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Abstract

The magnetosphere is a magnetic cavity in space that results from the solar
wind’s interaction with the Earth’s dipole magnetic field. The Earth’s
magnetic field acts as an effective shield against the solar wind. Only a minor
fraction of the solar wind plasma has access to the magnetosphere. The
magnetosphere consists of different regions with plasma of planetary and
solar wind origin. The contributions from the solar wind plasma and the
planetary plasma, the latter produced by outflow from the high-latitude
ionosphere, into the magnetosphere have been the subject of thorough
investigations for more than 30 years.

The focus in this thesis is on the planetary low-energy (40 — 200 eV) ion
outflow from the sub-auroral regions (latitudes lower than the auroral oval)
into the magnetosphere. Increased knowledge about the ion outflow is
expected to enhance our knowledge about loss processes in the Earth’s
atmosphere. This thesis is about various factors that influence the sub-
auroral low-energy ion outflow, such as the outflow for various magnetic
disturbances. The results show that planetary low-energy ion outflow into
the magnetosphere also occurs during magnetically quiet periods. The
outflow of low-energy H+, He* and O+ increases with increasing magnetic
disturbance levels in the dawn, noon and dusk sectors, while for the
midnight sector the low-latitude ion outflow appears to decrease with
increasing magnetic disturbances. We argue that differences in the amount
of ion outflow may be related to a supply from different ion sources. The ion
outflow composition for the dawn, noon and dusk sectors seem to be the
ionosphere and the plasmasphere. For the midnight sector the ion sources
seem to be a combination of the nightside ionosphere and the dayside cleft
ion fountain. Those two ion sources are known to be less dependent on
geomagnetic activity. We have also estimated the total sub-auroral planetary
low-energy ion outflow into the inner magnetosphere independently of the
MLT: 4.2-10% s for the H+, 7.1-10% s+ for the He+ and 3.2-10%° s+ for the
O-+.
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Chapter 1

INTRODUCTION

The Sun is the major energy source for life in our solar system. The Sun and
space have fascinated humans as long as we have existed on the Earth. Space
phenomena have always been interpreted differently in different cultures.
We know this from cave paintings made by our ancestors where they tried to
describe space phenomena. Some religious beliefs seem to interpret celestial
phenomena as signs from the gods.

Today we know that the phenomena in the sky may involve interactions
between the solar wind (plasma from the corona of the Sun) and the Earth.
To be able to understand the physics in space and solar wind plasma
processes, we have to understand the basic physics of plasmas. This can be
done with experiments in physics laboratories, with theoretical studies or
with in-situ plasma measurements in space, that is by measurements made
by instruments in space. Using in-situ instruments, the near-Earth space
environment seems to be the best place to study and understand the solar
wind, plasma processes and space physics. This is what solar-terrestrial
physics is about, to study and understand the basic space plasma physics in
the solar-terrestrial environment. An interesting aspect of solar-terrestrial
physics is the outflow of planetary ions. The planetary ion outflow has direct
influence on the atmosphere, which is so important for life on Earth.






Chapter 2

THE NEAR-EARTH SPACE ENVIRONMENT

Plasma is the dominating state of visual matter in the Universe. Of the
known matter in the Universe, 99% is in the plasma state, e.g., nebulae, stars
and the interstellar medium. Plasma can be described as an ionized gas
where the atoms are dissociated into positive ions and negative electrons
(Chen, 1984). The stars, including the Sun, are composed of dense plasmas
while the interplanetary space mainly consists of tenuous plasmas. The solar
wind is the kind of tenuous plasma that fills the interplanetary medium.
Electric and magnetic fields interact with charged particles in the plasma and
affect the behaviour and motion of the plasma.

The solar wind affects and interacts with all planets and bodies in our
solar system. For magnetized bodies such as the Earth, the interaction
between the planetary magnetic dipole field and the solar wind results in the
formation of a magnetic cavity, a magnetosphere, around the planet. The
magnetosphere acts as a shield against the solar wind. For life on Earth, this
shielding against energetic particles is essential. The shape of the
magnetosphere is compressed in the sunward direction (dayside), a
compression caused by the kinetic pressure of the solar wind, and it is
extended in the anti-sunward direction (nightside), similar to the tail of a
comet. For unmagnetized bodies, an induced magnetosphere is also formed
as a result of the solar wind interaction (Parks, 2004). The magnetosphere
consists of various plasma regions, see Figure 1.

Figure 1: The Earth’s magnetosphere and its plasma structures. From
http://www.igpp.ucla.edu/public/THEMIS/SCI/Pubs/Nuggets/PS_ring_current/Penetration%200f%20plas
ma%20sheet. HTML. Courtesy of P. H. Reiff, Physics and Astronomy Department, Rice University.



The bow shock is the boundary where the supersonic solar wind slows
down to subsonic speeds and deflects around the Earth within the
magnetosheath. The magnetosheath is located between the bow shock and
the magnetopause. The magnetopause is the outer border of the Earth’s
magnetic field and it shields the magnetosphere from the shocked solar
wind. It is difficult for the solar wind to penetrate into the magnetosphere.
The magnetopause is usually located at about 10 Earth radii (Rg) from the
center of the Earth. On the dayside, the location varies due to its
dependences on the solar wind dynamic pressure and on the strength of the
magnetic field. The magnetopause is important because it is here the
coupling between the solar wind and the magnetosphere occurs. At the
magnetopause the pressure of the solar wind and the magnetic pressure of

the Earth’s geomagnetic field are in approximate equilibrium:
2

B
PswUsw = Z—M @
Mo

where pgyy and vgy, represent the plasma mass density and the solar wind
velocity. Bj; and u, are the magnetospheric magnetic field and the

permeability of free space. On the nightside, the magnetopause extends to
distances of hundreds of Rg. Despite the shielding by the magnetopause
against the entry of the solar wind plasma into the magnetosphere, some
solar wind plasma can still find its way through the dayside magnetopause.
The solar wind plasma entrance through the dayside magnetopause involves
for example direct transfer of plasma perpendicular to the geomagnetic field
and also the reconnection process of the interplanetary magnetic field (IMF)
and the geomagnetic field (Dungey, 1961). Solar wind plasma can also enter
the magnetosphere on locally open region called the cusp (Burch, 1968). The
cusp is located at the polar regions where the geomagnetic field lines are
open to solar wind plasma entry (see Figure 1).

By the inner magnetosphere, we mean the sub-auroral part of the plasma
sheet (latitudes lower than the auroral oval region), the plasmasphere and
the radiation belts. The plasma in the inner magnetosphere consists of solar
wind- and ionospheric particles.

The plasma sheet is located at the center of the magnetotail and it consists
of a hot and low-density plasma. Plasma in the plasma sheet is a mixture of
ions and electrons from the solar wind and accelerated particles from the
ionosphere. The plasma sheet is an important source for the inner
magnetosphere. During magnetic substorms and storms (see section 5)
plasma sheet plasma will be injected Earthward into the plasmasphere and
ring current region and supply these regions with plasma.

The plasmasphere constitutes the innermost region of the inner
magnetosphere. The plasmasphere consists of cold and dense plasma, an
extension of the Earth’s low-latitude ionosphere. The plasmasphere is co-



rotating with the Earth. Further out, energetic ions are drifting westward
and electrons are drifting eastward around the Earth due to a combination of
the gradient-curvature drift and the ExB-drift as described in later
sections.

The auroral ovals are located with their centres around the geomagnetic
poles, see Figure 2. The auroral oval was first identified with ground-based
optical instruments (Fel” dshteyn, 1963). Solar activity has an effect on the
latitudes of the ovals and shifts the ovals equatorward during enhanced solar
activity.

The aurora is a consequence of charged particles from the magnetosphere
precipitating into the Earth’s atmosphere. Particle detectors onboard
sounding rockets made the first measurements of the particles responsible
for the aurora (e.g., Meredith et al., 1958; Mcllwain, 1960 and Davis et al.,
1960). The quality of particle detectors, e.g., onboard Viking and Freja, and
quantity of data has increased over the years. A large number of statistical
studies on particle precipitation have been presented, such as that by Hardy
et al. (1985). The data have provided essential information about
precipitating particles and their relationship with electromagnetic fields and
waves in the magnetospheric plasma.

However, the auroral regions are not only connected with precipitating
particles but are also associated with outflowing ionospheric ions. The S3-3
satellite discovered energetic (=10 eV — 10 keV) ionospheric ion outflow in
the auroral region (e.g., Shelley et al., 1976 and Chappell, 1988). In-situ
measurements (e.g., Dynamics Explorer and Viking) showed the presence of
different energization processes such as electrostatic field accelerations and
field-aligned wave energizations in the high-altitude region (see e.g.,
Paschmann et al., 2002 for a review). In fact, the physical processes leading
to particle energization in the auroral region will not only lead to intense
auroral phenomena, they will also lead to intense planetary plasma outflow.



Figure 2: Image of the auroral oval with centre around the geomagnetic pole. The oval is located on the
nightside of the magnetosphere, the dayside is located on the left side in the image. From http://www-
istp.gsfc.nasa.gov/istp/outreach/workshop/bobwhere.html.



Chapter 3

ION AND ELECTRON MOTION IN A
MAGNETIC DIPOLE FIELD

The magnetosphere constitutes an environment of magnetized plasma whose
behaviour is determined by magnetic and electric forces. The following
sections will briefly describe the basic features that determine the motion of
a charged particle in magnetic and electric fields. More detailed descriptions
can be found in various plasma and space physics textbooks, (e.g., Roederer,
1970; Chen, 1984; Kivelson and Russel, 1995; Falthammar, 2001 and Parks,
2004).

The plasma is assumed to be collisionless, i.e. the mean free path (the
average distance covered by a particle between collisions) of the particles is
larger than the scale size of the system. A charged particle g, with velocity v,
will in a magnetic field B experience a force F, called the Lorentz force:

F=qvxB. (2)
The Lorentz force acting on a particle can be written as a centripetal force
FC:

mu?

Fc = - (3)

where m is the mass of the particle, v, is the particle velocity component
perpendicular to the magnetic field and r is the distance from the particle to
its guiding center (radius of curvature). Combining equations 2 and 3 leads
to:

L 4)
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which is the definition of the Larmor radius. The result of the Lorentz force
is therefore that a particle will gyrate around a magnetic field line at a

distance given by the Larmor radius.
From the Larmor radius one may derive the gyro frequency f, (also called

.,

the cyclotron frequency):
_u lq!B . (5)
2ary,  2am

From equations (1), (3) and (4) we see that ions and electrons behave
differently due to their different masses and charges. The Lorentz force
causes the ions and electrons to gyrate in opposite directions. Ions have
larger Larmor radii and lower gyro frequencies than electrons due to their
larger masses.



A charged particle in a diverging (dipole) magnetic field B without the
influence of external forces will gyrate around the magnetic field line with
perpendicular velocity v, and parallel velocity v,. During the motion in the
magnetic field, the total kinetic energy W, is preserved, and the charged
particle kinetic energy is distributed between a parallel W, and a

perpendicular W, component such that Wj =W, +W,. Hence, if vj

decreases then vf increases and vice versa to keep the total kinetic energy

constant.
The pitch-angle o is defined as the angle between the velocity vector v and

- . .V . .
the magnetic field B, i.e. o = arcsin—=, where v, is the velocity component
v

perpendicular to B, see Figure 3. At magnetic mirror points, i.e. for a = 90°,
all particle kinetic energy will be in form of v, (v=v,), ie
2
mv N . . .
Wie=W, = 2L , for non-relativistic motion. Particles, for example ions,

which experience a mirror force in a dipole magnetic field will bounce
between the mirror points (see also the second invariant on page 11).

Figure 3: Schematic illustration of a charged particle motion in a magnetic field without influences of external
forces. The angle o, between the particle velocity vector v and the magnetic field B, is the pitch-angle. After
Roederer, 1970.

The loss cone is a cone that separates mirroring from precipitating
charged particles. Charged particles inside the loss cone will interact with the
Earth’s atmosphere and become “lost”. The lost particles provide energy and



mass to the atmosphere, while particles outside the loss cone will be
reflected by the magnetic mirror force and bounce between magnetic mirror
points (Figure 6). The loss cone angle is defined as

Ooss cone = 2arcsin4/B/B .. (6)

where B is the magnetic field strength and Bmax is the maximum magnetic
field strength at the magnetic mirror point.
A charged particle g, in an electric field E, will also experience an electric
force F, given by
F=qE. (7)
A charged particle in an electric field perpendicular to the magnetic field
will drift perpendicular to both the magnetic and electric fields. This particle-
drift is the E x B-drift and it is given by
ExB
B2
The E xB-drift is energy- and charge independent, i.e. ions and electrons
will drift in the same direction. If the magnetic field is inhomogeneous, i.e.
magnetic gradients are present, there will also be a gradient drift ( VB-drift).
The VB-drift is given by

: €))

-u B mv?
V=—"(VB)x—; =L
. VBx u==3 (9)

The VB-drift is caused by changes of the Larmor radius in an
inhomogeneous magnetic field according to equation (4). The VB-drift is
energy- and charge dependent, i.e. ions and electrons drift in opposite
directions.
A curved magnetic field will cause a curvature drift according to
_myj
" RqB
where R is the radius of curvature of the magnetic field. From equation (10)
one can see that the curvature drift is energy- and charge dependent. The
three particle drift motions are illustrated in Figure 4.

(10)

Figure 4: Illustration of three drift motions for charged particles. From Hgymork, 2001.



If we assume that the spatial and temporal changes of the magnetic field
are very small compared to the Larmor radius (equation 4) and the gyro
frequency (equation 5), and combining the three particle drift motions,
(equations 8, 9 and 10) we can derive three adiabatic invariants, i.e.
invariants describing the conservations of total energy and magnetic
moment of charged particles. Figure 5 illustrates the particle motions
governed by three adiabatic invariants.

Figure 5: Schematic illustration of the particle motions corresponding to the three adiabatic invariants. After
Félthammar, 2001.

Adiabatic invariants
“An adiabatic invariant is a property of a physical system which stays
constant when changes are made slowly.” — Definition retrieved from
Wikipedia.

In space plasma physics this applies to, for instance, the particle motion in
a dipole magnetic field, as described in the previous section. The three
adiabatic invariants described here require that the changes in energy and
momentum are small during gyro-, bounce- and drift motion.

The first adiabatic invariant

A circular current will occur when charged particles are gyrating around a
magnetic field line. The current will have a magnetic moment directed

10



opposite to the magnetic field. The magnitude of the magnetic moment is the
product of the average current (I = fg) and the area enclosed by the gyro

circle (A= m'Lz), ie.:

2 2
=IqIB | WL | _ ML (11)
2am lq| B 2B

where m and v, are the mass and perpendicular velocity of the particle in
the magnetic field B. The magnetic moment y, is independent of time and is
constant in the guiding centre motion if the variations of the magnetic field
are small compared to the Larmor radius (equation 4) and the gyro
frequency (equation 5). The first adiabatic invariant is given by equation 11.

The second adiabatic invariant
A charged particle with a certain kinetic energy will, besides the gyration

around the magnetic field line, also travel along the field line. The particle
will travel along the field line until its parallel velocity (v,) is zero, then all

the kinetic energy will be in the form of perpendicular velocity (v,), see
Figure 5. The location where vy, is zero is called the mirror point, see Figure

6. The longitudinal oscillation (the bounce period between the mirror points)
is constant if the change of the magnetic mirror field is very small during
each individual longitudinal oscillation period. The second adiabatic

invariant is given by
S,

J= f muv,,ds = constant (12)
Sy
where m is the mass of the particle, s; and s, are the magnetic mirror
points and vy, is the parallel velocity of the particle in the magnetic field B.

The third adiabatic invariant
The magnetic flux @, enclosing the guiding drift shell, a surface generated by
the particle guiding centre during the drifts of a particle, is constant if the
changes of the dipole field are slow compared to the drift period, see Figure
5. The third adiabatic invariant is given by

D= f A odx =constant (13)
where A, is the magnetic vector potential (Roederer, 1970). Equation (13)

describes a constant magnetic flux if a particle is drifting on constant
magnetic vector potential (similar to drift shell). Figure 6 illustrates a
trapped particle drift under the conditions of the three adiabatic invariants.
The charged particle will gyrate around the magnetic field line and bounce
between two mirror points. At the same time, the trapped particle will drift
around the Earth on the same drift shell and enclose constant magnetic flux
during the drift. Depending on the particle charge, the drift will have
different directions for ions and electrons; ions drifting westwards and

11



electrons drifting eastwards according to equations 9 and 10. However, for
small perpendicular velocities v, the gradient-curvature drift (equation 9
and 10) may be superseded by the E xB-drift (equation 8). This is for
example, the case for low-energy ions in the plasmasphere.

Figure 6: Illustration of the three basic motions of charged trapped particles in the geomagnetic field: gyro,
bounce between mirror points, and drift. From Falthammar, 2001.

The ring current region is located in the inner magnetosphere between 2 —
7 Rg. The ring current in the Earth’s dipole magnetic field is a consequence of
charged particles drift in plasma pressure gradients. The ions and electrons
in the ring current experience both a gradient-curvature and E x B-drift. The
result of these combined drifts is energetic ions drifting westward, electrons
and low-energy ions drifting eastward. Under certain boundary conditions,
e.g., pressure gradients, this will give rise to a westward electrical current.
The particles in the ring current will produce a magnetic field with the
opposite direction compared to the Earth’s geomagnetic field. This will result
in a slightly decreased surface magnetic field in the equatorial region on
Earth (Williams, 1983).

12



Chapter 4

THE IONOSPHERE

A layer of gas, the atmosphere, encompasses the Earth. The thickness of the
atmosphere is about 1000 km and can be divided into different layers. The
layers are, from the ground up, the troposphere, the stratosphere, the
mesosphere, the thermosphere and the exosphere.

The upper part of the atmosphere between the neutral atmosphere and
the magnetosphere, at approximately 80 - 1000 km altitudes, is called the
ionosphere. A fraction of the gas in the ionosphere remains ionized due to
solar Extreme Ultra-Violet (EUV) radiation and a low recombination rate.
Recombination is a process where ions capture electrons and become neutral
atoms or molecules. The maximum ionized particle density peaks at about
250 - 300 km altitude where the recombination rate is the lowest.

Since the ionosphere stems from ionization of atmospheric atoms and
molecules it is of interest to describe the atmosphere in more detail. The
atmospheric composition change with altitude is due to the decreasing
temperatures with increasing altitude and depends on the scale height. In
hydrostatic equilibrium the pressure (p) force (%) is balanced by the
gravitational force (gp), i.e.:

_dp

Q- gp (14)

where g is the gravitational acceleration, p is the mass density of a volume
element, where p=nM; n is the number density of the gas, M is the mean
molecular mass, and z is the altitude coordinate with positive sign upward.
The ideal gas law is defined as:

o
=nkT = =kT 1
p M (15)
Where k is the Boltzmann’s constant (k=1.38~10_23 J/K) and T is the

absolute temperature. If the temperature is constant and combining
equations 14 and 15 will lead to:

b gp=g(i—¥). (16)
Equation 16 can be re-written as:
dp= —p(ﬂ)dz : (17)
kT
Integration of equation 17 leads to:
)l
p=pee' T /= ppe' /. (18)
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The scale height H is given by
H=—. (19)

In a similar manner the ionized gas will have a similar dependence on
height as that of the atmosphere. One may therefore assume that the ion
stratifications in the ionosphere have similar features to those in the
atmosphere.

Equation (19) shows that the scale height remains constant if the
temperature and mean molecular mass do not vary and this explains the
ionospheric ion composition and layering at different altitudes
(temperatures). However, ion species with different mean molecular mass
(M) will have different scale heights at the same temperature. For the
atmosphere on Earth, the ion species are stratified as illustrated in Figure 7.
At about 900 km altitude there is a cross-over where H+ ions start to be the
dominant ion species. The domination of H+ ions at altitudes higher than
900 km is due to its lighter atomic mass compared to for instance He+ and
O+ ions.

Figure 7: The ion stratifications at different altitudes of the Earth’s atmosphere. The H* ions dominate at
altitudes higher than 9oo km due to their lighter atomic mass. From Falthammar, 2001.

14



In the D and E layers, the dominant ion species are primarily the heavier
positive ions, e.g., NO+, O,*, while the dominant ion species in the F-layers
(F; and F.) is O+, see Table 1.

At lower latitudes, at about 1500 km altitude, the ionosphere will
gradually merge into a plasma region called the plasmasphere. Together with
the ionosphere, the plasmasphere is the nearest magnetospheric plasma
population to the Earth and consists of a dense and cold plasma. The
plasmaspheric plasma is formed by diffusion of ions from plasma regions in
the ionosphere. The dominant ion species in the plasmasphere are lighter
ions such as H+ and He-.

Layer D E F, F,
Altitude [km] 60 — 85 85 — 140 140 — 200 200 — ca 1500
Nighttime
electron
density <108 2-10° ---- (2-5)-10!!
[m3]
Daytime
electron
density 109 (1-2)-10"! (2-5)-10!! 05-2)-1012
[m3]
Ion species NO*, O; NO*, O; NO*, O;, ot HY, Het, o*

Table 1: The ionospheric layers and their compositions. After Filthammar, 2001.
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Chapter 5

SPACE PHYSICS DEFINITIONS

Many different coordinate and time systems are used in space physics
depending on the object or region that is in focus. In this thesis, the
Geocentric Solar Magnetospheric coordinate system (GSM) and the
Magnetic Local Time (MLT) are used to define the coordinates and time. The
GSM system has the x-axis towards the Sun, the y-axis perpendicular to the
magnetic field and the z-axis parallel to the magnetic northern pole. The
MLT is a longitude (in hours) in the Earth’s magnetic coordinate system.
MLT = 12 hours is the geomagnetic longitude that faces the Sun (magnetic
noon), while MLT = o0 is the magnetic midnight longitude that faces
midnight (magnetic midnight).

The Earth’s magnetic field is a dipole. However, in the outer region of the
magnetosphere, currents induced by the solar wind perturb the dipole field.
A departure from the classical dipole magnetic field therefore occurs, e.g.,
over the polar regions where the magnetic field lines are open and may
connect to the IMF, see Figure 1. Geomagnetic field lines close to the Earth
are connected to the geomagnetic poles at both ends, see Figures 1 and 8.
Such field lines are denoted “closed field lines”.

Geomagnetic indices are measurements of the variations in the
geomagnetic field. These magnetic variations are induced by electric
currents, for example electric currents in the ionosphere. Magnetic field data
are collected at different observatories located at various places on Earth and
transformed to different geomagnetic indices. Relevant geomagnetic indices
for paper 1 and 2 in this thesis are described below.

The K index describes the disturbances in the horizontal component of the
Earth’s magnetic field. The disturbances are denoted with an integer in the
range O - 9 with =< 1 being calm and = 5 indicating strong geomagnetic
disturbance.

The K, index (which originates from planetarische Kennziffer and means
planetary index) is derived as a weighted average of K-indices from 13
geomagnetic observatories located at sub-auroral latitudes. A high K, index
indicates disturbed geomagnetic conditions while a low K, index indicates
quiet conditions.

The Dy index (disturbance storm time index) is used to measure the
severity of magnetic storms. The data is taken from observatories located at
the equatorial region.

17
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and inject particles into the inner magnetosphere. During the recovery
phase, the magnetosphere gradually returns to a quiet state. Magnetospheric
substorms last for about 2 — 3 hours, and auroras become intense and
widespread in the polar regions.

The focus of this thesis is on magnetically quiet periods. I will
demonstrate that ionospheric ion outflow, generally believed to be the
characteristic of disturbed periods, also occurs during quiet periods.

19






Chapter 6

THE IONOSPHERE AS A SOURCE FOR
MAGNETOSPHERIC PLASMA

The ionosphere is a major source of planetary ion outflow to the Earth’s
magnetosphere. The ionospheric outflow sources at high latitudes are
located at different regions, e.g. auroral ion fountain, polar cap and cleft ion
fountain, (e.g., Chappell, 1988). Ion energies and species in the outflow are
different. This may be due to different energization processes in different
regions.

Plasma can be energized by, for example, interactions with waves, the so-
called wave-particle interaction process, or by parallel electric fields. The
wave-particle interaction processes may contribute energy to the plasma in
two ways, by increasing the thermal energy (heating) and/or by increasing
the kinetic energy (acceleration). Wave-particle interactions may take place
in the course of a particle gyration, bounce motion and drift motion, and
hence violate one or more adiabatic invariants. The auroral ion fountain is
characterized by outflow of energetic ionospheric ions (up to tens of keV),
and it is related with enhanced solar wind — magnetosphere interaction.
Enhanced O+ ion outflow is expected during strong solar activity (Chappell,
1988).

The polar cap is a region at auroral latitudes higher than the auroral oval
latitudes. If looking down at the poles from space, the polar cap is a region
void of auroral emissions enclosed by the auroral oval. The polar wind
(Banks and Holzer, 1968) is a very low density, supersonic flux of cold, light
ion outflow, from the polar cap into of the magnetospheric lobes. The polar
wind has been observed at ionospheric topside heights by e.g., Brinton et al.
(1971) and Hoffman et al. (1974). The composition of the polar wind is
predominantly H+ and He* ions with some O+ ion contribution. Energization
of the ions in the polar cap is mainly due to ambipolar diffusion (positive and
negative particles diffuse at the same rate due to their interaction via the
electric field) and not to parallel acceleration processes as in the auroral oval.
The energy of polar wind ions is typically a few electron volts (eV).

Upwelling ions from the so-called “cleft ion fountain” (Horwitz, 1987) are
mostly observed in the morning sector of the auroral oval and at low
latitudes of the dayside polar cap. The ion outflow is dominated by O+ ions,
and this distinguishes it from the polar wind (dominated by H* and He*
ions). The upwelling ions are energised in both the parallel and
perpendicular direction up to tens of electron volts. The upwelling ions will

21



gradually become more field-aligned and reach higher altitudes. The upward
(field-aligned) velocity is low compared to the horizontal convection velocity.
The upwelling ions will spatially disperse across the polar cap toward the
nightside. The cleft ion fountain is the dominating source of heavy ions in
the polar cap magnetosphere (Horwitz, 1987). The cleft ion fountain is a
plasma source also during geomagnetic quiet periods (low K} indices).

The ion composition in the ionospheric F.-layer makes it a conceivable
source region for the outflow discussed above (see Table 1 in section 4).

The sub-auroral region is usually considered to be an almost unimportant
region in terms of ion outflow. In this thesis I will present results implying
that the sub-auroral region may contribute significantly to the outflow of
planetary ions. The papers included in this thesis are focused on low-energy
(40 — 200 eV) ion outflow from the sub-auroral region during different
geomagnetic conditions.
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Chapter 7

PLASMA LOSS PROCESSES IN THE
MAGNETOSPHERE

The Earth’s ionosphere and the solar wind are the main sources of plasma in
the Earth’s magnetosphere. Despite a constant supply of plasma, the
magnetosphere is not overfilled by charged particles. This is because there
are also plasma loss processes. On open magnetic field lines, charged
particles will flow tailward, form the comet-like long geotail with particles
that eventually will be lost to interplanetary space. However, some plasma
may be injected back into the inner magnetosphere during geomagnetic
disturbed conditions. Three different loss processes are mainly responsible
for the plasma loss from the magnetosphere on closed, or semi-closed
magnetic field lines: 1) particle drift, 2) particle precipitation and 3) charge
exchange.

In section 3, it was pointed out that magnetospheric charged particles
experience different kind of drifts ( E x B-drift, VB-drift and curvature-drift)
due to the E- and B-fields near the Earth. Charged particles drift around the
Earth on different drift shells, either westward (ions) dominated by the VB-
drift and curvature-drift or eastward (electrons and low-energy ions)
dominated by the E x B-drift. The electric charge has a strong influence on
the particle drift. Some of the drifting particles will be on drift shells (semi-
closed field lines) that will intersect and cross the magnetopause on the
dayside of the magnetosphere. Most of the drifting magnetospheric charged
particles that cross the magnetopause will be lost into interplanetary space.
In-situ measurements of the plasma of magnetospheric origin immediately
outside the magnetopause demonstrates this (Meng and Anderson, 1970 and
Hones et al., 1972). Similar results were obtained by Sonnerup et al. (1981),
Peterson et al. (1982) and Williams (1979) when they investigated the
composition and spectra of the charged particles outside the dayside
magnetopause.

Satellite measurements during the 1960’s showed that magnetospheric
charged particles are precipitating into the Earth’s atmosphere. Particles
precipitating into the atmosphere are either scattered or forced into the loss
cones, e.g. by waves. In regions with upward field-aligned currents, electrons
may become accelerated downward by magnetic field-aligned electric fields,
hence increasing the flux of magnetospheric electron precipitation. Hardy et
al. (1985) found that the electron precipitation at high-latitudes is separated
into two parts based on the electron average energy: 1) a region of hot
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electrons (E 4y = 600 eV) where the electron average energies are highest

on the morningside and 2) a region where the electron average energies are
low ( E gyg < 600 eV) and the largest number of fluxes are on the dayside.

Discrete aurora (the most intense type of aurora) is a consequence of
enhanced electron precipitation into the atmosphere. Magnetic field-aligned
electric fields is one mechanism causing such enhancements. Bingham et al.
(1984) argued that the acceleration of auroral arc electrons is also the result
of wave-particle acceleration, in particular by lower-hybrid waves. For other
theories for enhanced electron precipitation see the review by Paschmann et
al. (2002).

Waves can also cause pitch-angle scattering of protons and electrons in
the equatorial region if their frequencies is of the order of their
gyrofrequencies. Electromagnetic ion cyclotron (EMIC) waves in the
equatorial plane reduce the perpendicular energy of the ions which leads to
pitch-angle scattering and causes more precipitating particles to be scattered
into the loss cone (Cornwall, 1965; Kozyra et al., 1984 and Horne and
Thorne, 1993).

Charge exchange is an interaction process between an energetic ion and a
neutral atom or neutral molecule. The energetic ion changes its charge state
by attracting an electron from the neutral atom or neutral molecule, see
Figure 9. The charge exchange process will produce an energetic neutral
atom (ENA),
+A".

The ENA is a fast moving neutral particle, retaining most of its original
ion energy, see Bransden and McDowell (1992) for more details. The
probability for a charge-exchange process is determined by the charge-
exchange cross sections of the particles (Wurz, 2000). The charge exchange
cross sections at low ion energies are within the range of 105 cm2 (Grigoriev,
2007). Unaffected by magnetic and electric forces, some ENAs may be lost
into space when travelling along a straight, line-of-sight path from the point
where it was created, see Figure 9, whereas others go into the atmosphere
and represent a gain (Hultqvist et al., 1999). The charge-exchange process
between protons and neutral atmospheric hydrogen atoms can effectively
remove trapped protons at energies up to 100 keV (Stuart, 1959). Most of the
ENA flux in the inner magnetosphere is produced through charge exchange
processes between energetic ring current ions and cold hydrogen from the
exosphere. This is the dominant process by which particles are lost from the
ring current (Blanc et al., 1999).

ENA imaging (recording ENA fluxes as a function of the observational
direction) represents a very useful technique to obtain information about the
plasma ion composition and distribution in distant objects and regions in
space.

* +A -1

energetic energetic
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Figure 9: An energetic ion attracts an electron from a neutral atom and becomes an energetic neutral atom
(ENA) during the charge exchange process. From Grigoriev, 2007.
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Chapter 8

SUMMARY OF PAPERS

A general conclusion from our work on the low-energy (40 — 200 eV)
planetary ion outflow is that ion energization and outflow occur in the sub-
auroral region. The energization of the low-energy ions may take place at all
altitudes. By adding the ion outflow from both hemispheres we compute a
net planetary ion outflow. To avoid bad statistics we only include fluxes
larger than 100 particles/(cmz2 s sr keV) in our computations. We estimate
the low-energy ion outflow by subtracting trapped particles (assumed to be
in pitch-angles between 60° and 120°) from the net ion outflow. A net ion
outflow is obtained when there is a bidirectional outflow superposed on an
isotropic distribution. On the other hand, an outflow embedded in an
isotropic distribution gives zero ion outflow with our method.

Paper 1

In this paper we study proton and heavy ion outflow as a source for sub-keV
sub-auroral/inner magnetosphere ions. We have examined two years (2001
and 2002) of the Cluster CIS data of H+, He* and O+ ions in the energy range
40 — 200 keV when the Cluster spacecraft traversed the inner
magnetosphere. From the database we investigated three events in more
detail: 21 August 2001, 26 November 2001 and 20 February 2002. The three
events were observed during different magnetic local times (MLT) and with
different L values. We observed plasma outflow along magnetic field lines
during quiet geomagnetic periods. The observations indicate that there is a
continuous supply of energized ionospheric ions into the ring current during
geomagnetic quiet conditions and independent of the MLT. The low-energy
ion outflow display dispersed signatures in the energy-time spectrograms
and we argue that the ultimate source of dispersed ions is upwelling
terrestrial ions (e.g., Ebihara et al., 2001). We have also investigated the ion
composition of the outflow. The ion composition indicates that the source of
the terrestrial plasma outflow covers a range of altitudes, from the low-
altitude ionosphere to the plasmasphere.

Paper 2

In this paper we have made a statistical analysis of the low-energy (40 — 200
eV) ion outflow from the Earth’s ionosphere into the inner magnetosphere
during the most recent solar maximum. In the past, many studies have been
made of the acceleration and escape of O+ from the Earth’s ionosphere
(Shelley et al., 1976; Sharp et al., 1977; Mizera and Fennel, 1977; Ungstrup et
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al., 1979; Klumpar et al., 1979 and Moore et al., 1980). Collin et al. (1993)
showed with an empirical model that the magnetic activity has a large
influence on the outflow of low-energy O+ ions. We have examined three and
a half years (January 2001 — May 2004) of Cluster CIS data. From the
database we have used 176 passages with sufficient coverage of the inner
magnetosphere to study how the H+, He+ and O+ ion outflow varied with
geomagnetic activity (K,) and magnetic local time (MLT). The result of the
investigation shows that the outflow of H+, He+ and O+ ions increases with
increasing K, in the dawn, noon and dusk sectors, but for the midnight
sector the ion outflow decreases with increasing K,. We argue that the result
may be due to two different ion sources contributing in the midnight sector.
The two different sources are: 1) the nightside ionosphere and 2) a
combination of the polar wind and the dayside cleft ion fountain. The two
latter sources are known to be less dependent on Kj. For the dawn, noon and
dusk sectors, the low-energy ion sources seem to be the ionosphere and the
plasmasphere, as indicated by the composition of the ion outflow. We have
also estimated the total low-energy ion outflow rates into the inner
magnetosphere independently of the MLT: 4.2-10%° s for H+, 7.1-10% s for
He+ and 3.2-10% s for O+.
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Abstract. Data from the Cluster CIS instrument have been
used for studying proton and heavy ion (O" and He™) char-
acteristics of the sub-keV ring current. Thirteen events
with dispersed heavy ions (O* and He™) were identified
out of two years (2001 and 2002) of Cluster data. All
events took place during rather geomagnetically quiet peri-
ods. Three of those events have been investigated in detail:
21 August 2001, 26 November 2001 and 20 February 2002.
These events were chosen from varying magnetic local times
(MLT), and they showed different characteristics.

In this article, we discuss the potential source for sub-keV
ring current ions. We show that: (1) outflows of terrestrial
sub-keV ions are supplied to the ring current also during
quiet geomagnetic conditions; (2) the composition of the out-
flow implies an origin that covers an altitude interval from
the low-altitude ionosphere to the plasmasphere, and (3) ter-
restrial ions are moving upward along magnetic field lines,
at times forming narrow collimated beams, but frequently
also as broad beams. Over time, the ion beams are expected
to gradually become isotropised as a result of wave-particle
interaction, eventually taking the form of isotropic drifting
sub-keV ion signatures. We argue that the sub-keV energy-
time dispersed signatures originate from field-aligned terres-
trial ion energising and outflow, which may occur at all local
times and persist also during quiet times.

Correspondence to: T. T. Giang
(tony.giang@irf.se)

Keywords. Magnetospheric ~ physics  (Magnetosphere-
ionosphere interactions; Magnetospheric configuration and
dynamics; Plasma convection)

1 Introduction

The ring current consists of particles trapped in the geomag-
netic field. The ring current varies with time and causes a
slight decrease of the Earth’s surface magnetic field during
magnetic storms (Williams, 1983). Energetic ions drift west-
wards due to the gradient-curvature drift being larger than
the ExB drift (v=3"4> (v] +2v] )ex V_ B-Ex B), while the
eastward E x B drift dominates electrons and low energy ions.
For intermediate energies, the drift motion is more complex,
and the ions experience a competition between the gradient-
curvature and Ex B drift, with the gradient-curvature drift
slowing down the eastward E xB motion. Eastward-drifting
low-energy ions are predominantly of ionospheric origin;
therefore, the issue of the low-energy wedge-like struc-
tures (energy-latitude dispersion structures) discussed by Ya-
mauchi et al. (1996, 2005, 2006) and Ebihara et al. (2001) is
largely a matter of the sources and losses of the ionospheric
plasma.

The knowledge of heavy ionospheric ions in the ring cur-
rent and plasma sheet dates back to the early 1970s. The first
observations of energetic ionospheric heavy ions in the mag-
netosphere were made by Shelley et al. (1972). The data was
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obtained from a set of ion mass spectrometers that covered
the energy range from 0.7 keV to 12 keV on board the polar-
orbiting satellite 1971-089A. This satellite had a nearly cir-
cular orbit with an altitude at 800 km covering 03:00-15:00
local time (LT). They concluded that the observed precipita-
tion of heavy ions (O™) is of ionospheric origin. Since then,
a number of observations pertaining to the contribution of
heavy ionospheric ions to the ring current have been made.

This study is concerned with the details of sub-auroral sub-
keV ions. Studies of this region have been made by, e.g.,
GEOS-1 and Prognoz-7. Geiss et al. (1978) and Balsiger et
al. (1980) used data from the Ion Composition Experiment
(ICE) onboard the GEOS-1 spacecraft. Regarding the ther-
mal plasmasphere population (~1eV/e), they found that it
comprised of HY, O, Het, D*, He?t and O?* ions, with
a predominance of H*, Het and O in order of abundance.
For the low-energy ions, they found that H dominates over
the heavy ions during magnetically quiet periods. Both Geiss
et al. (1978) and Balsiger et al. (1980) concluded that the so-
lar wind and the ionosphere are the two major sources of
hot plasma in the magnetosphere. Regarding more energetic
ions, Balsiger et al. (1980) and Lundin et al. (1980) found
a strong depletion of H' ions in the inner ring current as
a result of charge-exchange (Tinsley, 1981), leaving the in-
ner part of the ring current dominated by heavy ionospheric
ions. However, while these heavy ions are the remains of past
ionospheric ion outflow, little is known regarding sub-auroral
latitudes as a region of ionospheric ion outflow. Chappell et
al. (1982) made observations of the pitch-angle distribution
and ion composition of thermal plasma in the inner magne-
tosphere using the Retarding Ion Mass Spectrometer (RIMS)
instrument on board the Dynamics Explorer satellite (DE-
1). The energy range of the data is up to 50 eV. They found
complex characteristics of the ions, including field-aligned
distributions, suggesting that the magnetosphere is fed by
ions from the ionosphere and plasmasphere. Horwitz (1987)
proposed an additional injection path from the dayside cleft-
region into the inner magnetosphere, introducing the notion
of “core plasma” for low-energy ions populating the inner
magnetosphere.

Regarding ion precipitation, Sauvaud et al. (1981) ob-
served two types of ion precipitation in the auroral and sub-
auroral night-time zone (approximately 00:00-06:00 MLT)
using the data from the polar orbiting satellite Aureol 1
(apogee at 2500km and perigee at 411km). The energy
range for the measured auroral ions is from 0.4keV to
30keV. They concluded that the low-energy ions observed
at sub-auroral latitudes are related to the eastward drift of
trapped particles originating from the injection boundary
during increasing AE index, i.e., when plasma sheet ions are
injected into the inner magnetosphere. Using data from the
F6 and F7 DMSP spacecraft, which have a sun-synchronous
(08:30 MLT) circular polar orbit at 850 km altitude, Newell
and Meng (1986) observed isolated and latitudinal narrow
regions of ion precipitation with energies up to 1keV in
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the sub-auroral region. They concluded that cold plasma
from the plasmasphere can be mixed with the warm magne-
tospheric plasma during substorm activities and transported
from post midnight to circa 08:30 MLT.

The sub-keV ions in the inner magnetosphere region have
been investigated using data from the P78-2 satellite. This
satellite was in an elliptical equatorial orbit with an apogee
of ~7.8 Rg and a perigee of ~5.3 Rg. The studies showed
that the low-energy ion distributions are field-aligned, while
the high-energy ions are peaked perpendicular to the mag-
netic field (Fennell et al., 1981; Kaye et al., 1981). The dis-
tributions were named ion “zipper” distributions due to a pe-
culiar zipper-like feature observed in the ion spectrograms at
the transition (in energy) from predominantly field-aligned
fluxes to predominately trapped fluxes. The field-aligned
ion distributions will become isotropised over time and give
rise to ion energy-latitude dispersed structures, denoted as
wedge-like structures by Yamauchi et al. (1996, 2005, 2006).
Observations by Fenell et al. (1981) and Kaye et al. (1981)
were carried out at L-values ~5.5-7.7 and during all mag-
netic local times. The authors concluded that the source
of the high-energy ions is the plasma sheet, while the low-
energy ions are of ionospheric origin.

Yamauchi et al. (1996) observed energy-latitude dispersive
structures of trapped ions in the sub-keV energy range in-
side the ring current region. These wedge-like structures are
frequently observed in the dayside sub-auroral region. Re-
cently, statistical studies were performed on the occurrence
of the wedge-like structures at different altitudes and dif-
ferent local times. Satellites such as Viking (mid-altitude
at 5000-13 000 km), Freja (1600 km) and the Cluster satel-
lites (>4 Rg) (Yamauchi et al., 1996, 2005, 2006; Ebihara
et al., 2001, 2008; Yamauchi and Lundin, 2006) have been
used for this purpose. All observations showed that the oc-
currence probability of wedge-like structures gradually de-
creases from morning to noon and from noon to evening,
with the peak in the early morning sector.

Using a particle drift simulation, Ebihara et al. (2001) re-
produced the wedge-like structures of the sub-keV ions dur-
ing geomagnetic disturbed conditions by assuming that (1)
the source ions are injected from the near-Earth tail to the
midnight sector, (2) the source distribution function in the
midnight (L=10) is isotropic Maxwellian with a tempera-
ture of 5keV and number density of 0.3 cm™3, and (3) the
ions are drifting in a co-rotational electric field, a dipole
magnetic field and the Volland-Stern type convection elec-
tric field (Volland, 1973; Stern, 1975; Maynard and Chen,
1975). In their particle drift simulation, they observed three
types of wedge-like structures, which were named types 1, 2
and 3, each exhibiting different characteristics. Type 1: the
energy increases with invariant latitude (ILAT); Type 2: the
energy increases with ILAT and then subsequently decreases
with ILAT; Type 3: the energy decreases with ILAT. The suc-
cessful reproduction of the dispersion patterns by Ebihara et
al. (2001) indicates that the wedge-like structures could be
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Fig. 1. Energy-time spectrograms over 4 7 average differential fluxes in [(cm? s srkeV) 1], AE and density plot of HT, O and He™ in the
energy range of 0.04 keV to 40 keV for the entire pericentre pass of the 20-21 August 2001.

related to past substorm activities many hours before. Vallat
et al. (2007) have also reproduced some of the dispersive ion
structures by using numerical simulations of particle trajec-
tories.

Yamauchi and Lundin (2006) confirmed that the wedge-
like structures are related to past AE activities, and that the
wedge-like trapped ions at mid-latitudes are most likely the
same as the detached ions in the sub-auroral region observed
by polar orbiting satellites as described above. They found
that there is no relation between the wedge-like structures
and Dy, indices. They also raised questions on (1) the source
location and (2) the drift velocity. The drift time from the
source to the dayside statistically obtained from their back-
ward superposed epoch analyses is much shorter (by a factor
of 2-3) than in the simulation by Ebihara et al. (2001) with
nearly zero lag time from substorm onset to the appearance
of the wedge-like structure in the morning sector (Yamauchi
and Lundin, 2006).

Yamauchi and Lundin (2006) also found that the wedge-
like structures seen in the evening sector have travelled from
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the morning sector by an eastward drift beyond what the
model predicts. Their statistics indicate that a substantial per-
centage of these structures are instead formed in the morning
sector during substorms. They could not identify the ab-
solute source locations and the formation processes of the
source particles (O and H™). The source problem is again
discussed by Yamauchi et al. (2006) using Cluster data, con-
firming that some of the structures must have begun to form
their energy dispersion in the morning sector. They also sug-
gested that the OF and H* sources might not be located at the
same magnetic local time. The source problem might also be
related to the OT/H™ ratio problem reported in Yamauchi et
al. (2005).

To elucidate the source problem, i.e., from where the O
and H* ions originate, we studied in more detail CIS-data
from three Cluster orbits (two dayside and one nightside,
see Fig. 2) during relatively quiet times when the convection
electric field is expected to be weaker and more stable. We
investigated possible plasma source regions for the sub-keV
ring current ions by analysing in more detail the pitch-angle
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Fig. 2. Orbit projection sketches of the three traversals in X-Y GSE and MLT-L shell. For more details, see Table 1.

distributions of H*, OF and He* and comparing their den-
sity and upgoing flux ratios. In a statistical study of ring cur-
rent H and O by Collin et al. (1993), some of the issues
addressed here were also discussed. However, their instru-
ment measured higher energies >110¢V, and they did, for
instance, not discuss time dispersion and ion outflow signa-
tures. In this paper, we show that the upgoing ion fluxes are
usually associated with energy-time dispersions signatures.

The Cluster spacecraft are placed in a polar orbit with an
apogee of ~18.7 Rg and a perigee of ~4 Rg. This means
that the Cluster spacecraft can reach deeper into the magne-
tosphere compared to the P78-2 satellite used in some earlier
studies of the 1980s. In this article, the bidirectional ion out-
flow (upgoing ions from the Northern and Southern Hemi-
spheres) and its relation to the evolution of sub-keV ions in
the ring current are of particular interest. All three events
were observed during magnetically quiet periods.

2 Instrumentation

We use data from the Cluster Ion Spectrometry (CIS) instru-
ment on board the Cluster II spacecraft (SC 1, SC 3 and
SC 4). CIS is an ion plasma spectrometry package capa-
ble of obtaining full three-dimensional ion distributions with
good time resolution and with mass-per-charge composition
determination. The CIS package consists of two different
instruments, a time-of-flight ion Composition Distribution
Function (CODIF), which can resolve the major magneto-
spheric ions, and a Hot Ion Analyser (HIA), which has no
mass resolution but higher energy and angular resolution, as
well as a Data Processing System (DPS), which permits on-
board data processing. By using a time-of-flight technique,
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CODIF can resolve HT, He™, He?t and OT. CODIF covers
a 2 7 field-of-view orthogonal to the spin plane with 16 de-
tectors. This gives us the angular resolution of 22.5° in the
spin plane. More detailed descriptions of the CIS instruments
can be found in Réme et al. (2001).

3 Observations

We have examined two years (2001 and 2002) of Cluster CIS
CODIF data of hydrogen (HY), oxygen (OF) and helium
(He™) ions in the sub-keV energy range, 40-200eV. In our
data base, we have over 200 perigee traversals. From these
traversals, we chose three events to investigate in more detail:
21 August 2001, 26 November 2001, and 20 February 2002.
All three events were observed during different magnetic lo-
cal times and with different L values (14.0-13.2 MLT and
45-10 Rg; 7.1-6.9MLT and 11-6.5 Rg; 0.6-0.7MLT and
8-5 RE), but they all showed plasma outflow along magnetic
field lines during low geomagnetic activities. This suggests
an almost continuous supply of energised ionospheric ions
into the ring current for all MLT and during magnetically
quiet periods. Figure 2 shows the orbit projection in GSE
X-Y and in MLT-L shell of our three events. From our ob-
servation, we will also be able to draw conclusions regarding
the source of these upgoing ions.

The top three panels of Fig. 1 show the Ht, O* and He*
energy-time spectrograms for the entire pericentre pass of the
21 August event. The two bottom panels in Fig. 1 show the
AE index and the number density of H*, O* and He* ions
in the energy range 40-40000e¢V. From the spectrograms,
one may also distinguish energy-time dispersed structures
as reported by Yamauchi et al. (1996). It should be noted,
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Fig. 3. HY, O and He™ energy-time spectrograms in [(cm? s srkeV)~!] for 20-21 August 2001 in the energy range of 0.04 keV to 0.2 keV.
The spectrograms and number density in [cm ™3] plots are time-shifted for the Cluster spacecraft, SC 3 and SC 4 compare to SC 1. The black

line indicates the same energy-time dispersed signature for OF.

however, that our focus is not on the energy-time dispersed
signatures as such, but rather on the ion outflow signatures re-
lated with them. A strong decrease/void of energetic HY can
be seen near the pericentre, as shown in Fig. 1. This is most
likely an effect of charge exchange, removing keV H* more
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effectively than O and He™ (e.g. Tinsley, 1981; Roelof et
al., 1985). The H charge exchange cross-section is much
higher than the O and He* cross-sections. The data in
Fig. 1 are from a geomagnetically quiet period, the last sub-
storm injection being some 72 h ago; i.e. there is sufficient
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Fig. 4. Energy-time spectrograms, pitch-angle distributions [(cm? s srkeV)™!], net upgoing fluxes (NUF) in [em™2s™!], AE in [nT] and
density plot in [em™3] in the energy range of 40 eV to 200 eV (low energy) for HY, OF and He™ during the period from 00:10 UT through

01:20 UT, on 21 August 2001.

time for charge-exchange to remove a large fraction of the
keV HT. From the bottom panel of Fig. 1, we also note that
the He™t content is relatively high compared to OF, except
in the inner ring current, where O™ is the most abundant ion
species. This is another indication of charge exchange.

As already noted, all three events to be discussed in this ar-
ticle took place during relatively quiet periods, as seen from
the AE indices displayed in the figures and IMF discussed.
The median and mean values of the 13 Dy, indices were
—8nT and —15nT, respectively, which is another indication
of relatively quiet conditions. Moreover, the values of 2 out
of 13 of the Dy, indices were even positive (8 June 2001 and
21 August 2001).

3.1 Event 1: 21 August 2001
Figure 3 shows a zoom in the HT, O" and He™ energy-time

spectrograms and density of 21 August 2001. The MLT is ap-
proximately 14.0—13.2. The spectrograms and densities were
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calculated in the low energy range of 0.04 keV—0.2 keV. The
spectrograms and density plots are time shifted for the Clus-
ter spacecraft 3 and 4 to be comparable with spacecraft 1.
One can recognise some minor differences between the three
spacecraft. Even if there are some spatial and temporal dif-
ferences between the spacecraft (even after time shifting), the
overall appearances of the energy-time dispersed signatures
are the same for all three spacecraft. Hence, we conclude that
these energy-time dispersed signatures are rather stationary
in time. Since the data are very similar on all spacecraft, we
chose only to investigate data from SC 4.

Figure 4 shows the energy-time spectrograms, pitch-angle
distributions of the differential flux, net upgoing flux and
density plots for HT, O" and He™ ions during the period
from 00:10 UT through 01:20 UT, on 21 August 2001. In
the low energy data (0.04 keV—0.2 keV) presented in the top
three panels of Fig. 4, one can recognise clear energy-time
dispersed signatures for H*, O* and He™ ions in two time
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Fig. 5. Energy-time spectrograms, pitch-angle distributions [(cm? ssrkeV)™1], net upgoing fluxes (NUF) in [em™2s~!], AE in [nT] and
density plot in [cm ™3] in the low energy range of 40 eV to 200 eV for HT, O and He™ during the period from 14:50 UT through 15:25 UT,

on 26 November 2001.

intervals, 00:39 UT-00:50 UT and 00:52 UT-01:09 UT. The
following assumptions are made in computing the net upgo-
ing flux of planetary ions.

1. Energising of planetary ions may take place at all al-
titudes, from the lower ionosphere to the high-altitude
ionosphere/plasmasphere.

2. Ton energising is primarily driven by waves (see, e.g.
Moore et al., 1999, for a review). Transverse (to the
magnetic field) energising of ions by waves leads to
a diverging magnetic dipole field and, eventually, to a
“conical” distribution.

3. Further energising and wave-broadening with altitude
leads to further widening of the “ion conics,” such that
instead of a beam-like folded conic, a wider beam with
respect to pitch angle forms (see, e.g., panels 5 and 6

www.ann-geophys.net/27/839/2009/

in Fig. 5). An ion source close to the magnetic equa-
tor (e.g., plasmasphere) leads to even broader outflow
beams.

. Because the observations are made on closed field lines

(Ring Current), ion outflow, as a consequence of wave
energising, is expected to reach the equatorial plane
from both hemispheres.

. The net planetary ion outflow is determined by adding

the hemispherical outflow. We then subtract the flux of
trapped particles (60°—120° pitch-angle) from the out-
flowing particle flux (0°-60°; 120°-180°). Integrating
over these angles, one finds that an isotropic distribu-
tion leads to zero upgoing flux, while, as in these cases,
a bidirectional outflow superposed on an isotropic dis-
tribution gives a net upgoing flux.
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Table 1. summarises the observations of characteristics from the three events.

Date MLT L Dy; index Solar wind
21 Aug 2001 14.0-13.2 17.4-5.1 9nT—17nT IMF Bz~0.6nT
26 Nov 2001 7.1-6.9 6.5-45 —54nT—-50nT IMF Bz~0.3nT
20 Feb 2002 0.6-0.7 5.9-4.6 —9nT——7nT IMF Bz~+1nT

The number density plot in the bottom panel of Fig. 4 shows
a large amount of He™ between 00:34UT and 01:12 UT.
Panel 8 displays a corresponding increase of the He' during
this time period. A large amount of He* suggests a plasmas-
pheric or a high altitude ionospheric origin, where He* may
be more abundant than O". Panels 4-6 in Fig. 4, showing
the HT, O and He™ pitch-angle distributions and the corre-
sponding net upgoing fluxes (panel 8), are revealing in this
context. We note here that the pitch-angle distributions in
the high-energy range (not shown here) are either isotropic
or peaked near 90°. Conversely, the H* and Het low-energy
ion distributions are strongly bidirectional, mixed with an
isotropic H component. Panels 7-8 show, therefore, that
there is a net upgoing flux of low-energy planetary ions
into the ring current. The co-existence of field-aligned and
isotropic distributions implies two plasma populations, upgo-
ing plasma (magnetically connected to the source) and pre-
existing isotropic drifting plasma, in other words, upgoing
planetary plasma mixing with pre-existing sub-keV ring cur-
rent plasma. Notice also that the dispersion signature (Fig. 4)
may in this case be interpreted as the low-energy part of drift-
ing energy-time dispersed signatures as well as a signature of
direct outflow of ionospheric plasma into the ring current.

This event is observed during magnetically quiet condi-
tions. Investigating the magnetic indices, we found that
Dy;~17nT (Table 1) during the event. The AE values dis-
played in panel 9 in Fig. 4 were rather small. IMF measured
by the Advanced Composition Explorer (ACE) was weakly
positive, (B,~0.6 nT, Table 1).

3.2 Event2: 26 November 2001

Figure 5 shows similar data as in Fig. 4, but in this case for
26 November 2001, during 14:50-15:25 UT. MLT during the
time interval varied between 7.1 and 6.9. Clear energy-time
dispersed signatures occurred during two periods: 14:55 UT-
15:05UT (time period 1) and 15:14 UT-15:20 UT (time pe-
riod 2).

During period 1, both the H* flux and the O* flux in-
creased simultaneously. However, in period 2, the intensities
were anti-correlated, with the O intensity increasing when
the H intensity decreased. The anti-correlated energy-time
dispersions are similar for O" and HT, suggesting that both
O and H undergo similar drift motions. To examine these
correlated and anti-correlated periods in more detail, we in-
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vestigated the HT, O and He™ pitch-angle distributions.
In panels 4-6 of Fig. 5, the pitch-angle distributions (0.04—
0.2keV) are displayed. From 14:55 UT-15:05 UT (period 1),
we again observe bidirectional plasma outflows from the
ionosphere from both hemispheres, similar to the event 1,
but in this case, the outflow is more persistent and occurs for
all three ion species. Mapped to the ionosphere, the outflow
originates from an invariant latitude range in excess of 3°.

Panels 7-8, showing the net outflow of H, O" and He ™,
confirm that there is an increase of the O" upgoing flux and
a decrease of H* upgoing flux during period 2.

The number density plot (bottom panel in Fig. 5) shows
higher densities for O™ compared to the He' densities, indi-
cating that the plasma originates from the lower part of the
ionosphere.

Similar to event 1, the energy-time dispersed signatures
and plasma outflows took place during low geomagnetic ac-
tivities. The energy-time dispersed signatures were observed
more than two days after a magnetic storm with a Dy, peak
at —221 nT (not shown here). AE was fairly small, as can be
seen in panel 9. More than 48 h have passed since the last
substorm activity of AE>500nT. IMF was weakly positive
(B;~0.3nT, Table 1). Minor high latitude auroral activity
occurred around 6h before our observation period (around
08:31 UT-08:50 UT). The high latitude activity occurred dur-
ing northward IMF, suggesting minor influences on the ring
current.

3.3 Event 3: 20 February 2002

Figure 6 shows data from 20 February 2002; the MLT varies
between 0.6-0.7 during the study period. The pitch-angle
distribution of H*, OF and He™ are displayed in panels 3—
5. The Ot and He' distributions are bidirectional and
rather similar, with fluxes peaking at <30° and >150°, while
H* displays a lack of bidirectional outflow from the hemi-
spheres. The narrow Ot and Het beams suggest ion out-
flow from low altitudes. On the other hand, the HT distri-
bution is essentially isotropic. The isotropic H* distribution
could in principle result from an isotropisation in the course
of the H' outflow from a low-altitude source. On the other
hand, it may also imply outflow from a low-altitude source
with strong heavy ion dominance, especially O, into a re-
gion of pre-existing isotropic HT ions. The latter seems more
likely because the H* distribution also contains energy-time
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Fig. 6. Energy-time spectrograms, pitch-angle distributions [(cm2 s sr keV)_l], net upgoing fluxes (NUF) in [cm_2 s_l], AE in [nT] and
density plot in [cm ™3] in the low energy range of 40 ¢V to 200 eV for HT, OT and He™ during the period from 05:30 UT through 06:00 UT,

on 20 February 2002.

dispersed signatures. In the time period 05:34 UT-05:36 UT,
there is a difference between the H* and the O% pitch-angle
distributions; the OT flux increased while the HT flux de-
creased during the same time period. A similar difference
between upgoing fluxes of HT and O as that observed in
the time period 2 (15:14 UT-15:20 UT) in Fig. 5 is observed
in panel 7 of Fig. 6, i.e., an increase of the O net upgo-
ing flux when the H" net upgoing flux shows a decrease in
the time period 05:34 UT-05:36 UT. The energy-time spec-
trograms of the three ion species in the top three panels
show several other energy-time dispersed signatures for HT.
Notice that all energy-time dispersed signatures are charac-
terised by isotropic distributions, sometimes embedded in re-
gions of field-aligned fluxes.

The number density plot in the bottom panel of Fig. 6
shows a higher abundance of OT than H' in the periods
05:34 UT-05:36 UT and 05:50 UT-06:00 UT. Our interpre-
tation of the gradually increasing amount of OV is that of
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a source region gradually moving towards lower altitudes,
where O becomes more abundant that HY. Nonetheless,
the overall high abundance of O" compared to Het suggests
a low altitude ionospheric origin.

The geomagnetic activities during this event are similar
to events 1 and 2, i.e., occurring during geomagnetically
quiet conditions. The event was observed approximately
one day after a minor magnetic storm that had ceased dur-
ing the time interval discussed. Furthermore, AE (panel 9
in Fig. 6) displayed small values during the event, and the
nearest substorm activity was found 30h before this event.
Thus the AE indices before and during this event are even
smaller than those for the 21 August 2001, and 26 November
2001, events. The IMF changed between weakly positive and
weakly negative values (B;~=1nT, Table 1). The timing of
the energy-time dispersed signatures occurred almost at the
same time as the IMF changed sign.
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4 Summary and discussion

In the ring current, HT, O and He™ are the dominating ions.
For obvious reasons, most studies have focused on the high-
energy ring current ion component and its characteristics dur-
ing geomagnetic disturbed conditions. In this paper, we have
focused on sub-keV (40-200eV) H*, OF and He* ions in
the ring current. The origin and characteristics of these ions
have been discussed. We observed three events during rela-
tively quiet geomagnetic periods and different magnetic local
time periods, 14.0-13.2MLT at L~17.4-5.1, 7.1-6.9 MLT
at L~6.5-4.5 and 0.6-0.7 MLT at L~5.9-4.6 (see Table 1),
i.e., two events were observed on the dayside and one event
on the nightside.

The three events in this paper occurred at three widely dif-
ferent magnetic local times and during relatively quiet geo-
magnetic periods. There were no major geomagnetic storms
or substorms ten hours (or less) before the observations. At
present, the common idea of how the energy-time dispersed
signatures are created is based more or less on plasma in-
jections from the nightside, caused by geomagnetic storms
or substorms. After the nightside plasma injections, the ions
then separate into two different drift directions. Depending
on the energy, the ions will drift either westward or eastward
(Yamauchi and Lundin, 2006). Intermediate energy ions ex-
perience a more complicated drift because of the competition
between the westward gradient-curvature and the eastward
E x B drifts. The eastward ion drift increases with decreasing
ion energy. The gradient-curvature drift makes the eastward
drift decrease for high energy ions. Therefore, higher energy
ions are slower and appear later, causing the dispersive sig-
nature.

In this article, we argue that sub-keV ions may be sup-
plied throughout the ion drift paths and mix with the local
and freshly upgoing ions. Our observations show outflow
from the ionosphere intermixed with drifting energy-time
dispersed plasma signatures originating from a source earlier
along the ion trajectory. In event 1, the features of the He™,
panels 3 and 6 in Fig. 4, indicate such localised outflow into
the ring current. We therefore argue that energy-time dis-
persed signatures may also be independent of the substorm
activity but are formed as a consequence of the ion drifts.

The source region of the planetary ions may vary. For
instance, the number density plot (bottom panel in Fig. 4)
shows that the amount of He™ is higher than the amount of
O*. Since the ionosphere is stratified with respect to ion
mass, this implies that the outflow in this case originates
from a higher altitude, such as the plasmasphere or the po-
lar wind. An argument for the plasmasphere as the more
likely source is the transient feature of the combined H* and
He™ events, implying a more local insertion. Another, more
circumstantial, alternative is that polar wind ions are tran-
siently convected towards the dayside ring current (B;>0).
On the other hand, panel 5 in Figs. 5 and 6 displays an out-
flow dominated by O*, implying a low-altitude ionospheric
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origin below the crossover altitude where O begins to dom-
inate (e.g., Moore, 1980). Altogether, our observations in-
dicate that the ionosphere and plasmasphere may provide a
steady and potentially homogeneous (with respect to MLT)
contribution of sub-keV ions into the ring current, occurring
also during quiet times.

Tonospheric plasma accelerated upward is expected to
maintain a field-aligned pitch-angle distribution further out
in the magnetosphere. Such field-aligned, beamed, pitch-
angle distributions were observed in all three events in this
paper (see panel 6 in Fig. 4, panels 4-6 in Fig. 5 and pan-
els 5-6 in Fig. 6). The observed field-aligned distributions
therefore represent freshly upgoing terrestrial ions into the
ring current. Narrow beams imply a magnetic connection
to a low-altitude source region. Conversely, broad conical
shaped ion distributions suggest a close proximity to the
source (e.g., in the plasmasphere), but they may also im-
ply beam-broadening by wave-induced transverse ion ener-
gising. With time, the ion beams are expected to gradually
become isotropised as a result of wave-particle interaction,
eventually taking the form of isotropic drifting sub-keV ion
signatures. We therefore hypothesise that the energy-time
dispersed signatures originate from upgoing ion distributions
that have become isotropised. The isotropic component may
subsequently evolve into energy-time dispersed signatures as
a result of the combined gradient-curvature and ExB drift
along the drift paths.

Eventually, the sub-keV ring current ions are subject to
loss processes, such as charge exchange and ion precipita-
tion back into the atmosphere. The fact that charge exchange
processes are involved is evidenced by, e.g., Fig. 1, showing
a strong decrease of sub-keV H* fluxes in the innermost part
of the orbit. For low energies (<1keV), He™ has a much
smaller charge-exchange cross section than OT by a factor
of 10 (Tinsley, 1981).

5 Conclusion

We have studied the outflow of ionospheric sub-keV ions,
H*, He™ and O, as an additional source for the ring current
population. Three events observed during different magnetic
local times and with different characteristics have been in-
vestigated and discussed. Combining ion data from three
Cluster spacecraft indicates that the energy-time dispersed
signatures are foremost a spatial phenomenon. From our in-
vestigation, we conclude that: (1) sub-keV ions of terres-
trial origin are supplied into the ring current also during quiet
geomagnetic conditions; (2) the composition of the outflow
implies an origin that covers an altitude interval from the
low-altitude ionosphere to the plasmasphere, and (3) terres-
trial ions are moving upward along magnetic field lines, at
times forming narrow collimated beams, but frequently also
as broad conical shaped distributions. With time, the ion
beams/conics are expected to gradually become isotropised
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as a result of wave-particle interaction, eventually taking
the form of isotropic drifting sub-keV ion signatures. We
therefore argue that the sub-keV energy-time dispersed sig-
natures originate from field-aligned terrestrial ion energising
and outflow that may occur at all local times and also persist
during quiet times.
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Abstract

Data from 176 Cluster traversals of the inner magnetosphere from January
2001 to May 2004 have been used to investigate the outflow of low-energy
(40 — 200 eV) H+, Het and O+ ions. The variation of the outflow with
geomagnetic activity (K, index) and magnetic local time (MLT) has been
studied. Our investigation showed that the ion outflow increases with K, in
the dawn, noon and dusk sectors. The ion outflow in the midnight sector,
however, behaves significantly different. In that sector the ion outflow
decreases with increasing K. We argue that the observational results in the
midnight sector may be due to the fact that the ions originate from two
different sources, the midnight ionosphere and the polar wind/dayside cleft
ion fountain, the latter two less dependent on global magnetic disturbances
(Kp), The ion composition of the outflow in the other three MLT sectors
(dawn, noon and dusk), suggests that the outflow originates from the low as
well as high altitude ionosphere/plasmasphere. The estimated total outflow
rate of low-energy ions into the inner magnetosphere (L ~ 4.5 — 8.5) is
42-10% s for H*, 7.1-10% s for He* and 3.2-10%° s for O*.

Introduction

The ionosphere is a source for hot plasma to the magnetosphere due to the
outflow of energized ionospheric plasma (ion conics and beams). The ion
conics and beams are the results of parallel and transverse acceleration
processes in the high altitude auroral ionosphere (Shelley et al., 1976; Sharp
et al., 1977; Mizera and Fennel, 1977; Ungstrup et al., 1979; Klumpar et al.,
1979). Moore et al. (1980) found that acceleration processes are required for
the O+ ions to be able to escape from the ionosphere, and they also showed



that the composition of the ionospheric escape flux could be modulated by
the interaction between the ionospheric charge exchange chemistry and the
low altitude acceleration processes. Beside the acceleration processes, there
may be other factors that influence the magnitude and the composition of
the upflowing ionospheric ions. By using an empirical model, Collin et al.
(1993) showed that the magnetic activity has a large influence on the low-
energy O+ outflow. The consequence is a very high outflow during high
magnetic activities and a low outflow otherwise.

Large-scale plasma density depletion regions in the ionosphere,
sometimes denoted ionospheric large-scale troughs, is another consequence
of ionospheric ion outflow. Ionospheric troughs were first identified as large-
scale regions with low electron densities in the ionosphere (e.g. Muldrew et
al, 1965, Liszka, 1967). Later, troughs were also identified from in situ data
from satellites. Analysis of data from the Explorer 32 satellite probing the
mid altitude trough region (L = 5.0 — 10.5) by Brinton et al. (1971) showed
variations of the ion composition at altitudes 600 km to 2500 km. They
found that the densities of H+ and He* ions decrease with increasing altitude
along closed field lines. Brinton and et al (1971) demonstrated that the
observed large-scale density cavity distributions could only be explained by
upflowing H+ and He* ions.

Numerous spacecraft measurements, e.g. the University of lowa Hawkeye
satellite and the Freja satellite, observed large-scale regions with low plasma
densities, denoted auroral density cavities. Calvert (1981) used data from the
former satellite and showed that the auroral density cavities are associated
with the acceleration of auroral electrons. Lundin et al. (1994) used data
from the Freja satellite and concluded that strong energization implies low
densities inside the auroral large-scale plasma density cavity.

To identify the source regions of terrestrial ions in more detail, ion
composition instruments became an important part of a scientific satellite
payload. This led to new findings about source and loss processes in the
Earth’s magnetosphere (e.g. Hultqvist et al., 1999). For instance, the ion
composition data from GEOS 1 showed that the plasmasphere consists
predominantly of H+, He* and O+ in the sub-auroral region. Using data from
the GEOS 1 satellite, Geiss et al. (1978) and Balsiger et al. (1980) observed
ions in the energy range up to 16 keV. They concluded that the hot plasma in
the magnetosphere, to a variable extent, is of both solar and ionospheric
origin. Regarding more energetic ions, Balsiger et al. (1980) and Lundin et
al. (1980) concluded that the inner part of the ring current is populated by
heavy ions of ionospheric origin. The absence of H+ in the inner part of the
ring current is a result of a strong depletion of H* due to the charge-
exchange process (Tinsley, 1981). In another ion composition study of the
low-latitude region, Chappell et al. (1982) used data from the Dynamics
Explorer satellite (DE-1) and they found field-aligned distributions of ions in



the energy range up to 50 eV. They suggested that the ions in the inner
magnetosphere are supplied directly from the ionosphere and plasmasphere.
Using data from the P78-2 satellite at L-values ~ 5.5 — 7.7, Fennell et al.
(1981) and Kaye et al. (1981) showed that the distributions of high-energy ion
are predominantly perpendicular to the magnetic field, while the
distributions of low-energy ions are mostly field-aligned. They concluded
that the high-energy ions originate from the plasma sheet and that the low-
energy ions from the ionosphere. Using data from the Cluster spacecraft,
Giang et al. (2009) observed a direct outflow of low-energy H+, He+ and O+
ions into the ring current. The ion sources of these outflows are the
ionosphere and the plasmasphere.

In this paper we investigate the variation of the low-energy ion outflow
with geomagnetic activities (K, index) and magnetic local times (MLT).

Instrumentation

The four Cluster II spacecraft were launched in 2000 and have an elliptical
polar orbit. Each spacecraft carry 11 identical instruments onboard. The
Cluster Ion Spectrometry (CIS) instrument is one of these instruments. The
CIS instrument is able to measure the ion distributions in three dimensions.
It can determine the mass and charge of the ions with good time resolution.
CIS consist of two separate instruments: the Composition and Distribution
Function (CODIF) and the Hot Ion Analyser (HIA). The CODIF instrument
is a time-of-flight instrument that can resolve magnetospheric ions (H+, He*,
He2+ and O+), while the HIA instrument cannot since it has no mass
resolution. More detailed descriptions of the CIS instruments can be found
in Réme et al. (2001). CIS CODIF data from Cluster spacecraft 4 have been
used for this study.

Observation

Out of three and a half years (January 2001 — May 2004) of Cluster CIS
CODIF data from spacecraft 4, we have selected 176 passages of the inner
magnetosphere to study the low-energy (40 — 200 eV) outflow of H+, He*
and O+ ions. The investigated regions correspond to latitudes near the
equator, at altitudes from 3.9 Rg to 6.7 Rg. We have investigated the
variation of the low-energy ion outflow with geomagnetic activity (Kp) and
magnetic local time (MLT).

The data are divided into bins according to the four MLT sectors: dawn
(03:00 — 09:00 MLT), noon (09:00 — 15:00 MLT), dusk (15:00 — 21:00



MLT) and midnight (21:00 — 03:00 MLT). Moreover, the data have been
binned into three K, groups according to K, < 2-, 2 < K, < 4- and K, = 4.

To be able to compute the low-energy ion outflow, we assume that the ion
energization and outflow occurs on closed magnetic field lines. The
energization of cold planetary ions may take place at all altitudes, from the
lower ionosphere to the high-altitude ionosphere/plasmasphere.
Investigating the ion composition, we may determine the source of the ion
outflow. The observations are made in the inner magnetosphere, and the ion
outflow, possibly caused by wave energization, is expected to reach the
equatorial plane from both hemispheres.

The net planetary ion outflow is computed by adding the ion outflow from
both hemispheres. However, to avoid problems with poor statistics, we only
consider fluxes larger than 100 part/(cm?2 s sr keV). We then subtract what
we infer as trapped particles (60° - 120° pitch-angle) from the outflow above
(0° - 60°% 120° - 180°). Note that an isotropic distribution leads to zero
outflow, while, as in our cases, a bidirectional outflow superposed on an
isotropic distribution, results in a net outflow.

Figures 1 — 4 show the average and median outflows in the low-energy
range (40 — 200 eV) for H*, He* and O+ ions during different geomagnetic
activities. Each figure shows the result from a separate MLT sector, dawn (03
— 09 MLT), noon (09 — 15 MLT), dusk (15 — 21 MLT) and midnight (21 — 03
MLT). The broad and the narrow bars in the figures represent the average
and median outflow of the ions, respectively. The 25% and 75% percentiles of
the median are indicated. The statistics in the plots are based on the number
of Cluster passages in the inner magnetosphere in each K, and MLT bin as
presented in Table 1.

Figures 1 — 3 show that the outflow of H* and O+ ions increases with
increasing geomagnetic activities (K,) in the dawn, noon, and dusk sectors.
The average and median values of the outflow for each one of the three ion
species indicate the same trend. Note, that the average O+ outflow is much
larger than the median outflow in the interval K, > 4 in the dusk sector (see
Fig. 3). This is caused by one Cluster passage associated with very high flows,
and which increases the average as compared to the median in this case. As
expected, the He* outflow also increases with increasing K} in the noon and
the dusk sectors. In the dawn sector (see Fig. 1), the outflow of He* ions
display a weak increase with K. Scatter plots (not shown here) also show
increasing ion outflow with increasing geomagnetic activities.

The ion outflow in the midnight sector, on the other hand, behaves
differently. As shown in Fig 4, in this sector the outflow of H+, He* and O+
ions decrease with increasing geomagnetic activities. This result is opposite
to what one would intuitively expect: increasing ion outflow with increasing
geomagnetic activities.



Table 2 shows the average flux estimated for the low-energy H+, He* and
O+ ions within different L-ranges. To determine how sensitive the average
flux is with L-value range, we have decreased the L-value range by removing
outliers in L from each group. The result from Table 2 shows that the average
ion flux increases, but not much, for smaller ranges of L. If anything, it
shows the presence of higher ion fluxes for low L-values compared to high L-
values. Table 3 and 4 show the estimated ion flux in the four MLT sectors.
The values in Table 3 and 4 are based on the data from the group 1 in Table
2. The estimated average outflow rate [s] of low-energy ions, independently
of L-value, is presented in Table 4. Note that the He* ion outflow rate is quite
high, suggesting that the plasmasphere is an important source as well.

Summary and Discussion

Ionospheric ion outflow in the inner magnetosphere are known since the
beginning of the 1970 when the first mass-analyzing satellite instruments
were able to identify energetic O+ ions (e.g. Shelley et al., 1972). Previous
studies have mostly focused on the energetic ionospheric ion outflow at high
latitudes (e.g. Hoffman et al., 1974). In this paper, we have investigated the
low-energy outflow at low latitudes. Three and a half years of low-energy ion
outflow data measured by the CIS CODIF instrument onboard the Cluster
spacecraft 4 have been analyzed. We have studied 176 Cluster passages of the
inner magnetosphere in more detail. We have analyzed the variation of the
low-energy ion outflow with geomagnetic activity (Kp) and magnetic local
times (MLT).

We find that the low-energy outflow of H*, He* and O+ ions increase with
increasing geomagnetic activity in the dawn (03 — o9 MLT), noon (09 — 15
MLT) and dusk (15 — 21 MLT) sectors. This is in good agreement with
previous investigations of the high-latitude energetic ion outflow (e.g. Yau et
al., 1988). A noticeable result in the dawn, noon and dusk sectors are that the
O+ ion outflow dominates (larger outflow) over the He* ion outflow. This
indicates that the low-energy ion outflow in these sectors originates from the
lower ionosphere where O+ dominates over He*.

H+ and O+ ions dominate the outflow in the midnight sector, similar to the
other three MLT sectors, hence indicating a low-altitude/mid-altitude
ionospheric source region. As shown in Fig 4, the midnight sector, however,
appears to be characterized by a weakly decreasing outflow of H+, He+ and
O+ ions with increasing geomagnetic activities. This is essentially opposite to
the results obtained for the other three MLT sectors and therefore requires
further analysis. In this article we have focused on low-energy ions (40 —
200 eV). One might suspect that the unexpected results from the midnight



sector may be due to the energy range used. Hence we have also analyzed the
energetic part (1 — 20 keV) of the ion outflow in the midnight sector. For the
high-energy ion outflow, we find that the result is quite similar to the low-
energy outflow. However, the high-energy component shows a more
constant ion outflow versus K,. Hence we believe that the unexpected
behaviour in the midnight sector is not due to the choice of energy range.
The midnight sector is therefore the only MLT sector that shows a decrease
of the low-energy ion outflow with increasing geomagnetic activities.

In Fig. 4 we also see that the H+, He* and O+ ion outflow are higher in the
midnight sector during quiet geomagnetic activities (K, < 2-) than in the
dawn, noon, and dusk sectors. This may be due to different sources for the
ion outflow in the midnight sector as compared to the other sectors. We
believe that the dawn, noon and dusk outflow originate directly from the
lower ionosphere to the high-altitude ionosphere/plasmasphere. This can be
concluded from the O+ domination in the outflow. The source regions for the
outflow in the midnight sector, on the other hand, may be a combination of
direct ion upwelling from the nightside ionosphere/plasmasphere and ions
convecting towards the nightside from the polar ionosphere and the dayside
cleft ion fountain (e.g. Horwitz, 1987). The lower ionosphere and the high-
altitude ionosphere/plasmasphere may hence contribute to the ion outflow
during all geomagnetic conditions and all MLT sectors, while an additional
source, the polar ionosphere and the dayside cleft ion fountain, also
contributes, and may even dominate for the midnight sector, especially for
small K.

The polar region and the dayside cleft ion fountain may be rather active
also during quiet geomagnetic conditions (Meng, 1981; Murphree et al.,
1982; Frank et al., 1982). Low-energy ions (mainly O+ ions) from the polar
region and the dayside cleft ion fountain dominate the outflow during low
geomagnetic activities. These ions may reach the low-latitude region
especially in the midnight sector by convection. This may explain the result
in Fig. 4 where we see significantly high fluxes for K, < 2- in the midnight
sector and a somewhat decreasing trend in the ion outflow with increasing
geomagnetic activities.

Table 4 shows the ion outflow rate in each of the four MLT sectors. The
outflow rate of all three ion species is quite high, and one may speculate why
we observe such high fluxes. Firstly, the method used to compute the ion
outflow takes into account all ions with pitch-angles between 0° - 60° and
120° - 180°. This is based on the fact that upgoing ions form very broad
beams, i.e. we assume that the ions are energized in a wide altitude range.
Secondly, field-aligned low-energy ions move very slowly (half bounce period
about 11 min. for H*, 22 min. for He* and 43 min. for O+ with energy 100 eV
and at L = 4.5), thus staying for a long time on closed field lines, the main
loss process most likely being charge-exchange (CE) with neutral gas



(atmosphere). This will lead to an accumulation of low-energy ions in the
inner magnetosphere, characterized by a balance between source and loss
(e.g. CE). As previously mentioned, the relatively high outflow of He* ions
indicates ion energizing at high-altitudes, i.e. the plasmasphere is a potential
source for low-energy ions in the inner magnetosphere.

Conclusion

We have used the CIS CODIF data from 176 Cluster traversals of the inner
magnetosphere to investigate how the low-energy (40 — 200 eV) H+, He,
and O+ ion outflow vary with geomagnetic activity (K, index) and magnetic
local time (MLT). Our results show that the outflow of H+, He+ and O+ ions
increase with increasing K, in the dawn, noon and dusk sectors. However,
the ion outflow instead decreases with increasing K, in the midnight sector.
This unexpected result may be due to the fact that two different ion sources
contribute in the midnight sector, the nightside ionosphere, and a
combination of the polar wind and the dayside cleft ion fountain. The two
latter sources are known to be less dependent on the global magnetic
disturbance level (K,). The upwelling low-energy ions in the other three
sectors (dawn, noon and dusk) seems to originate from both the ionosphere
and the plasmasphere, as indicated by the composition of the ion outflow.

The estimated total low-energy ion outflow rates into the inner
magnetosphere (L ~ 4.5 — 8.5), independently of MLT are: 4.2-10%° s for
the H+, 7.1- 10%° s for the He* and 3.2-10%% s for the O-.
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Tables

MLT sector Kp < 2- 2< K, < 4- Kp=4
Dawn 10 36 11
Noon 13 23 13
Dusk 4 21 9

Midnight 5 20 11

Table 1: Number of Cluster passages in the inner magnetosphere within each K,
bin.

L H+ [cm-2 s1] He* [cm-2 s1] O+ [em-2 s1] Passages
45<L<83 72-10° 12-10° 5.6-10° 8o
45<L<12.1 6.4-10° 9.5-10° 4.5-10° 166
45<L<14.4 6.3-10° 9.3-10° 43-10° 176

Table 2: Average fluxes of low-energy H*, He* and O* ions derived by removing
outliers in L and number of Cluster passages within each specified L-value interval.

11



Area H+ He+ O+

MLT
sector L [em2] [em-2 s1] [em-2 s1] [cm2st] @ Passages
Dawn | 4.6<L<91 | 20-10° | 57-10° 69-10° 3.5-10° 24
Noon | 4.4<L<86 | 17-10"° 45-10° 5.5-10° 19-10° 10
Dusk | 45<L<85 | 17-10 7.5-10° 2.1-108 8.6-10° 22
Mid-
night | 4.4<L<74 | 1.1-10"° | 95-10° 1.1-10° 6.5-10° 24

Table 3: Average fluxes of low-energy H*, He* and O* ions. The right column shows
number of Cluster passages within each specified L-value interval for each MLT
sector.

MLT sector H+ [s1] He+ [s1] O+ [s1] Passages
Dawn 1.1-10%° 14-10% 70-10% 24
Noon 7.7-10% 94-10%* 32-10% 10
Dusk 1.3-10%° 3.6-10% 1.5-10%° 22

Midnight 10-102% 12-10% 72-10% 24
Total outflow 42-10% 7.1-10% 32-10%° 80

Table 4: Average outflows rates of low-energy H*, He* and O* ions. The right
column shows number of Cluster passages within each MLT sector.
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Figures

Figure 1: The narrow and broad bars represent the average and median flux of low-energy H+, He* and O*
ions in the dawn sector (03:00 — 09:00 MLT) as a function of geomagnetic activity. This figure is based on
data from 57 Cluster passages.

Figure 2: The narrow and broad bars represent the average and median flux of low-energy H*, He* and O*
ions in the noon sector (09:00 — 15:00 MLT) as a function of geomagnetic activity. This figure is based on
data from 49 Cluster passages.
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Figure 3: The narrow and broad bars represent the average and median flux of low-energy H*, He* and O*
ions in the dusk sector (15:00 — 21:00 MLT) as a function of geomagnetic activity. This figure is based on data
from 34 Cluster passages.

Figure 4: The narrow and broad bars represent the average and median flux of low-energy H*, He* and O*
ions in the midnight sector (21:00 — 03:00 MLT) as a function of geomagnetic activity. This figure is based on
data from 36 Cluster passages.
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