process in which the renstaracting with
intense Alfvén waves propagating along the magnetic fietlte d@ffect of the turbulence
is to scatter the particles in pitch angle fast enough tcatgothe first adiabatic invariant
and isotropize the angular distribution. On a longer tinsesthe isotropic distribution is
scattered in energy by stochastic acceleration.

A derivation of the equation describing the kinetic evalatof the distribution func-
tion due to interaction of ions with a spectrum of Alfvén wayaopagating along the
magnetic field was given by Barbosa (1979). A steady statelistnibution N(E) as a
function of energy per nucleon E is given by:

3N(E) _ 0 (¢C+2
or Da_E[E

e (N -
8E \/E Tloss(E)’

(4.1)

whereN (E) is the total number density of the ionic speciéss the wave spectral index
andr,ss(E) is an energy dependent loss term, which determines theiinss t
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4 lon acceleration mechanisms

Table 4.1: Initial parameters.

radial distance Alfvén velocity mean magneticfielo% correlation times

(R)) V4 (km/sec) B (nT) Ty (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:

A\ §B: (—1 E,

where A/Z is the mass-to-charge ratio of the i6x, is the proton cyclotron frequency,
Ey = 3M,V} is the Alfvén energyE,,, = E4(Q/wo)? is the maximum energy a
proton can achieve by this process. It is assumed that a dawespectrum of Alfvén
wavesP(w) oc w~¢ is propagating parallel to the magnetic field with spectreleix¢ and
dB? = fw"oo dwP(w) above a characteristic frequency (low-frequency cutaffy= 27 /Ty,
whereTj Is the correlation time of the Alfvén wave turbulence.

The particles are considered to escape from the turbulgmrren the manner of
spatial diffusion through the Alfvén wave turbulence. paki{1971) has described such
a process in terms of spatial diffusion with an effective miae path:

quFE
A= A (4.3)
3DE =
The diffusive loss time for a region of spatial dimensiors then given:
312 9DI? s 3
7—loss(Ew) - 2 = 7—OEI 2, (44)

T w1617
The boundary conditions are taken at an injection (threhhehergyEy ~ E4. The

solution of (4.1) then is
E\? K,(IF9)

where Ny = N(E,) is the initial density,K,(z) ~ (£)* e * is the modified Bessel
function,! = 3%:(Dm)~"/?, p = %3¢ andg = *;* are additional parameters.

The ion particle fluxi is given by:

I = M ”2‘ (4.6)
41
The theoretical spectrum as derived by the equation (416)eadirectly compared
to the ion energy spectra observations (Figure 3.2). Thesrmrgy spectra are studied

for three radial distances 10, 15 and R5, where both the low and high EPD energy
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Figure 4.1: Power spectral density of the magnetic field seethe G2 Galileo pass
at radial distance of 10.R; (left) and at the inner edge of the magnetodisk on the G2
inbound pass at radial distances 23 to25(right) (from Russell et al. (2000)).

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

Figure 4.1 shows power spectral density of the magnetic &eldhdial distance of
10.7 R; (left panel) and at 23 to 2R ; (right panel), measured on board Galileo and are
used as input parameters for the model. Initial parametrsmon for all species are
summarised in Table 4.1 for each of the three radial dis&d€e 15 and 252;. The
Alfvén velocity V, is determined by Barbosa et al. (1981), the mean magneticies
measured by the magnetometer onboard Galilea)\tBes estimated by the wave spectra
observations (Russell et al. 2000) on the orderdfnT, forcing42 to vary with distance
between 0.1 and 0.01. The correlation tiffyeis estimated to vary between 100 and 300

91



4 lon acceleration mechanisms

&

Proton diff. intensity
[cm'zsr’1 s kev! nuc]

Helium diff. intensity
lem2sr's keV ' nuc]

Oxygen diff. intensity
[cm'zsr'1 skev! nuc]

Sulfur diff. intensity
[cm'2sr‘1 s kev! nuc]

&
T

10° 10" 10° 10°  10* 10°10° 100 102 100 10t 10°10° 100 102 10 10t 10
Energy [keV/nucleon] Energy [keV/nucleon] Energy [keV/nucleon]
9.55Ry, 14:30LT 14.90 Ry, 08:08 LT 25.14 Ry, 05:59 LT

Figure 4.2: Theoretical ion energy spectra (curves) catedlfor protons, helium, oxygen
and sulfur (top to bottom panels) for three radial distaraseslocal times. The triangles
represent the measured ion energy spectra by Galileo EPB2R) (1998.088, 13:33

UT), 14.90 R (1997.127, 16:02 UT) and 25.14,R1997.126, 14:36 UT) (left to right
panels).

sec corresponding to the wave spectra flatteningy at 5 x 10~2 Hz (Figure 4.1). The
wave spectral index is a free parameter, its value will berdenhed by the model and
compared with the observed wave power spectra of FigureAs T\ free parameter it is
restricted to vary betweenh< ( < 3 which is the regime that favours low-energy particle
acceleration.¢ should be common for all species since it is a property of tHeéf
waves.

With these initial parameters the model is fitted to the ddtiae result is shown in
Figure 4.2. The ion energy spectra for the four species andhfee different radial
distances are shown. The triangles show the measured yaloigsthe 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 distanced,5and 25R;, as shown in figure 4.2,
are slightly declined from the theoretical curve. A smaligue of the wave spectral index
of 2.55 would fit better the two sulfur data points, but woutd Ibe consistent with the rest.
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4.1 lon stochastic acceleration by Alfvén waves

Table 4.2: Parameters describing the ion population aseteby the application of the
model for radial distance 1B;, 15 R; and 25R;.

Species initial density length of the acceleration meaa frath\
Ny (em™3) region L(R,) for 100 eV/nuc

To = 100 — 300 sec

at10R;

Protons 2.30 9.510*-5.810° 0.49L

Helium 1.710° 410*-2.510° 0.58 L

Oxygen 1.107 1.310*-810* 0.91L

Sulfur 1.4107 10* - 6 10* 0.98 L

at15R;

Protons 1.1107 950 - 5.810° 0.62L

Helium 7.610% 513-3.210% 0.59 L

Oxygen 2107 150 - 913 1.02 L
Sulfur 1.7107 123 - 757 1.04 L
at25R;

Protons 2107 108 - 661 0.69 L
Helium 3.810% 65 - 380 0.61L
Oxygen  5.8107 22 -109 1.1L

Sulfur 3.4107 14 - 86 1.1L

Previous studies of ion stochastic acceleration by Alfvéneg applied to protons, sulfur
and oxygen ions in the Jovian magnetosphere (Barbosa €&, 1984, Barbosa 1994)
used a wave spectral index of 2, which fitted the Pioneer aryddér data. However,
wave power spectra measured by the magnetometer instratieendnboard the Galileo
spacecraft near the equatorial plane for radial distant&6.@ R; and 23 - 25R; over

a frequency range df x 1073 < f < 4 x 1072 Hz, have shown that the wave spectral
index is ranging between 2.3 and 2.7 (see Figure 4.1) in gooardance with the present
results.

Apart from the wave spectral index other parameters arardated by the fit such
as the patrticle’s initial densityV, 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 partisleonsidered collisionless
with respect to Coulomb interactions with other particllesg the acceleration regiai
This requires that the scattering mean free paghould satisfy:A > L. We calculate
the mean free path (from equation (4.3)) for particles of @0(huc, considering that the
acceleration starts at the energies of few hundreds eV armbmeare it with the length
of the acceleration region (see last column of the Table 4B mean free path lies in
a reasonable range compared to the length of the accefteraioon (.51 < A < 1.1L)
furthering the notion that the chosen initial parameteitd.ho

The length of the acceleration region is a parameter seasitihe correlation timé;,
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4 lon acceleration mechanisms

% and the ion mass per charge ratio A/Z. With the selectechlmpairameters fofy, %
and A/Z the length of the acceleration regibns varying between a few tens &f; (for
the heavy ions at 2R ;) up to several hundreds thousandgdf (for the light elements
at 10R,) as shown in Table 4.2. These values could only be reduceshsmnable values
between severak; respectively several tens &f; only if the wave spectra observations
where consistent Witﬁ%? ~ 0.5 (Barbosa et al. 1981, 1984) or/afi << 100 sec
(Barbosa et al. 1981). However, such values seem not to lsstent with observations.
Thus with the input parameters (according to the wave spedtservations) used above,
the reproduction of the ion distributions at the three radistances require a length of
acceleration region, which is unrealistic for the Joviargnetosphere.

It is concluded that even though the theoretical energytspearves fit very well to
the data points, the large scale length required for thda@ten makes the above model
insufficient to explain the observed ion energy spectra. idesl model is unable to ex-
plain ion abundance variations at different regions. H@vahe process of ion stochastic
acceleration by Alfvén waves might become applicable usdere modifications or/and
additions. One shortcoming of the present model is that diffysion in energy is con-
sidered. A combined model of radial diffusion and ion statltaacceleration by Alfvén
waves has been used to explain the Voyager ion energy spe¢stmaous distances (Bar-
bosa 1994). An equivalent combined model could possiblyagxphe energy spectra
break observed by Galileo for various distances. Howeves,td the limited knowledge
concerning the exact shape of the ion energy spectra atrgdnoal times and at distances
further away than 2%, such a model could not be thoroughly tested by observatibns
present.

4.2 lon acceleration during the reconfiguration events

In this section the ion composition during periods where@ndiguration events occur is
studied. These events are described in the introductortyoBet.2.2. Energetic particle
measurements during these events are presented in Se@i8n Brominent enhance-
ments of S/O, S/He and O/He relative ion abundance ratiasgitine disturbed period
are seen while no change for the p/He ratio is observed (gped=8.16). In this section
two candidate mechanisms to explain the observed ion abgedatios are investigated,
associating the magnetotail dynamics with the ion composit The first mechanism
considers ion acceleration in the tail current sheet whare are accelerated by the time-
stationary dusk to dawn convection electric field in the entrsheet. According to the
second one, ion acceleration takes place during small seakgions of the south-north
component of the magnetic field during the reconfiguraticenés;, where an impulsive
electric field induced during the disturbance plays a suibisiarole in the acceleration.

4.2.1 Acceleration in the current sheet

Non-adiabatic interaction of ions with the current sheet baen considered an impor-
tant mechanism of particle energization in the magnetofaihe Earth (Speiser 1965)
(see Section 1.3) and it has been used to explain ion congrosithancements during
magnetic storms at Earth (Nosé et al. 2001). In the currenitssethis non-adiabatic ion
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Figure 4.3: Schematic illustration of the current sheet eh¢8peiser 1965) for the case
of Jupiter. Adapted from Speiser (1965).

acceleration process is evaluated as a possible mechamisrplain the observed ion
abundance ratios of S/O, S/He, O/He and p/He during tim@gemwhere reconfiguration
events occur. The particle acceleration by the time-statypdusk to dawn electric field is
studied for two cases: (a) for a thick current sheet duririgtgimes and (b) for a thinner
current sheet just before reconnection occurs.

A description of the model applied to the magnetosphereetrth is presented in
Section 1.3. The magnetic field is given By= B, X + B,z, whereB,, is assumed to be
constant atz|> d and to decrease linearlgf « z) at|z| < d, where d is the current sheet
half thickness, while thé3, component of the magnetic field is considered constant and
for the case of Jupiter is directed northward. The electeid ft, in the Jovian topology
is directed from dusk to dawn. Figure 4.3 shows a schematiresentation of the current
sheet model for the case of Jupiter, where also a partichgictory is shown.

As it has been described in Section 1.3, when the particlg@rgdius becomes com-
parable or greater than the minimum curvature of the magfietd lines then the first
adiabatic invariant is no longer conserved in the vicinitthe current sheet. This require-
ment is fullfilled for the case of thermal ions at the magregtoegion (~ 80 R ;). For
example the gyroradius 672 of 100 eV/nuc in a magnetic field of B = 4 nT is estimated
to ber, =0.12 Ry, which is larger than the 0.07,Restimated for the minimum curvature
radius in that region (Goertz 1976).

In such field configuration the equation of motion for an iothwhassn and charge
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Figure 4.4: Sulfur, oxygen, helium and proton final energyk@V) as a function of their
initial energy (in keV) according to the current sheet aeion model forB, = 1.2 nT
andE, = 0.25 mV/m, corresponding to a quiet region.

stateg is given by:

du, q
i —uy, B,
du, q q
Y - ZF + 2 (u,B, —u,B, 4.7
dt m y+m(u “ ) (4.7)
du, q
= ——u,B
dt muy v

where theu, is the i component of the ion velocity. Entering the currdret the particle
motion is no longer adiabatic, since the first adiabatic riave is not conserved. The
particles are oscillating in the z plane and are moving tdaatawn accelerated by the
dusk to dawn electric field. Since tii& component of the magnetic field is non-zero the
particle will eventually be ejected out of the current shddte velocity the particles are
ejected at is given by the analytical solution of equatio@y8peiser 1965):

Uy = 2Ey/Bz —+ Ug, (48)

uy andug is the final and initial velocity of an ion, respectively. Asdussed in the

Section 1.3 the final velocity is independentofq. However, the time of the ejection

Tej (< 57a7m) @nd the distance x the particles drift towards the plangt(is %)

depend onn/q. Thus, ions with largen/q will be oscillating for longer time+.;) and
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Figure 4.5: lon final energy (in keV/nuc) as a function of theitial energy (in keV/nuc)
for quiet time periods (left) and for periods with reconfigtion events occurring (right)
as derived by the model fds, = 0.04 nT,E, = 0.02 mV/m andB, = 1.2 nT,E, = 0.25
mV/m, respectively.

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

To test how the different particles are energized the madaeltially applied for model
parameters3, = 1.2 nT andE, = 0.25 mV/m which correspond to a quiet period with a
thick current sheet. The final particle energy (in keV) iscaddted as a function of the
initial one, shown in Figure 4.4 for the various speciess kvident that ions with larger
mass gain more energy, sincem. For example oxygen ions of initial energy 100 keV
are accelerated te 236 keV, while protons of the same initial energy are acegderonly
to~ 119 keV.

To evaluate if this ion acceleration mechanism is respdmddy the observed ion
composition the energy the particles gain should be ordbyednergy/nucleon. The
model is applied for the quiet period with a thick currenteth@l ~ 2.5 R;) with model
parameterss, = 1.2 nT andE, = 0.25 mV/m and for thinner current sheet{d).17 R;)
just before reconnection occurs with B 0.04 nT and E=0.02 mV/m. The final energy
is plotted as a function of the initial energy for the quietlalisturbed periods shown in
the left and right panel of Figure 4.5, respectively. In thetutbed period all ions are
accelerated stronger compared to that during the quietliause of the larger ratio of
%. However, the initial and final energy are ordered by keV/ang are the same for all
ions independent of thein/q. Thus, no change in the relative ion abundance ratios after
the acceleration can be produced and this model can notiexpéobserved composition
changes in that region.
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Figure 4.6: (a) High resolution of the south-north compdrméthe magnetic field for the
reconfiguration event (3) of Figure 3.15, (b) a close up viéthe south-north magnetic
field component for the time interval 9:00 to 9:30 UT (c) fuooal form of the selected
south-north magnetic field variation.

4.2.2 Acceleration during small scale variations of the maagtic field
lines

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

During such events small-scale time variations of the sowttth component of the
magnetic field are observed. Panel (a) of Figure 4.6 showgieatlyexample of a recon-
figuration event along the G2 orbit (event (3) of Figure 3,15)h a sequence of transient
magnetic field variations. A characteristic example obsévetween 9.00 - 9.30 UT is
shown in a close up view (panel (b)). These small-scale tirans correspond to consec-
utive reconnection signatures, associated with plasned&hse (Kronberg 2006). The
area marked in the panel (c) shows the time variation of tlhehsoorth magnetic field
component, described by the functional form F(x) = x - sinx.

Making use of this functional form, the north-south magnéigld component at a
given time t is described in terms of the variatia® = B,, — B, (whereB,, and B, are
the maximum and minimum values of the magnetic field comptraerd the duration
for the time intervab < ¢ < 7 as follows:

AB 27t . 2wt
The time-varying magnetic field induces an electric fieldhe vicinity of the plasma

sheet. To calculate the induced electric field Faradaysdawsed.

0B
E = —
V x 5 =
E(t AB 2t
I
T T
E(t) = Em(l—cos(@)), (4.10)
T
whereF,, is the maximum electric field given by:
E, = LAB, (4.11)
T

for the impulsive time scale and spatial scalé.. The spatial scale is related to the
length of the released plasmoid which is approximated bydtiration of the magnetic
field variationT and the speed of the plasmaig, (Kronberg 2006). Figure 4.7 shows
the variation of the north-south component of the magnetid fitop) and the induced
electric field (bottom) with time (for the time intervalin arbitrary units), where tha B,
the maximum electric field”,, as well as the duration of the magnetic field variation
are indicated.

If the time scale of the duration of the induced electric fisldomparable to the par-
ticle’s gyroperiod then the particle can be acceleratedanhabatically by the induced
electric field. In case that > 7, the motion is adiabatic and the impulsive electric field
does not energize the particle. To examine whether thisaalabatic acceleration can
generate the observed changes in the ion composition a ewbdifodel initially intro-
duced by Delcourt et al. (1997) is used. This model is usedptaeé heavy ion enhance-
ments during substorms in the terrestrial magnetospherseq it al. 2000a,b), events with
characteristics similar to the reconfiguration events olegkat Jupiter. Figure 4.8 shows
a schematic illustration of the modified model used for thespnt study. Two orthogonal
axis X and Y in the gyration plane are defined, which point talgalupiter and towards
dawn, respectively. The origin of phase is chosgr= 0, which corresponds to particle
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magnetic field B
north - south component

electric field E

Figure 4.7: Top: North-south component of the magnetic figld) and the induced elec-
tric field (bottom) as a function of time for the time interwvahs described by equations
4.9 and 4.10, respectively. The magnetic field variathaB, the maximum electric field
E,,, as well as the duration of the magnetic field variation adiciated.

velocity 1 in the Y direction. The dusk to dawn electric fiel¢) points in the +Y
direction and based on the equation 4.10 can be describedgiwen time t:

[ Eul—cos(3)] : 0<t<r
E(t)_{ 0 : t<0,t>71

where E,, is the peak of the electric field andis the time scale of the magnetic field
variation which corresponds to the duration of the impu@slectric field. For simplicity
the magnetic field B is assumed to be uniform in the +Z direcéad from now on B
denotes the Bcomponent. The equation of motion in the X-Y plane is:

(4.12)

duy q

= Lyu,B 4.1
dt muy (4.13)
duy _ 4p 4,p
dt m m
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Figure 4.8: Schematic illustration of the simplified dipmation model for the case of
Jupiter (adapted from Delcourt et al. (1997)).

wherem andq are the particle’s mass and charge state, whiland,, are the velocity in
the X and Y direction. The equation of motion is solved unterdversimplification that
the interaction is restricted to first cyclotron turB & B,,), considering only equatorial
mirroring particles (Delcourt et al. 1997). Thus the paetgfinal (t =7) velocity V; is
related to the initialj by:

2E,, sinmX .,  4FE, sinmTy
%BmX2_1 %BmX2_1

VE = Vo + ( cos(mx + )] (4.14)
wherey =7 /7, is the ratio of the time scale of the impulsive electric fieldite gyroperiod
of the particle.

The model is applied to the selected time interval shown mepéb) of Figure 4.6.
The magnetic field variation iaB = 3 nT, it lastsr = 3.4 min and the spatial scale
is estimated to be- 1 R; (for u, = 300 - 400 km/sec, which corresponds to the local
Alfvén speed). Thus the maximum electric field is calculafeam equation 4.11 to be
E,, ~ 1 mV/m. These parameters are considered typical for such soae variations
(Kronberg 2006).

For an initial particle energy of 50 keV/nuc the final energgalculated from equation
4.14 and is plotted as a function gfin Figure 4.9. It is shown that the particle gains the
maximum energy fox — 1 in accordance with the previous statement that if the galdi
gyro periodr, is comparable to the impulsive time scaléghe maximum acceleration is
obtained. Ify»1 the motion is adiabatic and the particles can not be aeteteby the
impulsive electric field.
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Figure 4.9: Particle’s energy (keV/nuc) as a functionyof ~ as derived by the model
for initial energy 50 keV/nuc, magnetic field B =3 nT and ellasx:i]eld E,, =1mV/m.

In order to investigate the effect of the impulsive eleclietd on the particle’s energy
the particle’s gyroperiod is calculated. The gyroperiopatels on the mass and charge
q of the various particles and is given by = o5 (sec/rad). As average charge states of
the various ions in the Jovian magnetosphere are assumédar hélium, 2 for oxygen
and 3 for sulfur. For magnetic fiel®,, = 3 nT the particle’s gyroperiods are calculated
as follows: 7, = 233 sec 1,, = 174 sec,. = 64.7 sec and, = 21.8 sec. Figure 4.10
shows the modeled variation of the energy/nucleon for suifkygen, helium and protons
as a function of the impulsive time scaldor initial energy 50 keV/nuc. It is evident that
different time scale variations of the electric field are e to accelerate the various
species. For the above model parameters, variations of 2ma4luration accelerate
more effectively sulfur and oxygen ions while variationsdeghan 2 min can result in
acceleration of helium and protons without energizingwsudind oxygen.

Changes in the ion composition inferred by such an eleceild tan be studied by
applying the model to ion energy spectra during a quiet timeop. For this purpose
a sample spectra taken on the C10 Galileo orbit-&80 R; in the predawn sector(
1.40 LT) is used. These spectra can be regarded as beingeapatve for quiet time
spectra in this local time sector since no reconfiguratioene were observed for an
extended period of time. The observed ion energy spectraltuirsoxygen, helium ions
and protons during the quiet time are shown in Figure 4.11l&gkdines.

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

given by the number density times the velocity component

J(E,a,r) = udn, (4.15)
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where the number density of particlés in a velocity intervallu and a solid anglé(2 is:
dn = fu’dudSQ. (4.16)

From equations 4.15 and 4.16 it follows:
J(E,a,r)dEdQ = f(u),ul, o, 1)udud (4.17)

usingdE = mudu equation 4.17 becomes:

2

J(E,a,r) :%f(u”,uba,r) (4.18)

Equation 4.18 relates the measured particle flux in a cegtaangy interval to the velocity
distribution function of the measured particles. From hMidla’s theorem for a given pair
of differential particle fluxJ; and.J, and velocityu, andus, it holds:
Ji . J J. J

f =const = — i =2 :> Ell = EZ = ol = const. (4.19)
Considering that the ions have initial enerfly during quiet time and that they are ac-
celerated according to the model £ during the disturbed time, the final differential
particle flux.J;, can be calculated as a function of the initiglby:

I, ==, (4.20)

The energy spectra of sulfur, oxygen, helium ions and pso#wa calculated after the
acceleration by the electric field and are shown in Figuré énXed. Sulfur and oxygen
ions are accelerated stronger than helium ions and protahgwhe given duration of
the impulsive electric field, in accordance with Figure 4.Fdom the ion energy spec-
tra the relative ion abundance ratios can be calculated atea gnergy/nuc. They are
summarised and compared with those during the quiet timalreT4.3. Substantial en-
hancements of the S/O, S/He and O/He during the disturbeslgigniods are generated
while no significant change is produced for the p/He ratio.

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

In addition the S/O, S/He, O/He and p/He ion abundance raftes acceleration are
calculated as a function of the impulsive time scal®r the previous input parameters,
shown in Figure 4.13. It is shown that the ratios exhibit aevidnge of values with their
maximum occurring at different time scales. This can expthe fact that the observed
enhancements of the S/O, S/He and O/He are not in phase wik tf the p/He ratio.
Magnetic field variations with different characteristiesult either |n— << lorin
é >> 1 which corresponds to an adiabatic motion and none of thegasi affected.
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Figure 4.11: Sulfur, oxygen, helium and proton ion energgcs@a from observations
during a quiet time (black lines) along the C10 Galileo ofhit~ 80 R; and 1:40 LT)
and spectra produced by the model for disturbed times (ned)i

Table 4.3: Observed ion abundance ratios during quiet tingenaodeled values for the
disturbed period.

ion abundance ratio  quiettime 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 venyirfenperiods along the
disturbed time in Figure 4.12.

A reconfiguration event (substorm-like event) in the Jovreagnetotail can last a few
days. In the present study such a global long-lasting egembi considered because the
time scales of the magnetic field variation are not comparaith the particle gyroradius
(r >> 1,), the motion is adiabatic and the induced electric field canaccelerate the
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Figure 4.12: S/O, S/He, O/He and p/He ion abundance ratios\(fop to bottom) in the
same format as Figure 3.16. The observed ion abundance eatioplotted in red, the
black horizontal lines indicate the level of the ratio in theinity and the green lines are
added to indicate the values derived by the acceleratedrapsacording to the model
with input parameters B = 3 nT,,E= 1 mV/m andr = 3.4 min. The vertical dashed lines
indicate the onset of the reconfiguration events.

particles. Only the small-scale variations shown in Figu&affect the ion composition

according to the above mechanism. Such events are obseecpebhtly, approximately

every 2 hours and widespread specifically in the predawrosdating the active phase
of a reconfiguration event. Thus the acceleration mechadesuribed above can repro-
duce the observed ion abundance ratios along the G2 orlitgdilre time period where

the reconfiguration events are present. Such events arsegsoin the dusk sector but
not as frequent (Kronberg 2006) and ion acceleration is matelend does not lead to
significant ion composition changes (Figure 3.18).

It should be noted that the present acceleration mechaniptaies only locally the
composition enhancements during the reconfiguration swehe predawn sector. How-
ever the particles accelerated in that region are expeoté@ transported inwards, in
accordance with the flow pattern (see Figure 1.6) and wilelaaveffect on the ion com-
position in other magnetospheric regions. Energetic gartheasurements have shown
evidence of such transport. Measurements between 25 aij 86thin 1 to 2 hours of
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Figure 4.13: S/O, S/He, O/He and p/He ion abundance rati@sfasction of the time
variation of the electric field as predicted by the model, with model parameteysB
3 nT andE,,= 1 mV/m. The horizontal dashed lines correspond to thesailuserved
during quiet time used as initial condition (Galileo orbit@ at~ 80 12, and 1:40 LT).

local midnight (parts of the Galileo orbits C9, C10) havewhauasi-periodic variations
of energetic ion intensities and energy spectra. They aecaded with the reconfigura-
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tion events taking place in the predawn sector (Woch et &3)19The periodicity of these
modulations linked them to the quasi-periodic transitietween the two states of the Jo-
vian magnetotail: the quiet dipolar-like state and theestéath plasma sheet thinning and
plasmoid formation (see section 1.2.2).

Two acceleration mechanisms are examined as candidatdsefobserved composi-
tion changes during reconfiguration events in the Joviammiagail. It is concluded that
acceleration by small-scale magnetic field variationsruguch events can effectively
accelerate ions and generate the observed ion abundaiosg vdtile acceleration in the
current sheet due to the steady-state dawn to dusk eleetdasinot 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 thergetic ion population
of the Jovian magnetosphere has been studied for the firstdima global scale. More
specific, three different types of ions are investigatediuheas the tracer of the solar
wind, sulfur and oxygen as tracers of the internal sourcenlb @rotons with a mixed
origin from the solar wind, Jovian atmosphere/ionosphackthe Europa gas torus.

Fundamental for the investigation of the ion compositiaimesstudy of the ion energy
spectra, which provides information of the particle’s s®uand any dynamical processes
that have intervened from the time of the particle’s in@etuntil the detection. The
Galileo energetic particle instrumentation provides meaments of the ion energy spec-
tra in the power law part of the kappa distribution. The ioBrgy spectra show a break
from a harder to a softer spectrum at energies of severahkeVSince this spectral kink
appears between the energy range of two detector systeims energetic particle instru-
mentation the test of the reliability of the dataset is nsagsprior to the study of the
ion composition. An in-depth analysis proved that the unsient is well calibrated, and
the observed ion energy spectra are not caused by instrahedfgicts. The ion energy
spectral shapes of the Jovian magnetosphere are conlgistemtd at various distances
and local times.

Based on the observed ion energy spectra the relative iamdabge ratios of S/O,
S/He, O/He and p/He at a specific energy/nucleon are deriveédbal maps are con-
structed. It is shown that the S/O ratio is rather stable angjes between 0.4 to 1.2.
However, these values should not be compared directly \wehdissociation source of
SO,. Sulfur and oxygen are emitted from the lo torus (with a redigources S/O ratio of
0.25 to 0.58) at energies of a few eV. They are transportechecelerated to several keV
composing the global figure derived in this work. From thebglanaps it is also shown
that helium dominates over oxygen and sulfur at larger desta, while the p/He ratio
does not show a clear trend, consistent with the mixed oongiprotons from the solar
wind, Jovian atmosphere/ionosphere and the Europa gas. tdhe global coverage of
the Galileo trajectories enables a quantitative compangith results of previous flyby
missions, specifically of Voyager 2 for the same radial distaand local time. Based
on the global maps the results from the two missions are coedpar the same local
time, radial distance and energy range. The observed lasgeegancies are attributed to
temporal variations between the two missions 17 to 19 ygaag and to a strong energy
dependence of the ion abundance ratios associated witiméngyespectral shapes. Tem-
poral variations of the ion abundance ratios not only on tarees of several years but
also on several weeks, only implied by previous missionnake established. Results
from consecutive Galileo orbits have shown pronouncedtians of the S/O, S/He and
O/He ratios, which could be related to the temporal vanghdf the lo torus emissions,
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5 Summary and conclusions

to the solar wind, but also to variations induced by partateeleration processes. The
less time-variable p/He ratio implies that protons origgnto a large fraction from the
solar wind.

A comparative study of the ion composition in different Ibib@e sectors is performed
for the first time. The study shows that the relative ion alaunoeé ratios exhibit only
minor local time asymmetries, with an exception of the pvadaector, where the S/O,
S/He and O/He ratio are very much enhanced. The observedosiinop changes in this
region are associated with reconfiguration processes ttair an the magnetotail. The
present study connects these reconfiguration events witantial enhancements of the
heavy ion composition apart from strong radial flow anispigs, changes in the energy
spectra of the energetic particles and polarity changelsanmtagnetic field north-south
component.

The last part of this work investigates ion accelerationm@tsms which are at least
partly responsible for establishing the observed ion abood ratios. First, an attempt
is made to explain the observed shape of the ion energy speesiponsible for the en-
ergy dependence of the ion abundance ratios, by a model dftamiastic acceleration
by Alfvén waves. The observed ion energy spectra of the fpecigs at three radial dis-
tances 10, 15 and 2B; are fitted by the model with wave spectra measurements in the
Jovian magnetosphere as an input. The model parameteiisecdor the acceleration
exceed the Jovian magnetospheric scale indicating thabduel of ion stochastic accel-
eration by Alfvén waves can not sufficiently explain the iomry spectral shapes in the
Jovian magnetosphere. lon stochastic acceleration byéAlvaves gives only diffusion
in energy, and it is suggested that a combined model wittaradfusion could possible
complement this work.

Additionally, the pronounced composition changes aloeguitedawn sector are stud-
ied locally in terms of two candidate acceleration procgssan acceleration in the tail
by the time-stationary dusk to dawn electric field and ionetsmation by small-scale
time variations of the south-north component of the magtrietid during reconfiguration
events. It is concluded that the second one is responsibkadéoobserved composition
changes at that region. When the time scale of the magnddo/@eation is comparable
to the particle gyro period the particle is accelerated leyitlduced electric field. Based
on observations of the magnetic field variations during #enfiguration events in the
Jovian magnetosphere it is shown that such a mechanism eagiznsulfur and oxygen
ions more effectively than helium and protons generatiegoitiserved ion abundances.
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